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. .  , Execu t ive  Summary and R e s u l t s  

Th i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  o f  a s e r i e s  o f  s t u d i e s  conducted 
t o  de te rmine  t h e  p r a c t i c a b i l i t y  and f e a s i b i l i t y  o f  u s i n g  d i s p e r s a n t s  t o  
m i t i g a t e  t h e  impact o f  an  o i l  -spill on t h e  enbironment.-   he method of 
approach is h o l i s t i c  i n  t h a t  it combines t h e  p h y s i c a l ,  chemica l ,  micro- 
b i a l  and macro-fauna response  t o  a s p i l l  t r e a t e d  w i t h  d i s p e r s a n t s  and 
compares t h i s  w i t h  s p i l l s  t h a t  a r e  l e f t  u n t r e a t e d .  The program i n t e -  
g r a t e s  ma themat ica l ,  l a b o r a t o r y ,  meso-scale ( t h r e e  20 f o o t  h i g h  by t h r e e  
f e e t  i n  d i a m e t e r  t a n k s ,  d e s c r i b e d  i n  S e c t i o n  l ) ,  i n - s i t u  exper iments  and 
a n a l y s e s  t o  de te rmine  i f  t h e  u s e  o f  d i s p e r s a n t s  is a n  e f f e c t i v e  o i l  
s p i l l  c o n t r o l  a g e n t .  

A series of p h y s i c a l  and physical -chemical  s t u d i e s  and exper iments  
were conducted t o  de te rmine  t h e  e m u l s i f i c a t i o n  p r o p e r t i e s ,  i n c l u d i n g  
emuls ion s t a b i l i t y  o f  t h e  t r e a t e d  and u n t r e a t e d  o i l ,  and its r a t e  of 
e v a p o r a t i o n .  Var ious  n a t u r a l  e n t r a i n m e n t  p r o c e s s e s  were a l s o  i n v e s t i -  
g a t e d  t o  compare n a t u r a l  e n t r a i n m e n t  o f  t h e  o i l  wi th  c h e m i c a l l y  d i s -  
p e r s e d  o i l .  E m u l s i f i e d  o i l  e x h i b i t s  p r o p e r t i e s  i n  between t h o s e  o f  a 
t r u e  s o l u t i o n  and a s u s p e n s i o n  o f  immisc ib le  phases .  Exper iments  t o  
t y p i f y  t h e  d rop  s i z e  d i s t r i b u t i o n ,  mixing energy and t o  e v a l u a t e  t h e  
e f f e c t  t h a t  d i s ~ e r s a n t s  have on i n t e r f a c i a l  t e n s i o n  were conducted.  The 
r e s u l t s  o f  t h e s k  t e s t s  i n d i c a t e d ' t h a t  o n l y  a f r a c t i o n  of t h e  energy goes  
i n t o  t h e  fo rmat ion  of d r o p l e t s .  Typ ica l  d rop  s i z e s  were i n  t h e  range  o f  
2 t o  10 microns  f o r  bo th  t h e  t r e a t e d  and u n t r e a t e d  d i s p e r s e d  o i l .  T h i s  
is  w e l l  w i t h i n  ttie p a r t i c l e  s i z e  range i n  which emuls ions  a r e  c l a s s i -  
f i e d ,  i .e . ,  0 .25  , to  25 mic rons ,  whereas b u t t e r f a t  p a r t i c l e s  a r e  i n  t h e  
7 . 5  t o  8 . 5  micron range.  The major  d i f f e r e n c e  between t h e  d i s p e r s e d  o i l  
an3 t h e  chemica l ly  t r e a t e d  d i s p e r s e d  o i l  was n o t  t h e  d rop  s i z e  d i s t r i b u -  

' '  t i o n  but  r a t h e r  t h e  c o n c e n t r a t i o n  o f  o i l  i n  t h e  d i s p e r s e d  phase .  The 
amount o f  o i l  i n  t h e  d i s p e r s e d  phase  (hold-up) was approx imate ly  two t o  
t h r e e  times g r e a t e r  t h a n  t h e  u n t r e a t e d  d i s p e r s e d  o i l  f o r  t h e s e  tests. 
Consequent ly ,  the ,  i n t e r f a c i a l  a r e a  o f  t h e  t r e a t e d  d i s p e r s e d  o i l  was 
approximate ly  two t o  t h r e e  times g r e a t e r .  Entra inment  was a l s o  observed 
wi thou t  mechanical  energy i n p u t  w i t h  C o r e x i t  9527, a l t h o u g h  t h e  hold-up 
was s l i g h t l y  l e s s  t h a n  w i t h  mixing. As much a s  86% o f  t h e  o i l  t h a t  
cou ld  be accounted f o r  ,went i n t o  t h e  wa te r  column when d i s p e r s a n t s  were 
used.  A r a t h e r  s m a l l  amount o f  d i s p e r s a n t  is r e q u i r e d  t o  d e c r e a s e  t h e  
i n t e r f a c i a l  t e n s i o n  (see S e c t i o n  1). 

The s t a b i l i t y  o f  t h e  d i s p e r s e d  o i l  was i n v e s t i g a t e d  i n  s e v e r a l  
exper iments ,  some o f  which produced c o n f l i c t i n g  r e s u l t s .  The s t a b i l i t y  
o f  an  o i l - i n - w a t e r  emuls ion can be e a s i l y  determined by measuring its 
s e t t l i n g  o r  creaming r a t e .  Most o f  t h e  d r o p l e t s  f o l l o w .  a S t o k s i a n  
f low. I n  t h e  d rop  s i z e  range  e x p e r i m e n t a l l y  de te rmined ,  i t  would t a k e  
from 40 hours  t o  1000 h o u r s  ( 1  t o  10 micron s i z e )  f o r  t h e  d r o p l e t s  t o  . . rise t o  t h e  s u r f a c e  o f  a 0.6 meter.  . tank.  The amount o f  o i l  i n  t h e  w a t e r  
column a f t e r  twenty  f o u r  h o u r s  o f  q u i e s c e n t  c o n d i t i o n s  remained r e l a -  
t i v e l y  c o n s t a n t ,  however, t h e  amount of  o i l  i n  t h e  w a t e r  column when 
d i s p e r s a n t s  were used w i t h  mixing remained approx imate ly  t w i c e  t h a t  when 
no d i s p e r s a n t s  were used.  I n  two s e p a r a t e  t e s t s ,  one w i t h  no mixing,  
t h e  amount o f  e n t r a i n e d  o i l  remained r e l a t i v e l y  c o n s t a n t .  However, i n  
t h e s e  exper iments  chemical  a n a l y s i s  o f  t h e  d i s p e r s e d  pnase  i n d i c a t e d  a 
r a t i o  o f  d i s p e r s a n t  t o  o i l  o f .  approx imate ly  one t o  one.  I n  S e c t i o n  4 . 4 ,  
t h e  exper iment  w i t h  no mixing is r e p o r t e d ,  and s i m i l a r  r e s u l t s  were 



found i n  t h e  l a t e s t  meso-scale tests r e p o r t e d  i n  S e c t i o n  8. Somewhat 
unusua l  r e s u l t s  i n  t e n s  of s t a b i l i t y  were a l s o  observed i n  t h e  wind/ 
wave exper iments  t o  be d i s c u s s e d  i n  a l a t e r  pa ragraph .  Coalescence o f  
t h e  d i s p e r s e d  phase  was found t o  be n e g l i g i b l e  ( S e c t i o n  1) and t h e r e f o r e  
d i d  n o t  a f f e c t  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  emulsion.  I t  was 
found t h a t  very  l i t t l e  a g i t a t i o n  was r e q u i r e d  t o  m a i n t a i n  t h e  chemically 
d i s p e r s e d  o i l  i n  t h e  w a t e r  column, ( S e c t i o n  4),  however, i t  shou ld  be 
no ted  t h a t  i n  t h e s e  tests t h e  r a t i o  o f  d i s p e r s a n t  t o  o i l  i n  t h e  wa te r  
column was approx imate ly  one t o  one,  even though a p p l i c a t i o n  was on a 
twenty  t o  one r a t i o .  It shou ld  be  n o t e d ,  a l s o ,  t h a t  t h e s e  low r a t i o s  of  
d i s p e r s a n t  t o  o i l  were on ly  observed under q u i e s c e n t  c o n d i t i o n s  o r  when 
t h e r e  was ve ry  l i t t l e  mixing energy a p p l i e d .  The mixing exper iments  had 
shown t h a t  a lmos t  a l l  o f  t h e  o i l  cou ld  be i n c o r p o r a t e d  i n  t h e  d i s p e r s e d  
phase  when mixing energy was a p p l i e d  and s u b s u r f a c e  c i r c u l a t i o n  was s u f -  
f i c i e n t  t o  m a i n t a i n  t h e  d i s p e r s e d  o i l  from reforming a t  t h e  w a t e r / a i r  
i n t e r f a c e .  It t h u s  a p p e a r s  t h a t  more s t a b l e  emuls ions  a r e  formed when 
t h e  d i s p e r s a n t / o i l  r a t i o  is  i n  t h e  neighborhood o f  u n i t y ,  however, 
n a t u r a l  t u r b u l e n c e  and s u b s u r f a c e  c i r c u l a t i o n  i n  many i n s t a n c e s  cou ld  be 
s u f f i c i e n t  t o  m a i n t a i n  a lmos t  complete  e n t r a i n m e n t  o f  t h e  d i s p e r s e d  o i l .  

The s u b s u r f a c e  c i r c u l a t i o n  and e n t r a i n m e n t  was i n v e s t i g a t e d  a n a l y t -  
i c a l l y  and c o n d i t i o n s  f o r  v a r i o u s  d rop  s i z e s  t o  remain i n  suspens ion  
were e s t a b l i s h e d .  These r e s u l t s  a r e  p r e s e n t e d  i n  S e c t i o n  4  of t h i s  
r e p o r t .  

S e v e r a l  e v a p o r a t i o n  tests from an o i l  s l i c k  were conducted through-  
o u t  t h e  d u r a t i o n  o f  t h i s  p r o j e c t  and r e p o r t e d  i n  S e c t i o n  4 ,  S e c t i o n  7 
and S e c t i o n  12 .2 .  I n  S e c t i o n  7, l a b o r a t o r y  and meso-scale t a n k  evapora-  
t i o n  t e s t s  a r e  r e p o r t e d . .  The l a b o r a t o r y  s t u d y  u s i n g  t h e  s e l f  mixing 
d i s p e r s a n t  C o r e x i t  9527 i n d i c a t e d  t h a t  t h e  e v a p o r a t i o n  o f  t h e  n -a lkanes  
from t h e  t r e a t e d  and u n t r e a t e d  slicks were s i m i l a r  when t h e  w a t e r  was 
n o t  a g i t a t e d .  However, when mixing was a p p l i e d ,  t h e  e v a p o r a t i ~ n  o f  t h e  
l i g h t  n -a lkanes ,  n-C7 t o  n-C10, from t h e  t r e a t e d  s l i c k  were s lower  
t h a n  from t h e  u n t r e a t e d  s l i c k .  The g r e a t e r  t h e  mixing t h e  g r e a t e r  t h e  
effect t h e  d i s p e r s a n t  had on d e p r e s s i n g  t h e  e v a p o r a t i o n  r a t e .  The d i s -  
p e r s a n t  a f f e c t e d  t h e  e v a p o r a t i o n  r a t e  o f  t h e  l i g h t e r  n-a lkanes  t o  a 
g r e a t e r  e x t e n t  t h a n  t h e  h e a v i e r  ones .  The s lower  e v a p o r a t i o n  of t h e  
t r e a t e d  slick c o u l d  be  due t o  t h e  mixing o f  some o f  t h e  o i l  i n  t h e  w a t e r  
column. R e s u l t s  o f  t h e  meso-scale exper iments  were i n  agreement w i t h  
t h e  l a b o r a t o r y  s c a l e  exper iments  when mixing was no t  a p p l i e d .  Evapora- 
t i o n  was f a s t e r  i n  t h e  meso-scale (open t a n k )  exper iments  because  of t n e  
wind and more n a t u r a l  environment  a l t h o u g h  mixing had l i t t l e  e f f e c t  on 
d e c r e a s i n g  t h e  e v a p o r a t i o n  r a t e s .  Exper imenta l  r e s u l t s  w i t h  t r e a t e d  and 
u n t r e a t e d  o i l  showed t h a t  components l i g h t e r  t h a n  C12 e v a p o r a t e d  from 
bo th  s l i c k s  af ter  t h r e e  h o u r s  and a f t e r  seventy-two h o u r s  a l l  o f  t h e  
components up t o  C 1 6  had d i s a p p e a r e d .  The e f f e c t  v a r i o u s  wind s p e e d s  
had on e v a p o r a t i o n  r a t e s  o f  Kuwait c r u d e  were i n v e s t i g a t e d  by u s i n g  a 
wind t u n n e l .  These r e s u l t s  show t h a t  approx imate ly  75 p e r c e n t  of  t h e  
t o t a l  e v a p o r a t i o n  o c c u r s  w i t h i n  t h e  first two hours  and t h a t  e v a p o r a t i o n  
e s s e n t i a l l y  c e a s e s  a f t e r  twenty  f o u r  hours  w i t h  a weight l o s s  of 32.3 
p e r c e n t .  These r e s u l t s  a r e  i n  s u b s t a n t i v e  agreement w i t h  t h e  r e s u l t s  
r e p o r t e d  i n  t h e  p r e c e d i n g  pa ragraph .  Thus, i f  d i s p e r s a n t s  a r e  a p p l i e d  
two hours  a f t e r  t h e  s p i l l ,  most o f  t h e  l i g h t e r  weight  hydrocarbons  would 
have e v a p o r a t e d ;  f u r t h e r m o r e ,  when d i s p e r s a n t s  a r e  a p p l i e d  t o  t h e  o u t e r  
edges  of t h e  s p i l l ,  it is be ing  a p p l i e d  g e n e r a l l y  t o  t h e  p o r t i o n  o f  o i l  



8 t h a t  h a s  undergone t h e  maximum amount o f  e v a p o r a t i o n .  Thus, t h e  major 
p o r t i o n  of t h e  more v o l a t i l e  and t o x i c  f r a c t i o n s  o f  t h e  o i l  c o u l d  be 
expec ted  t o  be  evapora ted  by t h e  t ime  d i s p e r s a n t s  would o r  c o u l d  be 
a p p l i e d  i n  most s i t u a t i o n s .  

N a t u r a l  e n t r a i n m e n t  exper iments  were conducted i n  t h e  wind/wave t ank  
and i n  the r a i n  d rop  exper iment .  T e s t s  i n  t h e  wind/wave e x e r i m e n t s  
d e s c r i b e d  i n  S e c t i o n  3 of t h i s  r e p o r t  were conducted w i t h  f r e s h  w a t e r  
and s e a  wa te r  w i t h  Kuwait c r u d e .  I t  was found t h a t  t h e  o i l  wea the r s  
much d i f f e r e n t l y  i n  t h e  f r e s h  wa te r  t h a n  i n  n a t u r a l  s e a  wa te r .  I n  f r e s h  
w a t e r ,  i t  r a p i d l y  forms s l i c k l e t s  which a p p e a r  t o  be s t a b l e  emuls ions  
and very  l i t t l e  o i l  g e t s  i n t o  t h e  wa te r  column. I n  t h e  s a l t  w a t e r  tests 
much more o i l  e n t e r e d  t h e  w a t e r  column and i n c r e a s e d  w i t h  t i m e ,  e x c e p t  
a t  a h i g h e r  f requency where a f t e r  wea the r ing  f o r  24 h o u r s ,  t h e  concen- 
t r a t i o n  of o i l  i n  t h e  wa te r  column showed a d r a m a t i c  d e c r e a s e .  T h i s  is 
a t t r i b u t e d  t o  t h e  fo rmat ion  of s t a b l e  emuls ions  t h a t  had an a f f i n i t y  t o  
t h e  d r o p l e t s  which took  them o u t  o f  s o l u t i o n .  The appearance  o f  t h e  o i l  
i n  t h e  h i g h e r  wave f requency tests showed a s t r i n g i n e s s  a s  though i t  had 
been shredded o r  t o r n  a p a r t  a f t e r  24 hours .  T h i s  d i d  no t  happen w i t h  
t h e  lower  f requency waves d u r i n g  t h e  same p e r i o d  where t h e  c o n c e n t r a t i o n  
i n c r e a s e d  w i t h  t ime  i n  a l l  s a l t  wa te r  t e s t s .  The e f f e c t  o f  a n  i n c r e a s e  
i n  t e m p e r a t u r e  is  t o  i n c r e a s e  t h e  amount o f  o i l  g e t t i n g  i n t o  t h e  w a t e r  
column. Doubling t h e  q u a n t i t y  o f  o i l  i n  t h e  s l i c k  d i d  n o t  change t h e  
p e r c e n t  c o n c e n t r a t i o n  o f  o i l  i n  t h e  w a t e r  column. There fo re ,  t h e  a c t u a l  
c o n c e n t r a t i o n  a lmost  doubled.  I n  t h e  ocean ,  c u r r e n t s  would c a r r y  some 
of t h e  o i l  from under  t h e  s l i c k .  T e s t s  u s i n g  t h e  d i s p e r s a n t  d i d  n o t  
show sudden i n c r e a s e  i n  c o n c e n t r a t i o n  o f  t h e  o i l  i n  t h e  w a t e r  column 
immediate ly  a f t e r  adding t h e  d i s p e r s a n t  a s  might be expec ted .  The 
v i s u a l  p r o p e r t i e s  o f  t h e  slick and t h e  waves changed,  bu t  t h e  o i l  d i d  
no t  d i s p e r s e  i n t o  t h e  wa te r  column u n t i l  i t  had weathered o v e r  e i g h t  
hours  a f t e r  adding t h e  d i s p e r s a n t .  A f t e r  twenty-two hours  o f  weather-  
i n g ,  p r a c t i c a l l y  a l l  t h e  o i l  e n t e r e d  t h e  w a t e r  column. 

Entra inment  o f  o i l  i n t o  t h e  w a t e r  column by r a i n  was i n v e s t i g a t e d  
and r e p o r t e d  i n  S e c t i o n  4 . 4  o f  t h i s  r e p o r t .  The r e s u l t s  i n d i c a t e  t h a t  
s u b s t a n t i a l  o i l  can  be  i n c o r p o r a t e d  i n t o  t h e  w a t e r  column by t h i s  p ro -  
cess. C o n c e n t r a t i o n s  a s  h igh  a s  45 p a r t s  p e r  m i l l i o n  were obse rved  i n  
t h e s e  exper iments ,  however, t h e  c o n c e n t r a t i o n  o f  o i l  i n  t h e  w a t e r  column 
d r o p s  o f f  when e i t n e r  s u S s u r f a c e  c i r c u l a t i o n  o r  t h e  r a i n  i s  t e r m i n a t e d .  
Consequent ly ,  n a t u r a l  e n t r a i n m e n t  by r a i n ,  l i k e  o t h e r  e n t r a i n m e n t  
phenomena, r e q u i r e s  s u b s u r f a c e  c i r c u l a t i o n  t o  m a i n t a i n  t n e  d r o p l e t s  i n  
suspens ion .  

A number o f  a n a l y t i c a l  chemis t ry  t e c h n i q u e s  were developed through-  
o u t  t h e  d u r a t i o n  o f  t h i s  p r o j e c t .  These a r e  r e p o r t e d  i n  S e c t i o n s  7 ,  9 
and 12.2 .  I n f r a - r e d  a n a l y s i s  o f  t h e  pet roleum hydrocarbons  e x t r a c t e d  
from t h e  wa te r  column were ana lyzed  q u a n t i t a t i v e l y  a s  w e l l  a s  q u a l i t a -  
t i v e l y .  S e v e r a l  s o l v e n t  systems were i n v e s t i g a t e d  i n  a n  a t t e m p t  t o  
s e p a r a t e  t h e  o i l  from t h e  d i s p e r s a n t  p r i o r  t o  i n f r a - r e d  a n a l y s i s .  Thin 
Layer and Column Chromatography were a l s o  used w i t h  v a r i o u s  s o l v e n t  s y s -  
tems t o  e f f e c t  t h e  s e p a r a t i o n ;  however, even w i t h  t h i s  sys tem,  a com- 

e p l e t e  s e p a r a t i o n  o f  t h e  o i l  from t h e  d i s p e r s a n t .  cou ld  n o t  be r e a l i z e d .  
Because o f  t h i s  and of  t h e  t ime  r e q u i r e d  t o  perform t h i s  s e p a r a t i o n ,  i t  
was dec ided  t h a t  development o f  cpmputer t e c h n i q u e s  t o  e f f e c t  s p e c t r a l  
s e p a r a t i o n  of t h e s e  two components was r e q u i r e d .  T h i s  t e c h n i q u e  is  
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r e p o r t e d  i n  S e c t i o n  12.5.  

A q u a n t i t a t i v e  a n a l y t i c a l  i n f r a r e d  t e c h n i q u e  t o  de te rmine  t h e '  r a t i o  
o f  d i s p e r s a n t ,  t o  o i l  was a l s o  developed an? is r e p o r t e d  i n  S e c t i o n  1 2 . 2  
o f  t h i s  r e p o r t .  It i n v o l v e s  t h e ' r a t i o ' o f  absorbance o f  t h e  m i x t u r e  a t  a 
wave number of 3600 (cm-l) which c o r r e s p o n d s  t o  t h e  OH s t r e t c h i n g .  
T h i s  r e p r e s e n t s  a s t r o n g  peak f o r  most d i s p e r s a n t s ,  w h i l e  t h e  peak f o r  
most o i l s  o c c u r s  a t  a  wave number o f  2930 (CH s t r e t c h i n g ) ' .  Mix tu res  
were prepared  t o  e s t a b l i s h  c a l i b r a t i o n  c u r v e s  and a p rocedure  was deve l -  
oped t o  de te rmine  t h e  r a t i o  o f  d i s p e r s a n t  t o  o i l  i n  t h e  m i x t u r e  and t h e  
t o t a l  amount of hydrocarbons  p r e s e n t  i n  t h e  sample. I n  S e c t i o n  8, a 
q u a n t i t a t i v e  g a s  chromatograph method i s  d e s c r i b e d  t h a t  d e t e r m i n e s  t h e  

R t o t a l  peak a r e a  of C o r e x i t  9527 i n  t h e  wa te r  s t o c k  s o l u t i o n s .  T h i s  a r e a  
was conver ted  t o  c o n c e n t r a t i o n  of o i l  and s u b s t r a c t e d  from t h e  i n t e -  
g r a t e d  t o t a l  hydrocarbon i n  t h e  o i l - d i s p e r s a n t  mix tu re .  T h i s  gave 
r a t i o s  of  o i l  t o  d i s p e r s a n t s  a lmos t  i d e n t i c a l  t o  t h o s e  determined by t h e  
i n f r a - r e d  method mentioned above.  A GC Mass Spectrum system was a l s o  
used i n  p o r t i o n s  o f  t h e  a n a l y s i s  a s  r e p o r t e d  i n  S e c t i o n  7 o f  t h i s  r e p o r t .  

The chemis t ry  o f  t h e  t r e a t e d  and u n t r e a t e d  o i l  s l i c k  was i n v e s t i -  
g a t e d  r a t h e r  e x t e n s i v e l y  and is  r e p o r t e d  i n  S e c t i o n  7 of t h i s  r e p o r t .  
Some o f  t h e s e  r e s u l t s  were d i s c u s s e d  i n  t h e  p reced ing  p a r a g r a p h s  on 
e v a p o r a t i o n  and e n t r a i n m e n t .  Most o f  t h e  chemical  a n a l y s e s  were conduc- 
t e d  on tests run i n  t h e  meso-scale t a n k s .  These t e s t s  were run i n  t h e  
t a n k s  under t h e  f o l l o w i n g  c o n d i t i o n s  (1) b a t c h ,  w i t h  no mixing o r  f o r c e d  
c i r c u l a t i o n  (2)  b a t c h  w i t h  mixing p rov ided  by t h e  wave maker and (3)  
w i t h  d i l u t i o n  ( f low-through)  and mixing. S a l t  w a t e r  from N a r r a g a n s e t t  
Bay was used a s  t h e  test medium and t h e  s a l t  w a t e r  t e m p e r a t u r e  was main- 
t a i n e d  t o  w i t h i n  10F of t h e  Bay t e m p e r a t u r e  t o  e l i m i n a t e  any t h e r m a l  
stresses on marine  organisms t h a t  were p r e s e n t .  One series o f  tests 
were conducted t o  de te rmine  t h e  e f f e c t  o f  v a r i o u s  modes o f ' a p p l i c a t i o n  
of o i l  and d i s p e r s a n t  t o  t h e  s e a w a t e r  on t h e  c o n c e n t r a t i o n  o f  o i l  i n  t h e  
w a t ~ r  column. I t  was found t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  d i s p e r s a n t  i n  
c a r r y i n g  t h e  o i l  i n t o  t h e  w a t e r  column is  p r o p o r t i o n a l  t o  t h e  amount o f  
c o n t a c t  of t h e  d i s p e r s a n t  w i t h  bo th  t h e  p o l a r  wa te r  f r a c t i o n  and the 
non-polar f r a c t i o n  o f  t h e  o i l / w a t e r  sys tem.  The most i n t i m a t e  c b n t a c t  
between t h e s e  f r a c t i o n s  was ach ieved  when t h e  d i s p e r s a n t  was premixed 
w i t h  t h e  o i l .  I n  a l l  e x p e r i m e n t s ,  a g i t a t i o n  o f  t h e  w a t e r  s u r f a c e  i n  t h e  
t a n k s  a l s o  a i d e d  i n  mixing t h e  o i l / d i s p e r s a n t  comp1e.x i n t o  t h e  w a t e r  
column. C o n t r o l s  were used th roughout  t h e  d u r a t i o n  o f  t h e s e  tests and 
remained w i t h i n  t h e  hydrocarbon l e v e l s  found i n  t h e  Bay.. I n  t h e  d i s p e r -  
s a n t  t r e a t e d '  t a n k ,  t h e  h i g h e s t  c o n c e n t r a t i o n s  were found g e n e r a l l y  i n  
t h e  t o p  and middle  l a y e r s  a f t e r  one hour ,  w i t h  a r e l a t i v e  r e d u c t i o n  i n  
c o n c e n t r a t i o n  a f t e r  twenty-four  hours  ( i n  some c a s e s  r e d u c t i o n  t o  con- 
t r o l  l e v e l s ) .  The l e v e i  of hydrocarbons  was determined more by t h e  mode 
of a p p l i c a t i o n  t h a n  by t h e  amount o f  o i l / d i s p e r s a n t  added.  I n  t h e  
u n t r e a t e d  t a n k  t h e  o i l  c o n c e n t r a t i o n  i n c r e a s e d  i n i t i a l l y  b u t  o f t e n  f e l l  
below c o n t r o l  l e v e l s  a f t e r  twenty-four  hours .  ' The c a u s e  f o r  t h i s  
b e h a v i o r  is n o t  f u l l y  unders tood  b u t  it is  b e l i e v e d  t h a t .  t h e  o i l  drop- 
l e t s  suspended i n  t h e  w a t e r  column comDine w i t h  t h e  s u r f a c e  s l i c k  and do 
no t  g e t  r e -en t  r a i n e d .  

. . 
h n a l y s i s  o f  s e d i m e n t s  i n  f low-through exper iments  had i n d i c a t e d  no 

s i g n i f i c a n t  i n c r e a s e  i n  c o n c e n t r a t i o n s  of pet roleum hydrocarbons  o v e r  a 
t h r e e  week p e r i o d  f o r  e i t h e r  t h e  t r e a t e d  o r  u n t r e a t e d  s u r f a c e  s l i c k s .  



Microbiological s tud ies  were conducted throughout the program i n  
order t o  determine whether the degradative capacity of the  petroleum 
hydrocarbons and natural  microorganisms were enhanced by tne use of d i s -  
persants. I t  was determined t ha t  the Viable Plate Count (VPC) and Most 
Probable Number (MPN) methods were su i tab le  fo r  enumeration of marine 
heterotrophic bacteria and hydrocarbanoclastic bacter ia .  Use of these 
methods demonstrated tha t  the  percentage of o i l  degraders within the 
" to t a l  het erotropic population" increased w i t h  exposure time of the 
" to t a l  population" t o  o i l  and/or dispersant .  

Oxygen depletion by the Modified Biological Oxygen Demand method is  
a valuable tool  which provides a general picture of biological  response 
t o  materials  suspended i n  the water column. The procedure was used t o  
demonstrate the biodegradable nature of Corexit 9527 and provide a rough 
index of degradation potent ia l .  T h i s  method confirmed VPC and chemistry 
data i n  the meso-scale experiments. 

Oxygen depletion has ce r ta in  l imi ta t ions ,  the greates t  being t ha t  it 
cannot 'be d i rec t ly  ccrre la ted w i t h  ac tual  o i l  degradation r a t e  or  the 
r a t e  of degradation of spec i f i c  o i l  components. An a l t e rna te  approach 
is  chemical analysis  by gas chromatography which has been used i n  t h i s  ' 
project .  The use of t h i s  technique fo r  water column samples, while 
quant i ta t ive  for bulk o i l ,  nas ce r t a in  l imi ta t ions  fo r  component analy- 
s i s .  I t  is  possible t o  demonstrate l o s s  of c lasses  of compounds by t h i s  
method but is too expensive an3 time consuming for  routine degradative 
r a t e  deter~nini;tions. The use of 1 4 ~  labeled hydrocarbons allows a 
f a i r l y  simple method for  measuring mineralization (conversion of organic 
carbon t o  carbon dioxide by metabolism) as  an index of biodegradation. 
Representative hydrocarbons provide an estimate fo r  the r a t e  a t  which 
the mixed natural  population achieve mineralization of a l i pha t i c  and 
aromatic hydrocarbons. The mineralization ra te  s tudies  demonstrate 
turnover ra tes  ranging from approximately 20 to'90 mg of subst ra te  per 
hour. These values compare w i t h  r e su l t s  by other invest igat ions  in  
s imilar  systems. 

A more accurate approach using 1 4 ~  methodology is  t o  measure not 
only mineralization, but a lso  the  production of water soluble intermedi- 
a t e s  which carry the 14c labe l  and the amount of 14c incorporated 
i n to  c e l l  biomass. The importance of t h i s  approach was apparent i n  one 
typical  experiment as  discussed i n  Section 8 of t h i s  report .  

Studies by the VPC for  the surface f i lm, water column and sediment 
were performed a t  13  and 4OC. The bac te r ia l  numbers increased i n  the 
surface film during day 1 and 2 then remained essen t ia l ly  constant 
throughout the 21 day experiment. We in te rpre t  t h i s  increase not a s  
bac te r ia l  growth per se  but ra ther  the  formation of the  microlayer. 
The sediment bac te r ia l  population increased through a period of nine 
days i n  the control ,  dispersant  and oil-dispersant  t r i a l s  but not i n  the 
o i l  tank. The numbers remained constant i n  the sediment of the  o i l -  
dispersant  tanks following these nine days but declined i n  the  control  
and dispersant  tanks. I t  is  believed t ha t  the hydrocarbon degrading 
bacter ia  a re  carr ied i n to  the o i l  film i n  the o i l  t reated tank, removing 
them from an act ive  ro le  a t  the o i l  water in terface .  T h i s  might oe 
expected because the o i l  destroys the surface microlayer. 



The w a t e r  column s t u d i e s  a t  4O and 1 3 O C  p r o v i d e  ev idence  f o r  two 
d i f f e r e n t  b a c t e r i a l  p o p u l a t i o n s  i n  t h e  n a t u r a l  s e a w a t e r  which was a t  
1 0 C .  The t o t a l  h e t e r o t r o p h i c  p o p u l a t i o n  s h i f t s  somewhat b u t  t h e  most 
s i g n i f i c a n t  o b s e r v a t i o n  is a  r a p i d  i n c r e a s e  i n  t h e  number o f  hydrocar-  
b a n o c l a s t i c  b a c t e r i a  th rough  day 7 fol lowed by a  d e c l i n e  t o  o r i g i n a l  
numbers due,  we conc lude ,  t o  e x h a u s t i o n  o f  t h e  n i t r o g e n ,  phosphorus and 
i r o n  c e n t e r s  o f  t h e  seawate r .  

The s t u d i e s  showed a  d e c l i n e  i n  colony d i v e r s i t y  w i t h  time i n  t h e  
t a n k  system s u g g e s t i n g  enr ichment  f o r  s p e c i f i c  organisms which is  
suppor ted  by t h e  s t u d i e s  on t h e  r a t i o  o f  h y d r o c a r b a n o c l a s t i c  t o  h e t e r o -  
t r o p h i c  b a c t e r i a .  P o p u l a t i o n  dominance is  more s i g n i f i c a n t  t h a n  popula- 
t i o n  s i z e  which is  a f a i r l y  c o n s t a n t  value .  

The long term flow th rough  exper iment  showed no s i g n i f i c a n t  c o r r e l a -  
t i o n  between t h e  number of t o t a l  h e t e r o t r o p h i c  b a c t e r i a  and hydrocarbon 
c o n c e n t r a t i o n ,  b u t  a  s i g n i f i c a n t  c o r r e l a t i o n  was found between t o t a l  
h e t e r o t r o p h i c  and t o t a l  h y d r o c a r b a n o c l a s t i c  b a c t e r i a  which i n d i c a t e d  
s e l e c t i o n  f o r  h y d r a c a r b o n - u t i l i z i n g  b a c t e r i a .  

A n e g a t i v e  r e l a t i o n s h i p  was found between hydrocarbon c o n t e n t  and 
hexadecane o r  naph tha lene  m i n e r a l i z a t i o n  r a t e s ,  s u g g e s t i n g  i n h i b i t i o n  of 
m i n e r a l i z a t i o n  a t  h igh  hydrocarbon and /o r  d i s p e r s a n t  v a l u e s .  However, 
t h e r e  was a  d e c r e a s e  i n  hydrocarbon t u r n o v e r  t ime  i n  t h e  o i l  and /o r  d i s -  
p e r s a n t  t a n k s .  T h i s  d e c r e a s e  i n  t h e  t u r n o v e r  t ime  is more a p p a r e n t  f o r  
a l i p h a t i c  hydrocarbons  t h a n  f o r  a r o m a t i c  nydrocarbons .  

The v a r i a t i o n  i n  m i n e r a l i z a t i o n  r a t e s  is  minimal r ang ing  f r o n  8.6 t o  
11.9 ng/hr f o r  hexadecane and 8.3 t o  19.6 ng/hr  f o r  naph tha lene .  Thus,  
i n  t h e  d e t e r m i n a t i o n  of d e g r a d a t i o n  t ime  t h e  most impor tan t  f u n c t i o n  i s  
hydrocarbon c o n c e n t r a t i o n .  

I n v e s t i g a t i o n  of phospha te  and n i t r o g e n  i n  t h e  t e s t  sys tems  r e v e a l  
v a l u e s  which were a lways  n u t r i e n t  l i m i t i n g  f o r  t h e  amount of d e g r a d a b l e  
ca rbon  a v a i l a b l e .  

It is o u r  c o n c l u s i o n  t h a t  hydrocarbon d e g r a d a t i o n  p o t e n t i a l  i n  
n u t r i e n t  l i m i t e d  s e a w a t e r  is a  r e l a t i v e l y  c o n s t a n t  v a l u e  independen t  of 
t h e  p resence  o r  absence  of o i l  i n  t h e  w a t e r  column. There is  s e l e c t i o n  
f o r  h y d r o c a r b a n o c l a s t i c  b a c t e r i a  w i t h  t ime  b u t  t h e i r  o v e r a l l  d e g r a d a t i o n  
a c t i v i t y  a s  a  mixed p o p u l a t i o n  is no t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
enr ichment  p r o c e s s .  P r e l i m i n a r y  e v i d e n c e  i n d i c a t e s  t h a t  n u t r i e n t  
supplements  ( n i t r o g e n ,  phosphorus and i r o n )  do have a  s i g n i f i c a n t  e f f e c t  

I on t h e  s i z e  of t h e  s e a w a t e r  m i c r o b i a l  p o p u l a t i o n  and y i e l d  a  r a t h e r  
homogenous p o p u l a t i o n  of hydrocarbon u t i l i z i n g  b a c t e r i a  i n  t h e  p r e s e n c e  
o f  o i l .  

A b r i e f  d i s c u s s i o n  of n u t r i e n t  s e e d i n g  s u g g e s t s  this is n o t  a  v i a b l e  
approach t o  i n c r e a s e d  hydrocarbon d e g r a d a t i o n  p o t e n t i a l .  The danger  o f  
i n c r e a s e d  p a t h o g e n i c i t y  i n  n u t r i e n t  e n r i c h e d  o i l - w a t e r  sys tems  is  a  r e a l  
p o s s i b i l i t y  which must be more f u l l y  i n v e s t i g a t e d .  

N a t u r a l  m i c r o b i a l  hydrocarbon d e g r a d a t i v e  p r o c e s s e s  a r e  a c t i v e  i n  
t h e  wa te r  column o f  d i s p e r s e d  o r  non-dispersed o i l .  These p r o c e s s e s  



w i l l  e v e n t u a l l y  l e a d  t o  t h e  t u r n o v e r  o f  t h e  b i o d e g r a d a b l e  o i l  compo- 
n e n t s .  The r a t e  a t  which o i l  d e g r a d a t i o n  o c c u r s  is  n o t  m a t e r i a l l y  
enhanced by t h e  d i s p e r s i o n  p r o c e s s  bu t  d i s p e r s i o n  o f  t h e  o i l  i n t o  s m a l l  
m i c e l l e s  (1-2 m) suspended i n  t h e  wa te r  column d o e s  make t h e  o i l  more 
a v a i l a b l e  t o  m i c r o b i a l  a c t i o n .  Due t o  t h e  p h y s i c a l  i n a c c e s s i b i l i t v  of 
microorganisms t o  t h e  bu lk  o f  t h e  o i l  i n  a  heavy s l i c k ,  d i s p e r s i o n  of 
t h e  o i l  is  an a d j u n c t  t o  t h e  hydrocarbon d e g r a d a t i v e  c a p a c i t y  o f  a  mixed 
n a t u r a l  mar ine  wa te r  column p o p u l a t i o n .  

Th i s  p r o j e c t  
p o p u l a t i o n s  on d i  
o r  s u s ~ e n d e d  a s  

h a s  no t  shed much l i g h t  on t h e  a f f e c t  o f  m i c r o b i a l  
s p e r s e d  o i l  e n t r a i n e d  i n t o  sed iments  o r  o i l  s o l u b i l i z e d  
sub-micron m i c e l l e s  i n  s u r f a c e  m i c r o l a y e r s .  Limited 

d a t a  from t h i s  p r o j e c t  i n d i c a t e s  t h a t  hydrocarbon d e g r a d a t i v e  p o t e n t i a l s  
i n  sed iments  and t h e  s u r f a c e  m i c r o l a y e r  may be s i g n i f i c a n t l y  h i g h e r  t h a n  
d e g r a d a t i v e  p o t e n t i a l s  i n  t h e  w a t e r  column. 

An i n v e s t i g a t i o n  i n t o  t h e  effects o f  r e a l i s t i c  c o n c e n t r a t i o n s  o f  o i l  
and o i l - d i s p e r s a n t  m i x t u r e s  on mar ine  l i f e  was conducted.  The r e s u l t s  
a r e  r e p o r t e d  i n  S e c t i o n  9 o f  t h i s  r e p o r t .  The i n v e s t i g a t i o n  o f  s h o r t  
t e n  exposure  o f  bay s c a l l o p s ,  Arqopecten i r r a d i a n s ,  and two s c a l l o p  
p r e d a t o r s ,  t h e  o y s t e r  d r i l l  Urosa lp inx  c i n e r a  and t h e  common s t a r f i s h  
A s t e r i a s  f o r b e s i ,  t o  o i l  and o i l - d i s p e r s a n t  m i x t u r e s  sugges ted  t h a t  
p r e d a t o r  and prey have d i f f e r e n t  l e t n a l  s u s c e p t i b i l i t i e s .  S c a l l o p s  were 
most s e n s i t i v e  t o  d i s p e r s a n t  and d i s p e r s a n t  mixed w i t h  o i l ,  s t a r f i s h  
were on ly  s e n s i t i v e  t o  t h e  d i s p e r s a n t  w h i l e  t h e  o y s t e r  d r i l l  seemed 
u n a f f e c t e d  even though a l l  were exposed t o  d i l u t i o n s  of i d e n t i c a l l y  p re -  
pa red  s t o c k  s o l u t i o n s .  S c a l l o p s  were l e a s t  s u s c e p t i b l e  d u r i n g  w i n t e r  
months and most s u s c e p t i b l e  a t  summer t e m p e r a t u r e s .  Treatment had less 
e f f e c t  on p r e d a t o r s  t h a n  on s c a l l o p s  a t  summer t e m p e r a t u r e s .  S u b l e t h a l  
c o n c e n t r a t i o n s  o f  d i s p e r s a n t  and o i l - d i s p e r s a n t  m i x t u r e s  d imin i shed  t h e  
b e h a v i o r a l  a b i l i t y  o f  s c a l l o p s  t o  r e c o g n i z e  d r i l l s  and s t a r f i s h .  The 
degree  o f  e f f e c t  i n c r e a s e d  w i t h  t e m p e r a t u r e .  P r e d a t o r  d e t e c t i o n  o f  prey 
a t  t h e  same c o n c e n t r a t i o n s  was more complex. The f e e d i n g  r e s p o n s e ,  o r  
p o s t u r i n g  r e f l e x  o f  s t a r f i s h  was s i g n i f i c a n t l y  slowed by a l l  t r e a t -  
ments. I n  c o n t r a s t ,  d r i l l s  were u n a f f e c t e d  i n  t h e i r  r e c o g n i t i o n  o f  
s c a l l o p  e f f l u e n t  i n  a c h o i c e  chamoer a f t e r  t r e a t m e n t .  The r e s u l t s  i n d i -  t 

c a t e  t h a t  s c a l l o p  p o p u l a t i o n s  may s u f f e r  more t h a n  t h e  d i r e c t  impact  o f  
a  p o l l u t a n t  which s e l e c t i v e l y  a f f e c t s  s c a l l o p s  bu t  n o t  a l l  o f  t h e  
s c a l l o p  p r e d a t o r s .  The d i f f e r e n t i a l  s u s c e p t i b i l i t i e s  o f  t h e  v a r i o u s  
s p e c i e s  i n v e s t i g a t e d  i n  t h i s  s t u d y  p o i n t s  o u t  a  problem b i o l o g i s t s  f a c e  
when conduc t ing  and i n t e r p r e t i n g  a  b i o a s s a y .  Because n o t  a l l  a n i m a l s  
a r e  a f f e c t e d  by t h e  same c h e m i c a l s  a t  t h e  same c o n c e n t r a t i o n s  and t h a t  
a n i m a l s  have e c o l o g i c a l  r e l a t i o n s h i p s  which shou ld  be  c o n s i d e r e d ,  i n d i -  
c a t e s  t h a t  knowing the .  r e sponse  o f  one s p e c i e s  t o  a  number o f  p o l l u t a n t s  
is no t  a lways  s u f f i c i e n t  f o r  e c o l o g i c a l  a s sessment .  

In  l i g h t  o f  t h e  d i f f e r e n t i a l  s u s c e p t i b i l i t i e s  demons t ra ted  i n  t h e  
s i m p l e  t h r e e  animal  sys tem i n v e s t i g a t e d ,  t h e  concep t  o f  a n  i n d i c a t o r  
s p e c i e s  is d i f f i c u l t  t o  defend.  It would seem t h a t  because  each  orga-  
nism can have its own a r r a y  o f  chemical  compound and c o n c e n t r a t i o n  
resDonse.  t h e r e  is no l o a i c a l  r eason  t o  assume t h a t  one animal  cou ld  - - 

be used t o  acc;rately judge s u s c e p t i b i l i t y  a r r a y s  f o r  o t h e r  
s p e c i e s .  



I n  order t o  have conducted the  above reported study, i t  was neces- 
sary t o  study the behaviora l  recogn i t i on  o f  the  sca l l op  t o  i t s  preda- 
to rs .  I t  was necessary t o  develop a method f o r  quant i fy ing  the  
sca l l op ' s  response t o  prey. This resu l ted  i n  d e f i n i n g  a "clap indexu 
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which i s  a measure o f  the  s c a l l o p ' s  escape response. This study i s  
reported i n  Sect ion 9.2 of t h i s  repor t .  F i e l d  and labora tory  s tud ies  o f  
t he  i n t e n s i t y  o f  p redat ion  by the  oys ter  d r i l l  on the  bay sca l lops  are 
reported i n  Sect ion 9.3 o f  t h i s  repo r t .  

The i n v e s t i g a t i o n  of community type responses discussed above sug- 
gested t h a t  sub le tha l  concentrat ions of d ispersants had adverse e f f e c t s  
on sca l l op  behaviora l  escape responses and s t a r f i s h  pos tur ing  ref lexes.  
These r e s u l t s  l e d  t o  the  cons t ruc t i on  of a simple community t o  determine 
what would happen if both predator  and prey were dosed and placed 
together  i n  l a r g e  labora tory  tanks. How many sca l lops  would surv ive  
each treatment? I s  i t  poss ib le  t o  detect  changes i n  i n d i v i d u a l  spacing 
w i t h  treatment? The purpose of the  experiment was t o  determine tne  
answer t o  these questions. The r e s u l t s  o f  t h i s  study show t h a t  when 
both  preaator  and prey were t rea ted  as a community, sca l l op  su rv i vo rsh ip  
was s i g n i f i c a n t l y  reduced i n  the d ispersant  and o i l -d i spe rsan t  mixtures 
beyond t h a t  expected because of hydrocarbon treatment o r  s t a r f i s h  preda- 
t i o n  alone. Since sca l l op  surv ivorsh ip  i n  the  o i l  t r ea ted  tank was no t  
d i f f e r e n t  from the  c o n t r o l ,  the  slowed a b i l i t y  o f  the s t a r f i s h  t o  
respond t o  food d i d  not  appzar t o  a f fec t  t h e i r  a b i l i t y  t o  feed on sca l -  
lops.  Thz r e s u l t s  of t h i s  experiment show t h a t  a t  concentrat ions f a r  
below the LD50, d ispersant  t rea ted  sca l lops  s u f f e r  g reater  than 50 
percent m o r t a l i t y  i n  the  presence o f  s t a r f i s h .  Chemical ana lys is  o f  the  
sca l lops  a t  t he  end of t h i s  experiment showed t h a t  there  was no s i g n i f i -  
cant increase of petroleum hydrocarbons i n  sca l lops  as compared t o  the  
c o n t r o l .  These r e s u l t s  are not  p red ic ted by tne  c l a s s i c a l  bioassay 
methods. Community s tud ies  are r a r e  t o  non-existent i n  bioassay work 
but  could prove extremely usefu l  i n  the  p r e d i c t i o n  of eco log ica l  impacts 
by dispersants. 

The v a l i d i t y  of the  r e s u l t s  of any environmental research program 
r e s t s  on i t s  a b i l i t y  t o  be app l ied  t o  the  r e a l  environment. This pro-  
gram i s  no exception; consequently, i n  the format ive stages, i t  was 
decided t o  respond t o  s p i l l s  of oppor tun i ty  t o  determine the  v a l i d i t y  of 
the  bench scale and meso-scale tes ts .  This p o r t i o n  o f  the  program has 
proved t o  be very b e n e f i c i a l ,  and has va l i da ted  a number o f  the  r e s u l t s  
t h a t  were obtained throughout the  var ious phases of the  program. The 
team responded t o  th ree s p i l l s  o f  oppor tun i ty .  

The f i r s t  of these s p i l l s  was the  Argo Merchant i n  1976, the  l a r g e s t  
recorded s p i l l  i n  U.S. h i s t o r y .  This f i r s t  s p i l l  of oppor tun i ty  served 
as a proving ground t o  f i e l d  t e s t  t he  techniques developed i n  the  labo- 
r a t o r y .  A p o r t i o n  of t h i s  work was reported i n  the  I n t e r i m  repor t  of 
A p r i l  1977, and i n  a host  o f  o ther  places, inc luded the  proceedings of 
the  Argo Merchant Symposium he ld  a t  the  Un ive rs i t y  o f  Rhode I s l a n d  i n  
January 1978. 

The second s p i l l  o f  oppor tun i ty  occurred l a t e  i n  January 1977 i n  the  
ice-choked Buzzards Bay a t  t he  entrance t o  the  Cape Cod Canal. This 
s p i l l  of No. 2 f u e l  o i l ,  the  r e s u l t  of a grounding of a barge, gave us 



8 another oppor tun i ty  t o  tes ' t  our developments under a se r ies  of circum- 
stances q u i t e  d i f f e r e n t  from those of t he  Argo Merchant. The m a t e r i a l  
sp i l led , .  a No. 2 f u e l  as compared t o  a No. 6 f o r  the Argo Merchant, and 
extreme i c i n g  posed many new problems t o  be solved. Sampling under 
these. cond i t ions  more ,resembled a response t o  a s p i l l  i n  the  A r c t i c  than 
what would normal ly .be  expected t o  occur i n  the  North A t l a n t i c .  Both of 
these, s p i l l s  served t o  conf i rm the  experimental r e s u l t s  t h a t  were being 
obtained i n  the labora tory .  . Very e a r l y  i n  the  f e a s i b i l i t y  study, 
attempts were made t o  mimic a s p i l l  i n  a n a t u r a l  environment. Under the  
simulated n a t u r a l  environment tes ts ,  i t  was found t h a t  very l i t t l e  of 
t he  o i l  was. g e t t i n g  i n t o  the  water column, f a r  l e s s  than i s  normally 

.used f o r  bioassay and .LD50 type tes ts .  Tnese r e s u l t s  were a l so  
confirmed i n .  the  f i e l d  by o ther  i nves t i ga to rs .  The Buzzards Bay s p i l l  
a lso  provided a i r ,  surface, and water column samples a t  the  s p i l l  s i t e .  
A sample o f  o i l  was. obtained' from the barge and exposed i n  the  
labora tory  under ' s imulated condi t ions.  The r e s u l t i n g  chromatograms of 
these labora tory  t e s t s  were almost i d e n t i c a l  t o  . t hose  found i n  the  
f i e l d .  To our knowledge, t h i s  was the  f i r s t  t ime t h a t  a complete se t  o f  
a i r ,  'surface, and water column samples taken i n  the  f i e l d  were 
dup l ica ted i n ,  the  labora tory .  Furthermore, i t  confirmed t h a t  t he  

. . l i g h t e r  f r a c t i o n s ,  i .e . ,  C10- C12 and below, enter  the  atmos- phere 
i n  the  f i e l d .  This leads one t o  quest ion the  v a l i d i t y  o f  many t o x i c i t y  
t e s t s  where these components were n o t  al lowed t o  evaporate and were 
forced i n t o  the water column. This work has '  been cont inued i n  the  
labora tory  and the  meso-scale tanks, w i t h  and wi thout  the  use o f  d isper -  
sants, dur ing  t h i s  second year o f  the  cont rac t .  This work conf i rms the  
v a l i d i t y  o f  t he  approach. t h a t  was i n s t i t u t e d  i n  the  ea r l y  phases o f  t h i s  
p r o j e c t .  The major r e s u l t  o f  t h i s  a d d i t i o n a l  work shows t h a t  t he  e f f e c t  
of t h e ,  use o f  d ispersants i s  t o  delay the  evaporat ion o f  the  l i g h t e r  
components by as much as 24 hours i n  the  labora tory ;  however, they even- 
t u a l l y  evaporate. These r e s u l t s  a re  e s s e n t i a l l y  dup l ica ted i n  the  
meso-scale t e s t s ;  however, on a much more compressed t ime scale. This 
compression of the  t ime scale i n  the  meso-scale tes ts ,  which more 
c lose ly  approximates the  f i e l d ,  i s  very s i g n i f i c a n t .  Processes t h a t  
requ i re  24 hours t o  occur i n  the  labora tory  occur i n  approximately two 
hours i n  the  meso-scale tanks. Evaporat ion i s  enhanced i n  the  meso- 
scale t e s t s  because of. t h e i r  exposure t o  a more n a t u r a l  wind and atmos- 
pher i c  environment. 

Chemical ana lys is  .of  the  water' column i n  these t e s t s  a l so  shows some 
i n t e r e s t i n g  r e s u l t s .  O i l  concentrat ions i n  the  water column- o f  t h e  
untreated tanks never exceeded 0.8 ppm, and very r a p i d l y  would r e t u r n  t o  
the  c o n t r o l  values. The general t rend  when dispersants are used i s  t h a t  
the  o i l  concentrat ion approaches the  c o n t r o l  value a f t e r  72 hours a t  
most l e v e l s  i n  the . tank.  The chromatograms o f  these water column 
samples a l so  support the  evaporat ion r e s u l t s  mentioned above, whicn show 
t h a t  very l i t t l e  of t he  l i g h t e r  f rac t i ons .  (below C12 - C14) remain 
i n  the  water column. 

The t h i r d  s p i l l  o f  oppor tun i ty  t o  which t h i s  team responded was the  
September 21, 1978 West Hackberry, Louisiana, i nc iden t .  

. . 

During the  recent West Hackberry #6.cavern  decompression accident,  
an est imated 72,000 b a r r e l s  o f  o i l  were released. O f  t h i s  amount, an 
estimated 52,000 barre ls .  of o i l  were recovered, and an estimated 20,000 



b a r r e l s  were burned o r  were unrecoverable from the diked area. 

The Un ive rs i t y  of Rhode I s l a n d  (URI) p r o j e c t  r e l a t i n g  t o  the  t r e a t -  
ment o f  o i l  s p i l l s  conta ins a task i n v o l v i n g  response t o  " s p i l l s  o f  
oppor tun i ty .  " Having p a r t i c i p a t e d  i n  the Buzzards Bay and Argo Merchant 
i nc iden ts ,  the  URI p r o j e c t  team was e a s i l y  assemoled and rushed t o  the 
scene. 

Upon a r r i v a l  i n  West Hackberry, they were jo ined by Department o f  
Energy (DOE) personnel and representat ives from Dames & Moore (Houston 
O f f i c e )  and the Un ive rs i t y  of New Orleans. This i n c i d e n t  presented an 
oppor tun i ty  t o  pu t  i n t o  p r a c t i c e  some of the  "contingency p lanst1 devel- 
oped by thess groups. 

The Department of Energy (DOE) organized the  assemblage i n t o  an 
Environmental Assessment Team whose ob jec t i ves  are t o :  

- determine the  geographical area covered by the DOE e f f l u e n t  

- assess the  environmental impact caused by the  DOE e f f l u e n t  

To meet these ob jec t ives ,  an Environmental Assessment Plan was 
d r a f t e d  and presented t o  t h e  Regional Response Team (RRT) which had 
convened i n  West Hackberry. The RHT reviewed and accepted the  plan. 

Having es tab l ished i t s  procedures and sampling requirements, t he  
team c o l l e c t e d  more than 500 s c i e n t i f i c  samples. The sampling was con- 
ducted i n  affected as w e l l  as unaffected areas of water, marsh, and t e r -  
r a i n .  The samples were appropr ia te ly  preserved, indexed, catalogued, 
and rank ordered i n t o  p r i o r i t y  categor ies.  The h i g h  p r i o r i t y  samples 
were analyzed fo r  the presence of o i l ,  genera l ly ,  and DOE o i l ,  
s p e c i f i c a l l y .  

Based upon the  r e s u l t s  of these analyses the  team returned t o  West 
Hackberry a t  approximately 3 , 6 ,  and 12 months a f t e r  t he  i nc iden t .  The 
r e - v i s i t s  and selected re-sampling w i l l  a s s i s t  i n  documenting the  over- 
a l l  a f f e c t  o f  the  i nc iden t .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e 1  
reported i n  a separate repor t .  

As p a r t  of the  p r o j e c t  f o r  assessing the  environmental impact of 
t r e a t e d  versus untreated o i l  s p i l l s ,  a $ fa tes  model was developed which 
t racks  the surface and subsurface o i l .  The approach used t o  spread,, 
d r i f t  and evaporate the surface s l i c k  i s  s i m i l a r  t o  t h a t  i n  most o the r  
o i l  s p i l l  models. The subsurface technique, however, makes use 0 f . a  
modi f ied  p a r t i c l e - i n - c e l l  method which d i f fuses and advects i n d i v i d u a l  
o i l - d i spe rsan t  d rop le ts  representa t ive  o f  a l a r g e  -number o f  s i m i l a r  
d rop le ts .  This scheme p r e d i c t s  the  t ime dependent o i l  concent ra t ion  
d i s t r i b u t i o n  i n  the  water column which can then be employed as impact t o  
a f i s h e r i e s  popu la t ion  model t o  be discussed l a t e r .  I n  a d d i t i o n ,  t o  
determining the  fa te  of the untreated s p i l l ,  t he  model a lso  a l lows f o r  
chemical treatment and/or mechanical clean-up o f  the  s p i l l e d  o i l .  With 
t h i s  c a p a b i l i t y ,  the  effect iveness of d i f f e r e n t  o i l  s p i l l  c o n t r o l  and 
removal s t ra teg ies  could be quan t i f i ed .  



The model was a p p l i e d  t o  s i m u l a t e  a  34,840 m e t r i c  t o n  s p i l l  o f  a  No. 
2 t y p e  o i l  on Georges Bank. The c o n c e n t r a t i o n  o f  o i l  i n  t h e  water  
column and t h e  s u r f a c e  s l i c k  t r a j e c t o r y  were p r e d i c t e d  a s  a  f u n c t i o n  o f  
t ime  f o r  chemica l ly  t r e a t e a  s p i l l s  o c c u r r i n g  i n  A p r i l  and December. I n  
each  of t h e s e  c a s e s ,  t h e  impact on t h e  cod f i s h e r y  was determined.  

The impor tan t  d i s t i n g u i s h i n g  f e a t u r e  between a wind d r i v e n  s u r f a c e  
s l i c k  and a  chemica l ly  t r e a t e d  s l i c k  i s  t h a t  i n  t h e  t r e a t e d  s l i c k  t h e  
o i l  e n t e r s  t h e  wa te r  column d i r e c t l y  benea th  t h e  s l i c k  and i s  s u b j e c t  
s o l e l y  t o  l o c a l  a d v e c t i v e  c u r r e n t s  and d i f f u s i o n .  The wind d r i v ~ n  s u r -  
f a c e  s l i c k  can be beached i n  t h e  i n t e r t i d a l  zones ,  e s t u a r i e s  and marshes 
which a r e  h i g h l y  p r o d u c t i v e ,  whi le  t h e  t r e a t e d  o i l  remains  i n  t h e  wa te r  
column. Var ious  c a s e s  were s t u d i e d  i n  t h i s  modeling b e h a v i o r  and con- 
c e n t r a t i o n  p r o f i l e s  were c a l c u l a t e d  o v e r  a  p e r i o d  o f  a  t h i r t y  day simu- 
l a t i o n  o f  a  34,840 m e t r i c  t o n  o i l  s p i l l  a t  a  time when t h e  cod were a t  
t h e i r  spawning peak. Exper imenta l ly  determined s u b s u r f a c e  c u r r e n t s  were 
used ,  a s  well a s ,  ave rage  wind d a t a  c o l l e c t e d  f o r  t h e  a r e a  f o r  t h e  t ime  
of y e a r  t h e  s p i l l  was assumed t o  occur .  The a n a l y s i s  shows t h e  d i v e r -  
gence o f  t h e  t r a j e c t o r i e s  of t h e  t r e a t e d  and u n t r e a t e d  s p i l l s .  Thz 
r e s u l t s  of t h e s e  s i m u l a t i o n s  a r e  p r e s e n t e d  i n  S e c t i o n  5 o f  t h i s  r e p o r t .  

A f i s h e r i e s - o i l  s p i l l  i n t e r a c t i o n  model was developed t o  e s t i m a t e  
first o r d e r  e f f e c t s  of t h e  impact of  a  t r e a t e d  v e r s u s  a n  u n t r e a t e d  o i l  
s p i l l  on t h e  commercial f i s h  c a t c h  o v e r  ensu ing  y e a r s .  The primary 
e f f e c t  is assumed t o  o c c u r  t h r o u g h  egg and l a r v a l  m o r t a l i t y .  The b i o -  
l o g i c a l  model fo rmula tea  c o n t a i n s  a s  subcomponents; a  p o p u l a t i o n  model 
o f  t h e  f i s h e r y ,  a  model f o r  a d v e c t i o n  and d i f f u s i o n  o f  o i l ,  and f i s h  
l a r v a e ,  and is coupled t o  t h e  o i l  b e h a v i o r  and f a t e s  model d e s c r i b e d  
p r e v i o u s l y .  

A two day 34 ,840  m e t r i c  t o n  o i l  s p i l l  o c c u r r i n g  on December 15 was 
s i m u l a t e d  and a  s e n s i t i v i t y  a n a l y s i s  u s i n g  t h e  f i s h e r i e s  model was con- 
duc ted .  Impact p r e d i c t i o n s  were conducted under  t h r e e  t h e o r e t i c a l l y  
a c c e p t a b l e  piecewise-smooth l a r v a l  m o r t a l i t y  c u r v e s ,  t h r e e  t h r e s h o l d  
t o x i c i t y  v a l u e s  o f  1,000 and 50,000 p a r t s  p e r  b i l l i o n  (ppb)  and t h r e e  
a p p l i c a t i o n  s c e n a r i o s  i n  which OX,  5036 and l o m  of t n e  o i l  i s  c h e m i c a l l y  
t r e a t e d .  

Decreas ing impact is a s s o c i a t e d  w i t h  i n c r e a s i n g  l a r v a l  r e s i s t a n c e  t o  
o i l  t o x i c i t y  ( i n c r e a s i n g  t h r e s h o l d  v a l u e s ) ,  w i t h  d e c r e a s i n g  e n t r a i n m e n t  
and w i t h  i n c r e a s i n g  m o r t a l i t y  modes ( t h r e e  d i f f e r e n t  n a t u r a l  m o r t a l i t y  
modes were used) .  For a  g i v e n  t r e a t m e n t  s c e n a r i o  and t o x i c i t y  t h r e s h -  
o l d ,  a l t h o u g h  t h e  same number of eggs  and l a r v a e  a r e  l o s t  from t h e  
sys tem due t o  t h e  s p i l l ,  t h e  e f f e c t  of  d i f f e r e n t  n a t u r a l  m o r t a l i t y  modes 
c a n  show q u i t e  d i f f e r e n t  r e s u l t s .  

One o f  t h e  most s i g n i f i c a n t  f i n d i n g s  was t h a t  t h e  n a t u r a l  m o r t a l i t y  
regime f o r  t h e  p o p u l a t i o n  was more impor tan t  t h a n  e i t h e r  t h r e s h o l d  tox-  
i c i t y  v a l u e s  o r  t h e  p e r c e n t  o f  o i l  d i s p e r s e d  i n  t h e  w a t e r  column. The 
importance  o f  de te rmin ing  a p p r o p r i a t e  m o r t a l i t y  regimes ana  t h r e s h o l d  
v a l u e s  is mani fes ted  from t h e  r e s u l t s .  The r e s u l t s  i n d i c a t e  t h a t  i f  a n  

a o i l  s p i l l  was d r i v e n  towards  t h e  i s l a n d s  o f  Nantucket  and M a r t h a ' s  Vine- 
ya rd  r a t h e r  t h a n  o u t  t o  s e a ,  d i s p e r s a n t s  would be used w i t h  l i t t l e  c o s t  
t o  t h e  f i s h e r y ,  u s i n g  a  t o x i c i t y  t h r e s h o l d  a s  low a s  100 ppb. The 
r e s u l t s  do show, however, t h a t  t h e  u s e  of d i s p e r s a n t s  have a  g r e a t e r  



' e f f e c t  on t h e  cod t h a n  t h e  u n t r e a t e d  c a s e .  Th i s  i s ' n o t  s u r p r i s i n g  s i n c e  
making t h e  o i l  more a v a i l a b l e  t o  l o c a l  mar ine  b i o t a  is expec ted  t o  
i n c r e a s e  m o r t a l i t y .  The p r i n c i p a l  d e c i s i o n  f o r  u s i n g  d i s p e r s a n t s  h a s  t o  
be  made on t h e  b a s i s  of  whether o r  n o t  t h e i r  u s e  w i l l  p r e v e n t  more s i g -  
n i f i c a n t  damage if t h e  s p i l l  is a l l o w e d .  t o .  come. a s h o r e  and i n t o  h i g h l y  
p r o d u c t i v e  i n t e r t i d a l  zones  and'  marstiland' where  the o i l  c a n  be  expec ted  
t o  remain o v e r  a n  extended p e r i o d  o f  t ime.  The o t h e r  ' c o n s i d e r a t i o n  i s  
t h e  t ime  r e s p o n s e  of t h e  ecosystem. Will t h e .  ecosystem r e c o v e r  more 
q u i c k l y  t o  its p r e s p i l l  s t a t e  t h a n  if t h e  o i l  i's , l e f t ,  u n t r e a t e d ? .  

, . . . . . 

The magnitude of t h e  i m p a c t s  e s t i m a t e d  i n  t h i s .  s t u d y  . range from 0% 
t o  10% of t h e  annua l  maximum s u s t a i n a b l e  y i e l d  o f  approx imate ly  25,000 
metric t o n s  o r  up t o  $2.5 m i l l i o n  i n  reduced income t o  ' t h e  f i s h i n g  
f l e e t .  S i m u l a t i o n  of a  '30 day o i l  well blo,w.out shows impac t s  f o u r  t i m e s  : 

' a s  l a r g e ,  s o  t h a t  t h e  s p e c i f i c  s c e n a r i o  is  o f  c o n s i d e r a b l e  importance .  

Another s i g n i f i c a n t  r e s u l t  of t h i s  s i m u l a t e d  s t u d y  'is t h a t .  even i n  
t h e  wors t  c a s e ,  t h e  expec ted  m o r t a l i t y  due t o  t h e  s p i l l  is  well w i t h i n  
t h e  liinits o f  t h e  observed n a t u r a l  v a r i a o i l i t y  o f  a d u l t  cod.  T n i s  s h e d s  
some doubt on t h e  u s e  of a n  abundance of a  p a r t i c u l a r  s p e c i e s  , a s  a  
measure of t h e  impact of  a  s p i l l .  

I n  Taolz I t h e  r e s u l t s  of t n i s  p r o j e c t  a r e  summarized. I n s p e c t i o n  
o f  t h i s  Table  r e v e a l s  t h a t  l i t t l e  ev idence  was found t o  s u p p o r t  some 
common b e l i e f s  of  t h e  effects of t h e  u s e  o f  d i s p e r s a n t s .  For  example,  
d i s p e r s a n t s  were expec ted  t o  d r i v e  t h e  l i g h t e r ,  more t o x i c  components o f  
t h e  o i l  i n t o  t h e  wa te r  column. I n  t h i s  s t u d y ,  i t  was found t h a t  t h i s  
e f f e c t  was i n s i g n i f i c a n t .  I t  was a l s o  expec ted  t h a t  t n e  u s e  o f  d i s p e r -  
s a n t s  would enhance b i o d e g r a d a t i o n  and i t  was found t h a t  t h e  hydrocarbon 
d e g r a d a t i o n  p o t e n t i a l  i n  n u t r i e n t  l i m i t e d  s e a w a t e r  i s  a  r e l a t i v e l y  con- 
s t a n t  v a l u e ,  independent  of t h e  p r e s e n c e  o r  absence o f  o i l  i n  t h e  w a t e r  
column. Expected r e s u l t s  were t h a t  t h e  u s e  o f  d i s p e r s a n t s  i n c r e a s e s  
m o r t a l i t y  i n  t h e  immediate v i c i n i t y  o f  t h e  s p i l l  b u t  cou ld  m i t i g a t e  a  
g r e a t e r  impact had it been a l l o w e d , , t u  . r e a c h  . t h e .  r i c h  i n t e r t i d a l  
communities.  

I n  summary.,. it a p p e a r s  v i a b l e  t o  u s e ,  di ,sp:ersants a s  de te rmined  on a  
c a s e  by c a s e  b a s i s .  The c a s e  f o r  u s i n g  d i s p e r s a n t s  h a s  t o  be based on 
whether  o r  n o t  ' t h e i r  u s e  w i l l  m i t i g a t e  t h e  environmental  impact o f  t h e  
s p i l l .  I n  t h e  c a s e  of an  open ocean s p i l l .  t h a t  is  be ing  d r i v e n  i n t o  a  

. . r i c h  i n t e r - t i d a l .  community, t h e  u s e  o f .  d i s p e r s a n t s  cou ld  g r e a t l y  r educe  
t h e  env i ronmenta l  impact .  Even i n  t h e , h i g h l y  p r o d u c t i v e  George ' s  Bank 
a r e a  a t  t h e  h e i g h t  of  t h e  cod spawning season ,  t h e  impact o f  t h e  u s e  o f  
d i s p e r s a n t s  is w e l l  wi t t i in  t h e  limits of n a t u r a l  v a r i a o i l i t y  when t h e  
t h r e s h o l d .  t o x i c i t y  l e v e l  is assumed t o  be  a s  low a s  100 ppb, a  l e v e l  
which is o f t e n  found i n  t h e  open ocean.  Thus, i t  a p p e a r s  t h a t  d i s p e r -  
s a n t s  can and shou ld  be used when i t  is e v i d e n t  t h a t  . t h e i r  u s e  w i l l  
m i t i g a t e  t h e  impact o f  t h e  s p i l l .  T h e i r  u s e  i n  a r e a s  where t h e r e  is 
poor  c i r c u l a t i o n  and t h e r e f o r e  l i t t l e  p o s s i b i l i t y  o f '  r a p i d  d i l u t i o n  is  
more q u e s t i o n a b l e  and shou ld  be  a  s u b j e c t  o f  f u t u r e  s t u d i e s .  

. .  . 



TABLE I. 

S m r y  of the Charac te r i s t i cs  o f  
Treated versus Untreated O i l  Spi 11 . 

untreated '  Spi 11 Treated Spi 11 

1) The ' d r i f t i n g '  and spreading 
o i l  s l i c k  c o n t i n u a l l y  moves 
over new water. 

2 )  M ic rob ia l  ~ t i l  i z a t i o n .  

3 )  Suspended sediment t ranspor t  
and sediment contaminat ion. 

4 )  Evaporat ion. 

5 )  D isso lu t ion .and  emu ls i f i ca t ion .  

6 )  T o x i c i t y  and Subacute t o x i c i t y .  

7 )  Impact on se lected species. 

1 )  Since t r e a t i n g  agents d i s -  
perse o i l  i n t o  the water 
column, the  dispersed o i l  
moves w i t h  the  water column 
as a d i r e c t  r e s u l t  o f  cu r ren ts  

. and d i f f u s i o n .  

2 )  Hydrocarbon degradation poten- 
t i a l  i n  n u t r i e n t  l i m i t e d  sea- 
water i s  a  r e l a t i v e l y  constant 
va l  ue independent o f  the pres- 
ence o r  absence o f  o i l  i n  the  
water column. There i s  a  s e l -  
e c t i o n  f o r  hydrocarbanoclast ic  
b a c t e r i a  w i t h  t ime bu t  t h e i r  
o v e r a l l  degradative a c t i v i t y  as a 
mixed popu la t ion  i s  not  s i g n i f i -  
c a n t l y  a f f e c t e d  by the  enrichment 
process. 

3) There was no evidence fo r  i n -  
creased sustained sediment 
contaminat ion when d ispersants 
were used. 

4 )  Trea t ing  agents caused s l i g h t  
delays i n  evaporat ion when compared 

, 

w i t h  the unt reated s p i l l  ; however, 
the  d i f f e r e n c e  was no t  s i g n i f i c a n t .  

5) The use o f  d ispersants does increase 
the amount o f  o i l  i n  the water 
c o l  umn. 

6 )  The use o f  d ispersants increases 
the  a v a i l a b i l i t y  o f  o i l  t o  marine 
organisms and r e s u l t s  i n  h igher  
m o r t a l i t y  i n  t h e  imnediate v i c i n i t y  
o f  the  s p i l l .  Predator-prey r e l a -  
t i o n s h i p s  can be a l t e r e d  i n  such a 
way t h a t  m o r t a l i t y  can be much 
g rea te r  than expected from acute 

. t o x i c i t y  considerat ions.  

7 )  A s e n s i t i v i t y  ana lys is  o f  a  34,840 
m e t r i c  t o n  s p i l l  a t  the  he igh t  of 
spawning season est imated t h a t  the 
maximum expected impact would be 
10% o f  the annual f i s h  catch, w e l l  
w i t h i n  the  expected n a t u r a l  v a r i -  
a b i l i t y  of t h i s  p a r t i c u l a r  species 
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I n t r o d u c t i o n ,  Background 
and Program D e s c r i p t i o n  

I8 1. BACKGROUND 

I n  1976,  t h e  U.S. O f f i c e  o f  Technology Assessment p r e s e n t e d  a n  
i n t e r i m  r e p o r t  on t h e  c o a s t a l  e f f e c t s  o f  o f f s h o r e  o i l  and g a s  develop-  
ment (1). One o f  t h e  f a c t o r s  s t a t e d  i n  t h i s  r e p o r t  o f  concern  t o  
c o a s t a l  s t a t e s ,  i n v o l v e s  b a s i c  u n c e r t a i n t i e s  abou t  env i ronmenta l  and 
economic impac t s .  S t u d i e s  e s t i m a t e  t h a t  t h e  t o t a l  p robab le  o i l  s p i l l s  
from o f f s h o r e  c o n t i n e n t a l  s h e l f  o p e r a t i o n s  ranges  from a  low o f  85,000 
b a r r e l s  t o  a  h igh  o f  one m i l l i o n  b a r r e l s  and t h a t  one o u t  o f  t e n  s p i l l s  
from a  d r i l l i n g  o r  p r o d u c t i o n  p l a t f o r m  would reach  a  beach i n  New J e r s e y  
o r  Delaware. P r e s e n t  United S t a t e s  p o l i c y  f o r  combating o i l  s p i l l s  is  
c o n c e n t r a t e d  on p h y s i c a l  conta inment  w i t h  mechanical  o r  s o r b e n t  removal 
t e c h n i q u e s .  When t h e s e  means f a i l ,  t h e  u n c o n t r o l l e d ,  u n t r e a t e d  s p i l l  
can  c a u s e  c o n s i d e r a b l e  damage t o  t h e  mar ine  environment ,  e s p e c i a l l y  t o  
b i r d s ,  s a l t w a t e r  marshes and beaches ,  where marine l i f e  is  most p l e n t i -  
f u l ,  and where t h e  j u v e n i l e  forms o f  many commercial f i s h  have t h e i r  
o r i g i n .  I t  is t h e s e  j u v e n i l e  forms t h a t  a p p e a r  most s u s c e p t i b l e  t o  o i l  
p o l l u t i o n .  The u s e  o f  t r e a t i n g  a g e n t s  f o r  f i n a l  clean-up and f o r  p r e -  
v e n t i n g  t h e  s p i l l s  from r e a c h i n g  t h e  s h o r e  and m i t i g a t i n g  t h e  e n v i r o n -  
menta l  impac t ,  when mechanical  means f a i l ,  h a s  been minimal because  of 
t h e  l a c k  o f  i n f o r m a t i o n  concern ing  t h e  u s e  o f  t h e s e  a g e n t s  and t h e i r  
a f f e c t  on t h e  environment .  S i n c e  t h e  Torrey Canyon s p i l l  i n  1969 o f f  
t h e  c o a s t  o f  England,  where d i s p e r s a n t  u s e  produced d i s a s t r o u s  r e s u l t s ,  
t h e r e  h a s  been c o n s i d e r a b l e  development o f  t r e a t i n g  a g e n t s  t h a t  a r e  f a r  i 
l e s s  t o x i c  t h a n  t h o s e  a v i l a b l e  a t  t h a t  t ime .  Fur thermore ,  i t  h a s  s i n c e  I 

been determined t h a t  i t  was n o t  t h e  d i s p e r s a n t s  t h a t  caused t h e  ex ten-  
s i v e  damage i n  t h i s  s p i l l ,  b u t  r a t h e r  t h e  t o x i c  s o l v e n t s  i n  which t h e  
d i s p e r s a n t s  were d i s s o l v e d .  New d i s p e r s a n t s  e i t h e r  u s e  non- toxic  s o l -  
v e n t s  o r  s e a  wa te r  f o r  t h e i r  s o l v e n t  base .  

The d e b a t e  o v e r  whether  t o  u s e  d i s p e r s a n t s  t o  t r e a t  o i l  s p i l l s  h a s  
been long  and c o n t r o v e r s i a l .  The t r u t h  abou t  d i s p e r s a n t s ,  t h e i r  u s e  and 
e f f e c t i v e n e s s  h a s  o f t e n  been obscured  by undocumented and ,  a t  t i m e s ,  
emot iona l  o p i n i o n s .  C e r t a i n l y ,  t h e  e x c e s s i v e  use  and u n f o r t u n a t e  expe- 
r i e n c e  w i t h  d i s p e r s a n t s  on t h e  Torrey Canyon s p i l l  s e r v e s  t o  form t h e  
b a s i s  f o r  most o f  t h e  c r i t i c i s m .  A d d i t i o n a l  c r i t i c i s m  concern ing  t h e  
use  of d i s p e r s a n t s  is  grounded on t h e  b e l i e f  t h a t  even i f  t h e  d i s p e r -  
s a n t s  themse lves  were no t  t o x i c ,  t h e  u s e  o f  t h e s e  a g e n t s  make t h e  o i l  
more t o x i c  by i t s  i n c r e a s e d  d i s p e r s i o n  w i t h i n  t h e  environment  ( 2 ) .  T h i s  
v iewpoin t ,  however, is a p p l i c a b l e  on ly  t o  t h e  immediate v i c i n i t y  o f  t h e  
s p i l l .  The p r i n c i p a l  q u e s t i o n  t o  be  answered i n  t h e  u s e  o f  a  d i s p e r -  
s a n t ,  is, " w i l l  i ts u s e  c a u s e  less env i ronmenta l  damage, even though 
t h e r e  is  i n c r e a s e d  t o x i c i t y  i n  t h e  v i c i n i t y  of t h e  s p i l l ,  t h a n  t h e  
u n t r e a t e d  s p i l l ? "  Fur the rmore ,  w i l l  t h e  environment r e c o v e r  more 
q u i c k l y  when d i s p e r s a n t s  a r e  used t h a n  t h e  long  term e f f e c t s  o f  a n  
u n t r e a t e d  s p i l l  such as r e p o r t e d  by Blumer ( 3 ) .  These a r e  ex t remely  
d i f f i c u l t  q u e s t i o n s  t o  answer.  However, one  use  o f  d i s p e r s a n t s  is based 1 
on t h e  p remise  t h a t  i f  t r e a t e d  a t  s e a ,  most o f  t h e  damage i n  t h e  i n t e r -  I 
t i d a l  zone and s a l t  wa te r  marshes where t h e r e  i s  a  c o n c e n t r a t i o n  o f  j 
marine  l i f e ,  cou ld  be  m i t i g a t e d .  I t  is w e l l  kr~own t h a t  mar ine  l i f e  is  I 

c o n c e n t r a t e d  i n  three major a r e a s :  ( a )  t h e  s u r f a c e ,  (b )  t h e  b e n t h i c  a zone,  and ( c )  t h e  i n t e r - t i d a l  zone. It i s  t h e s e  t h r e e  major  a r e a s  t h a t  



.the uncontained, poorly dispersed o i l  s p i l l  is concentrated (41,  whereas, 
the majority of o i l  in  the chemically treated s p i l l  is concentrated i n  
the water column where it is more easily diluted by t i da l  flushes and 
where there is l e s s  concentration of marine l i f e .  The affect  of o i l  on 
the marine environment has long been a concern to  the environ~nentalists 
and o i l  companies alike.  The severity of biological damage depends on 
many factors,  some of the major ones are: the type of o i l  sp i l led ,  the 
dose of o i l ,  the physiography of the area, weather conditions, type of 
local biota, season, previous exposure of the area to  o i l  and other pol- 
lutants  and the treatment of the s p i l l .  Three conditions are especially 
c r i t i c a l ,  and some researchers claim that a l l  three must exis t  simultane- 
ously for a s p i l l  t o  have significant environmental damage. The condi- 
t ions are: 

(1) The volume of o i l  spil led must be large w i t h  respect t o  the body 
of water being impacted. 

(2 )  The o i l  should be refined. 

( 3 )  Storms or heavy surf must cause the spilled o i l  t o  be churned 
into bottom sediments ( 5 ) .  

Whether or not these conditions occur, some part of marine l i f e  is l ikely 
to  be affected by an o i l  s p i l l .  Studies from more than one hundred major 
o i l  s p i l l s  over a twelve year period indicate that birds are the type of 
marine l i f e  most often affected (6) .  

The use of dispersants to  mitigate the impact of o i l  s p i l l s  have been 
used almost exclusively i n  the United Kingdom where i t  appears to  have 
had minimal impact on the environment. Caution should be exercised i n  
transferring the United Kingdom resul ts  t o  the use of dispersants along 
the United States  coastline. Britain has very high t ides ,  especially i n  
the Milford Haven area i n  Wales where dispersants have been extensively 
used. The t ides  in  t h i s  area range from twenty-four to  twenty-eight 
feet .  An exarnple of the use of dispersants to  prevent o i l  from reaching 
the beach and in ter - t ida l  zone i s  the i r  use i n  the Christos Bitos 
incident (7 ) .  

The variabi l i ty  of sea conditions, as  well as  the s ize oaf a s p i l l  are 
two of the major factors which often i n h i b i t  the containment and recovery 
of s p i l t  o i l .  If about 2000 barrels (84,000 gallons) of Bunker C o i l  
were s p i l t  on a calm sea on a windless day, and if no action i s  taken for 
about three hours, the circumference of the s p i l l  would be approximately 
6300 fee t .  Consequently, t h i s  s ize  of a s p i l l  would ma~e  deployment of 
suf f ic ien t  o i l  booms a rather formidable task. Their use, in  many cases, 
has not prevented o i l  from reaching biologically sensit ive areas. 

1 . 2  DISPERSANTS 

Dispersants specifically designed for use on o i l  s p i l l s  are  rela- 
t ively new and most of these have been developed since the time of the 
Torrey Canyon in  1969. They are  found under various names - dispersants, 
emulsifiers, detergents and degreasers, however, those specifically 
designed to combat o i l  s p i l l s  are  normally referred to  as dispersants. 
Dispersants are  compounds which emulsify, disperse or solubilize o i l  into 



t h e  w a t e r  column o r  a c t  t o  f u r t h e r  t h e  s p r e a d i n g  o f  o i l  s l i c k s  t o  f a c i l i -  
t a t e  d i s p e r s a l  o f  o i l  i n t o  t h e  w a t e r  column. They c o n s i s t  of  t h r e e  p r i -  
mary components: s u r f a c t a n t s ,  s o l v e n t s  and s t a b i l i z e r s .  S u r f a c t a n t s  
d e c r e a s e  t h e  i n t e r f a c i a l  t e n s i o n  between t h e  o i l  and w a t e r ,  t h u s  a l lowing  
t h e  o i l  t o  more e a s i l y  s p r e a d  and be d i s p e r s e d  i n t o  s m a l l  g l o b u l e s .  
S u r f a c t a n t  molecu les  a r e  composed o f  h y d r o p h i l i c  ( w a t e r  compat ib le )  and 
l i p o p h i l i c  ( o i l  c o m p a t i b l e )  gruups .  They can  be  d i v i d e d  a s  t o  being 
e i t h e r  a n i o n i c ,  c a t i o n i c  o r  non- ionic .  The a n i o n i c  s u r f a c t a n t s  compose 
t h e  l a r g e s t  group i n  u s e  s i n c e  t h e  a n i o n  is q u i t e  s u r f a c e  a c t i v e .  
Usua l ly  t h e s e  d i s p e r s a n t s  a r e  a l k a l a i  s a l t s  o f  s u l p h a t e s  o r  s u l p h o n a t e s .  
C a t i o n i c  s u r f a c t a n t s  have a  low s u r f a c e  a c t i v i t y  a s  do t h e  non- ionic  
ones .  However, t h e  non- ionic  ones  have been found t o  be t h e  most e f f e c -  
t i v e  f o r  d i s p e r s a n t s  f o r  s a l t  wa te r  o i l  s p i l l s ,  be ing  composed o f  f a t t y  
a l c o h o l  c o n d e n s a t e s ,  e t h y l e n e  o x i d e  being t h e  niost common ( 7 ) .  

The s ~ c o n d  pr imary component o f  a  d i s p e r s a n t ,  t h e  s o l v e n t ,  compr i ses  
t h e  bulk  o f  t h e  p roduc t .  The s o l v e n t s  e n a b l e  t h e  a c t i v e  a g e n t  
( s u r f a c t a n t )  t o  mix and p e n e t r a t e  i n t o  t h e  o i l  t o  form an emuls ion.  The 
s o l v e n t s  range i n  base  from petroleum t o  w a t e r ,  pe t roleum s o l v e n t s  be ing  
t h e  most t o x i c ,  b u t  t h e  ones  which d i s s i p a t e  most r a p i d l y  i n  a  wa te r  
environment .  

A c e r t a i n  amount of mechanical  mixing energy is g e n e r a l l y  r e q u i r e d  t o  
g e t  t h e  d i s p e r s a n t  o i l  m i x t u r e  i n t o  t h e  wa te r  column. Ear ly  i n  t h e i r  
u s e ,  h e l i c o p t e r s ,  t u g b o a t s  o r  o t h e r  l a r g e  powerful  s h i p s  were used i n  an  
e f f o r t  t o  c a u s e  d i s p e r s i o n .  I n  t h e  Uni ted  Kingdom, . the use  o f  b a t t e r  
b o a r d s  towed behind b o a t s  have proved e f f e c t i v e .  Obviously i n  h i g h  s e a  
c o n d i t i o n s ,  t h e  mixing energy is  no problem. Under such high s e a  condi-  
t i o n s ,  d i s p e r s a n t s  have been found t o  be very e f f e c t i v e .  There a r e  a l s o  
se l f -mix ing  d i s p e r s a n t s  a v a i l a b l e .  A se l f -mix  d i s p e r s a n t  u t i l i z e s  t h e  
d i f f u s i o n  energy o f  t h e  s u r f a c t a n t ,  a c t i n g  a t  t h e  o i l - w a t e r  i n t e r f a c e .  

1.3 PROGRAM INTRODUCTION 

The r e s u l t s  of  t h i s  program d e s c r i b e  a n  approach t o  e s t i m a t e  t h e  
env i ronmenta l  impact of  an  u n t r e a t e d  o i l  s p i l l  v e r s u s  a  s p i l l  t r e a t e d  
w i t h  d i s p e r s a n t .  I t  is h o l i s t i c ,  i n  t h a t  i t  combines t h e  p h y s i c a l ,  chem- 
i c a l ,  m i c r o b i a l  and macro-fauna r e s p o n s e s  t o  a  s p i l l .  The r e s u l t s  
r e p o r t e d  h e r e i n  r e p r e s e n t  t h e  f inu ' ings  o f  a  f o u r  y e a r  e f f o r t  t h a t  i n t e -  
g r a t e s  ma themat ica l ,  l a b o r a t o r y ,  meso-scale i n - s i t u  exper iments  and a n a l -  
y s e s .  The i n - s i t u  a n a l y s e s  came a s  a  r e s u l t  o f  responding t o  t h r e e  
s p i l l s  o f  o p p o r t u n i t y .  These a r e  t n e  Argo Merchant which grounded on t h e  
Nantucket  SI.ioals i n  December 1976,  t h e  Bouchard s p i l l  t h a t  o c c u r r e d  n e a r  
t h e  e n t r a n c e  o f  t h e  Cape Cod Canal i n  ice-choked B u z z a r d ' s  Bay i n  l a t e  
January 1977 and t h e  f i r e / o i l  s p i l l  t h a t  occur red  a t  t h e  S t r a t e g i c  P e t r o -  
leum Reserve  f a c i l i t y  a t  West Hackberry,  Lou i s iana  on September 21,  
1978. The i n v e s t i g a t i o n  o f  t h i s  l a t t e r  i n c i d e n t  was suppor ted  under  
s e p a r a t e  c o n t r a c t  w i t h  t h e  Department o f  Energy and a  f i n a l  r e p o r t  is  
be ing  i s s u e d  ( 8 ) .  

Many models and i n v e s t i g a t i o n s  have been conducted i n  t h e  p a s t  con- 
c e r n i n g  t h e  env i ronmenta l  impact o f  s p i l l s ,  b u t  none p r e s e n t l y  a v a i l a b l e  
encompasses t h e  b r e a d t h  and d e p t h  r e q u i r e d  t o  make a  d e c i s i o n  a s  t o  
whether  o r  n o t  d i s p e r s a n t s  shou ld  be used.  T h i s  program h a s  been 
des igned  t o  p r o v i d e  some gu idance  i n  t h i s  d i r e c t i o n .  I n  s p i t e  o f  t h i s ,  



t h e r e  a r e  st i l l  many unanswered ques t ions  concerning t h e  impact of  an o i l  
s p i l l  on t h e  environment. The f a t e  and e f f e c t s  of an o i l  s p i l l ,  whether 
t r e a t e d  wi th  d i s p e r s a n t s  o r  riot, depends on many complicated f a c t o r s .  

8 
F i r s t ,  t h e  chemical composition of any o i l  is  extremely complicated and 
they a r e  composed of  many d i f f e r e n t  aromatic ,  a l i p h a t i c  and a l i c y c l i c  
compounds ( 9 ) .  Even among .the crude o i l s ,  t h e  phys ica l  p r o p e r t i e s  and 
chemical composition can vary g r e a t l y ,  and' consequent ly ,  any r e f i n i n g  of 
t h e s e  crudes produces even more d i v e r s e  p r o p e r t i e s .  S ince  t h e r e  is such 
d i v e r s i t y ,  it is d i f f i c u l t  if not impossible  t o  make anything but  gene ra l  
s t a t emen t s  concerning t h e  e f f e c t s  o f '  o i l s  .on s p e c i f i c  : m a r i n e  , b i o t a .  
Secondly, because o f '  our  lack  of  understanding of  t h e  environment, 
s p e c i f i c a l l y  cause and effect r e l a t i o n s h i p s ,  predator-prey r e l a t i o n s h i p s ,  
etc.  9 one can only make some i s o l a t e d  e s t ima te s  of  impacts on s p e c i f i c  
s p e c i e s .  Even t h i s  i s  d i f f i c u l t  because t h e  organisms i n  a r e a l  s p i l l  
a r e  exposed t o  time-varying concen t r a t i ons  .and varying chemical composi- 
t i o n  caused by n a t u r a l  weathering of t h e  o i l  which inc ludes  evapora t ion ,  
d i s s o l u t i o n ,  e tc. ,  while  a v a i l a b l e  t o x i c i t y  d a t a  seldom inc lude  t h e s e  

.. .* . . .  
e f f e c t s .  . . .  . . 

The approach i n  t h i s  program has been t o  a t tempt  . to  mimic t h e  n a t u r a l  
weathering and entrainment  processes  and ..to .expose t h e  organisms tb vary- 
ing concen t r a t i ons  from l e t h a l  t o  minimal s l jb le tha l  dosages and t o  s tudy 
predator-prey r e l a t i o n s h i p s  under t h e s e  cond i t i ons .  

1 . 4  PROGRAM DESCRIPTION 

As mentioned i n  t h e  above paragraphs,  t h e  problem of a s se s s ing  t h e  
impact of an o i l  s p i l l  on t h e  marine environment is a formidable t a s k  a t  
b e s t ,  e s p e c i a l l y  if the o b j e c t i v e  is t o  asses ,s  both . shor t  and long . range  
impacts.  Damage assessment , such a s  cle'aniup :Costs ' ,~ ' ,"l 'psses~~ t o  .. bus iness ,  
e t c .  , a r e  much e a s i e r  t o  a s s e s s  after':.th,e + f,act:,,;and->certai~y."much ,:more 
t a n g i b l e  tnan those  a s soc i a t ed  with los .ses  i n  f i s h ~ . . c a t c h ,  :etc. .. .In t h e  
l a t t e r  type of assessment ,  a h o l i s t i c  and . i m p l i c i t  'approach .*is manda- 
t o r y .  T h i s  type  of approach' requires . '  a deterqikiatiori '  gf t h e -  temporal and 
s p a t i a l  h i s t o r y  of t h e  s p i l l ,  coupied.  with'. t h e  phys i ca l ,  chemical and 
b i o l o g i c a l  p rocesses  t h a t  afr 'eot  t h e  :natu;re o f  t h e  s p i l l  a s  shown i n  
F igure  1.1. Some of t h e  input  tha t .  must be considered i n  t h i s  type  
approach is shown i n  F igure  1 . 2  which i s  a simp1.e. vers ion.  .o.f . t h e  . ,dec is ion  
making process  t o  t r e a t  o r  not  t o  . t r e a t  a'+' ~ ~ 2 1 1  ... .The : niost' .-imij'ortant 

, :....-., . , 
aspec t  of t h i s  procedure is t h e  r ea l i za t i on - - . o f e  ' the  .strong . fnterdepen8ency 
of a l l  of the processes .  Microbia.1' uti i izat . i ,on: '  As 6 0 t h .  a ,.PuActSo~.:."of t h e  
chemistry and s p a t i a l  d i s t r i b u t i o n  - of  the-  o i l  . and '"'ottjer . n u t r i e n t s ,  
whereas t h e  s p a t i a l  and temporal d i s t r i b u t i o n  is  a .  func t fon  o f  iY'in'd "wave 
a c t i v i t y ,  c u r r e n t s  e tc . ,  and t h e  phys ica l  and. chemical p r o p e r t i e s  of the 
o i l .  The impact of a s p i l l  on marine organisms' 'is a l s o  a func t ion  of t h e  
chemical ,  temporal and s p a t i a l  d i s t r i b u t i o n  o f . t h e  o i l , . .  The t r a d i t i o n a l  
bioassay work based on LC50 on , 48, 72 o r  9 6 .  hour t e s t s  a r e  of. l i m i t e d  
va lue  because t h e  tests a r e  s t a t i c  and seldom a r e  t h e s e  organisms exposed 
t o  cons t an t  concent r a t  i o n s  i n  t h e  r e a l  .environment with t h e  except ion of 
some s p i l l s  i n  marshes and beaches. Some knowledge of  the l e t h a l  concen- 
t r a t i o n s  a s  a func t ion  of time, toge the r  with t h e  temporal and s p a t i a l  
d i s t r i b u t i o n s  of both t h e  o i l  and organisms, permi ts  a f i r s t  o r d e r  
assessment of t h e  number of  organisms destroyed a s  a d i r e c t  r e s u l t  of t h e  
s p i l l .  Of '  secondary importance is t h e  cumulative e f f e c t  of  varying con- 
c e n t r a t i o n s  on t h e  organisms with time a s  wel l  a s  sub-acute e f f e c t s  on 
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behavior and reproduct ion.  

The program was divided i n t o  t h r e e  major but i n t e g r a t e d  groups, one 8 
t o  s tudy entrainment  and evaporat ion processes ,  a -  b i o l o g h a l  group 
inc ludinq  microbioloqy t o  s tudy t h e  e f f e c t s  of  t r e a t e d  o i l  versus  
un t r ea t ed  o i l  on s e l e c t e d  marine ' organisms and o i l  degrada t ion  r a t e s  an3 
a t h i r d  group t o  provide t h e  chemical a n a l y s i s .  Laboratory type  tests 
were conducted by each group t o  s tudy some of t h e  fundamental p rocesses ,  
however, a l l  groups p a r t i c i p a t e d  i n  t h e  combined tests conducted i n  t h e  
meso-scale f a c i l i t i e s  a s  descr ibed  i n  t h e  next s e c t i o n .  S p i l l s  of  oppor- 
t u n i t y  provided experimental  da t a  t o  c o r r e l a t e  with meso-tank r e s u l t s .  

1 .4 .1  YESO-SCALE TEST FACILITIES 

The meso-scale t e s t  f a c i l i t y  is  composed of t h r e e  twenty-foot high by 
t h r e e  f e e t  i n  diameter  f i b e r  g l a s s  t anks  a s  shown i n  Figure 1.3. A sche- 
mat ic  of t h e  tank is shown i n  F igure  1.4. fhe  f a c i l i t y  is loca t ed  a d j a -  
c e n t  t o  Narraganset t  Bay. S a l t  water is pumped e i t h e r  i n t o  t h e  t o p  o r  
bottom i n  ba tch  ope ra t i ons  o r  i n  a cont inuous flow mode. The tanks  a r e  
wrapped with a c o i l  f o r  f r e s h  water c losed  cyc l e  cool ing  and i n s u l a t e d  ay 
t h r e e  inches  of  polyurethane foam. This  type  of cool ing  was chosen 
because it was capable  of providing a uniform temperature  d i s t r i b u t i o n  of  
t h e  t ank ,  void of  any cold o r  hot  spo t s .  The hea t  s i nk  f o r  t h e  c losed  
c y c l e  cool ing  system is a c o i l  submerged i n  Narraganset t  Bay. Tnis  sys-  
tem i s  capable  of maintaining t h e  water i n  t h e  tanks  t o  wi th in  10F o f  
t h e  Bay temperature .  Thus, temperature  stresses on marine organisms i n  
t h e  tank  were minimized. The cool ing  c o i l s  were made i n  t n r e e  s e c t i o n s  
t o  a l low them t o  be operated i n  a series o r  p a r a l l e l  mode. Using t h i s  
approach, v i r t u a l l y  any temperature  d i s t r i b u t i o n  could be achieved from a 
s t r a t i f i e d  l a y e r  t o  a uniform d i s t r i b u t i o n .  

Mixing i n  t h e  tank was provided by submerged o s c i l l a t i n g  annular  
d i s k s  a s  shown i n  Figure 1.4.  The amplitude a s  wel l  a s  t h e  frequency i s  
a d j u s t a b l e ,  making it p o s s i b l e  t o  o o t a i n  a wide v a r i e t y  o f  mixing condi- 
t i o n s  i n .  t h e  tank.  General ly  i t  was ad jus t ed  s o  a s  t o  provide mixing i n  
only t h e  upper t e n  feet of  t h e  tank.  This  roughly corresponds t o  t h e  
subsur face  c i r c u l a t i o n  caused by an ocean wave having a wavelength of  
t h i r t y  f e e t .  

Bottom dwe l l e r s  such a s  s c a l l o p s  were lowered i n  a basket  t o  pre-  
s c r i b e d  depths  before  t h e  s u r f a c e  was o i l e d .  To prevent  contaminat ion of 
t h e  s c a l l o p s  when r e t r i e v i n g  t h e  baske t ,  a c y l i n d r i c a l  s e c t i o n  o f  t e f l o n  
approximately a f o o t  i n  he igh t  was i n s t a l l e d  a t  t h e  w a t e r / o i l  - a i r  
i n t e r f a c e .  When samples were t o  be r e t r i e v e d ,  t h e  t e f l o n  s e c t i o n  was 
co l l apsed  ac ros s  t h e  s u r f a c e  thereby sweeping t h e  o i l  t o  one s i d e  of  t h e  
t ank ,  l e av ing  a c l ean  s u r f a c e  through which t h e  samples could be 
c o l l e c t e d .  

Water column samples were c o l l e c t e d  from t a p s  l oca t ed  every twenty- 
f o u r . i n c h e s  along t h e  l e n g t h  of  t h e  tank.  
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1.4 .2  ENTRAINMENT, DISSOLUTION AND EVAPORATION STUDIES 

One of t h e  pr imary g o a l s  of  t h e  program was t o  de te rmine  t h e  temporal  
and s p a t i a l  d i s t r i b u t i o n  of t h e  t r e a t e d  and u n t r e a t e d  o i l ,  hence a com- 
p a r i s o n  of t h e  t o x i c i t y  and impact 'under b o t h  sets of c o n d i t i o n s .  ~ u c h  
work has  been done i n  t h e  d r i f t i n g  and s p r e a d i n g  of t h e  o i l  b u t  on ly  
l i m i t e d  amount of  p r e d i c t i v e  in format ion  is a v a i l a b l e  f o r  en t ra inment  o f  
t h e  o i l  i n t o  t h e  wa te r  column and sediment .  

I n  an a t t e m p t  t o  g a i n  a b e t t e r  unders tand ing  o f  t h e  combined evapora- 
t i o n ,  d i s s o l u t i o n  and o v e r a l l  en t ra inment  p r o c e s s ,  a series of e x p e r i -  
ments was des igned .  These ranged from b a s i c  measurements of i n t e r f a c i a l  
t e n s i o n  t o  combined wind/wave exper iments .  These exper iments  and t h e i r  
r o l e  i n  t h e  o v e r a l l  program a r e  d e s c r i b e d  a s  f o l l o w s  and t h e  s e c t i o n  of 
t h e  r e p o r t  i n  which t h e y ' a r 2  covered is i d e n t i f i e d .  

INTERFACIAL TENSION 

S i n c e  e n t r a i n m e n t  i s  p r i m a r i l y  caused by work done a g a i n s t  i n t e r f a -  
c i a l  t e n s i o n ,  a knowledge o f  t h e  effect t h a t  t h e  d i s p e r s a n t  h a s  i n  t h i s  
p r o p e r t y  is fundamental  t o  any o f  t h e  en t ra inment  p rocesses .  A series o f  
d i f f e r e n t  t y p e s  of approaches  t o  measure t h i s  p r o p e r t y  was c o n s i d e r e d .  

The c a p i l l a r y - h e i g h t  method is probably  t h e  s i m p l e s t  method a v a i l -  
a b l e .  When a c a p i l l a r y  is i n s e r t e d  below t h e  i n t e r f a c e  of  a two l i q u i d  
s y s t e m ,  due t o  t h e  e x c e s s  free energy o f  t h e  i n t e r f a c e ,  t h e  l i q u i d  i n  t h e  
lower l a y e r  rises t o  a h i g h e r  l e v e l  w i t h i n  t h e  c a p i l l a r y .  But f o r  t h e  
c r u d e  o i l  wa te r  system under s t u d y ,  t h i s  method cou ld  n o t  be used a s  t h e  
d a r k e r  upper l a y e r  of t h e  c r u d e  p r e v e n t s  o b s e r v a t i o n s  o f  t h e  c a p i l l a r y  
h e i g h t .  

I n  t h e  d rop  weight method, d r o ~ s  a r e  a l lowed t o  form a t  t h e  t o p  of a 
c a p i l l a r y  immersed i n  a n o t h e r  l i q u i d .  From a knowledge o f  t h e  dimensions  
o f  t h e  drop and its weigh t ,  i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  i n t e r f a c i a l  
t e n s i o n .  S i n c e  d r o p s  have t o  be formed a t  a f i n i t e  s i t e ,  t h i s  method is  
n o t  a p p l i c a b l e  i n  sys tems  where a s u r f a c t a n t  is  p r e s e n t .  

The r i n g  method c o n s i s t s  o f  a p la t inum r i n g  which is p u l l e d  up from 
t h e  i n t e r f a c e  . o f  t h e  l i q u i d s  whose i n t e r f a c i a l  t e n s i o n  is  , t o  be 
measured. The f o r c e  t h a t  is necessa ry  is  measured by a t o r s i o n  ba lance .  
Because of problems encountered i n  o b t a i n i n g  r e p e a t a b l e  r e s u l t s  i n  u s i n g  
t h i s  method a s  well a s  t h e  reasons  s t a t e d  above i n  t h e  drop weight 
method, i t  was dec ided  t o  i n v e s t i g a t e  o t h e r  methods. 

The bubble p r e s s u r e  method measures t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  a 
oubble  o r  d rop  i n  a n o t h e r  l i q u i d  which is p r o p o r t i o n a l  t o  t h e  i n t e r f a c i a l  
t e n s i o n .  S i n c e  t h i s  is a dynamic method and is d i f f i c u l t  t o  o b t a i n  
a c c u r a t e  r e s u l t s ,  it was dec ided  t o  u s e  the fo l lowing  method. 

The pendant drop method is t h e  one chosen t o  measure t h e  i n t e r f a c i a l  
t e n s i o n .  I t  c o n s i s t s  of making a d rop  form a t  t h e  t i p  o f  a .  c a p i l l a r y  
t u b e  and " l e t t i n g u  it hang i n  t h e  second f l u i d .  If t h e  d e n s i t y  d i f f e r -  
ence is not  a p p r o p r i a t e ,  t h e  drop can be made t o  rise up from t h e  t i p  of 
t h e  c a p i l l a r y  r a t h e r  t n a n  l e t  i t  hang. The shape  o f  t h e  d rop  r e f l e c t s  a 
b a l a n c e  between i n t e r f a c i a l  t e n s i o n  and t h e  g r a v i t a t i o n a l  f o r c e s  and can  



be used t o  measure t h e . ' i n t e r f a c i a l  t ens ion .  The s t a t i c  na ture  of t h e  
method makes it s u i t a b l e  f o r  use where d i f f u s i o n a l  e f f e c t s  a r e  involved. 
This  method and t h e  r e s u l t s  a r e  f u l l y  descr ibed  i n  Sec t ion  12.1.2 of t h i s  
r epo r t .  

DROP SIZE DISTRIBUTION, COALESCENCE AND S T A B I ~ I T Y  OF THE OIL-IN-NATER 
'EMULSION. - 

Of primary concern is  t h e  e f f e c t  t h a t  d i s p e r s a n t s  have on t h e  forma- 
t i o n  of  s t a b l e  oi l - in-water  emulsions and t h e  drop s i z e  d i s t r i b u t i o n .  
The drop s i z e  d i s t r i b u t i o n ,  a l though not  a d i r e c t  measure of  s t a b i l i t y ,  
is  i n d i c a t i v e  of t h e  type  of emulsion formed and can be used i n  i n t e r -  
p r e t i ng  t h e  r e s u l t s  o f  o t h e r  experiments.  To measure t h e  mixing energy 
and drop s i z e  d i s t r i b u t i o n ,  a s tandard  impe l l e r  technique was chosen. 
Tota l  concen t r a t i on  of hydrocarbons i n  t h e  water column was taken  by 
e x t r a c t i n g  t h e  water samples with carbon t e t r a c h l o r i d e  and measured oy 
inf ra - red  spectroscopy.  The drop s i z e  d i s t r i b u t i o n  was measured photo- 
g raph ica l ly .  S t a b i l i t y  and coalescence was determined by measuring t h e  
concen t r a t i on  of  o i l  i n  t h e  water column a s  a func t ion  of  t ime fol lowing 
formation of t h e  emulsion. The complete d e s c r i p t i o n  of t h i s  p rocess  and 
t h e  r e s u l t s  a r e  given i n  Sec t ion  2 of  t h i s  r epo r t .  S t a b i l i t y  of  t h e  
emulsion was a l s o  i n v e s t i g a t e d  i n  Sec t ions  3 and 4 o f  t h i s  r epo r t  oy 
measuring i ts  s e t t l i n g  o r  creaming r a t e .  

ENTRAINMENT PROCESSES: THE WIND/WAVE EXPERIMENT, THE RAINDR3P EXPERI- 
MENT, EVAPORATION AND STABILITY 

The f e a l  world entrainment  process  of o i l  and t r e a t e d - o i l  slicks is  
extremely complicated, and is probably one of  t h e  most l e a s t  understood 
of t h e  processes  t h a t  have a major e f f e c t  on t h e  f a t e  of an o i l  s p i l l .  
The complex wind/wave i n t e r a c t i o n ,  wave dynamics and c u r r e n t s  i n  t h e  

.ocean w i l l  e f f e c t  t h e  r a t e  of entrainment  and s t a b i l i t y  of  t h e  o i l - i n -  
water-emulsf on; ' 'The a d d i t i o n  of a d i s p e r s a n t  enhances entrainment  pro- 
c e s s e s , ; b u t  a l s o  r e l i e s  e i t h e r  on mechanical o r  chemical f o r c e s  o r  a com- 
b ina t ion  of both ' t o  i nco rpo ra t e  t h e  o i l  i n t o  t h e  water column. Fur ther -  
more, add i t i on  of a . d i spe r san t  ' - increases  t h e  o i l  slicks spreading proper- 
t ies ,  t h u s  making t h e  slick t h i n n e r  and more e a s i l y  d i spe r sed .  For t h e  

' 'mokt p a r t ,  , t h i s , ; p r o j e c t  has  been concerned with - o i l  .and water emulsions 
I 'and ,has! - n o t  concentrated,  e f f o r t s  on t h e  formation of  water- in-oi l  emul- 

s i o n s  such as, "cho.colate mousse. " 
$: :. . . . .  , i .  J . . 

, - 
' \Thg ' . s tab i l i ty  o f '  t h e  .oil-i ,n-water suspension ( o r  emulsion) depends on 

many f a c t o r s  such a s  t h e  degree of  subsur face  mixing, t h e  concen t r a t i on  
of t h e  o i l ,  t h e  s i z e  d i s t r i b u t i o n  of  t h e  o i l  d r o p l e t s ,  t h e  concen t r a t i on  
of  plankton,  t h e  concen t r a t i on  and type  of suspended sediments ,  e t c .  
Mousse, on t h e  o t h e r  hand, is  a water- in-oi l  suspension (emulsion) and is 
gene ra l l y  thought t o  be much more s t a b l e  than  o i l - in -water  suspensions.  
To understand t h e  d i f f e r e n c e s  a s  wel l  a s  t h e  s i m i l a r i t i e s  of t h e s e  pro- 
cesses, they a r e  d i scussed  i n  some d e t a i l  i n  t h e  fol lowing paragraphs.  

The important  f a c t o r  t h a t  l i n k s  o i l - in -water  and water- in-oi l  emul- 
s i o n s  is t h e  type  o f  emulsifying agent  t h a t  may be found i n  s e a  water and 
n a t u r a l l y  occur r ing  i n  t h e  crude o i l ,  a s  compared t o  manufactured o i l  
e m u l s i f i e r s .  The phys ics  of formation o f  o i l - in -water  emulsion i s  t h e  
same a s  t h e  formation of  water- in-oi l  emulsions.  Whether one o r  t h e  



other  i s  formed depends on the  type o f  emuls i fy ing agent present dur ing 
the  process. I t  i s  w e l l  known t h a t  soaps of un i va len t  metals g i ve  r i s e  
t o  o i l - in -water  emulsions, wh i le  mu l t i va len t  metals favor  water - in -o i l  
emulsions (10). Whether o r  no t  t h i s  i s  t he  case w i t h  respect t o  crude 
o i l  i n  sea water i s  ye t  t o  be proven. However, Kuwait crude which i s  
w e l l  known t o  e a s i l y  form "chocolate mousse11 a l so  has a  h igher concentra- 
t i o n  o f  o rgan ic -mul t i va len t  hydrocarbons than most o ther  crudes. As 
prev ious ly  s tated,  the  wa te r - i n -o i l  emulsion was not  s tud ied i n  t h i s  
program, however i t  was observed i n  some of the  experiments, espec ia l l y  
t h e  wind/wave experiment reported i n  Sect ion 3 o f  t h i s  repor t .  

Suspended sediments can p lay  a  r o l e  i n  the e m u l s i f i c a t i o n  process. 
I t  can be e a s i l y  explained i n  the  fo l lowing manner (11,121 and invo lves  
the  i n t e r f a c i a l  tens ion between the s o l i d  and water, t he  water and o i l ,  
and between the s o l i d  and o i l .  If the surface tens ion between the  s o l i d  
and o i l  i s  g reater  than the sum of the surface tensions between the  water 
and o i l  and s o l i d  and water, the s o l i d  w i l l  remain suspended i n  the  aque- 
ous phase. If the surface tension between the  s o l i d  and water i s  g reater  
than the  sum of the  surface tens ion between the  water and o i l  and s o l i d  
and o i l ,  t he  s o l i d  w i l l  remain i n  the o i l .  If the surface tension 
between the o i l  and water i s  g reater  than the  sum of the  surface tension 
of the  s o l i d  and water and s o l i d  and o i l ,  the  s o l i d  w i l l  concentrate on 
t h e  boundary. 

It i s  known t h a t  c lay  sediments tend t o  incorpora te  o i l  i n t o  .the 
water column. Conversely, f i n e  g r a i n  sand i s  genera l ly  found i n  t a r  
b a l l s .  

Physical  entrainment and s t a b i l i t y  of the  o i l - i n -wa te r  suspension was 
s tud ied 50th from an experimental as w e l l  as an a n a l y t i c a l  viewpoint and 
i s  discussed i n  some d e t a i l  i n  Sect ion 4 o f  t h i s  repor t .  The 
"entra inable"  p a r t i c l e s  depend, f o r  most o f  t he  systems studied,  on par- 
t i c l e  s i z e  d i s t r i b u t i o n  and subsurface c i r c u l a t i o n .  Except fo r  t he  case 
when there  e x i s t s  a chemical s t a b i l i z i n g  agent i n  the  dispersant,  the  o i l  
d rop le ts ,  genera l ly  having a  densi ty  l e s s  than water, and tend t o  r i s e  t o  
the  surface. Hence, most o i l - i n -wa te r  suspensior!~ are b a s i c a l l y  unstable 
and requ i re  some degree of a g i t a t i o n  o r  c i r c u l a t i o n  t o  mainta in then i n  
suspension. I n  the  n a t u r a l  environment, q u i t e  o f t e n  the  c i r c u l a t i o n  
beneath waves, etc. ,  i s  s u f f i c i e n t  t o  mainta in the f i n e  d rop le ts  i n  sus- 
pension as w i t h  the  case i n  most of the experiments conducted i n  t h i s  
repo r t .  Subsurface c i r c u l a t i o n  was studied a n a l y t i c a l l y  and the  r e s u l t s  
of t h i s  study are presented i n  Sect ion 4 o f  t h i s  repor t .  

The wind/wave experiment was designed t o  study the  e f f e c t s  o f  waves, 
and wind blown waves on t h e  entrainment o f  o i l  d rop le ts .  One o f  t h e  con- 
d i t i o n s  for  the  experiment was t o  a l l ~ w  tne  a c t i o n  of waves and wind t o  
occur over a  s u f f i c i e n t  pe r iod  o f  t ime t o  a l low the  n a t u r a l  weathering of 
o i l  t o  take place. I n i t i a l l y ,  i t  was conceived t o  produce waves and an 
a i r  flow i n  an annular type o f  wind tunnel.  A smal l  scale experiment was 
designed and conducted. The major problem encountered dur ing  the  i n i t i a l  
t e s t  was t h a t  o i l  c o l l e c t e d  on the i nne r  w a l l  due t o  c i r c u l a t i o n  i n  the  
tank and wind a c t i v i t y .  It was, therefore, decided t o  use a  c y l i n d r i c a l  
tank as described i n  Sect ion 3. o f  t h i s  repor t .  The p a r t i c u l a r  arrange- 
ment chosen al lowed the  sur face s l i c k  t o  undergo wind/wave a c t i o n  f o r  



indef in i t e  periods of time without contacting the walls of the  con- 
t a ine r .  I t  consisted of a tank eight  f e e t  i n  diameter and approximately 
four fee t  i n  height ,  having the same capacity a s  the meso-scale tanks 
previously mentioned. A doughnut shaped wave maker o s c i l l a t i n g  ver t i -  
ca l ly  produced the radia l ly  inward rnoving surface waves. Its frequency 
and amplitude could be varied so t ha t  d i f fe ren t  wave heights and wave 
lengths could be achieved. Air flow was provided by an exhaust hood 
placed over the tank. Subsurface water samples could be col lec ted i n  
s imi lar  fashion as  i n  the meso-scale tanks. Radial t raverses  of o i l  con- 
centra t ion were a l so  conducted u t i l i z i n g  g lass  rods inser ted  through the 
sampling ports .  The r e su l t s  of these t e s t s  and a complete descr ip t ion of 
the  experiment a r e  given i n  Section 3 of t h i s  report .  

Another entrainment process investigated was the study of entrainment 
caused by the penetration of an o i l  s l i c k  by water drople ts .  These drop- 
l e t s  can be formed by breaking waves o r  be due t o  rain.  A descr ip t ion 
and the r e su l t s  of t h i s  experiment a re  given i n  Section 4 of t h i s  repor t .  

Evaporation from o i l  s l i ck s  is  par t  of the natura l  weathering pro- 
cess. It is a l so  a f rac t ionat ion process s ince  the  l i g h t e r ,  more vola- 
t i l e  components evaporate most readily.  Evaporation r a t e s  a s  well a s  
de f in i t ion  of the components a re  reported i n  two sect ions  of t h i s  repor t ,  
Section 7 and Section 12.4 

1 .4 .3  O I L  SPILL TREATMENT STRATEGY 

T h i s  pa r t i cu l a r  portion of the project  was t o  use an o i l  s p i l l  f a t e s  
model a s  a too l  t o  analyze the e f f ec t  of various treatment s t r a t e g i e s  on 
the f a t e  of a simulated s p i l l .  The locat ion of the s p i l l  was chosen a t  
the center  of the  Cod spawning region of Georges Bank and a t  a  time, 
mid-winter, t o  a f f ec t  a  maximum impact on the  Cod fishery.  The output of 
the model resul t ing from these simulations was used a s  input t o  a f i sher -  
i e s  model and is  discussed i n  d e t a i l  i n  Section 6 of t h i s  report .  The 
o i l  s p i l l  f a t e s  model and treatment s t ra tegy i s  presented i n  Section '5 of 
t h i s  report .  The f a t e s  model was bas ical ly  used as  a method t o  show the  
difference between the spreading cha rac t e r i s t i c s  of a surface s p i l l  and 
the di f fus ional  subsurface current  driven t rea ted  s p i l l ,  a s  well a s  t o  
estimate the concentration d i s t r i bu t i on  of each. The f a t e  model includes 
most natura l ly  occurring processes a s  well a s  the  e f f ec t s  of clean-up, 
removal and dispersion act ions  and could be used i n  " rea l t t  time t o  a id  
the On-Scene-Commander (0%) , in  control  and clean-up of a s p i l l .  

FISHERY-OIL SPILL INTERACTIOi\I MODEL 

An o i l  sp i l l - f i she r i e s  impact model was developed t o  obtain an order 
of magnitude est imate of the impact of a t r ea ted  versus untreated o i l  
s p i l l .  To what extent  o i l  spills a t  sea a f f ec t  the commercial catch over 
the  ensuing years and under what circumstances, if any, treatment w i t h  a  
dispersant  w i l l  mit igate the e f f ec t ,  a re  addressed i n  t h i s  research. The 
model estimates f i r s t  order,  d i r e c t  e f f e c t s  of an o i l  s p i l l  on a commer- 
c i a l l y  fished population. The primary e f f ec t  is assumed t o  occur through 
egg and l a rva l  mortal i ty.  The biological  impacts model formulated con- 
t a i n s  a s  subcomponents a population model of the  f ishery ,  a  model f o r  
advection and di f fus ion of o i l  and f i s h  larvae which i s  coupled t o  the  
o i l  s p i l l  behavior and f a t e s  model described i n  the previous sect ion.  I 1 



The model was used t o  s i m u l a t e  n i n e  v a r i a t i o n s  of an  o i l  s p i l l  s c e n a r i o  
.on Georges Bank, producing a rough s e n s i t i v i t y  a n a l y s i s  of  system 
response .  Fol lowing a n  overview o f  t h e  model sys tem,  t h e  r e s u l t s  and 
i m p l i c a t i o n s  o f  t h e s e  s i m u l a t i o n s  a r e  d i s c u s s e d  a l o n g  w i t h  l i m i t a t i o n s  o f  
t h e  approach used.  It is  sugges ted  t h a t  t h e  most s i g n i f i c a n t  unknowns i n  
t h e  sys tem a r e  t h e  pa ramete r s  govern ing  r e c r u i t m e n t  dynamics i n  t h e  
f i s h e r y ,  t o x i c i t y  t h r e s h o l d  v a l u e s  and o i l  e n t r a i n m e n t  r a t e s  be ing  of  
secondary importance  i n  open ocean c o n d i t i o n s .  

1 . 4 . 5  CHEMICAL ANALYSIS 

The o v e r a l l  o b j e c t i v e  of t h e  p r o j e c t  was t o  a d d r e s s  t h e  env i ronmenta l  
impact of  c h e m i c a l l y  t r e a t e d  vs .  u n t r e a t e d  o i l  s p i l l s .  The pr imary 
o b j e c t i v e  o f  t h e  chemis t ry  group was t o  de te rmine  t h e  amount and composi- 
t i o n s  of pe t ro leum chemica l s  i n  t h e  a tmosphere ,  s u r f a c e  w a t e r s ,  wa te r  
column and sed iments  r e s u l t i n g  from a t r e a t e d  and u n t r e a t e d  s p i l l .  To 
meet wi th  t h i s  o b j e c t i v e  it was n e c e s s a r y  t o  deve lop  sampli! c o l l e c t i n g ,  
e x t r a c t i o n  and chemica l  a n a l y s i s  methods. I n  a d d i t i o n ,  e x t e n s i v e  d e v e l -  
opment and t e s t i n g  computer s o f t w a r e  was r e q u i r e d  t o  c o l l e c t  and massage 
t h e  a n a l y t i c a l  d a t a .  Laboratory  exper iments  were des igned  and execu ted  

' t o  a i d  i n  t h e  development o f  t h e s e  a n a l y t i c a l  t e c h n i q u e s .  H e s u l t s  from 
t h e  l a b o r a t o r y  s t u d i e s  determined t h e  t e c h n i q u e s  whicn would be  a p p l i e d  
t o  t h e  a n a l y s i s  of  t h e  meso-scale exper iment  and e v e n t u a l l y  t o  any I f r e a l  
world1' s p i l l s  of o p p o r t u n i t y .  The major p o r t i o n  o f  t h e  chemical  a n a l y s i s  
is r e p o r t e d  i n  S e c t i o n  2 of t h i s  r e p o r t .  i l t h e r  chemica l  a n a l y s i s  t e c h -  
n i q u e s  developed f o r  q u a n t i t a t i v e l y  d i s t i n g u i s h i n g  t h e  d i s p e r s a n t  from 
Kuwait Crude by bo th  i n f r a - r e d  and g a s  chromatography t e c h n i q u e s  a r e  
r e p o r t e d  i n  S e c t i o n  8 and 12.2 .  

1 .4 .6 .  MICROBIAL DEGRADATION 

The s t u d y  of m i c r o b i a l  d e g r a d a t i o n  o f  hydrocarbons  was deemed an 
i m p o r t a n t  a r e a  of i n v e s t i g a t i o n .  S i n c e  t h e  u s e  o f  d i s p e r s a n t s  g r e a t l y  
i n c r e a s e s  t h e  s u r f a c e  a r e a  of t h e  o i l ,  making i t  more s u s c e p t i b l e  t o  b i o -  
l o g i c a l  d e g r a d a t i o n  and hence,  an  i m p o r t a n t  q u e s t i o n  t o  answer i f  d i s p e r -  
s a n t s  a r e  t o  be used.  The hydrocarbon d e g r a d a t i o n  p o t e n t i a l  o f  ocean 
env i ronments  h a s  no t  been a d e q u a t e l y  d e f i n e d ,  however, i t  is known t o  be 
i n f l u e n c e d  by such  f a c t o r s  a s  t h e  number and t y p e s  o f  hydrocarbon degrad-  
i n g  microorganisms,  t h e  d e g r e e  of o i l  d i s p e r s i o n ,  t e m p e r a t u r e  and n u t  ri- 
e n t  a v a i l a b i l i t y .  Hydrocarbon d e g r a d a t i o n  r a t e s  measured i n  t h e  l a a o r a -  
t o r y  have been m i s l e a d i n g  s i n c e  they  were found t o  be c o n s i d e r a b l y  h i g h e r  
t h a n  i n  s i t u  r a t e s .  Consequent ly ,  m i c r o b i a l  u t i l i z a t i o n  o f  t h e  hydrocar-  
bons was measured i n  t h e  meso-scale t a n k s  which most c l o s e l y  approach t h e  
real environment.  A s e r i e s  o f  o t h e r  tests was conducted i n  t h e  l a b o r a -  
t o r y  t o  g a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e .  p r o c e s s .  The d e t a i l s  of  t h e  
exper iments  and r e s u l t s  a r e  r e p o r t e d  i n  S e c t i o n  8 of  t h i s  r e p o r t .  

1 . 4 . 7  i3IOLOGICAL INVESTIGATIONS 

T h i s  p o r t i o n  o f  t h e  i n v e s t i g a t i o n  was t o  s t u d y  t h e  e f f e c t s  o f  r e a l i s -  
t i c  c o n c e n t r a t i o n s  o f  o i l  and o i l - d i s p e r s a n t  m i x t u r e s  on mar ine  l i f e .  
The impact of  a s p i l l  on mar ine  organisms is a f u n c t i o n  o f  t h e  c h e m i c a l ,  
t empora l  and s p a t i a l  d i s t r i b u t i o n  o f  t h e  o i l . '  The t r a d i t i o n a l  b i o a s s a y  
work, based on LC50 on 48,  72 o r  96 hour  tests a r e  o f  l i m i t e d  v a l u e  i n  
e s t i m a t i n g  t h e  impact o f  a s p i l l ,  because  they  a r e  s t a t i c  and seldom are 



these organisms exposed t o  a constant concentration i n  the  real  environ- 
ment, with the exception of some s p i l l s  i n  marshes and beaches. Further- 
more, most of these tests are  conducted with unweathered o i l ,  thereby 
exposing these organisms t o  the more vo l a t i l e  and toxic  components. The 
approach i n  t h i s  study was t o  determine l e tha l  concentrations as a func- 
t ion  of exposure time. Knowing the temporal and spa t i a l  d i s t r ibu t ion  of 
both the o i l  and organisms allows a f i r s t  order assessment of the number 
of organisms destroyed a s  a d i rec t  impact of the untreated o r  treated o i l  
s p i l l .  It was a l so  recognized t h a t  other important parameters that  could 
a f f ec t  the impact of a s p i l l  depended on predator-prey relat ionships tha t  
could cause mortal i ty even when the organism survives the  s p i l l .  The 
experiments and r e su l t s  a r e  given i n  Section 9 of t h i s  report .  
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' Nomenclature 

A - I n t e r f a c i a l  Area 

d - diameter o f  the  drop 

0 - diameter of t he  i m p e l l e r  

F r  - Froude Number 

9c' - acce le ra t i on  due t o  g r a v i t y  

9 - g r a v i t a t i o n a l  constant 

N - number of t he  revo lu t i ons  o f  t he  i m p e l l e r  
per  minute 

n - number o f  drops o f  diameter d 

0 - Order o f  magnitude 

P - r a t e  of power i n p u t  

Po - Power number 

Re - . Reynolds Number , 

v - v e l o c i t y  of t h e  drop 

a and B phases a and B 

E e r r o r  i n  measurement o f  any quan t i t y  

. . 
p 'V iscos i ty  

. . . ! 
. . 

a*. , I n t e r f a c i a l  Tension 
. . . . . , 

. , . .  . . , . . 

' . I . . . . , . . . . . ( .  . 3 . . 

Subscr ipts . .  . 

AM - a r i t h m e t i c  mean 

SM - Sauter Mean 

i - component i 



2.1 I n t r o d u c t i o n  

I n  recent  years o i l  s p i l l s  on the  h i g h  seas and i n l a n d  waterways have 
been given increased a t t e n t i o n  because o f  t h e i r  adverse eco log ica l  and 
environmental e f f e c t s .  I t  i s  est imated t h a t  over s i x t y  percent o f  crude 
o i l  consumed a l l  over the  world i s  t ransported .over water. I n  view of 
t h i s  enormous volume o f  o i l  conveyed over t h e  seas and i n l a n d  waterways, 
chances o f  o i l  s p i l l s  are great  indeed.. . s ,  

Retent ion and cleanup of o i l  has met w i t h  l i m i t e d  success so f a r .  
Mechanical methods are cumbersome and t ranspor ta t i on  o f  t he  equipment i s  
d i f f i c u l t ,  slow and expensive. O n ,  t h e  o ther  hand d ispersants and 
sur face-act ive agents are  eas ier  t o  t ranspor t  and use, and have met w i t h  
success i n  Europe. There has been considerable controversy regarding the  
use o f  d ispersants t o  break up o i l  s p i l l s .  It has been known t h a t  chem- 
i c a l  d ispers ing  agents, which are-  sur face a c t i v e  agents, o f t e n  do more 
damage than the  o i l  which they tend t o  d isperse (44).  

The effect iveness and p r a c t i c a l i t y  of chemical d ispersants have been 
se r ious l y  questioned s ince t h e i r  i n i t i a l  use. I n  support o f  t h i s ,  two 
well-known i n c i d e n t s  are  c i t e d  o f t e n  - t h e  Torrey Canyon and t h e  Santa 
Barbara s p i l l s .  I n  bo th  cases s u b s t a n t i a l  q u a n t i t i e s  o f  d ispersants were 
used. I n  bo th  instances the re  was extensive contaminat ion of t h e  
environment. 

Un l ike  mechanical methods which seek t o  i s o l a t e  and remove o i l  from 
the  water surface, d ispersants break up the  o i l  i n t o  t i n y  drop le ts .  O i l  
i n  t h i s  c o n d i t i o n  i s  considered t o  be amenable t o  t j iodegradation (18).  

%. . ,. . 

Biodegradation o f  o i l  i s  a r a t e  process"and depends upon i n t e r f a c i a l  
area and time. For b iodegradat ion i t  i s  des i rab le  t h a t  we have t h e  smal- 
l e s t  d rop le ts  poss ib le  and have them stay i n  the  water  column f o r  ' the  
longest  d u r a t i o n  of t ime. I t  i s  here t h a t  t h e  s t a b i l i t y  o f  t h e  d isper-  
s ion  becomes important .  s t a b i l i t y  o f  t h e  d ispers ion  can be def ined as a 
f r a c t i o n  o f  t h e  hold-up o r  i n t e r f a c i a l  area. (Hold-up can be def ined as 
t h e  f r a c t i o n  o f  t he  dispersed phase i n  the  continuous phase.) ' Since 
i n t e r f a c i a l  area i s  a func t ion  of hold-up, i n t e r f a c i a l . , a r e a  . . ,  a lone can be 
thought t o  be a c r i t e r i a  f o r  s t a b i l i t y  o f  t he  emulsion. 

. . . . . :  
I t  i s  t h e  i n t e n t i o n  o f  t h i s  i n v e s t i g a t i o n ' t d  e v ~ l u a t e  thk e f fec t i ve -  

ness o f  d ispersants i n  d i s t r i b u t i n g  and s t a b i l i z i n g  crude o i l  i n  t h e  
water column. . . . ..:; 

2.2 L i t e r a t u r e  Survey 

Previous work on t h e  d ispersants t o  break. up o i l  i n t o  smal l  d rop le ts  
i s  o f  r e l a t i v e l y  recent o r i g i n .  I n  a recent  i n v e s t i g a t i o n  Jasper, K i m  
and Wilson (42) s tud ied t h e  e f f e c t  o f  d ispersants i n  breaking up a crude 
o i l  i n t o  f i n e  drop le ts .  They used two dispersants, a s e l f - m i x i n g  type 

a and a convent ional  one. The convent ional  d ispersant  i s  a surface a c t i v e  
agent which merely reduces the  i n t e r f a c i a l  tension. The new generat ion 



lself-mixl dispersant on the other hand is expected t o  produce sponta- 
neous emulsification. T h i s  type of surfactant is predominantly soluble 
in  the oil-phase. When the o i l  comes into contact with water, that  part 
of the surfactant that  has a strong af f in i ty  for water tends t o  diffuse 
t o  it. During t h i s  process it car r ies  droplets of o i l  into the water 
phase: The self-mix type and the conventional dispersant were found to 
perform different ly , w i t h  the self-mixing type creating a be t te r  disper- 
sion. The study revealed that  the self-mix type dispersed o i l  more e f f i -  
c ient ly  as the ra te  of energy input decreased. Further it was found that  
a f iner  dispersion was possible using a self-mix dispersant. The s t u d y  
by Jasper e t  a1 also showed that there was minimal increase in  hold-up 
w i t h  increase i n  power input. 

I n  the past, investigations in  t h i s  area have been conducted w i t h  an 
ent i rely different  goal i n  view. In liquid-liquid extraction operations 
two immiscible phases are brought into intimate contact, and when equili-  
brium has been achieved, allowed to  separate in  a s e t t l e r .  Here, insta- 
b i l i t y  of the dispersion and not s t ab i l i t y  is the consideration. There 
is yet another s t r iking difference between t radi t ional  extraction opera- 
t ions and the s i tuat ion encountered i n  an o i l  s p i l l .  I n  extraction oper- 
ations the hold-up is of the order of 10 to  50 percent. In the present 
investigation the hold-up is of the order of parts per million. However, 
since coalescence and break up of droplets are basic to  both s i tuat ions 
they w i l l  be considered i n  t h i s  survey. 

The ea r l i e s t  investigation on the coalescence of droplets concerned 
the behaviour of a single droplet resting on a plane l iquid surface. 
T h i s  is conceivably the simplest possible situation. Reynolds (1) began 
the study of coalescence by observing the behaviour of a rain drop rest-  
ing momentarily on the surface of a pond. The findings were rather qual- 
i t a t i v e  i n  nature. .This  observation was followed by Smoluchowski (2) who 
analyzed the ra te  of coalescence of droplets in 'dispersions and developed 
an idealized model for the rate  of coalescence of droplets. Apart from 
the above two studies there had been no significant contributions i n  t h i s  
f i e ld  u n t i l  the second half of t h i s  century. 

The l a t t e r  half of the twentieth century saw a burst of research 
ac t iv i ty  in the f i e ld  of coalescence. It should be noted that  the bulk 
of research in  t h i s  area has been confined t o  coalescence of single 
drops. T h i s  is understandable because a l l  factors involved i n  the co- 
alescence of single droplets should be identified and the i r  significance 
estimated before coalescence of swarms of droplets can be studied. Thus 
a l l  workers found that  the time interval  of the a r r iva l  of a drop a t  the 
interface and its disappearance into its parent phase is not constant; 
but there is a dis t r ibut ion of times - the dis t r ibut ion being approxi- 
mately Gaussian. Further a l l  researchers agreed that the coalescence 
process includes f ive consecutive stages. These are 

(i) the approach of the drop t o  the interface,  resulting i n  the 
deformation of both the drop and the bulk phase 

(ii) damped osci l la t ion of the drop a t  the interface 
(iii) the formation of a film of the continuous phase between the 

drop and its bulk phase 
( i v )  drainage of the film, i ts  rupture and removal wi th  the in i t i a -  

t ion of the coalescence process proper and 



8 - ( v )  t ransfer  of the contents of the drops part ia l ly  or wholly into 
its b u l k  phase. Most workers assumed (without much evidence) that  stages 
(i). and. (ii) took place immeasurably fas t  so that  the time of coalescence 
was, the time taken for stages (iii), ( i v ) ,  and ( v )  during which the drop 
rested on the thinning f i lm  a t  the interface. Some workers called t h i s  
the rest. time, 

As has been stated above, for drops of the same s i ze  and physical 
properties coalescing under identical conditions there is  a spread of 
coalescence times. T h i s  suggests that  a large number of experiments had 
to  be carried out i n  order to  get the distribution. Gil l ispie  and Rideal 
(3 )  found that  about 100-200 drops had to  be observed to  get reproducible 
resul ts  whereas Jeff reys and Hawksley ( 4 )  using more refined apparatus 
found that it was necessary to  s t u d y  only 70-100 drops to  get reproduc- 
ib le  resul ts .  Working w i t h  drops stabilized w i t h  surfactants,  Cockbain 
and McRoberts ( 5 )  were able to  obtain reproducible distribution curves 
using only 30 drops. I n  the s t u d y  of coalescence time, researchers have 
defined two means, namely the arithmetic mean of the time of' coalesc.ence 
(of identical drops of course) and half res t  time which is the time taken 
for half the drops to  coalesce. Generally half rest  time has been found 
to  be more reproducible than the arithmetic mean and t h e - r a t i o  of the 
arit,hmetic mean to  the half rest  time has been found to be greater than 
one ( i n  the range of 1.01 to  1.27. ) 

A drop residing a t  the interface may coalesce completely or it may 
coalesce par t ia l ly ,  producing a smaller drop which w i l l  ultimately behave 
i n  a manner similar to  the parent drop. That is ,  i t  w i l l  coalesce pro- 
ducing a smaller drop and the process may continue for as many as s i x  or 
seven times. T h i s  phenomenon is  known as stepwise coalescence. It was 
f i r s t  observed by Wark and Cox ( 6 )  during froth floatation experiments 
and a l i t t l e  l a t e r  . .  . by Mahagar (7) during experiments a t  the air-l iquid 
interface.  

, The coalescence of a single droplet a t  a plane interface i s  accom- 
plished through the drainage and   rupture of the film of the continuous 
phase. Therefore the factors that most affect  drainage and rupture, 
control the coalescence process. These factors have .been tabulated by 
.Lawson (83. 
'. ' . , 

Nearly a l l  workers stud);'ing coalescence agree that  coa1,escence time 
in'crkases w i t h  'drop,.size. A larger drop tends t o  f l a t t en  into an oblates 

,spheriod. when resting on the interface so that  the film between the .drop 
and the interface is increased in  s ize and thereby the drainage time is 
increased also. Mor,eover, in te r fac ia l  area between a larger drop and the 
interface i s  larger  for the large drop so that the resistance t o  drainage 
is larger and. the coalescence time is greater. I t  should be pointed out 
that  Lang ( 9 )  found by theoretical analysis that  the thickness of the 
film a t  the instant of rupture is independent of drop size.  Neilsen, 
Wall and Adams (10) found that  for  some three component systems the s ta-  
b i l i t y  of the drop increased w i t h  increased size.  Th is  would clearly 
depend on the nature of the third component. A diffusing solute would 

a increase or decrease the s t ab i l i t y  of the drop depending on the direction 
of mass transfer.  



A number o f  i n v e s t i g a t o r s  have found t h a t  t he  s e t t l i n g  d is tance 
through which t h e  drop t raverses  a f f e c t s  t h e  coalescence time. Nie lsen 
(10) reported t h a t  t h e  coalescence t ime was independent o f  t he  d is tance 
through which t h e  drop traverses, wh i le  Lang (9) suggested t h a t  t h e  d i s -  
tance of f a l l  ( o r  r i s e )  cou ld  e i t h e r  increase o r  decrease t h e  s t a b i l i t y  
o f  t h e  drop depending on the  mechanical disturbances produced. However 
Lawson (8), Hawksley ( l l ) ,  and Je f f reys  and Hawksley ( 4 )  have shown t h a t  
t h e  . s t a b i l i t y  o f  t he  drop increases w i t h  increase i n  the  d is tance o f  
f a l l .  I t  i s  widely accepted t h a t  t h e  coalescence t ime i s  p r o p o r t i o n a l  t o  
the  d is tance t h a t  a drop t raverses ra i sed  t o  an exponent n. The exponent 
n increases w i t h  drop s i z e  b u t  i s  independent o f  temperature. I t  i s  on ly  
the  f i r s t  s tep o f  coalescence t h a t  i s  a f fec ted by the  d is tance t h a t  the  
drop t raverses a l though many workers have reported t h a t  t he  d is tance o f  
f a l l  a l so  a f f e c t s  the  o ther  s teps t o  a l a rge  extent .  There are severa l  
explanat ions t o  t h e  above mentioned observat ions: 

( i )  The drop may acquire an e l e c t r o s t a t i c  charge dur ing  passage 
through the  continuous phase. The ex tent  o f  t h i s  charge increases w i t h  
t h e  d is tance o f  descent, thereby o f f e r i n g  a greater  res is tance t o  t h e  . 
drainage of the  f i l m .  This seems t o  be a p e r f e c t l y  l o g i c a l  explanat ion. 
However, McDonald (12) found no pronounced e f f e c t  o f  e l e c t r o s t a t i c  charge 
except on very l a r g e  drops. 

( i i )  Orops passing through the  conti'nuous phase c o l l e c t  smal l  quan- 
t i t i e s  o f  su r fac tan ts  which tend t o  increase the  s t a b i l i t y  of the  drops. 
The greater  the  d is tance t r a v e l l e d ,  t he  greater  t h e  amount o f  su r fac tan t  
co l l ec ted .  I t  should be po in ted  out  t h a t  i f  t h i s  were the  case, repro-  
duc ib le  r e s u l t s  would never have been poss ib le  by us ing  d i f f e r e n t  batches 
of t he  same chemical. As d i f f e r e n t  batches, however c a r e f u l l y  con- 
t r o l l e d  i n  product ion, con ta in  minute q u a n t i t i e s  o f  sur fac tants  i n  vary- 
i n g  degrees. 

( i i i )  The v a r i a t i o n  cou ld  a l so  be produced by the  drop I1bouncing" 
a f t e r  s t r i k i n g  the  i n t e r f a c e ,  w i t h  the  r e s u l t  t h a t  r i p p l i n g  o f  t he  i n t e r -  
face ,prevents the  f i l m  between the  drop and t h e  i n t e r f a c e  from dra in ing .  
However, Hawksley (11) showed t h a t  t h e  te rm ina l  v e l o c i t y  o f  most of t h e  
drop,s i s  a t t a i n e d  w i t h i n  f i f t e e n  t o  twenty drop diameters. Since the  
mean coales'cence t ime cont inues t o  increase when the  c r i t i c a l  d is tance 
has been exceeded, t h i s  cou ld  no t  be a good explanation. 

Curvature of t h e  i n t e r f a c e  between the  drop and the  coalesced phase 
was found t o  have an e f fec t  on the  s t a b i l i t y  o f  t he  drops. N ie lsen (10) 
has shown t h a t  the  s t a b i l i t y  o f  t he  drop increased when the  curvature  o f  
t he  coalesced drop phase was concave t o  the  drop. This could be expected 
because dra.inage of t he  f i l m  i s  thereby promoted. 

Densi ty  d i f fe rence between the  two phases i s  another f a c t o r  t h a t  
seems t o  have some bear ing upon t h e  coalescence ra te .  Large dens i t y  
di f ferences r e s u l t  i n  severe deformation o f  t he  drop. ' The drop tends t o  
f l a t t e n  so t h a t  t he  area o f  drainage o f  t he  f i l m  i s  increased, whereas 
the  hyd ros ta t i c  force causing drainage ' does n o t  increase propor t ion-  
a t e l y .  These two opposing tendencies tend t o  cancel  each other .  I n  
fact ,  many workers have claimed t h a t  t he  r e s t  t ime increases w i t h  i n -  
crease i n  the dens i ty  d i f f e r e n c e  between t h e  phases. 



Phase viscosity ra t io  is another parameter which influences the 
coalescence time. An increase in  the phase viscosity would be expected 
t o '  increase the coalescence time as it takes more time to  drain a more 
viscous film. There is experimental evidence t o  confirm t h i s .  

A high in ter fac ia l  tension resul ts  i n  the drop resisting deformation 
so that the area for the film t o  drain would tend to  decrease w i t h  
increase in . in t e r f ac ia1  tension. Thus coalescence time tends to  decrease 
w i t h  increase 'in in te r fac ia l  tension. However, an increase i n  inter-  
fac ia l  tension also tends to  i n h i b i t  the flow of the f i lm  i t s e l f  so that  
here again there are two opposing tendencies.' Generally, coalescence 
time tends to  decrease w i t h  an increase i n  interfacial  tension. 

Temperature affects  a l l  the physical properties that  a f fec t  coales- 
cence. Generally an increase i n  temperature tends to  reduce coalescence 
time unless there is a change brought about i n  the coalescence process. 
Thus, Jeffreys and Hawksley (4) found that  single step coalescence 
changed to multi-step coalescences in  some instances when temperature was 
raised. 

There are conflicting reports on the effect  of vibrations on coales- 
cence times. Gillespie and Rideal (3) suggested that vibrations tend to  
s tab i l ize  the drainage film, thereby impeding coalescence. On the other 
hand Lang ( 9 )  proposed that vibrations introduced random variations i n  
the coalescence reported by different workers. Lang and others investi-  
gated the effects  of extraneous vibrations and found these to  be negligi- 
ble. Brown and Hanson (13) studied single drop coalescence i n  a l ternat-  
ing current f ie lds  of different frequencies and they concluded that  i n  
the systems they investigated, coalescence time was vir tual ly  independent 
of frequency . 

Extensive research has been done on the effect  of an external 
e l ec t r i c  f ie ld  on the ra te  of coalescence. Charles and Mason ( 1 4 )  
applied a direct  current f ie ld  to  the drop in:such a manner that  the 
force promoting coalescence. was several hundred times that of gravity. 
They found that  the, drop flattened so that  the area of draining the film 
was greatly increased, b u t  since the force was so large the rate  of 
coalescence was acce1erate.d. Furthermore, they found'that when stepwise 
coalescence occurred, the secondary drop was much smaller. 

The presence of electrical,  double layers affect  the rate  of coales- 
cence i n  a significant way. I t  had been widely observed that  the rate  of 
coalescence of drops whose phases contain electrolytes i s  lower than the 
rate  of coalescence of pure. drops residing i n  pure solvent. T h i s  is 
explained i n  part by the formation of e lec t r ica l  double layers between 
the draining f i l m  and the drop and the coalesced phase and the draining 
f i l m .  These double layers tend to  retard the flow of draining film 
through the force of a t t rac t ion  of the opposite charges a t  the interface 
and i n  the flowing liquid. T h i s  effect  has been given the name "electro- 
viscous effect"  by Elton and Picknett (14) .  It w i l l  be most pronounced 
when the thickness of the draining film is  of the same order of magnitude 
as that of the e l ec t r i ca l  double layer,  and when the apparent viscosity 
becomes five times that  of the normal viscosity of the l iquid i n  the 
draining f i l m .  Both Cockbain and McRoberts and Gillespie and Rideal (3 )  
suggest that  where double layer e f fec t  is s ignif icant ,  small drops should 



be more s table  than large ones. However, the problem is more complex 
than suggested by t h i s  simple statement because, although the force pro- 
moting coalescence is small i n  the case of a smaller drop, so is  the area 
of the drainage film. Consequently, there w i l l  be less  chance of the 
double layer becoming significant.  

The presence of a t h i r d  component tends to  accelerate or  retard the 
rate  of coalescence. Thus solid substances tend to  promote coalescence 
especially i f  they are  wetted by the drop phase because the solid par- 
t i c l e  tends t o  form a bridge across the draining film thereby promoting 
the rupture of the film. T h i s  was demonstrated by Charles and Manson 
(15) who contaminated a benzene-water interface w i t h  minute glass beads. 
They found that  coalescence was instantaneous. 

There is a tremendous increase i n  interfacial  area i n  emulsification; 
and t h i s  makes it necessary t o  take a look a t  surface ac t iv i ty .  For 
example dispersion of only 1 cubic centimeter of o i l  into water i n  the 
form of f ine droplets 'of a radius of 0.1 micron s ize creates an inter-  
fac ia l  area of 300 square meters - an increase of the order of a million- 
fold. Under such circumstances the properties of surfaces and 
especially interfaces become of great importance. 

The notion that  surfaces and interfaces behave i n  a manner different  
from the bulk of the matter had been known for centuries. Partington 
(19) c i t e s  Leonardo da Vinci i n  t h i s  connection. For many years explana- 
t ion of surface tension depended on the assumption that the free surface 
behaved l ike  a contract i le  s k i n .  Although l iquids behave as  though such 
a s k i n  ex is t s  it is not really necessary to  take such a view. I t  is the 
short range a t t rac t ive  forces that  are known as van der Wall forces that  
a re  responsible for the special behaviour of the surfaces and in ter -  
faces. Molecules i n  the b u l k  of the l iquid experience a balanced force 
i n  a l l  directions because the a t t rac t ive  forces f a l l  off rapidly w i t h  
distance. However, a t  the interface the molecules experience a net 
inward pul l ;  and t h i s  accounts for the contract i le  skin-like behaviour of 
the free s u r f a c ~ .  When a surface film is increased more molecules are 
brought to  the higher energy condition a t  the surface. Thus, creating 
new .surface i s  analogous t o  the phenomena accompanying vaporization. 
Stefan (20) was the f i r s t  t o  suggest that  there would be a relation 
between surface tension. and la ten t  heat of vaporization. Partington (19) 
gives an extensive list of theoretical and empirical equations relating 
the two properties. 

Surface tension of most l iquids decrease w i t h  increase i n  tempera- 
ture .  T h i s  is a corollary to  the molecular theory of surface tension. 
The increased kinetic energy acquired by the molecules a t  the higher 
temperature w i l l  overcome the net a t t rac t ive  force on the molecule. 
Moreover, a t  conditions approaching the c r i t i c a l ,  the cohesive forces 
between the molecules vanish, and therefore the surface tension w i l l  
vanish also a t  the c r i t i c a l .  Eotovos (21) proposed a semi-empirical 
equation, which would predict the surface tension of a wide variety of 
substances from one empirical constant., the molecular weight and the 
c r i t i c a l  temperature. T h j s  equation was improved by Ramsay and Shields 
(221, who i n  e f fec t  modified the empirical constant i n  the Eotovos 
equation. 



Interfacial  tension is a condition identical t o  surface tension 
except that instead of the vapor space above the free surface of a l iquid 
there i s  yet another l iquid whose molecules w i l l  exert substantial  
a t t rac t ive  force on the molecules of the other l iquid a t  the interface.  
Thus the in te r fac ia l  tension between two liquids w i l l  l i e  between the 
surface tensions of the l iquids a t  the same temperature. Dupre (23) 
suggested an equation for calculating in ter fac ia l  tension from the sur- 
face tension values of the separate phases. B u t  there was the l imitation 
that  the two l i q u i d s  had t o  be immiscible i n  each other. Since few 
liquids are completely immiscible i n  each other, the in te r fac ia l  tension 
values so calculated were not accurate. Antonoff (24) suggested an 
improvement t o  Dupre's equation taking into consideration the mutual 
solubi l i ty  of the l i q u i d s .  Recently Girifalco and Good (25) have sug- 
gested an equation, based on sound thermodynamic principles, which is i n  
f a i r  agreement w i t h  experimental data. 

When considering emulsions, i t  i s  of f a r  greater importance t o  look 
a t  the e f fec t  that  solutes have on in ter fac ia l  properties. The fact  that 
small amounts of solute can have a violent effect  on in ter fac ia l  proper- 
t i e s  has been demonstrated by Hardy (26). A large lens of petroleum 
jel ly  was formed on the surface of pure water. A drop of oleic  acid was 
placed on the lens. After a short time considerable agitation was 
noticed and then the lens appeared to  sha t te r ,  w i t h  almost explosive vio- 
lence into small fragments, which were propelled to  the edges of the 
container. 

That the presence of a small concentration of solute should have such 
an ef fec t  on the surface tension is not surprising; what is surprising is  
the tremendous variabi l i ty  of the e f fec ts  observed. The large lowering 
of the in te r fac ia l  tension on the addition of certain types of solutes is  
due to  the fact  that  the solute concentrates a t  the interface.  The 
molecules which produce t h i s  e f fec t  are  known as amphiphilic molecules. 
They are oriented a t  the interface w i t h  t he i r  l ipophilic portion extend- 
ing into a i r  (or into a non-aqueous phase). That there should be a 
higher concentration of the solute which causes the decrease i n  the 
in te r fac ia l  tension a t  the interface has been proven by Gibbs. The 
assumptions involved i n  the derivation of the Gibbs equation have been 
c r i t i ca l ly  reviewed by de Witte (271, and the rigor of the equation has 
been cr i t ic ized  by Guggenheim (28).  Scatchard (29) reviewed the deriva- 
t ion by Gibbs and concurs w i t h  him. 

I n  any mixing operation i t  is often necessary to  know the energy 
input to  the system. There are  a number of ways to  determine t h i s .  
Energy input can be direct ly  measured by a dynamometer, by measuring the 
amperage of the e l ec t r i c  mixing motor or  by making use of a torque 
meter. These methods can be expensive, inconvenient or  inaccurate. 
However we can design a 'standard' mixing operation for  which power cor- 
relation curves are available. When a standard impeller is  turned i n  a 
l iquid,  a flow pattern is  established i n  terms of the impeller character- 
i s t i c s ,  type of f luid and the geometry of the mixing vessel. After t h i s  
circulation pattern has been set-up, the only way the input energy can be 
changed is  by changing the ra te  of rotation of the impeller. I n  other- 

@ 
words, the speed of the impeller and the environment i t  is i n  controls 
the input energy regardless of the power capacity of the driving 
mechanism. 



White and co-workers ( 3 9 )  were t h e  f i r s t  t o  suggest t h e  p o s s i b i l i t y  
o f  c o r r e l a t i n g  t h e  performance o'f mix ing  impe l l e rs  by dimensional anal- 
ys is .  Th is  i dea  was l a t e r  extended by Hixon (40), Johnson and Thring 
(41) and Rushton and Oldshoe (42). The power c o r r e l a t i o n s  g i ve  Power 
number as a f u n c t i o n  o f  i m p e l l e r  Reynolds number and Froude number. 
Power number i s  g iven by 

the  impe l l e r  Reynolds number by 

and the  Froude number by 

Froude number charac ter izes  the  g r a v i t y  forces and i n  a w & l  ba f f&d  tank 
i t  i s  n e g l i g i b l e .  I n  t h i s  case the  Power number becomes, a func t i on  of 
t he  impe l l e r  Reynolds number alone. 
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Equipment: The experimental set-up cons is t s  o f  a b a f f l e d  tank w i t h  a 
turb ine- type a g i t a t o r  system. A r e f r i g e r a t i o n  system was: used f o r  tem- 
peratures below ambient. . 'Other  accessor&e's. inclu'il'ed"~a'~femperature con- 
t r o l l e r  and a temperature recorder. 

The experimental tank ( f i g .  2 . 1 ,  made o f  'Nalgene', a commercial 
polyethylene, had a h e i  ht o f  0.6 M and diameter o f  0.42 M. The tank was 3 f i l l e d  up t o  0.0757 M (20 U.S. Gal. ) i n  a l l  experiments. This corre-  
sponds t o  a he igh t  o f  0.42 M, thereby g i v i n g  a he ight  t o  diameter r a t i o  
of 1:l for t h e  undisturbed l i q u i d .  Using the  tank f o r  t he  above men- 
t i oned  capaci ty  of 0.0757 ~ 3 ,  gave a free-board o f  0.18 M - more than 
adequate t o  prevent any splashing when opera t ing  up t o  speeds o f  600 RPM 
us ing a 0.09 M (4 i n . )  t u rb ine .  The tank was f i t t e d  with fou r  equa l ly  
spaced taps made of P o l y v i n y l  Chlor ide. Glass tubes were attached t o  the  
i n s i d e s  o f  t h e  taps extending t o  one h a l f  t h e  rad ius  o f  t he  tank. 

Since the  experiment invo lved de tec t i on  o f  smal l  q u a n t i t i e s  o f  hydro- 
carbon i n  t h e  water, t h e  tank p r i o r  t o  use was tes ted  t o  see if any 
hydrocarbon w i l l  l each ou t  from the  polyethylene mater ia l .  The r e s u l t s  





were negative. 

Four equa l ly  spaced rec tangu lar  b a f f l e s  o f  1/12 the  diameter o f  the  
tank, and made o f  aluminium were used. The b a f f l e s  were f i t t e d  t o  the  
tank through a notch and f i x e d  us ing  A l l e n  screws. 

The l i q u i d  was a g i t a t e d  us ing  a six-blade f l a t  t u r b i n e  o f  0.101 M ( 4  
i n )  diameter. A d.c. cu r ren t  motor o f  0.373 k i l o w a t t s  (1/2 h.p.) was 
used t o  d r i v e  the  t u r b i n e  through a s h a f t  o f  0.0063 M (1/4 i n ) .  The d.c. 
motor permi t ted  cont inuous v a r i a t i o n  of the  speed over a wide range. 
Both t h e  tu rb ine  and the  sha f t  were made o f  s t a i n l e s s  s t e e l  t o  p r o t e c t  
aga ins t  cor ros ion  due t o  sea water. 

Samples were c o l l e c t e d  i n  500 m l  graduated b o t t l e s  w i t h  g lass  
stoppers. Ex t rac t i ons  were done i n  0.0005 M (500 ml )  separatory funnels, 
with polyethylene stop-cocks and stoppers. 

To study t h e  drops o f  o i l  i n  the  water column, photography was used. 
This method was p re fe r red  over automatic e l e c t r o n i c  count ing (us ing  
Cou l te r  Counter) because o f  t h e  necessi ty  o f  main ta in ing  a quiescent 
medium f o r  s tudy ing the  s t a h i , l i t y  o f  t he  d ispers ion.  Cou l te r  Counter 
requ i res  a f l ow ing  system. The photographic technique on the  o ther  hand 
requ i res  only smal l  samples from the  system. The samples were taken on 
pre-cleaned g lass  s l i d e s  us ing  g lass p ipe t tes .  Cover glasses were used 
t o  prevent  evaporat ion o f  the  samples. A Lei tz-Wetz lar  microscope (Model 
NO: 512), t o  which a Nikkon camera was attached, was used. The micro- 
scope had four  ob jec t ives :  5, 10, 25, 50 magni f icat ion.  The ocu lar  had 
a magn i f i ca t i on  o f  10 thereby g i v i n g  a maximum magni f i ca t ion  o f  500 f o r  
t he  microscope. A very slow b lack  and whi te f i l m  (Kodak ASP 32) was 
pre fer red,  s ince t h e  s t a t i c  'system d i d  n o t  c a l l  f o r  a f a s t  f i l m .  The 
slower f i l m  g ives  b e t t e r  drop d e f i n i t i o n  than t h e  h i g h  speed f i l m .  The 
s i z e  o f  t h e  drops were est imated by comparison w i t h  a scale etched on the  
o b j e c t i v e  and photographed along w i t h  the  drops. The photographs were 
mounted and p ro jec ted  on a screen f o r  counting. 

2.3.1 E x t r a c t i o n  o f  O i l :  

The o i l  i n  the  water column was ex t rac ted by carbon t e t r a c h l o r i d e .  
Three a l i q u o t s  o f  10 m l  each o f  carbon t e t r a c h l o r i d e  was used f o r  each 
sample. The quan t i t y  of o i l  removed by the  carbon t e t r a c h l o r i d e  was ' 

determined by a Perk in  Elmer i n f r a - r e d  spectroscope (Model no.: ,451). 
The system was c a l i b r a t e d  f o r  t he  concent ra t ion  o f  o i l  i n  t h e  carbon 
t e t r a c h l o r i d e .  Since the  range o f  t he  equipment was l i m i t e d  t o  40 p a r t s  
per  - m i l l i o n  of o i l ,  t he  e x t r a c t  had t o  be d i l u t e d  t o  low concentrat ions. 
Spec t ra l  grade carbon t e t r a c h l o r i d e  was used. 

A. Ma te r ia l s  : 

Sea Water: Sea water was p re fe r red  over pure water and syn the t i c  sea 
water, because i t  was des i red  t o  s imulate as c l o s e l y  as poss ib le  ocean 
conditions. Pure water devoid o f  a l l  s a l t s  and zoo-plankton commonly 
found i n  a c t u a l  sea water, would have d r a s t i c a l l y  a f f e c t e d  surface and 



i n t e r f a c i a l  p roper t i es  o f  the  d ispers ion.  The syn the t i c  sea water 
a l though o f  cons is ten t l y  accurate composition, d i f f e r s  very much from 
sea water. The presence of very smal l  q u a n t i t i e s  o f  d ispersants t h a t  are 
usua l l y  found i n  sea water was no t  a ser ious  problem as the  concentra- 
t i o n s  of the  d ispersant  used i n  the  experiment was l a r g e r  by many orders 
of magnitude. The sea water fo r  the  experiments was brought from 
Narragansett Bay i n  polyethylene conta iners and s tored i n  a l a rge  
"Nalgenen tank. 

Crude O i l :  P l i g h t  Kuwait crude was chosen f o r  the  experiment. The 
choice o f  the  crude was governed by the  f a c t  t h a t  t h i s  Kuwait crude had 
been chosen by many d i f f e ren t  l a b o r a t o r i e s  f o r  the  purpose of s tudy ing 
o i l  p o l l u t i o n .  Also, d e t a i l e d  ana lys i s  o f  t he  crude had been made by 
Exxon Research Laborator ies and had been made a v a i l a b l e  f o r  the  present  
i nves t i ga t i on .  

The crude had an BPI Grav i ty  of 31.4, which would p lace i t  i n  the  
category o f  l i g h t  crudes. Analys is  (by Exxon Labs) showed t h a t  i t  had a 
s u l f u r  content of 2.44 percent by weight and 0.14 percent n i t rogen.  
N icke l  and vanadium were 7.7 and 28 p a r t s  per  m i l l i o n  respect ive ly .  
Analysis by mass spectroscopy showed t h a t  t he  crude was 34 percent by 
weight sa tura tes  and 21.9 by weight aromatics. 

A commercial d ispersant  known as Corex i t  9527 manufactured by Exxon 
f o r  d ispers ing  o i l  was used. Being a commercial d ispersant ,  d e t a i l e d  
s p e c i f i c a t i o n s  o f  i t s  composit ion were no t  ava i lab le .  

Procedure: Sea water from Narragansett Bay was a l lowed t o  s e t t l e  i n  t h e  
tank  fo r  a l e a s t  a day before i t  was used f o r  t he  experiments. This 
al lowed any suspended p a r t i c l e s  t o  s e t t l e  out.  Ten m l  of  Kuwait crude 
was added t o  the  sea water i n  the  tank. I n  experiments i n  which d isper-  
sant was used, 2 m l  o f  t he  d ispersant  was added t o  the  system. 

The du ra t i on  of t he  a g i t a t i o n  was decided from considerat ions of 
power i npu t .  To have a common bas is  f o r  comparison, equal power was used 
i n  a l l  the  experiments, except i n  the  case where there was t o  be no 
a g i t a t i o n .  

For the  c a l c u l a t i o n  of power requirements, recourse was made t o  the  
power ' c o r r e l a t i o n s  f o r  six-bladed f l a t  tu rb ines .  I n  the  present i n v e s t i -  
gat ion,  we had a two phase system. But power co r re la tons  f o r  two phase 
systems are very sparse. However, L a i t y  and Treybal (31) have suggested 
the  use of weighted proper ty  values. Since i n  the  present case the  
hold-up o f  the  dispersed phase i s  extremely small, the  p r o p e r t i e s  were 
e s s e n t i a l l y  t h a t  of the  cont inuous phase,. The power c o r r e l a t i o n s  g ive  
power number as a func t i on  o f  t he  impe l l e r  Reynolds number. Power number 
i s  def ined as 



and the  impe l l e r  Reynolds number as 

2 
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The power requ i red  t o  t u r n  an impe l l e r  a t  a g iven speed , i s  a func t i on  o f  
no t  only the f l u i d  p roper t i es  but  a l so  the  geometry o f  the  i m p e l l e r  and 
the  vessel. For c a l c u l a t i o n  of power f o r  t h e -  six-bladed f l a t  t u rb ine  
reference was made t o  Fig.  10.10, ' L i q u i d  Ex t rac t i on1  by R.E. Treybal 
(32). 

Samples were taken i n  500 m l  graduated g lass b o t t l e s  as soon as the  
motor was. stopped; f o r  t he  purposes o f  s tudying s t a b i l i t y  a t i m e r  was 
s t a r t e d  a t  the  same i n s t a n t .  Four se ts  of samples were taken, one from 
each tap, a t  0 hrs,  1 hr ,  2 hrs,  and 24 hrs, and placed in'  graduated 
b o t t l e s .  

Simultaneously, th ree drops were taken from each tap  and p laced on 
pre-cleaned s l i d e s  and covered. These samples were photographed, 9 shots 
f o r  each tap a t  each time. 

The samples i n  the  graduated b o t t l e s  were ex t rac ted us ing  carbon 
t e t r a c h l o r i d e .  F i r s t  the  200 m l  sample was t rans fe r red  t o  a 500 m l  
separatory funnel.  Then the  f i r s t  a l i q u o t  o f  10 m l  carbon t e t r a c h l o r i d e  
was poured i n t o  the  separatory funnel.  To main ta in  consistency f o r  each 
e x t r a c t i o n  the  separatory funnel was shaken 20 times by hand. The 
e x t r a c t  was c o l l e c t e d  i n  pre-cleaned dram b o t t l e s  and labe l l ed .  The 
procedure was repeated with a. second and t h i r d  10 m l  a l i q u o t  of carbon 
t e t r a c h l o r i d e .  

Since the concentrat ions usua l l y  encountered i n  the  above e x t r a c t i o n s  
were beyond the  range of t he  In f ra red  Sepctrometer, 1 m l  of t he  e x t r a c t  
was taken and then d i l u t e d  w i t h  30 m l  o f  carbon te t rach lo r ide .  

The photographs were developed a .j mounted. They were then p ro jec ted  
on a screen and the  s i z e  of the drops est imated by comparison with the  
sca le  which was photographed along w i t h  the  drops. 

I n t e r f a c i a l  tens ion between the  o i l  phase and aqueous phase was 
measured by the  pendant drop method. Dynamic methods l i k e  the  r i n g  
method are unsat is fac tory  because o f  t he  presence o f  sur face a c t i v e  
agents. When a new surface i s  formed i n  a .medium i n  which a surface 
a c t i v e  agent i s  present,  i t  w i l l  no t  be i n  e q u i l i b r i u m  as the  sur face 
a c t i v e  agent has t o  d i f fuse t o  the  newly created sur face from the  bu lk  of 
t h e  medium. This i s  a consequence o f  the  f a c t  t h a t  there  i s  a h igher  
concent ra t ion  o f  the sur face a c t i v e  agent a t  t he  i n t e r f a c e  than i n  the  
b u l k  of the  phase. This makes i t  necessary t o  use a method which i s  
s t a t i c  o r  semi-stat ic .  

The pendant drop method cons is ts  o f  fbrming drops o f  one l i q u i d  i n  
another l i q u i d  a t  the  t i p  o f  a c a p i l l a r y .  The drops are  al lowed t o  form 
a t  a slow r a t e  so t h a t  the new sur face w i l l  be i n  e q u i l i b r i u m  - o r  c lose 
t o  being so. These drops were then photographed and t h e i r ' s h a p e s  deter-  



mined by a shape fac tor  by measuring two o f  t h e i r  c h a r a c t e r i s t i c  dimen- 
sions. I n t e r f a c i a l  tens ion i s  a func t i on  o f  t h e i r  shape. 

Since the o i l  phase i s  l i g h t e r  than the  aqueous phase, the  drop was 
al lowed t o  form a t  the  t i p  o f  a c a p i l l a r y  which was o r ien ted  upwards. 
The c a p i l l a r y  was connected t o  a r e s e r v o i r  which could be moved up o r  
down a t  w i l l .  The c a p i l l a r y  was kept  i n  a water ba th  which was cooled by 
a r e f r i g e r a t i o n  system. 

The shape of the drop was determined by a photographic technique. As 
the  drops formed a t  the t i p  o f  the  c a p i l l a r y  a t  t he  r a t e  o f  about one 
drop per  minute, i t s  photograph was taken using a Mamiya Sekor camera. 
The camera had an extension tube attached t o  i t s  l e n s  t o  provide a mag- 
n i f i c a t i o n  of approximately 10; A scale was photographed along with the  
drops. This helped i n  determining the  s i z e  o f  t he  drop and i t s  shape 
fac to r  by ,compar'ison w i t h  the scale r a t h e r  than making use o f  the  magnif- 
i c a t i o n  o f ' t h e  extension tube-lens system. The .photographs were devel- 
oped and mounted, and pro jec ted on a screen, and the s i z e  and shape 
measured. 

The d i f f e r e n t i a l  equation governing the  shape o f  the  drop has been 
solved as a func t i on  o f  the  i n t e r f a c i a l  tens ion by a number o f  i n v e s t i -  
ga tors  (33). The numerical s o l u t i o n  o f  the  d i f f e r e n t i a l  equation i s  
a v a i l a b l e  i n  the  form o f '  a tab le .  Reference ,was made t o  these tab les  f o r  
t he  c a l c u l a t i o n  of t he  i n t e r f a c i a l  tens ion (33). 

To s tud the e f f e c t  o f  temperature on the  o i l -water  d ispers ion,  a 
smal ler  t a d  was used. A smal ler  tank was used i n  preference t o  t h e  
l a r g e r  20 gal .  tank because the  requirements f o r  r e f r i g e r a t i o n  w i l l  be 
w i t h i n  the range of a 0.37 kw (1/2 hp) Haake r e f r i g e r a t i o n  system. The 
tank o f  0.3 M diameter, was made o f  g lass and f i t t e d  w i t h  four  b a f f l e s  
made o f  aluminum o f  1/12 the  diameter. Water was f i l l e d  i n  the  tank up 
t o  a depth o f  0.3 M, thus g i v i n g  a depth t o  diameter r a t i o  o f  1:l f o r  t h e  
undisturbed l i q u i d .  A free-board of 0.08 M was provided above the  f ree  
sur face o f  the  l i q u i d  sur face t o  make allowance f o r  any splashing. The 
tank was a g i t a t e d  us ing  a six-bladed f l a t  t u r b i n e  o f  0.08 M ( 3  i n )  
diameter.   he i m p e l l e r  was d r i ven  by a va r iab le  speed motor of 0.06 kw 
(1112 hp). The sampling and e x t r a c t i o n  procedures were i d e n t i c a l  t o  t h a t  
used f o r  the l a r g e r  tank. The sample was taken from a depth of 0.15 M, 
us ing  - a polyethylene tub ing  and placed i n t o  graduated b o t t l e s .  

2.4. Resul ts  and Discussion 

2.4.1 Drop-Size D i s t r i b u t i o n  

When two l i q u i d s  are ag i ta ted  i n  a tank i m p e l l e r  system, which o f  t he  
two l i q u i d s  become the  dispersed phase and which becomes the  cont inuous 
phase depends on a . v a r i e t y  o f  fac tors .  If the two l i q u i d s  are  i n  compa- 
rab le  r a t i o ,  i .e . ,  45:55 percent by volume, the  l i q u i d  t h a t  wets the  
impe l l e r  w i l l  be the  continuous phase. However, when the  volume f r a c t i o n  
(hold-up) o f  one l i q u i d  i s  much smal ler  than the  other, i .e . ,  l e s s  than 
25 percent,  i t  i s  very d i f f i c u l t  t o  disperse the  l i q u i d  having the  l a r g e r  



volume f r a c t i o n .  From s o l i d  geometry we know t h a t  when spheres o f  equal 
s i z e  a re  packed together  under cond i t i ons  o f  c loses t  packing, t h e  volume 
f r a c t i o n  occupied by t h e  spheres i s  on ly  74.02 percent. But when we have 
spheres o f  vary ing  s izes,  i t  i s  very obvious t h a t  we can pack much more 
i n  a g iven volume. I n  fact,  emulsions o f  99 percent dispersed phase have 
been prepared (32). However, i n  the  present i n v e s t i g a t i o n  the  quest ion 
as t o  which would be t h e  dispersed phase and which would be the  cont in -  
uous phase cou ld  hard ly  a r i se .  The crude o i l  phase was o f  t he  order  o f  
1/10000 by volume of t he  aqueous phase. Thus the  most probable d isper-  
s i o n  t h a t  may be observed i s  the  o i l - in -water  type. The hold-up was 
d e l i b e r a t e l y  kept  low so t h a t  t he  system would have about the  same 
hold-up t h a t  cou ld  be expected i n  an o i l - s p i l l  s i t u a t i o n  on the  h i g h  seas. 

I n  t h i s  i nves t i ga t i on ,  low i m p e l l e r  speeds were used. This was done 
so t h a t  the turbulence generated would be as smal l  as possib le.  Power 
c o r r e l a t i o n s  of L a i t y  and Treybal (32) g i ve  power number f o r  the  i m p e l l e r  
as a func t i on  o f  i m p e l l e r  Reynolds number. Since i t  was des i red  t o  use 
as smal l  a turbulence as possib le,  t he  impe l l e r  Reynolds number j u s t  
beyond the t r a n s i t i o n  from laminar  t o  t u r b u l e n t  was used. For the  tank 
i m p e l l e r  system, t h i s  speed worked out  t o  be 58 rpm (32). Thus the  
lowest  speed t h a t  was used was 60 rpm. 

It has no t  ye t  been es tab l ished how the  phase t h a t  i s  dispersed comes 
t o  be broken up i n t o  t i n y  droplets.  It has been presumed by many workers 
t h a t  t he  phase t h a t  wets the  impe l l e r  i s  t he  continuous phase (32). I f  
t h i s  i s  the  case, then t h e  break-up a c t i o n  o f  the  dispersed phase i s  due 
t o  t h e  shearing a c t i o n  by the cont inuous phase. 

A number o f  i n v e s t i g a t o r s  have se t  an upper l i m i t  and a lower l i m i t  
on the  s i z e  o f  t he  d rop le ts  t h a t  can be observed i n  an emulsion. The 
lower l i m i t  i s  about 0.1 microns - a s i z e  approaching molecular dimen- 
sions. The upper l i m i t  i s  about 30 microns (30). Drops o f  l a r g e r  than 
30 microns are  d i f f i c u l t  t o  observe i n  an emulsion because they tend t o  
r i s e  fast  and tend t o  coalesce w i t h  the parent phase. I n  t h i s  study 
a t t e n t i o n  was focused on.drops whose s izes  va r ied  between 1 micron and 12 
microns. There are a number o f  t h e o r e t i c a l  and emp i r i ca l  models a v a i l -  
ab le  f o r  the  c a l c u l a t i o n  o f  t h e  r a t e  o f  r i s e  o f  a drop i n  a quiescent 
medium. The Stokes model (36) assumes t h a t  the  drop behaves l i k e  a s o l i d  
sphere wh i l e  i t  moves i n  another medium. This i s  an approximation as 
the re  are c i r c u l a t i o n s  w i t h i n  the  d rop le t .  A more r e a l i s t i c  model l i k e  
t h e  Ryczynski and Hadamard model (37) takes i n t o  cons idera t ion  the  move- 
ment o f  the f l u i d  w i t h i n  the  drop le t .  This model was used t o  c a l c u l a t e  
t h e  r a t e  o f  r i s e  o f  a drop o f  Kuwait crude i n  sea water. This data shows 
t h a t  f o r  d rop le ts  of s i z e  l e s s  than 12 microns the  t ime taken t o  r i s e  t o  
t h e  top  o f  t he  tank would be o f  t he  order  o f  l e s s  than 10 hours ( f i g .  
2.2). Since an emulsion of o i l  i n  water has t o  be s tab le  f o r  a t ime of 
t h e  order  of days, i t  was thought unnecessary t o  observe d rop le ts  o f  s i z e  
l a r g e r  than 12 microns. 

Jasper, Kim and Wilson (421, i n  t h e i r  i n v e s t i g a t i o n s  on drop-size 
d i s t r i b u t i o n  i n  o i l -water  systems had found t h a t  drops l a r g e r  than 6-7 
microns are d i f f i c u l t  t o  observe i n  an emulsion. Fur ther  they had con- 
cluded t h a t  t he  l a r g e r  drops a re  i n s i g n i f i c a n t  f ~ r  determining a r i t h m e t i c  
means of the  drop-size d i s t r i b u t i o n  (43). An extremely l a r g e  drop would 
have l i t t l e  e f f e c t  on the  a r i t h m e t i c  mean i f  the  smal l  drops outnumber 
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t h e  l a r g e r  drops by a l a r g e  factor .  ,The 'experimental data (see 
d i s t r i b u t i o n  data i n  Appendix 0) shows t h a t  i n v a r i a b l y  there  were much 
l a r g e r  number of smal ler  d rop le ts  than there  were l a r g e r  ones. 

I f  the drop s i z e  d i s t r i b u t i o n  was normal ( i t  i s  no t  a normal d i s t r i -  
bu t ion ,  b u t  i s  ' l e p t o k u r t i c v  o r  l e f t  lean ing - see the  p l o t s ,  o f  the  
d i s t r i b u t i o n  i n  Appendix C) then over 95 percent of t he  drops would be 
w i t h i n  two standard dev ia t ions  o f  the  a r i t hmet i c  mean. For drops o f  
average s ize,  2-3 microns, t h i s  would have meant t h a t  over 90 percent o f  
t he  drops would be l e s s  than 7-8 microns. Therefore, t a k i n g  an upper 
l i m i t  o f  12  microns f o r  s tudying emulsions i s  considered s a t i s f a c t o r y ,  
espec ia l l y  i n  view of the  f a c t  t h a t  the d i s t r i b u t i o n s  usua l l y  found i n  
emulsions a re  l e f t  leaning. . . . . . . .# . . -, 

The number of drops t h a t  are counted fo r  s tudying the  drop-size 
d i s t r i b u t i o n  depends * to  a l a r g e  ex tent  upon g e t t i n g  the  accuracy t o  which 
t h e  d i s t r i b u t i o n  i s  desired. To a r r i v e  a t  a reasonable number, i n v e s t i -  
ga t i ons  i n  t h i s  area i n  the  past  by var ious workers were, r e l i e d  upon. 
G i l l e s p i e  and Rideal  (3) had found t h a t  i t  was necessary t o  observe 
100-200 drops t o  get  reproducib le r e s u l t s ,  wh i l e  Je f f reys  and Hawksley 
(4) and Cockbain and McRoberts (5) using more r e f i n e d  techniques needed 
on ly  h a l f  as many drops. Since a l l  the  samples t h a t  were counted had 
more than 100 drops the  drop-size d i s t r i b u t i o n  i s  accurate. (See tab les  
l a  t h r u  6d i n  Appendix 0).  

Drop-size d i s t r u b i t i o n  fo r  samples taken ( f i g s .  2.3 through 2.7) (see 
Appendix A f o r  E r r o r  Analys is)  a t  0 hours show an unmistakable ' t r end  t h a t  
t he re  i s  a l a r g e r  p ropor t i on  of smal ler  drops than l a r g e r  drops. I n  
o ther  words, there  i s  a maxima for  the  drop s i z e  d i s t r i b u t i o n  a t  t h e  
lower end of t he  spectrum. When the  emulsion i s  allowed t o  stand over a 
pe r iod  of t ime the  drops tend t o  coalesce and the  maxima tends t o  move 
towards the r i g h t .  

. . .  . 
The drop-s i te d i s t r i b u t i o n  when dispersant  i s  used changes markedly 

from what i t  i s  when dispersant  i s  no t  u s e d .  Figs. 2.3 through 2.7 show 
the d i s t r i b u t i o n s  fo r  d i f f e ren t  shear r a t e s  with and wi thout  d ispersant .  
When dispersant  i s  present,  the  d i s t r i b u t i o n  does no t  appear t o  change 
s i g n i f i c a n t l y  with power i npu t .  However, when dispersant  i s  no t  used 
the re  i s  a d iscernable d i f ference i n  the  d i s t r i b u t i o n .  I t  can be seen 
t h a t  the  maxima fo r  the  d i s t r i b u t i o n  when dispersant  ' i s  present .  i s  l e s s  
than the  maxima when dispersant  i s  no t  used. ' This could be a t t r i b u t e d  t o  
the  lower i n t e r f a c i a l  tension between the  o i l  an'd water when a surface 
a c t i v e  agent i s  used (see t a b l e  i n  Appendix 8). 

If we consider the  a r i t hmet i c  mean o f  the  drop s izes  a t  0 hours 
( f i g s .  2.8 thru 2.13) i t  can be seen t h a t  f o r  a g iven rpm there  was 
l i t t l e  o r  no d i f ference between drop s izes  a t  var ious p o s i t i o n s  i n  t h e  
tank. This i s  a c o r o l l a r y  t o  t h e  f a c t  t h a t  wh i le  the  impe l l e r  i s  r o t a t -  
i n g  the  forces induced on the  drops by the  forced c i r c u l a t i o n  i s  f a r  
g rea te r  than g r a v i t y  and the  buoyant forces t h a t  otherwise would be . . 
dominant, when there  i s  no such forced c i r c u l a t i o n .  

I n  studying the  drop s i z e  d i s t r i b u t i o n ,  vari0u.s 'averages are  used. 
The number average mean i s  an obvious choice as i t  gives appropr ia te  
weight f o r  drops of a g iven s ize.  The weighted mean i s  g iven by, 
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Figure 2.3 Drop-Size Distribution - 60 RFM With Dispersant 

1 DROP-OUE DIBTAIBUTION I 
I ' 1 0 0  RPY W l l n  DISPERSANT I 

D R O C I l P  (YICRONSJ 

. Figure 2.4 Drop-Sire Distribution - 100 RFM with Dispersant 

m l m a o m j  

Figure 2.5 Drop-Size Distribution - 150 RFM With Dispersant 
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Figure 2.6 Drop S ize  D i s t r i b u t i o n  - 60 RR.1 - No Dispersant 
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Figure 2.7 drop s i z e  d i s t r i b u t i o n  - 150 RR.1 - No D i s ~ e r s a n t  
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f i g u r e  2.8 average Drop-Size - With' Dispersant  RW'-60  - Temperature - 240C 
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figure 2.9 Average Drop-Size - No Dispersant RW - 60 Temperature - 21.50C 
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Figure 2.10 Average Drop Size - With Dispersant RW'- 100 Temperature - 23.5013 
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Figure 2.11 everage Drop Size - No Dispersant RPM - 100 Temperature - 23.50C 
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Figure 2.13 Average Drop Size - No Dispersant, RfN - 150, Temperature - 23.50~ 
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While studying i n t e r f a c i a l  area saute; ~ e a n i s  the  best  choice. Sauter 
mean i s  g iven by . . ,  

The drop s i z e  d i s t r i b u t i o n s  show t h a t  the  average drop s i z e  i s  a func- 
t i o n  o f  the r a t e  o f  shear and i n t e r f a c i a l  tension. I t  i s  seen t h a t  we 
get  a f i n e r  d ispers ion  when a d ispersant  i s  added. 

The average drop s i z e  a t  0 hours i s  a p p r o r i m a t e l y 2 0  pe rcen t  -smal le r  
when the  speed of the  impe l l e r  was increased from 60 t o  150 rpm when no 
d ispersant  was present,..as shown i n  f i g s .  2.9 and 2.13. - I f  the r a t e  of 
shear i s  taken t o  be p ropor t i ona l  t o  the t i p  speed o f  the impe l l e r  t h e n  
t h i s  represents a. de.c.rease i n  drop s i ze  o f  percent f o r  an increase i n  
shear r a t e  by a f a c t o r  of 2. I n  the  presence ' o f  the  dispersant the  
average drop s i z e  f o r  the  above two cases was smal ler  and the  d i f ference 
i n  drop s i z e  was only approximately 3 percent ( f i g s .  2.8 t o  2.13). 

-. . I t was seen t h a t  the average drop s i z e  (except a t  0 hours) increases 
with t ime as w e l l  as p o s i t i o n  i n  the  tank as measured from the  bottom of 
the  tank. Since i n  the  present i n v e s t i g a t i o n  the  d rop le ts  are  made up of 
an incompressible fluid.,. . .d i f fe rent .  vert.ica1. pos i t i ons .  , (and hence the  
hyd ros ta t i c  pressure) does not  have .any .e f fec t  on t h e i r  s ize.  Thus the  
increase i n  s i z e  w i t h  t ime and p o s i t i o n  are due. t o  coalescence. processes 
t a k i n g  place. However, coalescence i n  a system o f  .as smal l  a hold-up as 
t h i s  i s  bound t o  be small.;.. .):, 

. .".? . .' 

Consider two drops of.:'' equal diameters. Whey they * c o l l i d e  and co- 
alesce t h e i r  combined "volumes , w i l l  be tw ice  the  volume o f  the  o r i g i n a l  
drop and the  diameter: w i l l  'be 26 percent l a rge r .  I f  the average drop 
s i z e  a t  the top  and bottom l e v e l s  i n  the  tank are considered a t  0: hours 
and 24 hours ( f i g s .  21 7 t o  2.14) i t  can be seen t h a t  t h e  drop s i z e  has 
increased from bottom , t o  top  by l e s s  t h a n  ~ 2 0 .  percent o n l y .  J h i s  shows 
t h a t  coalescence was I no t  a major f a c t o r .  i n  the  i n s t a b i l i t y  o f  t he  
system. This i s  as should be expected i n  'view o f  t he  extremely smal l  
hold-up. For .the hold-up used i n  the  experiments, and f o r  an average 
drop s i z e  o f  4 microns,, the  mean f ree  pa th  i s  about 63.3 microns. Th is .  
means t h a t  i f  the movement o f  the  drops is '  completely random, the  drop 
w i l l  have t o  t r a v e l  15 drop diameters . before c o l l i d i n g  with another 
drop. Since Brownian movement which con t r i bu tes  t o  considerable random 
l a t e r a l  movement ( i n  con t ras t  with s t r a i g h t  upward movement due t o  
buoyancy) i s  n e g l i g i b l e  a t  drop diameters greater  than 0.1 microns (30). 
The on ly  poss ib le  way i n  which drops could c o l l i d e  i s  when they r i s e  
upwards. This type o f  c o l l i s i o n  i s  bound t o  be smal l  i n  systems of smal l  
hold-up. This accounts fo r  t he  f a c t  t h a t  the  drop-size d i s t r i b u t i o n  
i t s e l f  does no t  vary appreciably w i t h  t ime. 



2.4.2 Hold-up and I n t e r f a c i a l  Prea 

Hold-up i s  def ined as the  f r a c t i o n  o f  the  dispersed phase i n  the  con- 
t inuous phase. When dea l ing  w i t h  a smal l  hold-up as i n  the  present case, 
a l t e r n a t e  u n i t s  are used. I n  t h i s  i n v e s t i g a t i o n  m i l l i g rams  per l i t e r  was 
found t o  be a convenient u n i t .  

There was l i t t l e  v a r i a t i o n  i n  the  hold-up ( w i t h  respect t o  d i f f e r e n t  
p o s i t i o n s  i n  the  tank)  a t  the  i n s t a n t  the impe l l e r  was stopped ( f i gs .  
2.14 t h r u  19). Thereafter, the  hold-up decreased cont inuously w i t h  t ime 
as w e l l  as pos i t i on ,  as measured from the  bottom o f  the  tank upward. As 
coalescence i n  systems o f  smal l  hold-up are small, the  decrease i n  hold- 
up i s  a func t i on  o f  the te rmina l  v e l o c i t y  o f  the  d rop le t  (Brownian move- 
ment of d rop le ts  o f  s i z e  l a r g e r  than 1 micron being n e g l i g i b l e ) .  A t  24 
hours, the hold-up was the same f o r  a1.l taps and a l l  rpms w i t h  d isper -  
sant. This was found t o  be the  case when no d ispersant  was used also. 

. . -  

Thus the  s t a b i l i t y  o f  a d ispers ion  o f  smal l  hold-up w i l l  depend t o  a 
l a r g e  extent  upon the  r a t e  o f  r i s e  o f  a drop. I f  we equate the  forces 
a c t i n g  on a d rop le t  we get  ( 3 6 )  

where the f i r s t  term on the  r i g h t  i s  t he  buoyancy force,  the second term 
i s  the  form drag and the t h i r d  term i s  the  f r i c t i o n  drag. When these 
fo rces  are balanced by the g r a v i t a t i o n a l  forces, the  drop w i l l  r i s e  a t  a 
un i fo rm v e l o c i t y .  Thus we have: 

So lv ing  f o r  the  v e l o c i t y  gives, 

Thus a s m a l l e r d r o p  tends t o  have a smal ler  te rmina l  v e l o c i t y .  

If the  shearing a c t i o n  o f  the  continuous phase on the  dispersed phase 
accounts fo r  t he  break up o f . t h e  dispersed phase, then t h e  shear r a t e  as 
g iven by the t i p  speed o f  the  i m p e l l e r  should have a f u n c t i o n a l  r e l a t i o n  
t o  the  drop s i z e  and thereby t o  the  hold-up. Moreover, a system of lower 
i n t e r f a c i a l  tens ion is i n h e r e n t l y  more s tab le  thermodynamically, as t h e  
work done i n  c r e a t i n g  i n t e r f a c i a l  area i s  smal ler  and hence the  p o t e n t i a l  
energy o f  the system i s  smaller.  

I 
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Figure 2.14 Hold-Up - With Dispersant, RR.1 60, Temperature - 240C 
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Figure 2.15 Mld-llp - No Dispersant, RR.1 - 60, Temperature - 21.50C 
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Figure 2.16 Hold+ - With Dispersant; RPM - 100,-'Temperature 23.s0C 
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Figure 2.17 l-bld-Llp - No Dispersant ,  RR.1 - 100, Temperature -'23.50C 
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Figure 2.18 t-bld-Up - With Dispersant ,  RR.1 - 150, Temperature - 23.5 '0~ 
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Figure 2.19 t-bld-Llp - . .  No . Dispersant ,  RPM"'- 150, ~&$erature 23.5OC 



'An ana lys is  o f  t he  hold-up data shows t h a t  t he  hold-up when no d i s -  
persant was used, f o r  samples taken a t  24 hours was approximately con- 
s t a n t  and was very c lose t o  t h e  s o l u b i l i t y  l i m i t  o f  crude o i l s  usua l l y  
observed ( f i g s .  2.14 t h r u  19). When the  d ispersant  was used, the  hold-up 
a t  24 hours was approximately constant bu t  was h igher (by a f a c t o r  of 
approximately two) than the  hold-up a t  24 hours. This makes a good case 
fo r  the  use of dispersants i n  d ispers ing  o i l  s p i l l s ,  if hold-up i s  the  
on ly  c r i t e r i a .  As the  dispersed phase was o f  lowe'r dens i ty  than t h e  con- 
t inuous phase, i t  n a t u r a l l y  r i s e s -  upward, and the re fo re  the  v a r i a t i o n  of 
t he  hold-up w i t h  t ime showed t h a t  t he  hold-up increased with he igh t  as 
measured from the bottom o f  the  tank. 

Spec i f i c  i n t e r f a c i a l  area i s  a func t i on  o f  the hold-up as w e l l  as the  
Sauter Mean diameter of the  drops. The i n t e r f a c i a l  area i s  g iven by, 

As had been mentioned e a r l i e r ,  i n  systems o f  smal l  hold-up l i k e  the  one 
used i n  these inves t iga t i ons ,  coalescence i s  n e g l i g i b l e  and therefore the  
v a r i a t i o n  i n  the Sauter Mean diameter w i t h  he ight  as w e l l  as t ime was n o t  
great.  Therefore, the  i n t e r f a c i a l  area showed ( f i g s .  2.20-25) a var ia -  
t i o n  which was s i m i l a r  t o  t h a t  shown by the  hold-up. As the  hold-up i n  
the  case where d ispersant  was used was higher, so was the i n t e r f a c i a l  
area. 

The f r a c t i o n  o f  the  o i l  which was i n i t i a l l y  added t o  the  system t h a t  
goes i n t o  the water column i s  a func t i on  o f  the i n t e r f a c i a l  tension, and 
the  r a t e  of shear ( o r  rpm) . I n  t h e .  se r ies  o f  experiments, t he  l a r g e s t  
f r a c t i o n  o f  o i l  t h a t  went i n t o  the  water column when no d ispersant  was 
used was only 61 percent a t  150 rpm, as against  86 percent a t  the  same 
rpm when dispersant  was used. The h igher  i n t a k e  o f  hydrocarbons w i t h  the  
a p p l i c a t i o n  of d ispersant  could be due t o  increased s t a b i l i t y  of the  
d ispers ion  and the  format ion o f  sub-micron drop le ts  ( t h i s  appears t o  be 
v a l i d  apart  from the e f fec ts  o f  the  lower i n t e r f a c i a l  tens ion and va r ia -  
t i o n s  o f  other  phys i ca l  p roper t i es ) .  The hold-up o f  the o i l  a t  24 hours 
i s  poss ib ly  the  best  i n d i c a t i o n  of t h i s  increased ' s o l u b i l i t y ! ,  which was 
h igher  by almost a f a c t o r  of 2 when the  d ispersant  was used. Since there  
i s  no sharp d i v i d i n g  l i n e  between ' t r u e  s o l u b i l i t y t  and sub-micron d i s -  
p e r s i b i l i t y ,  i t  i s  hard t o  say which o f  t he  two was 'predominant' a t  the  
cond i t i ons  c i t e d  above (17). 

I n  the  experiments i n  which a temperature o f  10' C was used (see 
t a b l e  2.9-12), the i n t e r f a c i a l  tens ion between the  oi'l phase and the  
aqueous phase was 3.91, dynes/cm, i n  the  presence o f  the  d ispersant .  The 
i n t e r f a c i a l  tens ion a t  the same temperature .and when no d ispersant  was 
used was found t o  be 25.1 dynes/cm (see t a b l e  i n  Appendix B). The va r ia -  
t i o n  i n  hold-up and average drop s i z e  fol lowed a t rend t h a t  was very 
s i m i l a r  t o  t h a t  which was observed f o r  the  runs a t  t he  h igher  tempera- 
tu re .  The hold-up, and consequently the  i n t e r f a c i a l  area ( a f t e r  having 
been normalized t o  make allowance f o r  t he  smal ler  :,,tank), was found t o  be 
lower than t h a t  f o r  the  runs a t  h igher  temperature. Thus 'the e f fec t  of 
t he  lower temperature was t o  g i ve  a d ispers ion  t h a t  was l e s s  s tab le  
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Figure 2 .24 .  I n t e r f a c i a l  Area - With Dispersant ,  RPM - 150, Temperature 23.50C 
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because  of t h e  h i g h e r  i n t e r f a c i a l  t e n s i o n .  

I n  c o n t r a s t  t o  t h e  r u n s  a t  1 0  O C, t h e  runs  a t  room t e m p e r a t u r e  v a r i e d  
o v e r  a  range o f  2.5' C. Over t h e  range o f  5 O  C t o  22O. C, t h e  i n t e r f a c i a l  
t e n s i o n  v a r i e d  by approx imate ly  8.0 dynes/cm. Assuming t h a t  t h e  i n t e r -  
f a c i a l  t e n s i o n  is a  l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e  o v e r  t h i s  t e m p e r a t u r e  
r a n g e ,  it c a n  be s e e n  t h a t  t h e  v a r i a t i o n  of t h e  i n t e r f a c i a l  t e n s i o n  o v e r  
a range  of  2.5 C is o n l y  abou t  1 dyne/cm. The e f f e c t  o f  t h i s  v a r i a t i o n  
of t h e  i n t e r f a c i a l  t e n s i o n  o v e r  such f a c t o r s  a s  work done and power i n p u t  
is  o n l y  abou t  10.0 p e r c e n t .  S i n c e  t h e  d rop-s ize  is  p r o p o r t i o n a l  t o  a  
f r a c t i o n a l  power of t h e  i n t e r f a c i a l  t e n s i o n  (321,  t h e  v a r i a t i o n  o f  t h e  
d r o p - s i z e s  due t o  v a r i a t i o n  i n  t h e  ambient t e m p e r a t u r e  i s  bound t o  be  
o n l y  less t h a n  10.0  p e r c e n t .  

I t  had been observed t h a t  hydrocarbons  c o u l d  e n t e r  t h e  wa te r  column 
w i t h o u t  any power i n p u t .  Th i s  is  i n d i c a t e d  by t h e  r u n s  a t  0  rpm - i .e . ,  
no power i n p u t .  Though t h e  hold-up was no t  a s  l a r g e  a s  was t h e  case when 
t h e  i m p e l l e r  was used ,  it was c o n s i d e r a b l e  i n  view o f  t h e  f a c t  t h a t  t h e r e  
was no power i n p u t  invo lved .  

when two phases  a r e  brought  i n t o  c o n t a c t  wi th  each o t h e r ,  i n i t i a l l y  
t h e  chemical  p o t e n t i a l s  of  t h e  v a r i o u s  components i n  each  phase  a r e  n o t  
e q u a l  and the re fo ' r e  t h i s  s e t s  up a  p o t e n t i a l  d i f f e r e n c e  f o r  t h e  compo- 
n e n t s  between t h e  p h a s e s .  Thermodynamically, when t h e r e  i s  a  p o t e n t i a l  
d i f f e r e n c e ,  t h e  tendency is  t o  e q u a l i z e  them. T h i s  is  ach ieved  by t h e  
d i f f u s i o n  o f  t h e  components from t h e  phase  i n  which they  have h i g h e r  
p o t e n t i a l s  t o  t h e  phase  i n  which they  have lower  p o t e n t i a l s .  The d i f f u -  
s i o n  c o n t i n u e s  t o  t a k e  p l a c e  u n t i l  a l l  chemical  p o t e n t i a l s  have been 
e q u a l i z e d .  ' o n c e  t h e  d i f f e r e n t  components a r e  i n  t h e  second phase ,  t h e y  
'may t e n d  t o  agglomerate  and form d r o p l e t s  o r  m i c e l l e s .  

Thermodynamic p o t e n t i a l  is  d e f i n e d  a s :  
. . 

where G is t h e  Gibbs .  f r e e  e 'nergy,  n  t h e  number o f  moles .o f  t h e  c o n s t i t -  
u e n t  j, T and P t e m p e r a t u r e  and p r e s s u r e  r e s p e c t i v e l y  (39) .  For . . 

phase  . . A and B  t h e  Gibbs c r i t e r i a  f o r  e q u i l i b r i u m  is:  .. . . 

The chemical  p o t e n t i a l s  a r e  very d i f f i c u l t  t o  u s e  f o r  s t u d i e s  invo lv -  
i n g  c r u d e  o i l  i n  view of t h e  l a r g e  number o f  components i n v o l v e d .  Phase 
e q u i l i b r i a  i n v o l v i n g  more t h a n  t h r e e  o r  f o u r  components are seldom s o l v e d  
by u s i n g  thermodynamic p o t e n t i a l s .  

I n  t h i s  c o n t e x t  it c u u l d  be asked ,  what is t h e  r o l e  p layed  by power 
i n p u t  i n  d i s p e r s i n g  t h e  c r u d e  i n  t h e  w a t e r  column? The thermodynamic 
p o t e n t i a l ,  a s  it p r o v i d e s  t h e  d r i v i n g  f o r c e  shou ld  have been s u f f i c i e n t  
t o  do t h e  d i s p e r s i o n .  But d i s p e r s i o n  o f  one component i n t o  a n o t h e r  t a k e s  



p l a c e  th rough  t h e  i n t e r f a c e  between t h e  phases ,  and t h e  r o t a t i n g  i m p e l l e r  
by b r e a k i n g  up t h e  d i s p e r s e d  phase  p r o v i d e s  a l a r g e r  i n t e r f a c i a l  a r e a ,  
t h e r e b y  speed ing  up t h e  e q u i l i b r i u m  p r o c e s s .  The r a t e s  a t  which e q u i l i b -  
rium c o u l d  be ach ieved  when no power i n p u t  is invo lved  a l s o  depends  on 
t h e  i n t e r f a c i a l  r e s i s t a n c e s  invo lved .  It i s  d i f f i , c u l t  t o  compare t h e  two 
methods ( w i t h  power i n p u t  and w i t h o u t  power i n p u t )  a s  l i t t l e  i s  known of  
t h e  i n t e r f a c i a l  r e s i s t a n c e s .  However, power i n p u t  h a s  one b e n e f i c i a l  
e f f e c t .  The mass t r a n s f e r  r a t e  between a n  o i l  s l i c k  and t h e  w a t e r  column 
is  . p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  d i f f e r e n c e .  The f o r c e d .  c o n v e c t i o n  
c u r r e n t s  due t o  power i n p u t  h e l p s  keep t h i s  c o n c e n t r a t i o n  d i f f e r e n c e  h i g h  
t h e r e b y  i n c r e a s i n g  t h e  r a t e  o f  mass t r a n s f e r .  

The mechanical  work t h a t  i s  done i n  c r e a t i n g  new s u r f a c e  a r e a  i s  
g i v e n  by t h e  p roduc t  o f  t h e  i n t e r f a c i a l  t e n s i o n  and t h e  new s u r f a c e  a r e a  
c r e a t e d .  It can  be s e e n  t h a t  t h e  f r a c t i o n  o f  t h e  t o t a l  ene rgy  i n p u t  t h a t  
g o e s  i n t o  making new s u r f a c e  a r e a  is  of  t h e  o r d e r  o f  10. p e r c e n t  
(Appendix C). Apart from t h e  f a c t  t h a t  t h e  i m p e l l e r  a c t i o n  f o r  c r e a t i n g  
new s u r f a c e  a r e a  ( o r  s m a l l  d r o p l e t s )  is t h e r e f o r e  very  i n e f f i c i e n t ,  it 
a l s o  shows t h a t  one  shou ld  t r e a t  w i t h  g r e a t  c a u t i o n  t h e  u s e  o f  power 
i n p u t  a s  a b a s i s  f o r  d e t e r m i n i n g  t h e  c r e a t i o n  o f  new s u r f a c e  a r e a  and 
hold-UP. 

2.5 Conc lus ions  and Recommendations 

The b a s i c  q u e s t i o n  posed i n  t h i s  i n v e s t i g a t i o n  was whether  it was 
d e s i r a b l e  t o  u s e  a d i s p e r s a n t  f o r  e m u l s i f y i n g  c rude  o i l  f o r  l a t e r  b io -  
d e g r a d a t i o n .  

The s e r i e s  o f  exper iments  conducted show t h a t  c r u d e  o i l  c a n  be  e f f e c -  
t i v e l y  d i s p e r s e d  u s i n g  a commercial  d i s p e r s a n t ,  C o r e x i t  9527 w i t h o u t  
e x c e s s i v e  power i n p u t .  (Large  power i n p u t . w a s  c o n s i d e r e d  i m p r a c t i c a l  i n  
a n  o i l - s p i l l  s i t u a t i o n  on t h e  h i g h  s e a s . )  The i n t e r f a c i a l  a r e a  and t h e  
hold-up, which a r e  t h e  impor tan t  pa ramete r s  when c o n s i d e r i n g  biodegrada-  
t i o n  was found t o  be 2-3 t i m e s  t h a t  when no d i s p e r s a n t  was used.  I n  t h i s  
c o n t e x t  i t  is  i m p o r t a n t  t o  remember t h a t  n o t  a l l  d i s p e r s a n t s  a r e  u s e f u l  
f o r  t h e  purpose  o f  b i o d e g r a d a t i o n .  

I t  was found t h a t  o i l  c o u l d  e n t e r  t h e  w a t e r  column even when t h e r e  
was no power i n p u t .  Th i s  is s i g n i f i c a n t  i n  t h a t  g i v e n  s u f f i c i e n t  amount 
o f  t ime ,  t h e  o i l  c o u l d  be e f f e c t i v e l y  made t o  e n t e r  t h e  w a t e r  column 
w i t h o u t  any power i n p u t  - a d e s i r a b l e  s i t u a t i o n  i n  a m i l l i o n  g a l l o n  o i l -  
s p i l l .  

The d r o p  s i z e  . d i s t r i b u t i o n  found f o r  t h e  1-12 'micron range  c a n  be 
c o n s i d e r e d  t o  be  t r u l y  r e p r e s e n t a t i v e  o f  t h e  emuls ion.  F u r t h e r ,  t h i s  
r ange  o f  d r o p l e t s  i s  a l l  t h a t  is  n e c e s s a r y  t o  s t u d y  t h e  e m u l s i f i c a t i o n  
p r o c e s s  and t h e  s t a b i l i t y  o f  o i l - i n - w a t e r  emuls ions .  

I t  was obse rved  t h a t  c o a l e s c e n c e  i n  a sys tem o f  such  a s m a l l  hold-up 
as p a r t s  p e r  m i l l i o n  is very  s m a l l .  T h e r e f o r e  t h e  i n s t a b i l i t y  of t h e  
sys tem is due t o  t h e  upward movement o f  t h e  d r o p l e t s  i n  t h e  c o n t i n u o u s  
phase .  Th i s  movement becomes e v e r  s m a l l e r  as t h e  d rop  d i a m e t e r s  become 



smaller. .., 

It is  hoped that  it w i l l  be possible t o  t ranslate  the experimental 
data a t  the higher temperatures to  actual f ie ld  conditions a t  much lower 
temperatures. Interfacial  tension is the most dominant factor that  is 
affected by the temperature. A decrease i n  the temperature from 22 C t o  
5 C increases the in te r fac ia l  tension approximately by a factor of 2 t o  
3. Since the work done and consequently the power input is  a l inear  
function of temperature, it is expected that  an increase i n  in te r fac ia l  
tension by a factor of 1.1 would c a l l  for an increase in  the power i n p u t  
by the same factor. 

The following recommendations are.made: 

i) To establish a base l ine  for  studying dispersibi l i ty  of crude 
o i l s  in  water, pure hydrocarbons should be used. 

The experiments conducted wi th  Kuwait crude w i l l  not give much infor- 
mation where another crude is involved. T h i s  is primarily because the 
crudes themselves contain many surface active agents i n  the form of 
hydrocarbons w i t h  hydroxyl and.carbony1 groups. The proportion of these 
vary widely from crude t o  crude. 

ii) More e f fo r t s  should be made to  study the effect  of dispersants 
i n  dispersing o i l  s p i l l s  without input of power. 

iii) Since the s t ab i l i t y  of the dispersion is desirable the idea of 
s tabi l iz ing the dispersion w i t h  f inely divided sol ids  should be investi-  
gated. Use of sol ids  would mitigate the toxic e f fec ts  of most common 
dispersants. 

The temperature on the high seas i n  an actual o i l  s p i l l  s i tuat ion 
could very well be close to  the free.zing point on a winter day. There- 
fore,  the problem of correlating the experimental data a t  the higher 
temperatures to  lower temperatures i n  the ocean naturally ar ises .  On the 
basis of the e f fec t  of temperature on viscosity and in ter fac ia l  tension, 
it can be estimated that  the in te r fac ia l  area w i l l  be smaller by approxi- 
mately 10-15 percent. 
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3.1. In t roduct ion  

The wind-wave tank experiment is p a r t  of a l a r g e r  study conducted a t  
t h e  University of Rhode Is land t o  a s s e s s  the  environmental impact of 
t r e a t e d  an untreated o i l  s p i l l s .  To develop a comprehensive model f o r  
o i l  s l i c k  impacts, t h i s  s tudy required information about t h e  amount of 
o i l  t h a t  would be dispersed under t h e  ocean su r face  i n  a given s e a  
s t a t e .  It is bel ieved t h a t  t h e  l a r g e s t  o i l  concent ra t ions  r e s u l t  from 
dispersed  o i l  d rop le t s  and t h a t  wave motion and t h e  turbulence from 
breaking waves a r e  an important d i spe r s ive  mechanism. I n  add i t ion ,  it 
has been shown t h a t  t h e  o i l  p rope r t i e s  can have an important e f f e c t  on 
the  amount of o i l  dispersed,  and t h a t  t h e s e  p roper t i e s  can change s i g n i f -  
i c a n t l y  over time. The experiments t h a t  have been done t o  d a t e  have 
provided valuable observat ions of t h e  processes involved a s  well a s  some 
data .  However, i t  has been d i f f i c u l t  t o  e s t a b l i s h  even simple co r re l a -  
t i o n s  between sea s t a t e  and sub-surface o i l  concent ra t ions  f o r  a number 
of reasons. The da ta  from acc iden ta l  s p i l l s  is incomplete and it is not 
usual ly  obtained under well documented condit ions.  Also, it is d i f f i c u l t  
t o  s imula te  sea- l ike  condi t ions  i n  t h e  labora tory ,  and t h e r e  is no simple 
accura te  method ava i l ab le  f o r  measuring o i l  concent ra t ions  i n  water. 

The wave tank experiment was proposed t o  address these  problems and 
t o  add t o  the  e x i s t i n g  da ta .  From t h e  beginning, three design con- 
s t r a i n t s  were imposed: i) t h e  experiment must be a b l e  t o  sub jec t  a small 
o i l  s l i c k  t o  various sea- l ike  condi t ions ,  ii) it must be a b l e  t o  opera te  
f o r  an extended period of time, and i i i )  it must keep t h e  e f f e c t s  of 
a r t i f i c i a l  barriers such a s  tank wa l l s  o r  containment booms t o  a mini- 
mum. This l a t t e r  c o n s t r a i n t  is p a r t i c u l a r l y  d i f f i c u l t  because water 
waves tend t o  push f l o a t i n g  ma te r i a l  i n  t h e  d i r e c t i o n  o f  propagation. To 
so lve  these  problems, a c i r c u l a r  tank was designed and b u i l t  with a var i -  
a b l e  speed wave genera tor  around its perimeter ,  Figures 3.1 and 3.2. 
Water waves crea ted  a t  t h e  edge of t h e  tank t r a v e l  t o w a ~ d  t h e  c e n t e r  
where they i n t e r f e r e  and sometimes break. Thus, t h e  f l o a t i n g  o i l  is con- 
t a i n e d  i n  t h e  region o f  maximum a g i t a t i o n  s o l e l y  by t h e  wave d r i f t  cur- 
r e n t s ,  and no b a r r i e r s  a r e  needed. The o i l  s l i c k  can be kept i n  a f i e l d  
of waves f o r  a s  long as des i red .  

Of course t h i s  model has l i m i t a t i o n s .  The energy i n  wind generated 
ocean waves is d i s t r i b u t e d  over a band of frequencies where t h e  energy 
concent ra t ion  and bandwidth is dependent on wind fetch, dura t ion ,  and 
water depth. The energy i n  t h e  mechanically generated waves w i l l  be con- 
cen t ra t ed  i n  a few d i s t i n c t  frequencies depending on t h e  wave generator  
and tank geometries and t h e  genera tor  frequency. Also, t h e  cons t ruc t ive  
i n t e r f e r e n c e  of the  waves a t  t h e  c e n t e r  of t h e  tank causes  t h e  waves t o  
become s t eepe r  than they appear i n  t h e  ocean. Currents are induced i n  
t h e  tank by t h e  waves propagating toward t h e  cen te r ,  and i n  time these  
e s t a b l i s h  a c i r c u l a t i o n  throughout t h e  tank. A 1 1  t hese  d i f f e rences  a r e  a 
r e s u l t  o f  t h e  f i n i t e  geometry of t h e  experiment combined with a determin- 
i s t i c  r a t h e r  than a random forc ing  funct ion  f o r  t h e  waves. This has t o  
r e s u l t  i n  a somewhat unsea-like environment. Nevertheless,  t h e  waves i n  
t h e  c e n t e r  of t h e  tank have many apparent  s i m i l a r i t i e s  t o  wind generated 
ocean waves. 
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The i n t e n t  of t he  experimental t e s t  program was t o  i n v e s t i g a t e  the  
r e l a t i o n s h i p  between the  amount o f  any g iven o i l  dispersed i n t o  the  water 
column from a s l i c k  on the  surface, and the  macroscopic phys i ca l  proper- 
t i e s  of t he  waves causing the  d ispers ion.  O f  p a r t i c u l a r  i n t e r e s t  were 
the  ef fects of any o i l  property  changes on the  o i l  i n  water concentra- 
t i o n s  as the  o i l  weathers. Consequently, the  experiment was designed 
toward t h i s  end. NO attempt was made, f o r  example, t o  perform d e t a i l e d  
i n v e s t i g a t i o n s  of the  tu rbu len t  s t r u c t u r e  i n  the  breaking waves, o r  t o  
t e s t  f o r  chemical changes i n  the  o i l .  Rather, a simple func t i on  between 
sea-state and o i l  concentrat ion was assumed t o  e x i s t .  The major e f f o r t  
was devoted t o  measuring the  important parameters t h a t  would be inc luded 
i n  t h i s  func t i on  such as the  o i l  concentrat ions i n  the  tank, and the  wave 
parameters i n c l u d i n g  an est imate o f  t he  frequency and ex tent  o f  wave 
breaking. Other parameters t h a t  were deemed p e c u l i a r  t o  the  experiment, 
such as the  induced water cur rents ,  t h a t  might a f f e c t  any genera l iza t ions  
from the data were a l so  measured. O i l  p roper t i es  and water p roper t i es  
were only measured t o  e s t a b l i s h  basel ines and were not  i nves t i ga ted  f o r  
changes. The presumed func t ion  i s  c e r t a i n l y  an approximation which 
ignores many components o f  t he  problem. However, the  observat ions and 
data suggest t h a t  t h i s  assumption may be v a l i d .  

3.2. Experimental Apparatus 

A 1 1  of the  o i l  d ispers ion  experiments f o r  t h i s  i n v e s t i g a t i o n  were 
conducted i n  the  c i r c u l a r  wave tank shown i n  Figures 3.1 and 3.2. This 
tank i s  3 fee t  h igh,  8.1 f e e t  i n  diameter, and has a nominal capaci ty  of 
1000 gal lons.  A 24 by 36 i n c h  p l e x i g l a s s  window was i n s t a l l e d  i n  the  
s ide of the tank t o  permi t  observat ion o f  subsurface phenomona. The 
waves were created by an 8 f o o t  diameter c i r c u l a r  hoop mounted concen- 
t r i c a l l y  i n s i d e  the  tank. The hoop, shown i n  Figures 3.1. and 3.2., i s  
constructed o f  1 i n c h  diameter aluminum rod and fastened t o  the  tank w i t h  
4 aluminum connect ing arms. The wave generator i s  d r i ven  by a s l i d e r  
crank mechanism attached t o  a Dayton va r iab le  speed 1 /2  HP gear motor 
(model No. 3n259) which can be adjusted t o  operate a t  any frequency 
between 18 and 133 cyc les  per  second. 

A hood i s  placed over the  sur face o f  the  tank and connected t o  the  
suc t i on  s ide  o f  two 5 HP, two speed blowers. The a i r  f low over the  sur- 
face i s  i n  a r a d i a l  d i r e c t i o n  and has an approximately constant v e l o c i t y ,  
which can be var ied  from about 10 knots . t o  25 knots. The wave motion can 
be created by the  wind alone, the  wave maker alone, o r  both i n  combina- 
t i o n .  A wide v a r i e t y  o f  wind-wave cond i t i ons  can be created. 

When the  wave generat ing hoop i s  adjusted t o  p ie rce  the  water sur face 
dur ing  an o s c i l l a t i o n ,  waves are  created t h a t  t r a v e l  towards the  center  
of the  tank, i n t e r f e r e ,  and may break. These waves induce sur face cur -  
ren ts  d i rec ted  r a d i a l l y  inward which conf ine  any f l o a t i n g  o i l  t o  the  
reg ion i n  the  center  o f  the  tank where i t  i s  constant ly  exposed t o  t h e  
waves and dispersed under the  surface. Pre l im inary  experiments and 
ana lys is  o f  t he  wave motion i n  t h e  tank showed t h a t  there  are many reso- 
nant modes o f  t he  water i n  the  tank i n  the  frequency range o f  t he  wave- 
maker. I f  the  wave generator was a t  o r  near a resonant frequency, l a r g e  
waves develop i n  the  tank and sometimes a l a r g e  se ich ing motion 
(Wavelength 2 D) was establ ished.  Thus, i t  was necessary t o  experiment 
by t r i a l  and e r r o r  w i t h  d i f f e r e n t  combinations of generator frequencies, 



generator amplitudes, and water depths u n t i l  s a t i s f a c t o r y  wave pa t te rns  
were found t h a t  d i d  no t  change s i g n i f i c a n t l y  over time. Eventual ly ,  i t  
was decided t o  operate t h e  wavemaker a t  1.33 and 2.13 cyc les  pe r  second 
w i t h  a water depth o f  27.75 inches. With t h i s  depth r e s t r i c t i o n ,  the  
capac i ty  o f  t h e  tank i s  890 ga l l ons  (3470 l i t e r s ) .  The v e r t i c a l  l o c a t i o n  
o f  t he  wave generat ing hoop was adjusted so t h a t  a t  t he  top  of i t s  s t roke 
1/4 of the diameter o f  the  ba r  was below the s t i l l  water l e v e l .  The 
ampli tude o f  t he  o s c i l l a t i o n s  was kept  constant a t  1.5 inches throughout 
a l l  t he  tes ts .  

Because t h i s  d ispers ion  experiment requ i res  the  measurement o f  very 
low concentrat ions o f  o i l  i n  water, extreme care was taken throughout the  
design and cons t ruc t i on  o f  t h e  t e s t  apparatus t o  use mate r ia l s  t h a t  were 
chemical ly  i n e r t  and easy t o  clean. The wave tank was constructed from 
wood and coated on t h e  i n s i d e  w i t h  4 l a y e r s  o f  a po lyes ter  r e s i n  which 
had been shown no t  t o  leach any detectable l e v e l s  o f  contaminants i n t o  
t h e  water. The wave generat ing apparatus was made completely ou t  of 
t e f l o n  and aluminum. 

The measurement apparatus t h a t  was used inc luded equipment f o r  de ter -  
min ing wave heights,  water cu r ren t  v e l o c i t i e s ,  water and o i l  p roper t i es ,  
and o i l  concentrat ions. The wave measurements were performed w i t h  two 
Coastal Data Service model WS 100 capac i t i ve  wave s ta f fs .  These i n s t r u -  
ments were s p e c i a l l y  modi f ied  t o  increase t h e i r  s e n s i t i v i t y  by rep lac ing  
t h e  coated metal probes t h a t  were supp l ied  w i t h  the  instrument w i t h  16 
gauge t e f l o n  coated wire. The vol tage t ime se r ies  produced by the  probes 
were recorded on magnetic tape w i t h  a Hewlett  Packard 3960 FM tape 
recorder and l a t e r  d i g i t i z e d  using a Nova 1200 mini-computer. 

Rhodamine B dye was used t o  determine the  water cu r ren t  v e l o c i t i e s .  
Samples taken from var ious tank l o c a t i o n s  a t  uni form t ime i n t e r v a l s  were 
analyzed f o r  f lourescence (dye concentraton) w i t h  a Turner model 111 
fluorometer.  The water and o i l  i n t e r f a c i a l  and sur face tensions were 
determined w i t h  a Cenco-Dunuoy 7045 .Tensiomat. This instrument measures 
the  i n t e r f a c i a l  tens ion by balancing t h e  fo rce  requ i red  t o  p u l l  a p l a t i -  
num r i n g  through t h e  f l u i d  i n te r face  against  t o r s i o n  i n  a f i n e  c a l i b r a t e d  
wire.  The tens ion values are  recorded d i r e c t l y  from the  instrument and 
cor rec ted f o r  fo rce  imbalances i n  t h e  system. as i n s t r u c t e d . i n  the  manual.' 

Spec i f i c  g r a v i t i e s  were ca l cu la ted  by weighing an accurate volume of 
f l u i d  i n  a sphinctometer on an a n a l y t i c  balance. Water and a i r  tempera- 
tu res  were measured w i t h  standard labora tory  mercury thermometers. 
Photographs of each experiment were taken w i t h  a Mamiya 35 mm SLR 
camera. I n  a d d i t i o n  overhead s t i l l  photos were taken a t  5 t o  10 second 
i n t e r v a l s  w i t h  a Sanyo Super 8 mm movie camera. A complete d e s c r i p t i o n  
of t h e  apparatus used t o  determine the  o i l  i n  water concentrat ions w i l l  
be g iven i n  the  d e s c r i p t i o n  o f  t h e  sample ana lys is  procedure. 

The e n t i r e  experimental set-up was located i n  a shed adjacent t o  
Narragansett Bay. The experiments were performed a t  ambient temperatures 
using both  bay water and f resh  water. The water used i n  the  l a t t e r  
experiments was passed through th ree f i l t e r s  t o  remove a l l  p a r t i c l e s  
l a r g e r  than 5 microns. &re was taken t o  f i l l  the  tanks w i t h  sea water 
c lose t o  h igh  t i d e  t o  minimize any contaminants coming from Narragansett 
Bay. 



3.3. Experimental Procedure. 

The t e s t  procedures t h a t  were fo l lowed throughout the  experimental 
program are described i n  the  fo l lowing sect ions. Ten experiments t o  
measure the  o i l  i n  water concentrat ions r e s u l t i n g  from the wave a c t i o n  i n  
the  tank .  were performed using the  standard experimental and ,sample 
ana lys is  procedures l i s t e d .  Three inpu t  cond i t ions ;  wave generator f r e -  
quency, o i l  volume, and water type ( f r e s h  o r  sea water) were var ied.  
Most of the  sea water t e s t s  were dupl icated.  Care was taken t o  insure  
t h a t  the  experimental and chemical ana lys is  procedures were exact ly  the  
same f o r  a l l  the  t e s t s  w i t h  one exception: t he  water sampling times were 
changed when i t  became apparent t h a t  t he  sample v a r i a b i l i t y  and o i l  d i s -  
pers ion  t ime scales were not  what was o r i g i n a l l y  expected. This i s  
described completely i n  the  sampling procedure desc r ip t i on  below. A com- 
p l e t e  l i s t  o f  t he  t e s t  cond i t ions  f o r  each experiment i s  g iven i n  Table 
3.1. 

The i n p u t  cond i t ions  (wave height ,  length,  frequency and water cur-  
r e n t  v e l o c i t i e s  and d i r e c t i o n s )  caused by the wave generator were 
measured independently o f  t he  o i l  d ispers ion  experiments. I dea l l y , '  a 
complete experiment would measure the  o i l  concentrat ions and the  wave and ; 

cur rent  cond i t ions  i n  the  tank simultaneously. Unfor tunate ly ,  o i l  on the  . 
water sur face complicates th ings  considerably. There are  present ly  no 1. 
r e a d i l y  a v a i l a b l e  instruments f o r  measuring wave he ights  and cu r ren t  
v e l o c i t i e s  t h a t  w i l l  work i n  the. presence o f  o i l .  I n  add i t i on ,  any 
instrument placed i n  the  wave f i e l d  a t  t h e  center  o f  t h e  tank would have 
an unknown e f f e c t  on the  d ispers ion  process. Rather than develop spec ia l  \ 

i ns t rumenta t ion  i t  was decided t o  perform the  wave and cu r ren t  measure- 
ments separately. This cannot be accomplished wi thout  some e r r o r .  O i l  
has a v i s i b l e  e f f e c t  on water waves. I t  tends t o  damp out  h i g h  frequency 
c a p i l l a r y  waves and i n h i b i t  t h e  breaking process so t h a t  t he  waves become 
s l i g h t l y  steeper before co l laps ing.  However, because the  s i z e  o f  t he  
experimental s l i c k  i s  small ,  and the  wave a c t i o n  a t  t he  center  o f  t he  
tank was intense,.  i t  was f e l t  t h a t  any change i n  the  wave f i e l d  due t o  
the  presence o f  an o i l  s l i c k  would be minimal, o r  a t  l e a s t  t h a t  i t  would 
not  be detectable w i t h i n  the  accuracy, o f  t he  experiment. This was l a t e r  
confirmed, i n  p a r t ,  through observatons and comparisons, o f  photographs. 

3.3.1. Wave Measurements 

Wave data t ime se r ies  were obtained f o r  bo th  the  1.33 and 2.13 cyc le  
per  second ' wave generator frequencies. Data were obtained from the 
capac i t i ve  wave probe loca t ions  shown i n  Figures 3.3 and 3.4. (Note: 
the  r a d i i  l i s t e d  i n  the  f i gu res  are referenced t o  the  c e n t e r l i n e  o f  the  
generat ing hoop.) These l o c a t i o n s  were chosen t o  measure the  wave param- 
e t e r s  a t  the  p o i n t  o f  maximum observed wave a c t i v i t y ,  ( tank  center )  and 
a t  the  l oca t ions  where tu rbu len t  breakdown o f  t he  regu la r  wavefronts was 
j u s t  percept ib le .  Locat ions a t  equal r a d i i  were chosen t o  c h e w  f o r  sym- 
me t r i c  cond i t ions  i n  the  tank. 

Two capac i t i ve  wave s t a f f s  were ava i l ab le  and consequently t h e  data 
were recorded i n  p a i r s .  Before and a f t z r  each recording, a c a l i b r a t i o n  
record was establ ished by measuring simulated water l e v e l  changes i n  the  
tank. Each instrument was ra i sed  and lowered 12 cm r e l a t i v e  t o  the  water 
surface along a v e r t i c a l  carr iage.  The i r  output  was recorded a t  2 cm 



TABLE 3.1 -SUMMARY OF EXPERIMENTAL CONDITIONS 
AND PROPERTY MEASUREMENTS 

Minimum Temp OC 

Maximum Temp OC 9 8 16 26 22 24 24 23 31 29 

Amount of Kuwait Crude 
O i l  Added (ml ) 60 60 60 60 60 60 120 120 60 60 

I n t e r f a c i a l  Tension 
Measurements (dyneslcrn) 

wa te r -a i r  75.5 75.5 NA 69.7 71.4 71.6 69.3 68.8 NA NA 

o i l - a i r  50.9 50.9 NA 26.9 26.5 26.3 26.3 26.1 NA 'NA 

o i l - w a t e r  26.6 26.6 NA 20.1 26.2 20.0 20.3 20.4 NA NA 

Measurement Ambient e s t  e s t  
Temperature OC 

8 8 NA 22 22 26 26 26 NA NA 
Wave Generator 
Frequency (cycles/sec) 1.33 2.13 1.33 2.13 2.13 1.33 2.13 2.1: 1.33 1.3: 
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i n t e r v a l s .  A s l i g h t  amount o f  d r i f t  was evident  i n  the  instrument out-  
pu ts  due t o  rundown of the  power supply b a t t e r i e s .  To o b t a i n  the  conver- 
s i o n  fac tor  from v o l t s  t o  cm the  best  l i n e a r  f i t s  obtained from the  two 
se ts  o f  data were averaged. Using t h i s  technique, output  data values are 
accurate t o  w i t h i n  2 percent o f  reading over a range o f  p l u s  o r  minus 12 
cm. The wave probe response t ime was found t o  be instantaneous if the, 
probe remained clean. However, any water contaminants would increase the  
response t ime dramat ica l ly ,  up t o  a few seconds i n  some cases. This i s  a 
r e s u l t  of water adhering t o  the  probe wires and d ra in ing  o f f  s lowly.  To 
ensure adequate response, t h e  probes were o s c i l l a t e d  a t  .known amplitudes 
wh i l e  t h e i r  output  was checked on an osci l loscope.  These t e s t s  were per-  
formed before  each experiment t o  i nsu re  t h a t  the  probe readings were not  
af fected by any surface contaminants. 

Overhead s t i l l  photographs and slow motion movies were taken t o  
supplement the  data and t o  f u r t h e r  document the  wave f i e l d .  Before the  
t e s t s  the  tank was al lowed t o  s e t t l e  f o r  1 hour. Any v i s i b l e  debr is  was 
e i t h e r  skimmed o f f  the  water sur face o r  ex t rac ted from the tank. The 
wave generator was run fo r  15 minutes t o  a l low cond i t ions  i n  t h e  tank t o  
reach steady-state before any measurements were taken. 

To analyze the  data f o r  frequency components us ing  f a s t  f o u r i e r  
transforms, the necessary sampling frequencies and record ing times were 
chosen by f o l l o w i n g  the  procedure o u t l i n e d  i n  Bendat and P ie rso l *  (1 ) .  A 
sampling i n t e r v a l  Ah = T was chosen so t h a t  

ah = 1 ( 2 f c )  L 1/ (2fd) sec. 

where fc i s  the  Nyquist f o ld ing  frequency, and fd i s  the  h ighest  
poss ib le  frequency expected i n  the  data. I f  f d  = 20 hz (an extremely 
conservat ive est imate) :  

Ah  = 1/2 (20) = 0.25 sec. 

To achieve an e f fec t i ve  r e s o l u t i o n  bandwidth B, of 0.1 hz requ i res  t h a t  
each sample record be Tr seconds long where 

T = l / f  = 10 sec. 

Choosing a 512 p o i n t  record sampled a t A h  = 0.025 seconds g ives  Tr = 
12.6 seconds. 

The random e r r o r  i s  minimized by segment averaging. I f  t h e  o r i g i n a l  
data i s  assumed t o  be Gaussian, the  normalized 'standard random e r r o r c r  
i s  g iven by 

I 

where q equals the  number of ensembles o f  l eng th  Tr. Therefore, i f  

*References denoted by numbers i n  brackets. 
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and the to t a l  record length T required is: 

T = q T  
= 100 f12.6) sec. = 21 min. 

As a resul t  of the foregoing analysis,  25 minute records sampled a t  40 hz 
were obtained for each probe location. 

3 . 3 . 2 .  Current Measurements 

The surface d r i f t  currents created by the water waves propagating 
toward the tank center induce a subsurface return flow directed radially 
outward. T h i s  circulation could be easily observed by watching the 
motion of neutrally buoyant par t ic les  of debris. Unfortunately, the 
extremely low flow velocities present precluded the use of conventional 
instruments to  obtain velocity profiles.  

Measurement of the average convective circulation velocitie; were 
made using Rhodamine dye. Four experiments were performed t o  measure 
radial  and circumferential water velocities as  well as to  estimate the 
time necessary to  uniformly mix contaminants throughout the tank. The 
experimental procedure was as . fol lows:  the wave generator was run for 
one hour to  ensure that steady-state conditions had been achieved. Then, 
30 m l  of Rhodamine I3 dye which had been diluted to  be w i t h i n  1 percent of 
the specific gravity of the tank water was applied to  the center of the 
tank. Thirty m l  water samples were then taken from the sampling valves 
located a t  t h e  edge of the tank. The samples were taken a t  equally 
spaced time intervals ,  the time intervals  were varied from experiment to  
experiment. Dye concentrations were l a t e r  determined by flourescence 
measurements w i t h  a Turner model 111 fluorometer . Average current velo- 
c i t i e s  could then be found by computing the time differences between 
measured concentration peaks. 

In addition to  these t e s t s ,  numerous visualization experiments were 
performed w i t h  the dye to  further establish the magnitude and direction 
of the water velocity throughout the tank and to locate any eddies. 
Also, surface current veloci t ies  were measured by timing the t ravel  of 5 
cm square paper d r i f t e r s  over the 3  paths shown i n  Figure 3 . 3 3 .  

3 . 3 . 3 .  OIL CONCENTRATION MEASUREMENTS 

The amount of o i l  dispersed into the water column a t  any given time 
was determined by chemically analyzing 0.5 l i t e r  water samples taken from 
three depths under the s l ick  (see Fig. 3 . 3 4 ) .  To minimize any distur- 
bances to  the experiment while . t e s t s  were underway, the water samples 
were obtained through 4 foot lengths of 7 mm outside diameter glass tub- 
ing fixed to  the valves a t  the edge of the tank. Visualization experi- 
ments were conducted t o  estimate the effect  that  the tubes would have on 
the sampled oil-water dispersion. I t  was found that  i n  a l l  cases the 
predominant o i l  droplet diameter was significantly l e s s  than the 5 mm 
inside diameter of the tube.. Almost a l l  of the o i l  droplets ducted 
through the tube were collected intact .  Consequently, the effect  of the 



glass tubes on t h e  o i l  concent ra t ion  i n  the  samples was thought t o  be 
minimal. 

A. Sampling and Analysis 

The number o f  water samples taken and t h e  sampling t imes were deter -  
mined by the  t ime scales o f  t he  phys ica l  processes t o  be inves t iga ted,  
and by the  amount of a v a i l a b l e  equipment. The t e n  experiments conducted 
can be d i v ided  i n t o  th ree groups. The f i r s t  two experiments were pre l im- 
i n a r y  t e s t s  t o  check equipment and procedures. For these tes ts ,  one 
water sample was taken from each of the  th ree tank l o c a t i o n s  120, 240', 
and 480 minutes a f t e r  the  o i l  was added. When v i s i b l e  changes i n  the  o i l  
s l i c k  were observed t o  take p lace w i t h i n  the  f i r s t  hour a f t e r  t he  o i l  was 
added, a new sampling scheme was devised. I n  the  next  th ree experiments 
water samples were taken 10, 20, 40, 80, 160, 320, 480 and approximately 
1440 minutes a f t e r  t he  o i l  was added. The f i n a l  sampling scheme, used i n  
the  l a s t  f i v e  experiments, was devised t o  document changes i n  o i l  d isper-  
s ion  w i t h  weathering and t o  ob ta in  some est imate o f  t he  data sca t te r .  A t  
each sampling time, th ree 0.5 l i t e r  samples were taken from each o f  the  
th ree tank l oca t ions  shown i n  Figure 3.34 fo r  a t o t a l  o f  n ine  samples per  
time. The sample t imes were 10, (on ly  th ree samples were taken), 20, 
160, 480, and approximately 1440 minutes a f t e r  t he  o i l  was added. I n  a l l  
the experiments, th ree water samples t o  be used as background measure- 
ments were obtained before any o i l  was added t o  the  tank. These samples 
were taken from the same three tank l o c a t i o n s  a f t e r  t he  wave generator 
had run fo r  one hour. I n  add i t i on ,  samples were obtained one h a l f  hour 
a f t e r  the  wave generator was shut down. 

B. E x t r a c t i o n  Procedure 

A l l  t he  water samples obtained i n  these t e s t s  were analysed using a 
w e l l  known but  tedious chemical e x t r a c t i o n  procedure. B r i e f l y ,  t he  pro- 
cedure invo lves  washing the  o i l -water  mix ture  a number of t imes w i t h  a 
solvent  t h a t  d isso lves  the  o i l  bu t  i s  unsoluble i n  water. I n  t h i s  case, 
CCl4 was used. The o i l  concentrat ion i n  the  so lvent  was then deter -  
mined by measuring the  l i g h t  absorbance a t  t he  fundamental resonant f r e -  
quency of the carbon-hydrogen bond (k-2930 cm-l) on an i n f r a r e d  spec- 
trophotometer. The absorbance i s  a l i n e a r  func t ion  o f  t he  concentra- 
t i o n  of hydrocarbons present i n  the  solvent .  Thus the  t o t a l  amount o f  
ex t rac tab le  hydrocarbons a re  measured. The concent ra t ion  o f  hydrocarbons 
i n  the water sample due s o l e l y  t o  the  o i l  can be determined by subt rac t -  
i n g  out  the  background hydrocarbon concentrat ion measure i n  the  samples 
w i thout  o i l .  This e n t i r e  ana lys is  procedure has several  disadvantages: 
i t  i s  expensive, t ime consuming, and extremely s e n s i t i v e  t o  contami- 
nants. Unfortunately, t he re  appears t o  be no b e t t e r  a l t e r n a t i v e .  

Before any experiments were performed, the  e x t r a c t i o n  procedure was 
ex tens ive ly  tes ted  t o  document i t s  e f f i c i e n c y  and accuracy. I t  was found 
t h a t  v i o l e n t  a g i t a t i o n  of the  o i l -water-solvent  mix ture  increased t h e  
e f f i c i ency  of t he  procedure dramat ica l ly .  C a l i b r a t i o n  curves of absor- 
bance verses concent ra t ion  were created by mix ing known q u a n t i t i e s  of 
Kuwait crude o i l  w i t h  CCl4 and measuring the  absorbance. A complete 



discussion of the e x t r a c t i o n  procedure t e s t s  can be found i n  sec t i on  
12.5. 

The complete water sample ana lys i s  procedure t h a t  was used f o r  a l l  
t he  o i l  d ispers ion  experiments was as fo l l ows :  

i )  P11 glassware was cleaned w i t h  l abo ra to ry  c leaner (Plconox) . 
Separatory funnels and dram b o t t l e s  were r i nsed  w i t h  CC14 
immediately before use. 

i i )  Water samples were obta ined by d r a i n i n g  0.5 l i t e r s  o f  the  tank 
water d i r e c t l y  i n t o  0.5 l i t e r  capac i ty  separatory funnels 
f i t t e d  w i t h  t e f l o n  stopcocks and valves. P 30 m l  a l i q u o t  of 
CCl4 was then added immediately. The funnel  was then shaken 
l i g h t l y  and se t  aside f o r  l a t e r  ex t rac t i on .  

i i i )  The o i l  was ex t rac ted  by v i o l e n t l y  shaking the  oi l -water-CClq 
mix ture  i n  the separatory funne l  on a mod i f ied  p a i n t  shaker f o r  
20 seconds. The mix ture  was al lowed t o  s e t t l e  and separate fo r  
15 minutes. The o i l  laden so lvent  was then s lowly dra ined o f f  
i n t o  a dram b o t t l e .  

i v )  An a d d i t i o n a l  30 m l  o f  CCl4 was then added t o  the  water 
remaining i n  the  separatory funne l  and step iii was repeated. 
The dram b o t t l e  was then t i g h t l y  capped and s tored i n  a dark 
p lace u n t i l  the  I R  ana lys i s  was performed. 

v)  The o i l  concent ra t ion  was measured us ing  a Perkin-Elmer Model 
no. 457 g r a t i n g  i n f r a r e d  spectrophotometer w i t h  5 cm path length  
quar tz  cuvet tes.  The r e l a t i v e  l i g h t  t ransmit tence z between k 
3200 cm -1 and k 2930 cm -1 was determined by zero ing the  
machine a t  k 3200 cm -1 and l e t t i n g  i t  scan down t o  k. 2800 cm 
1 .  The absorbance was then computed from a l o g l o  (100/z),  
and the organic concent ra t ion  i n  the  CCl4 was read o f f  the 
c a l i b r a t i o n  curve. Water sample organic concent ra t ion  was then 
computed us ing  the  f o l l o w i n g  equat ion: 

[Tot21 Organic Concentrat ion I n  Water (mS/a) l  = [CC14 Analyzed (ml) l x 

To ta l  Organic Concentrat ion I n  The CC14 (mg/a) ] x 
r 9 

1 
Water Sample Size (R) 1 

The est imated o i l  i n  water concentrat ions were es tab l ished by sub t rac t i ng  
out  the background organic concentrat ions determined from the  f i r s t  th ree  
tank samples. 

As a r e s u l t  o f  the p re l im ina ry  experiments t o  t e s t  the  e x t r a c t i o n  
procedure, the  o v e r a l l  e x t r a c t i o n  e f f i c i e n c y  i. e. , the  percentage o f  the  
organic m a t e r i a l  ex t rac ted  out  o f  the  water sample aclring each a l i q u o t ,  
was found t o  be about 90 percent.  Because t h i s  i s  a r e l a t i v e l y  h igh  
value, i n  the i n t e r e s t  o f  economy the  second a l i q u o t  was no t  taken f o r  
some o f  the experiments. Consequently, a l l  the  concent ra t ion  data 



presented i n  Table 3.2 are  computed from the resul ts  of one aliquot. 

3 . 3 .  O i l  Dispersion Experiment Test Procedure 

The following standard experimental t e s t  procedure was used in  the 
ten o i l  dispersion experiments: 

i)  The tank and wave generating apparatus were cleaned thoroughly 
by scrubbing w i t h  a wire brush and solvent (National Chemsearch 
hD 150) and then rinsed completely. 

ii) The tank was f i l l e d  t o  a depth of 71. cm (3470 l i t e r s )  w i t h  
e i ther  fresh or  f i l t e red  s a l t  water. 

iii) The wave generating hoop was instal led and adjusted so that  a t  
the top of its stroke 1/4 of the hoop diameter was submerged. 
The hoop was adjusted t o  be para l le l  t o  the water surface. The 
desired generator speed, e i ther  1.33 or  2.13 cycles per second 
was selected. The generator amplitude for a l l  the experiments 
was fixed a t  7.6 cm. 

i v )  The wave generator was run for one hour a t  the desired speed. 
A t  the end of the hour, background water samples were taken 
from the three sampling locations shown i n  Figure 3.34. I n  
addition, one l i t e r  surface samples to  be used for water 
property measurements were also taken a t  t h i s  time. 

v )  An 8 mm movie camera (Sankyo Super 8) was instal led over the 
tank and adjusted to  shoot e i ther  one frame every f ive seconds 
or every ten seconds. The camera was activated one minute 
before o i l  was added to  the tank. 

v i )  Standard Kuwait crude o i l  was added to  the tank (60 or  120 m l . )  
by pouring down a glass plate to  i n h i b i t  any i n i t i a l  
dispersion. 

v i i )  Three 1/2 l i t e r  water samples were taken a t  the locations. and 
times described i n  the sample analysis procedure. Samples were 
immediately preserved w i t h  the f i r s t  aliquot of C C l 4 .  . 35 mm 
photographs were taken of the water surface. and the water 
column direct ly  a f t e r  the sampling. Water temperature, a i r  
temperature, and any observations were also recorded. 

v i i i )  The samples were processed as  outlined i n  the sample analysis 
procedure. 

ix)  The f i r s t  three t e s t s  operated for  a duration of eight hours 
while the l a s t  seven t e s t s  lasted for 24 hours. Additional 
water samples were taken 1/2 hour a f t e r  the wave generator was 
shut down. 



Table 3.2 Concentrat ion Data, F i r s t  A1 i q u o t  Only 

CONCENTRAT ION DATA N o t  C o r r e c t e d  f o r  
MG HYDROCARBONS/LITER H,O . 1 s t  ALIQUOT ONLY E x t r a c t i o n  E f f i c i e n c y  



3-14 
Table 3.2 Concent ra t ion  Data, F i r s t  A l i q u o t  Only (Cont ' d )  

T IME EXPERIMENT NO. 

*NOTE: 1440 minutes i s  the nominal t ime f o r  the  l a s t  water  samples. 
The ac tua l  sampling t imes a r e  l i s t e d  i n  each column. 



3.4. CHARACTERISTICS OF EXPERIMENT 

3.4.1. WAVE MEASUREMENTS 

Sample water sur face e leva t ion  records f o r  f o u r  o f  t h e  wave s t a f f  
l o c a t i o n s  shown i n  Figures 3.3 and 3.4 are presented i n  Figures 3.5 
through 3.8. The data f o r  these p l o t s  was ex t rac ted from much longer  
samples used f o r  a spectrum ana lys is .  Note the  d i f f e rence  i n  amplitude 
scales from f i g u r e  t o  f igure .  

A. Observations 

The wave pa t te rns  produced by the  wave generator operat ing a t  1.33 
cyc les  per  second are shown i n  Figures 3.9 through 3.13. These f i gu res  
are a l l  photographs taken of experiment 6. F igure 3.9 shows the  regu la r  
concent r ic  wavefronts spaced approximately 9 inches apart .  Here they 
cont inue a l l  the  way t o  the  tank center  and concentrate the  o i l  i n  a 
smal l  area. By cont ras t ,  F igure  3.10 shows a more random p a t t e r n  o f  
waves w i t h  a much l a r g e r  reg ion o f  o i l  submergence. Generally, t he  o i l  
was dispersed by e i t h e r  breaking o r  co l l asp ing  waves w i t h i n  a 36 i n c h  
diameter reg ion a t  t he  center  of the  tank, and the  random p a t t e r n  o f  
F igure 3.10 was more prevalent .  However, t he  most in tense breaking and 
the h ighest  waves usua l l y  occurred a t  the  center.  

The waves created a t  the  1.33 cyc le  per  second generator frequency 
ranged i n  he ight  from one t o  s i x  inches a t  t he  tank center.  They were 
genera l ly  steeper than waves normally seen i n  the  ocean. F igures 3.11 
through 3.13 show some o f  the  d i f f e r e n t  wave shapes produced. Most waves 
resembled p lunging breakers o f t e n  seen a t  beaches (Fig. 3.11). Other 
waves were shaped l i k e  smal l  pyramids and would co l lapse s t r a i g h t  back on 
themselves (Fig.  3.12). I n  the  most extreme cases, t h e  disturbance 
resembled smal l  j e t s  o f  water t h a t  would shoot s t r a i g h t  up about s i x  
inches and then f a l l  s t r a i g h t  back i n t o  the  water< column (Fig.  3.13). 
The frequency of occurrence of any of these wave shapes appeared t o  
depend on the  r a d i a l  symmetry o f  t he  wavefronts created, w i t h  the  most 
symmetric wavefronts producing the  most extreme and l o c a l i z e d  d i s t u r -  
bances. Although i t  was poss ib le  t o  a f f e c t  t he  l o c a t i o n  o f  t he  most 
in tense wave a c t i o n  by t i l t i n g  the  generat ing hoop, i t  was n o t  poss ib le  
t o  c reate  a g iven type o f  wave simply by changing adjustments. The wave 
p a t t e r n  e x i s t i n g  a t  any g i ve  t ime depended on the  i n t e r a c t i o n  between the  
generated waves, the  waves r e f l e c t e d  o f f  t he  tank wal ls ,  and the  waves 
t h a t  had prev ious ly  i n t e r f e r e d  and col lapsed. 

The a c t u a l  water sur face area covered by each i n d i v i d u a l  breaking 
wave ranged up t o  1 i n c h  by 3 inches. The median area can be est imated 
by observat ion t o  be about 1 by 2 inches. While the  waves i n  the  tank 
c l e a r l y  co l lapse as do breaking waves i n  the  ocean, much l e s s  a i r  i s  
entra ined by the  water. Consequently, t he  waves do no t  have t h e  charac- 
t e r i s t i c  appearance o f  "whitecaps". Each co l l aps ing  wave i n j e c t e d  a 
plume o f  water i n t o  the  water column which cou ld  be v i sua l i zed  by fol low- 
i n g  the motion of o i l  d rop le ts  o r  en t ra ined a i r  bubbles. The observed 
plume depth was d i r e c t l y  r e l a t e d  t o  the  he ight  o f  t he  c o l l a p s i n g  sur face 
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Figure 3.7. Surface Elevation Time Series Probe Location 4 
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Figure 3.9. Wave Fronts 1.33 CPS 

Figure 3.10. Random Waves a t  Center 



Figure 3.11. Wave Shapes 

Figure 3.12. Wave Shapes 
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Figure 3.13. Wave Shapes 

Figure 3.14. Wave Pattern 2.13 CPS 





wave, and i n  a l l  cases t he  depth appeared t o  be roughly equal t o  the  wave 
height. 

mL ~ 

': Waves created a t  the  f a s t e r  (2.13 cycle per second) wave generator 
t -  . frequency a re  more closely spaced, smaller, and caused less intense 

+T?  . ?'as: 
individual disturbances i n  the tank. Figure 3.14 through 3.15, taken of 
t e s t s  5 and 7, show the wave character is t ics .  From Figure 3.14 the c r e s t  
t o  c r e s t  distance can be estimated a t  about 4 inches. It can also be 
seen t h a t  the o i l  is contained i n  a much smaller region (approximately 18 

. . inches i n  diameter). The smaller waves did not display the variety of 
shapes evident a t  the lower generator frequency. Most of the  waves near 

; - the  tank center  were pyramid shaped and tended t o  collapse back upon 
themselves. (See Fig. 3.15). 

* ,  

B. Results and Discussion 

Applying four ie r  transfokms t o  the recorded wave data r e su l t s  i n  the  
power spectra l  density p lo t s  shown i n  Figures 3.16 t o  3.23. The trans- 
formations confirm t h a t  the  dominant frequency of the  waves pmduced by 
the  generator operating a t  1.33 cycles per second is 2.67 cycles per 
second, o r  twice the generator frequency. The waves produced by the 2.13 
cycle per second generator frequency have important components a t  2.1 and 
4.2 cycles per second. 

The t o t a l  ENERGY, potent ia l  and kinetic, . .  per uni t  area of the  water 
surface 'contained i n  a simple harmonic progressive wave t r a i n  equals 
(Ref. 3.2): 

where 

P = water density 
g = gravi ta t ional  acceleration 

and H = 2a = wave height. 

The ordinate i n  the graphs of the  wave spectra l  dis t r ibut ion is i n  uni ts  
of the  square of the  fourier  coef f ic ien ts  o r  the  square of the amplitudes 
of the  frequency components. Thus the  ordinates a r e  i n  un i t s  of wave 
energy. The root mean square wave height may be obtained by integrating 
under t h e  spectra l  peaks and taking the square root: 

and 

, p e a , =  dx 
a numerical integration of the fourier  transformed wave data was per- 
formed using a trapazoidal approximation. The resu l t s  are  presented 
below: 
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Flgum 3.18. Power Spectnm Probe Locetlon 3 36 n Radius 
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Expt. 1 Wave Generator Frequency = 1.33 cycle/second 

1. Measurement Locat ion: (see Fig. 3.3) 
1 2 3 

2. Wave Frequency : (cycles/second) 
2.67 2.67 2.67 

3. Peak t o  Peak Wave Height: (cm) 
6.2 1.8 1.4 

Expt. 2 Wave Generator Frequency = 2.13 cycleslsecond 

~easurements Locat ion: (see Figure 3.4) 
1 2 3 

Wave Frequency (cycles/second) 
2.1 2.1 2.1 

Peak t o  Peak Wave Height: (cm) 
2.4 1.6 1.2 

Wave Frequency : (cyc les  /second) 
4.2 4.2 4.2 

Peak t o  Peak Wave Height:  (cm) 
2.4 1.4 1.6 

The r e s u l t s  show t h a t  except f o r  Locat ion 4 o f  t he  second experiment, t he  
waves are approximately the  same average he ight  a t  equal tank r a d i i ,  and 
t h a t  the  wave he ight  grows as the  waves approach the  center ,  which i s  
expected from energy conservat ion p r i n c i p l e s .  As t h e  wave f r o n t s  t r a v e l  
toward the  center  o f  t he  tank, t he  energy per  u n i t  area must remain the  
same (not  count ing f r i c t i o n a l  losses) .  This i s  accomplished by an 
increase i n  wave he ight  un t i l  a .  l i m i t i n g  value i s  reached a t  which p o i n t  
the  wave col lapses. Examination o f  t he  wave data from l o c a t i o n  4 o f  t he  
second experiment show t h a t  a f t e r  about t e n  minutes, t he  recorded wave 
amplitudes are s i g n i f i c a n t l y  lower. I t  i s  be l ieved t h a t  t he  wave probe 
was fouled by debr is  i n  the  tank making the  data from t h i s  probe suspect. 

A theory f o r  water waves o f  f i n i t e  he ights  was developed by Stokes i n  
the  n ineteenth century. The theory solves t h e  wave equat ion with the  
wave parameters i n p u t  i n  the  form o f  a t runcated i n f i n i t e  ser ies.  
Resul ts  are a l so  i n  s e r i e s  form. A d iscussion o f  t he  second and t h i r d  
order  r e s u l t s  can be found i n  Ref. (3.2) and (3.3). The second order 
theory g ives the  fo l lowing equation fo r  t he  wavelength and c e l e r i t y .  



2 
= , tanh (F) 
= g tanh (y) 

If the quant i ty  i n  parentheses i s  la rge ( > 31, the  value o f  the hyper- 
b o l i c  tangent i s  approximately 1, and the equation may be s imp l i f i ed  to:  

Generally, t h i s  s imp l i f i ca t i on  i s  v a l i d  if h/L > 4. Since the observed 
wavelengths of the waves i n  the tank are about 4 inches (10.2 cm) and 9 
inches (22:9) (see the photographs i n  Figures 3.14 and 3.9) f o r  t he '  2.13 
cycle/second and 1.33 cycle/second wave frequencies respect ively the 
above c r i t e r i a  are sat is f ied.  The resu l t s  from subs t i t u t i ng  the appro- 
p r i a t e  wave periods ' i d e n t i f i e d  from the spect ra l  p l o t s  i n t o  these s impl i -  
f i e d  equations are presented i n  the fol lowing table:  

Table 3.3. 

Wave Wave Wave 
Frequency Period Wavelength Ce le r i t y  

( sec > (cm) ( cm /sec 

I t  can be seen t ha t  the wavelength computed f o r  the 2.67 'and 4.2 cyc le  
per second wave frequencies are i n  reasonable agreement w i t h  observed 
lengths. ' The Stoke's wave theory also p red ic ts  t ha t  the steepest water 
waves w i l l  have 'a c res t  angle o f ,  120. degrees, o r  a l t e rna t i ve l y  t ha t  the 
wave height  d iv ided by the l eng th .w i l 1  be less  .than 0.142: i.e., . 

. . .  

f o r  s tab le  waves. Steeper waves w i l l  co l lapse and break. 

Using the data computed' above, height t o  length  r a t i o s  have been com- 
puted for the 2.67 and 4.2 cyc le  per  second water waves: 



3 -2 9 

Wave frequency = 2.67 cycle per second 

Probe location (see Fig. 3.3 and 3.4.) 

1 2 3 4 

H / L  .28 .08 .06 .07 

wave ~ i e q u e n c ~  = 4.2 cycles per second 

I The resul ts  show that for both the 2.67 and 4.2 cycle per second surface 
waves, the breaking c r i t e r i a  is exceeded a t  the center position. 

3.4.2. CURRENT MEASUREMENTS 

A. Observations 

The directions and relat ive magnitudes of the currents and eddies i n  . 

the tank, were found by observing the motions of dye plumes and neutrally ..' 

buoyant particl 'es from numerous tank locations. A sketch, ,of a tank s e c -  , ,  . . . 
t ion showing an 'estimated current profi le  derived from these observations . . 

is given i n  Figure 3.24. I t  can be seen tha t '  the i n f l u x  of water toward. 
the tank center occurs i n  a '  shallow path w i t h  relatively high water' 
velocities.  T h i s  path is 5-8 cm deep a t  the 1.33 cycles per second 
generator frequency and 4-5 cm deep a t  the' 2.1- cycles per second fre- 
quency. The return flow travels  out and down from the center of the tank 
i n  the shape .of a shallow cone. The interface between 'these two flows is  
not well defined. Just beneath the surface flow i s  a layer of slow mov- 
ing water w i t h  no preferred direction. Also, a t  t h e  corner between the 
tank wall and f loor ,  and i n  the.smal1 space behind t.he wave generator, 
back eddies were observed. 

The currents and eddies near the center of the tank depended on the 
surface wave action, and hence varied significantly a t  any given location 
over time. Individual plunging waves might superimpose a rapidly moving 
plume of water on the general downward flow a t  the center. Or, the rapid 
inflow of water could be interrupted'by a wave tumbling against the cur- 
rent. A roughly circular  region a t  the center of the tank was defined by 
a ring of surface' water w i t h  no average radial  velocity. T h i s  ring was 
formed when the radial  inflow induced by the water waves met water tumb- 
ling away from the center from collapsing or breaking waves. T h i s  ring 
forms a convenient boundary. Inside the ring i s  the region of intense 
breaking wave action and outside the ring waves are  regular and the wave 
fronts are circular .  When small pieces of paper were scattered over the 
en t i re  surface of the tank and allowed t o  migrate toward the center,  the 
maximum distance the paper would reside from the center of the tank would 
be the radius of t h i s  ring. Indeed, t h i s  was also the maximum radius of 
the experimental o i l  s l icks.  The approximate maximum radius of the 
center region was 55 cm a t  the slow generator frequencies and 40 cm a t  
the f a s t  frequency. However, the dimensions would expand and contract 
depending on the wave intensity i n  the tank. 
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CURRENT PATTERN 

The water a t  t he  center  reg ion o f  t he  tank would r o t a t e  as a whole 
with smal ler  eddies contained ins ide .  The maximum r o t a t i o n a l  v e l o c i t y  
was est imated t o  be .05 t o  .3 rad ius  per  second. However, t he  . r o t a t i o n  
was not  steady o r  consistent .  No pre fer red d i r e c t i o n  o f  r o t a t i o n  was 
observed, nor  was any regu lar  frequency of d i r e c t i o n  change apparent. 

The average v e l o c i t y  o f  t he  water t r a v e l l i n g  the  e n t i r e  convect ive 
pa th  from the tank center  down and ou t  t o  t h e  edee, and back t o  t h e  
center  again, was found by determining t h e  t ime diTference between suc- 
cessive dye concent ra t ion  peaks r e s u l t i n g  f r0m.a  plume o f  dye i n j e c t e d  
i n t o  the  f low and sampled a t  t h e  tank wa l l .  Data from fou r  experiments 
w i t h  30 m l  of dye app l ied  t o  t h e  center  o f  the  tank are  shown i n  Figures 
3.25 t o  3.31. . . Inpu t  cond i t ions ,  generator frequencies and sampling loca-  
t i o n s  are l i s t e d  on the  f igures.  The o rd ina te  i n  a l l  t he  f i g u r e s  has 
been normalized by the  uniform tank concent ra t ion  r e s u l t i n g  from 30 m l  o f  
dve mixed w i t h  3470 liters nf  tank  wa te r -  DVP camnl inn l n r a t i n n c  a r e  , - . -  - -  - . - - -- ---- - -  --.... ..---- - -,- --...r- ----.---..- ..-- 
shown i n  Fig.  3.32. The dye was then added a t  t he  cen te r -  and water 
samples fo r  t h e  f i r s t  two experiments were taken from l o c a t i o n s  1 and 3 
shown i n  Figure 3.32. Samples f o r  t he  t h i r d  experiment were taken from 
l o c a t i o n s  1 and 2 and samples f o r  t h e  l a s t  experiment were . taken on ly  
from l o c a t i o n  1. F i r s t  t he  tank was f i l l e d  with f resh  water and t h e  wave 
maker run  fo r  one hour. Add i t i ona l  measurements of t h e  sur face cu r ren ts  
were performed by t i m i n g  the motion o f  .5 cm square paper d r i f t e r s  
m i g r a t i n g  toward t h e  center  o f  t he  tank. The t racks  over which t h e  
d r i f t e r s  were observed are  shown i n  F igure  3.33. The data i s  l i s t e d  i n  
Table 3.4. 
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PATHS OVER WHICH DRIFTERS WERE TIMED 



3 - 3 4  

TABLE 3 4 - TRAVEL TIMES FOR PAPER DRIFTERS (seconds) 

Wave Generator Frequency: 

1 .33  cycles/second 2 .13  cycles/second 

Locat ion:  (see f i q u r e  ) 

A1A2 * lA3  B1B2 B1B3 C1C2 '1'3 * lA2  A1A3 
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8. Resul ts  and Discussion 

The dye concentrat ion verses t ime graphs from the f i r s t  two t e s t s  
c l e a r l y  show the  se r ies  o f  dye concentrat ion peaks r e s u l t i n g  from t h e  dye 
plumes i n  the  r e c i r c u l a t i n g  f low cross ing the  sampling l oca t ions .  The 
concentrat ion peaks become lower and broader w i t h  each successive cyc le  
as the  dye d i f fuses forward and backward i n t o  the  f low stream. The con- 
cen t ra t i ons  a lso  tend toward the  uni form value represent ing complete mix- 
i n g  i n  the tank. 

If each p l o t t e d  concentrat ion peak i s  assumed t o  represent the  center  
o f  the  dye plume, and the  water i s  assumed t o  fo l l ow  the  e l l i p t i c a l  pa th  
shown i n  the  f igure  below, the  average c i r c u l a t i o n  v e l o c i t y  can be deter-  
mined by d i v i d i n g  the  path  l eng th  by the  mean t ime d i f f e rence  between 
concentrat ion peaks. From the  f i g u r e ,  t he  perimeter o f  the  e l l i p s e  i s  
312.3 cm; the  d is tance between the  lower and upper sample l o c a t i o n s  i s  
48.2 cm. 

E l l i p s e  Perimeter, P = n ( a  + b )k  
when a = 36.0 cm 

b = 61.8 cm 

k = (1 + 11.4 m2 + ... 1, m = (%) 
= 312.3 cm 

The semi-major and semi-minor axes are taken t o  be h a l f  t he  tank 
rad ius  and tank -depth respect ive ly .  Since t h i s  i s  the longest  d i r e c t  
pa th  t h a t  the  water p a r t i c l e s  might fo l low,  the  computed v e l o c i t i e s  
should represent the  h ighest  average v e l o c i t i e s .  

The data read from the concentrat ion verses t ime graphs i s  summarized 
i n  Table 3.5. The average times f o r  one complete c i r c u i t  o f . t h e  tank are  
found t o  be 131 seconds fo r  the  -1.33 cyc le  per  second generator f re-  
quency. The respect ive average t r a v e l  t imes f o r  the  dye plumes from the 
lower t o  upper sampling l o c a t i o n  are 2.5 and 7.5 seconds. Using these 
values, the average water v e l o c i t i e s  f o r  the  assumed c i r c u i t  can be 
computed : 



Table 3.5 Dye Concentrat ions Versus Time 

TIME OF DYE CON TIM OIFFERENE TIME DIFFERENCE BETWEEN 
GENERATOR SWPL ING CENTRATION PEN ETWEEN OONSECUTIM CONCENTHUTION PEM~RRIvAL 
FRE QlENCY LOCATION (second a f t e r  CONCENTRATION PEAKS STATION 3 P N )  1 
(cyc les/sec)  NUMBER dye added) (seconds) AT EACH LOCATION (seconds) 

( E x p t .  2 )  

135 

135 

Average = 131 

30 

30 

15 

Average = 25 

(Expt.  1) 

55 

65 

55 

65 

Average = 60 

5 

10 

5 

10 

Average = 7.5 



Wave Generator Average Veloc. i ty (cm/sec ) 
Frequency To ta l  C i r c u i t  Lower t o  Upper 

(cycles/sec Sample Locat ion 

The t h i r d  dye experiment was performed t o  t e s t  f o r  longer term va r ia -  . 

t i o n s  of dye concentrat ions, poss ib ly  due t o  c i r c u m f e r e n t i a l  f low compo- 
nents i n  the  tank. The experiment was done a t  t he  f a s t e r  generator f r e -  
quency. One set  o f  water samples was taken a t  l o c a t i o n  2 (Figure 3.32) . . 
a t  h a l f  t h e  tank depth and h a l f  the  rad ius . .  The o ther  se t  was taken from 
l o c a t i o n  1 near the  water sur face a t  t he  tank wa l l .  The r e s u l t s  show 
t h a t  a f t e r  600 seconds, there  i s  almost no v a r i a t i o n  i n  dye concentrat ion 
v i s i b l e ,  and the  uni form tank concentrat ion has been achieved. No long 
term f l u c t u a t i o n s  o f  the  data are ev ident  t o  . w i t h i n  t h e  accuracy o f  the  
t e s t .  

The l a s t  dye experiment was s i m i l a r  t o  Experiment 3 except t h a t  the  
wave generator was operat ing a t  the  lower frequency, and the  sampling 
pe r iod  was much ,g rea te r .  Only one se t  o f  concentrat ion samples were 
obtained from l o c a t i o n  1. Figure 3.31 shows. t h a t  t he  dye appears t o  be 
completely mixed a f t e r  1300 -seconds, and again no long term cyc les  var ia -  
t i o n  i s  evident.  The jump i n  the  data a t  2300 seconds cannot be r e a d i l y  ' 

explained. Nothing unusual was observed dur ing  the  experiment. I t  may 
be the  r e s u l t  of a c a l i b r a t i o n  problem, w i t h  the  f lourometer,  al though 
there i s  no reason t o  b e l i e v e - t h i s  i s  so. 

C. Surface D r i f t  Ve loc i ty :  

Results of t he  experiments w i t h , t h e  paper d r i f t e r s  are summarized i n  
Table 3.6. The computed . v e l o c i t i e s  f o r  each o f  the  t racks  show t h a t  the  
average v e l o c i t i e s  on the  tank water sur face are approximately r a d i a l l y  
symmetric, a t  l e a s t  t o  w i t h i n  about 1 standard dev ia t i on  o f  the  data. 
The s c a t t e r  i n  the  data'  can be a t t r i b u t e d  t o  t h e  wave a c t i o n  a t  t he  tank 
center .  D i f fe rences i n  mean v e l o c i t y  may a lso  be due t o  asymmetries i n  
the  tank and wave generator i n s t a l l a t i o n .  

Table 3 .6  surface Velocity 

WAVE ENRATOR PPTH OF P M R  QKRAGE STlugWD AVERAGE VELOCITY 
FREUNCY WIFTERS TI* MVIQTION KLOCITY RPNGE 
(cycles/second) (see Fig.  3.33) (seconds) (seco$s) ( m l s e c )  2 1 STW. 

MVIQTION 



An i n t e r e s t i n g  fea ture  o f  the  sur face f low becomes ev ident  by compar- 
i n g  t h e  average v e l o c i t i e s  of t he  d r i f t e r s  t r a v e l i n g  the  l ong  paths w i t h  
the  v e l o c i t i e s  computed f o r  the shor ter  paths. Since the  measurements 
were a l l  began a t  the  same radius,  the  slower v e l o c i t i e s  f o r  the  longer  
paths i n d i c a t e  t h a t  t he  water p a r t i c l e s  slow down as they approach the  
tank center .  This i s  exac t l y  opposite t o  what one would expect from con- 
t i n u i t y  considerat ions.  A poss ib le  explanat ion i s  t h a t  t he  momentary 
bu rs ts  of reverse f low from the  co l l aps ing  waves, slow the  i n f l o w  and 
force i t  under t h e  surface. 

3.5. OIL CONCENTRATION EXPERIMENTAL RESULTS 

3.5.1. I n t r o d u c t i o n  

The f i r s t  t e n  experiments' have been made wi t t iout  t he  hood i n  p lace 
and w i t h  the wave maker opera t ing  a t  e i t h e r  1.33 o r  2.13 cyc les  per  
second. A 1 1  were made w i t h  Kuwait Crude, e i t h e r  60 o r  120 m l ,  and a t  
ambient temperatures which spanned the  . pe r iod  from February through 
August. Tests were made w i t h  f resh  water and sea water and documented 
w i t h  photographs and 8 mm movies. 

F igure  3.34 shows the  dimensions o f  the  tank and sampling probe loca-  
t i o n s .  Table 3.1 l i s t s  the  t e s t  cond i t ions  and Table 3.2 g ives the  
r e s u l t s  o f  o i l  concent ra t ion  verses t ime f o r  t h e  t e n  experiments. These 
r e s u l t s  are p l o t t e d  i n  F igure  3.35 through 3.44. 

3.5.2. Observations and Results:  Test 1 

The f i r s t  t e s t ,  Test 1, was run w i t h  60 m l  o f  o i l  p laced on the  sur- 
face of c o l d  f resh  water. The frequency was 1.33 cps. F ig .  3.35 shows 
t h a t  t he  amount o f  o i l  en t ra ined was the  l e a s t  o f  a l l  the  tes ts .  The 
o rd ina te  on these graphs i s  the  percent o f  o i l  en t ra ined x lo-*.  I t  i s  
a l so  the  concentrat ion o f  the  sample d i v ided  by the  concentrat ion t h a t  
would e x i s t  if a l l  the  o i l  were un i fo rmly  d i s t r i b u t e d  throughout the  tank. 

I t  i s  i n t e r e s t i n g  t o  note the  behavior o f  t he  o i l  on the  surface. 
F ig .  3.45 shows t h a t  the  o i l  b r o k e  up i n t o  w e l l  def ined s l i c k l e t s  w i t h  
i r r e g u l a r  boundaries a sho r t  t ime, about 2 hours, a f t e r  the  beginning o f  
the  t e s t .  While the  diameters o f  the  s l i c k l e t s  were random t h e i r  average 
l e n g t h  scale appeared t o  be about 2" o r  about 1 /2  the  wave length .  F ig.  
3.46 shows the  i r r e g u l a r  boundaries o f  these s l i c k l e t s ,  and Figure 3.47 
shows the  o i l  e i g h t  hours a f t e r  being added. 

A t  . t h e  beginning o f  t h i s  t e s t ,  smal l  o i l  d rop le ts ,  from 1 mm t o  5 mm 
i n  diameter were observed. However, the  observed d rop le ts  seemed t o  
decrease i n  number with t ime and as the  s l i c k l e t s  became more ,stable. 
While the  s l i c k l e t s  appeared s t a b l e  on the  sur face o f  t he  water, when 
they were removed, t h e  water separated from the o i l  i n  about one hour. 



Eigh t  hours a f t e r  the  o i l  was placed on the  sur face t h e  wave maker 
was turned o f f  and the  system was al lowed t o  come t o  equ i l i b r i um.  
Samples were taken 13 hours a f t e r  shut down and showed a n e g l i g i b l e  
amount o f  hydrocarbons remaining i n  the  water. The s l i c k l e t s  which had 
formed broke down i n t o  i r r e g u l a r  shapes b u t  s t i l l  maintained t h e i r  
i d e n t i t y .  

TEST 2 

The only s i g n i f i c a n t  d i f f e rence  between t e s t  1 and t e s t  2 i s  t h e  wave 
generator frequency which was increased t o  2.13 cyc les  pe r  second. P 
p l o t  o f  concentrat ion verses t ime as shown i n  Fig.  3.36 shows no appre- 
c i a b l e  d i f f e rence  from t e s t  1. F ig .  3.48 and 3.49 show the  s l i c k l e t s  
which formed about two hours a f t e r  the  o i l  was added. F ig .  3.50 i s  taken 

TAP.  I-+-- 
TAP 2 .  

I A 1 d.rcm 
Y I M  LD. 
w2al L Q C  

ROUM 5.34 
BU€ILSK)NS OF 1- AM0 SAUPLWC LOCATIONS 

CONCENTRATION VS TlME 
EXPERIMENT I 

FRESMWblER 
LEN FREO 1 33 CYCLE/SCC 
OIL APPLIED 
TEMP - %'oMCL~o I.OC 

P t$%% : 
m L O C A T O N 3  . 

0 R 
4 n - L & - -  - - 
O I O ~  z ; i;;;a;'102 2 ; ; 5 6 7 e o ; o ,  i ; i i i ; b & .  

TlME (MINI  



( :ONCFNTRATION V S  T I M E  
L X t ' t t i l M t N l  2 

IPISU 61".  I ~ I O .  YA I IR  . ? . I J  C I C L ~ S , S I C  

I I I I  I l n P .  APl'l 9 a M C I  1 1 0  . . h 0  6 0  4 C  I 0  6 0  L 

A 1 1 1 1 1 1 1 0 N 1  
, , l , ~ l l n * l  

1.1 , l l l  l l 1  n. l 

. . Figure 3.36. Concentration vs. Time Experiment 2 . . 

C O N C E N T R A T  ION VS T  I M E  
E X P E R I M E N T  3 

%! :::in 1 . 3 1  C V C L f S t S i C  
0 1 1  I P F l l f O  . 6 0  m 
I f W .  9 l N C I  - 1 5 . 0  C 1 0  1 6 . 0  C 
e 1 0 C ) I I I O M  I 
A L O C I I I O *  2 
(II 1 0 C L l l B l  1 

Figure 3.37. Concentrations vs.  Time Experiment 3 
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Figure 3.33.  Concentration vs.  Time Experiment 4 



C O N C E N T R A T I O N  VS T l M E  
I ~ X I ' t R I M E N T  5 

Figure 3.39. Concentration vs.  Time Experiment 5 
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Flgure 3.11. Concentration vs. Time Experlment 7 
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Figure 3.10. Concentration vs. lime Experiment 6 

' 

, 

C O N C E N T R A T I O N  VS T l M E  
F X P t R I M E N T  8 

Figure 5.12. Concentration vs. Time Experlment 8 
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Figure 3.43. Concentration vs. Time Experiment 9 
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Figure 3.46. Test 1 Fresh Water 



Figure 3.47. Test 1 Fresh Water Weathered 8 hours 
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Figure 3.49. Test 2 Fresh Water High Frequency 

Figure 3.50. Test 2 Fresh Water 



fmm underneath the s l ick lets.  Note that these s l ick le ts  are d i f ferent  
i n  appearance t o  those i n  tes t  1. They show a smoother, thicker contour 
and are not as i r regular  as i n  tes t  1. 

This change i n  appearance must be due t o  the difference i n  frequency 
but the reason i s  not apparent. Note, also, that the length scale o f  the 
s l i ck le ts  do not appear t o  d i f f e r  from tes t  1. 

Again, the wave maker was stopped about eight hours a f te r  the o i l  was 
added and samples taken 23 hours a f te r  the o i l  was added show a negl igi-  
b le  amount remaining i n  the water column. 

Test 3 

This tes t  was a repeat o f  tes t  1 but with sa l t  water rather than 
fresh water. However, the tes t  was i n  June, so that the ambient tempera- 
ture was appreciably higher. Fig. 3.37 shows the o i l  concentration i n  
the water column appreciably higher than i n  the fresh water case. The 
concentrations do not appear t o  change s igni f icant ly  with time. The 
appearance o f  the o i l  on the surface was markedly d i f ferent  from the 
fresh water cases. The o i l  d id not form the d is t inc t  s l i ck le ts  as i n  the 
previous two cases but spread more uniformly and formed a cloud o f  small 
droplets underneath the s l i ck  as shown i n  Figs. 3.51 and 3.52 taken about 
M minutes a f ter  the o i l  was added. Fig. 3.5 3 shows the appearance 80 
minutes a f ter  the o i l  was added. One can see discrete lumps but consid- 
erably smaller than the s l i ck le ts  i n  the fresh water case. Fig. 3.54 
shows the s l i ck  a f ter  weathering for  22 hours, and the main body of the 
s l i c k  i s  s t i l l  contiguous. Fig. 3.55 shows the appearance of the o i l  
from beneath the surface a f ter  the wave maker was stopped. 

I n  order t o  check on the ef fect  o f  temperature, the tank was cleaned 
and f i l l e d  with fresh water and the conditions o f  tes t  3 were repeated. 
As i n  the previous fresh water cases, the o i l  bmke up in to  s l i ck le ts  as 
shown i n  Fig. 3.56. We must therefore conclude that  i t  i s  the composi- 
t i on  o f  the sa l t  water that slows down the formation o f  s l ick lets.  

TEST 4 

Test 4 was a repeat o f  tes t  2 but with sa l t  water. LC i s  a repeat o f  
tes t  3 but a t  the higher frequency. Fig. 3.38 shows the concentration of 
o i l  i n  the water column. They are substantially higher.than i n  tes t  3 
and we must conclude that the o i l  concentration increases with the fre- 
quency of the waves. Figs. 3.57 and 3.58 show the appearance o f  the 
s l i c k  20 and 40 minutes a f ter  start .  Fig. 3.59 shows the dmplets under 
the s l ick.  Fig. 3.60 shows the s l i c k  a f ter  f i ve  hours o f  weathering. 

After about two hours o f  weathering, small lumps, about 1/2 inch 
diameter, started t o  form between the wave maker and the wall. An emul- 
sion fonned on the tank wal l  a t  a crack i n  the resin coating, and i t  i s  
believed that t h i s  formed the nucleus for  the lumps. These lumps woul 
scape one at  a time and migrate toward the s l i c k  a t  the center o f  t h  
ank where they would remain as small s l i ck le ts  and not j o i n  the mai 
l i c k .  Fig. 3.61 shwvs these lunps. 
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Figure 3.51. Test. 3 Salt Water 



Figure 3.53. Test 3 Salt Water 

-igure 3.54. Test Salt Water weathered 22 burs  



Figure 3.55. Test 3 Salt Water After Wavemaker Stopped 



Figure 3.57. Test 4 Salt Water High Frequency 
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Figure 3.58. Test 4 Salt Water High Frequency 





Figure 3.61. Test 4 S l i ck le t s  Forming Near Wall 

After weathering about eight hours, small str ing-like pieces of o i l  
could be seen circulat ing throughout the tank. These were approximately 
1/4 mn i n  diameter and 3 mn long. The s l i ck  i t s e l f  appeared t o  become an 
emulsion similar i n  appearance t o  chocolate mousse. Some of the t iny 
par t ic les  of o i l  would come t o  the -surface,  break and disappear i n to  a 
sheen. 

TEST 5 
. . .*- ~~~t 5 is <a,. 

except 

, : . . 
, , 

c' .TEST 6 

Test 6 was the same as test 3 except t h a t  the quantity of o i l  added 
was doubled. Also, the ambient temperature was about 7 ' ~  higher. The 
percent concentraton of o i l  i n  the  water column does not appear t o  be 
s ignif icant ly  d i f fe ren t  fm test 3. However, a noticeable increase wi th  
time is apparent and .  this is opposite the trend i n  the fresh water 



tests. I n  Fig. 3.40, the l i n e s  are drawn through the averages o f  several 
samples taken f r o m  each port. Each data po in t  p l o t t ed  represents a 
s ingle sample. Fig. 3.62 shows the appearance o f  the s l i c k  20 minutes 
a f t e r  s t a r t  and Fig. 3.63 i s  e ight  hours a f t e r  s ta r t .  The o i l  has broken 
up and spread over the surface. The o i l  pieces seen appear t o  be aerated 
and not stable emulsions. The wave maker was stopped a f t e r  about 24 
hours o f  weathering and almost a l l  the v i s i b l e  o i l  i n  droplet  form appear 
t o  be o i l  covered water. The droplets range fmm about 0.1 mm t o  2 mm i n  
diameter. Fig. 3.64 shows the tank surface a f t e r  stopping the  wave maker. 

TEST 7 

i d e n t i c a l  t o  6 exceot a t  hioher freauencv. It i s  the same 
as t e s t  4 except the quant i ty o f  o i l  wag doubled: F;~. 3.41 shows the 
concentraton o f  o i l  i n  the water versus time. There does not appear t o  
be a s i gn i f i can t  di f ference percentage wise, except possibly a t  the po in ts  
taken j us t  before shutdown, i.e., a f t e r  24 hours o f  weathering, where the 
concentrations a t  the higher frequency are lower. We note t h i s  same 
trend when comparing t e s t  3 w i t h  t e s t  4. It appears t h a t  a f t e r  24 hours 
o f  weathering, the concentration a t  the higher frequency decreases 
sharply. Figure 3.65 shows the s l i c k  20 minutes a f t e r  s t a r t  and Figure 
3.66 shows the s l i c k  a f t e r  24 hours o f  weathering. I t  can be seen tha t  
the weathering process has produced small s l i c k l e t s  of the order of 1/4 
t o  1/2 i n .  size. These are much smaller than those tha t  appeared i n  the 
fresh water tests.  The lower o i l  concentration a f t e r  24 hours could be a 
resu l t  o f  the s t a b i l i t y  o f  these s l i c k l e t s  and t h e i r  a b i l i t y  t o  p ick  up 
o i l  droplets out o f  the water. 

Figure 3.62. Test 6 120 m l  O i l  Weathered 20 Minutes 



- 
Figure 3.63. Test 6 Weathered 8 Hours 

Figure 3.64. Test 6 After Stopping Wavemaker 



Figure 3.65. Test 7 Weathered 20 Minutes 

Figure 3.66. Test 7 Weathered 24 Harrs 
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TEST 8 

Test 8 i s  a repeat o f  t e s t  4 and s im i la r  t o  t e s t  7 except with h a l f  
the o i l  added. The concentrations shown i n  Fig. 3.42 appear t o  be higher 
than 7 during the ear ly  stages o f  the experiment, but  become the same 
order o f  magnitude as the weathering continues. Again, conoentration 
appears t o  increase w i th  time, bu t  shows a sudden drop a f te r  24 hours of 
weathering. Figure 3.67 shows the s l i c k  a f t e r  24 hours o f  weathering and 
the i r r egu la r  appearance o f  the o i l  i s  apparent. The pieces look as 
though they have been shredded o r  t o r n  apart. 

TEST 9 

Test 9 was performed t o  t e s t  the effectiveness o f  the chemical d is-  
persant Corexit 9527. The experimental apparatus was set up as usual. 
The wave generator was set t o  operate a t  1.33 cycles per second and 60 m l  
o f  o i l  was added. 

Twelve m l  o f  Corexit mixed w i th  240 m l  o f  sea water were applied t o  
the s l i c k  immediately a f t e r  the o i l  was added. Following the  manufac- 
tu re rs  recommendation, the dispersant was f i r s t  mixed w i th  the tank 
water, keeping a water-dispersant r a t i o  o f  20:l. The mixture was then 
sprayed onto the water surface w i th  a hand-held atomizer. (See Fig.  
3.68). Care was taken t o  ensure t ha t  the  dispersant contacted the e n t i r e  
s l i c k .  

The immediate e f f ec t  o f  the dispersant was t o  submerge almost the 
e n t i r e  o i l  s l i c k .  A dispersion o f  very f ine  (1 mm diameter o r  less)  o i l  
droplets could be seen which gave the near surface water a yel lowish 
appearance. However, w i t h i n  3 t o  5 minutes, almost. the en t i r e  amount o f  
o i l  had returned t o  the surface to. f o m  a thin; opaque smao.th,, contiquous 
s l i c k  a t  the center o f  the tank (Ffg.. '3.69).' Whe~&ver ' a  wa,ve broke 
w i th in  the s l i ck ,  a few droplets of o i l  way~0;momentarily &merge as 
before, but they would immediately r e t u r n  t o  .the surface and the cont ig-  
uous s l i c k  would reform.' The wave action i n ,  the.  tank appeariid t'o .be less  
v io len t  than i n  previous test,.$. Thez.qndllest , r ipples were dampened out 
completely and the exposed:$vater':;h@$ a. smooth, a s s y  appearance (Figure 
3.70, taken ten minutes .arb@? M e .  dispkrit9ant was adged). ' .V is ib le  turbu- 
l e n t  ac t ion  from collaps%n@ @ams yas, much, .l&ss. , A s  a result ' ;  the c i rcu-  
l a r  wave fronts remained int$ct - . u n t i l  t h e  waves.rea.~hed the very center 
of the tank where the co'nstructive inbererence; would f i n a l l y  'cause the 
waves t o  collapse. Thus, the  .region.$T' active o i l .  submew'mce was very' 

, . small. it ,, , 
.. . 

Twenty minutes a f te r  t he  dispersant was added t o  the experiment, the 
water throughout the tank appeared mostly devoid o f  any o i l ,  Fig. 3.71.. 
Only a few very small a i l  droplets (again 1 mm o r  less)  could be seen i n  
the  water j us t  under the s l i c k  a t  the  center. However, these were very 
small o i l  droplets, up t o  2 rrun i n .  diameter attached t o  the underside of 
the s l i c k .  The o i l  s l i c k  developed two d i s t i n c t  regions: a dark contig- 
uous glossy s l i c k  a t  the center o f  the tank, and a transparent tan f i l m  
tha t  extended out t o  w i t h i n  a few centimeters o f  the wave generator. 

During the f i r s t  e ight  hours, the o i l  s l i c k  changed very l i t t l e ,  Fig. 
3.72. Ouring periods o f  r e l a t i v e l y  more intense wave action, the o i l  



Figure 3.67. Test 8 Weathered 24 Hours 

Figure 3.68. Test 9 Spraying Dispersent 



Figure 3.69. t e s t  9 Five Minutes A f te r  Adding Dispersent 

Figure 3.70. Test 9 Ten Minutes Af ter  Adding Dispersent 



Figure 3.71. Test 9 Twenty Minutes After Adding Dispersant 
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Figure 3.72. Test 9 Weathered 8 Hours 



near the center o f  the s l i c k  would break up i n t o  1 o r  2 mm s ize p a r t i -  
c les,  but would recoalesce where the a c t i v i t y  i n tens i t y  lessened. 
Progressively more very f i n e  o i l  droplets were observed i n  the water as 
the experiment progressed. However, the amount o f  dispersed o i l  con- 
t inued t o  appear t o  be much less  than experiments previously performed. 
The water remained very clear. The two d i s t i n c t  regions i n  the o i l  s l i c k  
changed s l i gh t l y .  Af ter  e ight  hours o f  wave action, the center region 
appeared browner, s im i la r  t o  the co lo r  o f  chocolate sauce. The l i g h t  
brown perimeter had about disappeared and was replaced w i th  a transparent 
sheen which re f racted the l i g h t .  Rough elongated pa r t i c l es  o f  o i l  could 
be seen near the center, and some were being submerged. 

The appearance o f  the tank the fol lowing morning a f t e r  the wave 
generator had run f o r  22 hours, was rad i ca l l y  d i f fe ren t ,  Figs. 3.73 and 
3.74. A very f a i n t  s l i c k  was v i s i b l e  on the water surface consist ing o f  
a brown f i l m  containing dark granules o f  o i l .  Most o f  the o i l  had d is-  
persed completely i n t o  the tank i n  the form o f  small (again < .2 mm) 
d i r t - l i k e  par t i c les ,  although la rger  pa r t i c l es  and o i l  droplets were also 
c l ea r l y  v is ib le .  The water was a homogenous l i g h t  yellow-brown and very 
murky. The waves i n  the tank were s ign i f i can t l y  smaller than usual, and 
smaller than when the experiment began. The maximum amplitude o f  the 
waves i n  the center was estimated t o  be less than 3 cm. 

The wave generator was stopped 1620 minutes a f t e r  the o i l  was added. 
Some o f  the large o i l  pa r t i c l es  and droplets returned t o  the surface 
forming brown discs about 1 cm i n  diameter. However, most o f  the o i l  
remained suspended and there was l i t t l e  noticeable change even one hour 
l a t e r .  Many o f  the dark o i l  f lecks appeared t o  be neu t ra l l y  buoyant. 

Ten minutes a f t e r  the wave generator was stopped, 10 m l  o f  tank water 
was obtained and shaken vigorously w i th  10 m l  o f  CCl4. The f i n e  o i l  
droplets dissolved i n  the solvent as expected, but many o f  the small dark 
f lecks of o i l  (.5 - .1 mm dia.) remained i n tac t .  Close examination o f  
these o i l  pa r t i c l es  revealed tha t  they had the texture of asphalt. The 
concentraton verses time p l o t  i s  shown i n  Fig. 3.43. 

TEST 10 

Test 10 was a repeat o f  t e s t  3 but wi th  water about 10 C warmer. I t  
i s  also the same as t e s t  6 w i th  60 m l  o f  o i l  added instead o f  120 m l .  
Fig. 3.44 gives the concentration verses time curve. It shows the same 
magnitude and trend as tes ts  3 and 6. It thus appears tha t  the nonnal- 
ized concentration verses time curve i s  not dependent on the amount o f  
o i l  present i n  t h i s  closed system and the quant i ty o f  o i l  being entrained 
i s  d i r e c t l y  propor t ional  t o  the amount present. We also note tha t  a t  the 
lower frequency the concentration keeps increasing a f t e r  24 hours i n  
contrast  t o  the higher frequency, when the concentration decreased 
markedly a f t e r  the 24 hour reading. 

3.6. CONCLUSIONS AN) RECOMMENDATIONS 

Kuwait crude o i l  weathers much d i f f e r e n t l y  i n  f resh water than i t  
does i n  natura l  s a l t  water. I n  fresh water, i t  rap id ly  forms s l i c k l e t s  
which appear t o  be stable emulsions and very l i t t l e  o i l  gets i n t o  the 
water column. I n  the s a l t  water tests,  much more o i l  entered the water 



Figure 3.73. Test 9 Weathered 22 Hours 
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column, and t h i s  increased with time except that a t  t h e  higher frequency, 
a f t e r  weathering f o r  24 hours, the  concentrat ion of o i l  i n  t h e  water 
column showed a dramatic decrease. This is a t t r i b u t e d  t o  t h e  formation 
of s t a b l e  emulsions that had an a f f i n i t y  t o  t h e  d rop le t s  and took them 
ou t  of  t h e  water colunn. The appearance of  the o i l  i n  t h e  higher fre- 
quency tests, a f t e r  24 howrs showed a s t r i n g i n e s s  as though it had been 
shredded o r  t o m  apar t .  This d id  not happen with t h e  lower frequency 
waves, where t h e  concen$ration increasqd with time i n  a l l  the s a l t  water 
tests. However, it is poss ib le  t h a t  t h e  same phenomena, t h e  dramatic 
decrease i n  concentration, would have ,been observed if these  lower fre- 
quency tests were run for a longer pbribd of time. It therefore  appears 
t h a t  the e f f e c t  of  increasing t h e  freqoehcy is t o  speed up the weathering 
pmcess.  

The e f f e c t  of an increase  i n  temperature is t o  increase  t h e  amount of 
o i l  g e t t i n g  i n t o  t h e  water column. 

Doubling t h e  quant i ty  of  o i l  i n  t h e  s l i c k  d id  not change t h e  percent 
concentrat ion o f  o i l  i n  t h e  water column. This would ind ica te  t h a t  t h e  
amount of o i l  g e t t i n g  i n t o  t h e  water column is d i r e c t l y  proport ional  t o  
t h e  amount present .  I n  the  ocean, c u r r e n t s  would CaTV some of the  o i l  
away from under t h e  s l i ck .  

Tests using t h e  d ispersant  d id  not show a sudden increase  i n  concen- 
t r a t i o n  of the  o i l  i n  the  water clumn immediately a f t e r  adding the  d is -  
persant  a s  might be expected. The visual  p roper t i e s  of t h e  s l i c k  and t h e  
waves changed, but t h e  o i l  did not g e t  i n t o  t h e  water column u n t i l  it had 
weathered over e i g h t  hours a f t e r  adding t h e  dispersant .  Af ter  22 hours 
o f  weathering, p r a c t i c a l l y  a l l  t h e  o i l  was i n  t h e  water column. 

The s c a t t e r  i n  t he  data  indicated  t h a t  more tests should be made with 
similar condit ions t o  improve t h e  confidence limits. Additional tests 
should be made with wind driven waves. and measurements taken of t h e  r a t e s  
of  evaporation. Additional t e s t s  with wind driven waves and d i spersan t s  
should be made. 
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4.1 SURVEY 

4.1.1. I n t r o d u c t i o n  

The present study of t he  entrainment o f  o i l  from a s l i c k  on the  
ocean's sur face t o  t h e  water column i s  main ly  based on t h e  author 's  idea 
about the  process as t h i s  i s  expla ined i n  [l]. For t h e  sake of complete- 
ness, t h i s  i s  reviewed i n  t h e  next  sect ion.  The present i n v e s t i g a t i o n  i s  
based on th ree experiments conducted w i t h i n  t h e  framework o f  the  Depart- 
ment o f  Energy p r o j e c t  a t  t he  Un ive rs i t y  o f  Rhode Is land.  These have 
been i n i t i a t e d  and repor ted  i n  t h e  I n t e r i m  Report [ 2 ]  from the  DOE 
p r o j e c t .  It has been the  present au tho r ' s  for tune t o  be al lowed t o  
in f luence the conduct ion o f  these experiments such t h a t  they might be 
used t o  prove o r  t o  d isprove t h e  d i f f e r e n t  concepts of t h e  entrainment. 
The way i n  which t h i s  i s  done w i l l  be the  sub jec t  o f  subsequent sect ions. 

When, d iscussing t h e  entrainment process, the  a c t u a l  q u a n t i t i e s  used 
t o  descr ibe t h i s  process should be w e l l  def ined. Thus t h e  "entrainment 
ra te "  (A) denotes t h e  mass o f  o i l  t ranspor ted.  from the  s l i c k  i n t o  the  
water . column pe r  u n i t  t ime and u n i t  area. This q u a n t i t y  i s  n o t  neces- 
s a r i l y  a constant.  I t  may vary with t ime and l o c a t i o n  and i s  t o  be con- 
s idered a l o c a l  and no t  a bu lk  quant i ty .  

4.1.2 The Entrainment Process 

When an o i l  s p i l l  occurs, a s l i c k  i s  formed on the  sea surface which 
w i l l  spread and get  t h i n n e r  i n  t h e  process. The sur face o f  t h e  sea i s  i n  
motion p a r t i a l l y  because o f  the  waves, p a r t i a l l y  because o f  t h e  wind-wave 
i n t e r a c t i o n  and p a r t i a l l y  because o f  t h e  cu r ren t  i n  t h e  sea. I t  i s  known 
t h a t  t h e  surface tens ion o f  t h e  o i l -sea interphase p lays  an important 
r o l e  i n  the  entrainment process. (This i s  d ramat i ca l l y  exh ib i ted  by 
adding a dispersant t o  an o i l  s l i c k  and thereby reducing t h e  surface ten- 
s i o n  whereupon an enhanced entrainment i s  observed.) 

I t  i s  furthermore recognized t h a t  t he  mechanical a g i t a t i o n  t h a t  takes 
p lace a t  t he  sea sur face p lays  an important  r o l e  i n  t h e  process. This 
may lead t o  the  i d e n t i f i c a t i o n  o f  t h e  energy i n p u t  a t  t h e  surface as a 
second important  parameter. Rea l i z ing  however t h a t  t h i s  energy i n p u t  .may 
take p lace i n  d i f f e r e n t  manners w i t h  d i f f e r e n t  r e s u l t s  as f a r  as the  
entrainment.process i s  concerned, one i s  l e d  t o  t h e  conclus ion t h a t  addi- 
t i o n a l  parameters must be i d e n t i f i e d .  

Pre l im inary  experimental evidence ,seems t o  i n d i c a t e  t h e  fo l l ow ing  
scenario. The mechanical a g i t a t i o n  w i l l  produce "entra inable"  p a r t i c l e s  
of o i l  mainly when i t  causes r i f t s  i n  the  o i l  f i l m ,  i .e . ,  when the  
" p r e m i ~ s i b l e ~ ~  sur face tens ion  i s  exceeded. An analogy may be f ~ u n d  i n  the  
product ion o f  f i b e r  p a r t i c l e s  when t e a r i n g  a sheet of paper. If t h a t  
concept i s  cor rec t ,  t he  prodcrction of en t ra inab le  p a r t i c l e s  i s  t o  be 
considered a random process even under the  most wel l -def ined condi t ions.  
Bearing i n  mind t h e  cond i t i ons  on the  open sea, one w i l l  conclude t h a t  
the product ion o f  en t ra inab le  o i l  p a r t i c l e s  must indeed be considered a 
random process. One must, however, a l so  be,  pe rm i t ted  t o  assume t h a t  the  
average o r  mean product ion  may be q u a n t i f i e d  'in t h e  same way as mean 



values i n  tu rbu len t  f l u i d  f l ow  are determined. P support f o r  such an 
idea may be found i n  the  f o l l o w i n g  observat ions: 

1. The a d d i t i o n  o f  a d ispersant  makes i t  eas ie r  t o  produce such 
r i f t s ,  thus enhancing t h e  product ion o f  en t ra inab le  p a r t i c l e s .  

2. The product ion o f  en t ra inab le  p a r t i c l e s  w i l l  appear t o  be greater  
a t  the  l o c a t i o n s ,  where the  o i l  s l i c k  on the  sur face i s  t h i n  than 
where i t  i s  t h i c k  o r  perhaps i n  t h e  form o f  an emulsion 
(mousse). This i s  i n  complete agreement w i t h  observat ions 
prev ious ly  made. 

The expression @tent ra inab le"  p a r t i c l e s  needs some e x t r a  comments. 
The v i o l e n t  ac t ions  o f  breaking waves have been widely accepted as the  
a c t i o n  responsib le f o r  t he  entrainment o f  o i l  i n  t h e  water column.* Such 
a c t i o n  produces o i l  p a r t i c l e s  o f  d i f f e r e n t  s izes  and the  l a r g e r  ones are 
by t h e  a c t i o n  o f  buoyancy forces,  qu i ck l y  returned t o  t h e  surface. The 
smal le r  t he  p a r t i c l e s ,  t h e  eas ie r  i t  i s  f o r  them t o  be c a r r i e d  by the  
mean flow i n  the  upper p a r t  of t h e  water column. Thus, t h e  term 
"entra inable"  p a r t i c l e s  i s  reserved f o r  those o i l  p a r t i c l e s  ( o r  o i l  
covered water d rop le ts )  which are  "trapped" by t h i s  motion. The v i o l e n t  
a c t i o n  o f  breaking waves can on ly  fo rce  o i l  i n t o  the  water column t o  a 
c e r t a i n  depth, t he  order  o f  magnitude o f  t h i s  depth being the  wave 
he ight .  Thus, the  entrainment o f  o i l  i n  the  water column i s  very much 
dependent on the  r e - c i r c u l a t i n g  motion connected w i t h  the  waves i n  the  
upper l aye rs  o f  the  water column. ( I t  should be emphasized t h a t  t he  
concept o f  "entra inable"  p a r t i c l e s  makes entrainment poss ib le  a l s o  i n  t h e  
absence o f  breaking waves.) 

There i s ,  however, a l s o  another type o f  r e - c i r c u l a t i n g  f low i n  the  
ocean which i s  caused n o t  by the  wave motion, bu t  by the  non-uniform 
h o r i z o n t a l  v e l o c i t y  d i s t r i b u t i o n  i n  the  d i r e c t i o n  o f  t h e  wind. This type 
o f  r e - c i r c u l a t i n g  motion w i l l  b r i n g  the  ent ra ined o i l  p a r t i c l e s  down t o  
depths which are  orders o f  magnitude l a r g e r  than those i n  the  previous 
cases. This type o f  motion can be modeled a n a l y t i c a l l y  on t h e  t u r b u l e n t  
p lane j e t  f low o r  on t h e  t u r b u l e n t  boundary l a y e r  type f low. This w i l l  
be shown subsequently. 

The p i c t u r e  g iven here of t h e  entrainment envisages a semi-steady 
case i n  which a c e r t a i n  amount o f  o i l  i s  trapped by a r e - c i r c u l a t i n g  type 
of flow. If t h e  cond i t i ons  on t h e  sur face change, the  amount of 
en t ra ined o i l  w i l l  change. Assume, as an example, t h a t  t he  surface 
became completely calm, and t h a t  the  r e - c i r c u l a t i n g  f low d ied  ou t  com- 
p l e t e l y .  Then on ly  the  extremely smal l  d rop le ts  o f  o i l  which cou ld  be 
h e l d  i n  suspension would remain tlpermanently" en t ra ined i n  the  water 
column, the r e s t  o f  the  o i l  would resur face ( o r  some might  s i n k  due t o  
change i n  phys i ca l  p roper t i es ) .  

*See [3] Phani P.K. Raj: "Theore t ica l  Study t o  Determine the  Sea 
S ta te  L i m i t  Tor t h e  S u r v i v a l  o f  O i l  S l i c k s  on the  Oceant1 F i n a l  Report, 
NO. Cg-0-90-77, Task No. 4714-21. Department o f  Transportat ion, U. S. 
Coast Guard, h n e  1977. p. 4-9 



A consequence of the given description of the entrainment process is 
the fact that the so-called entrainment rate  a t  the surface can no longer 
be considered a quantity determined by surface conditions alone. (Energy 
input, e tc . ) .  It is  intimately connected w i t h  the re-circulating flow in 
the sea. As a further consequence, the search for Ifnew" parameters t o  
describe the entrainment ra te  w i l l  have t o  be replaced by a search for  a 
more or less  semi-empirical description of the recirculating flow from 
which the entrainment rate  can be deduced. 

One may, as  a matter of fac t ,  envisage a mechanism whereby the ef fec t  
of the mechanical agitation that  takes place a t  the surface (waves, 
breaking waves, raindrops, wind, e tc .  ) is  mainly to  produce an adequate 
supply of entrainable part ic les  i n  the immediate neighborhood of the sur- 
face. How many of the entrainable part ic les  w i l l  be trapped by the 
re-circulating flow is then determined by the "strength" of t h i s -  flow 
(whereby the strength of t h i s  flow w i l l  subsequently have t o  be defined 
in  more exact terms). 

One may contemplate t h i s  s i tuat ion somewhat further. I f  the re- 
circulating flow is  steadily I1trapping" new part ic les ,  average concent ra- 
t ion of o i l  i n  the region of t h i s  re-circulating flow must  be steadily 
increasing. If it is  not, i . e . ,  i f  a semi-steady s t a t e  is reached, the 
concentration w i l l  be constant and the entrainment rate  zero. T h i s  can 
only occur i n  two cases. In the f i r s t  case, there i s  no more production 
of entrainable part ic les  a t  the surface, a s i tuat ion that  may well be 
feasible i n  view of the changes that the o i l  undergoes as  it is being 
weathered on the surface. In the second case, an adequate s u p p l y  of 
entrainable part ic les  i s  present i n  the surface layer, b u t  the re- . 
circulating flow i s  returning formerly trapped part ic les  a t  the same rate  
as  new ones are  being trapped. 

The entrainment process described above has made no mention of the 
fact  that the o i l  changes as it stays on the water surface and is being 
mechanically t reated,  a fac t  that  i s  frequently referred t o  as  
"weathering" of the .o i1 .  Well known features of t h i s  process are  the 
evaporation of the l ighter  components of the o i l  and the formation of 
chocolate mousse i n  some cases. I t  is evident that these processes w i l l  
influence the composition of the entrained o i l .  Thus ,  it is  already 
clear  from the s t a r t  that the entrained o i l  is  different from the origi-  
nally spi l led o i l ,  a f ac t .  that  becomes important i n  the experimental 
investigation of the entrainment process. 

4.1.3 Scope of the Experimentation 

The entrainment process i s  a very complex one, not only because of 
the complexity of the surface conditions, b u t  perhaps even more by the 
fac t  that the boundary conditions for the process change both w i t h  time . 
and space. T h i s  may perhaps best be i l lus t ra ted  by observing that a t  one 
particular instant the s i tuat ion downstream of a source continuously 
feeding a s l ick  can be subdivided into several regions i n  which different  
predominant conditions prevail: 

1. Immediately a f t e r  the source, the o i l  is i n  its virgin s t a t e ,  b u t  
i n  t h i s  region is rapidly being changed due t o  evaporation of i ts 
l ighter  components. 



2. The f i r s t  r e g i o n  is over lapped  by t h e  second i n  which t h e  s i t u a -  
t i o n  is d e s c r i b e d  i n  'an undated r e p o r t  by t h e  JBF S c i e n t i f i c  
Corpora t ion  (no  i d e n t i f i e d  a u t h o r )  f o r  t h e  American Pet roleum 
I n s t i t u t e ,  p. 37: 

"One o f  t h e  i m p o r t a n t  p h y s i c a l  c h a r a c t e r i s t i c s  o f  
c r u d e  o i l  s l i c k s  which is  o f t e n  n e g l e c t e d  i n  t h e  
l i t e r a t u r e  i s  t h e  e x i s t e n c e  o f  one o r  more t h i c k  o i l  
p a t c h e s  surrounded by a t h i n n e r  f i l m  o f  o i l .  These 
t h i c k  a r e a s  have been r e f e r r e d  t o  a s  ' l e n s e s '  o r  
' g l o b s ' .  I n v e s t i g a t o r s  who have c o n s i d e r e d  s u c h  
t h i c k  p a t c h e s  r e p o r t  t h a t  t h e y  may c o n t a i n  90% o f  t h e  
t o t a l  o i l  i n  t h e  s l i c k ,  and t h a t  t h e  p a t c h e s  a r e  
normal ly  s e v e r a l  m i l l i m e t e r s  t h i c k  a s  opposed t o  
t h o u s a n d t h s  o f  a m i l l i m e t e r  f o r  t h e  t h i n n e r  su r round-  
i n g  f i lm." 

"Under c o n d i t i o n s  of no 'wind,  t h e  s l i c k  most p robab ly  
s p r e a d s  r a d i a l l y  from t h e  l e n s .  However, i n  t h e  
p r e s e n c e  o f  wind and waves, t h e  r a d i a l  s p r e a d i n g  from 
t h e  l e a d i n g  edge  , , is  c o n t i n u a l l y  o v e r r u n  by t h e  
h i g h e r - v e l o c i t y '  l e n s .  The wind and wave a c t i v i t y  
c a u s e  t h e  l e n s  t o  b reak  up i n t o  l o n g  windrows, e a c h  
o f  which c o n t i n u e s  t o  a c t  a s  a g e n e r a t o r  o r  r e s e r v o i r  
o f  o i l . "  

Most p robab ly  t h e  i m p o r t a n t  amount o f  e n t r a i n e d  o i l  is  coming 
from t h e  t h i n  f i l m  s u r r o u n d i n g  t h e  l e n s e s .  

3. The n e x t  r e g i o n  which . may be i d e n t i f i e d  i s  t h e  one  i n  which 
" c h o c o l a t e  mousse" i s  b e i n g  formed. According t o  t h e  same r e p o r t :  

"Pa tches  o f  ' c h o c o l a t e  mousse1 shou ld  be  c o n c e p t u a l l y  
d i s t i n g u i s h e d  from t h e  l e n s e s ,  because  l e n s e s  . 
appeared  immediate ly  a f t e r  t h e  o i l  was '  s p i l l e d  and 
t e n d e d  t o  remain roughly  c i r c u l a r  w h i l e  t . c h o c o l a t e  
mousse' was' formed .some time' l a t e r  and became 
e l o n g a t e d  i n '  windrows d u r i n g  t h e  tests. . 

. . 

4. ' The l a s t  r e g i o n  t o  be  s p e c i f i e ' d  is s o  . f a r  downstream o f  t h e  
s o u r c e  , t h a t  t h e  wea the r ing  o f  t h e  s l i c k  is more o r  less comple te  
i n  t h e  s e n s e  t h a t  f u r t h e r  changes  do < n o t  t a k e  p l a c e .  The forma- 
t i o n  o f  t a r  b a l l s  is  s t a r t i n g  and t h e  s l i c k  s e e m s .  t o  be  more o r  
l e s s  d i s i n t e g r a t e d .  

I t  i s  c l e a r  t h a t  w i t h .  boundary c o n d i t i o n s  as complex as t h o s e  
d e s c r i b e d  above,  t h e  e n t r a i n m e n t  p r o c e s s  is n o t  e a s i l y  a c c e s s i b l e  t o  
a n a l y t i c  t r e a t m e n t .  A s t u d y  of  t h e  p r o c e s s  s h o u l d ,  t h e r e f o r e ,  s t a r t  w i t h  
e x p e r i m e n t a t i o n  under  c l e a r l y  i d e n t i f i e d  and s i m p l i f i e d  boundary 
c o n d i t i o n s .  

The way i n  which t h e  e n t r a i n m e n t  p r o c e s s  h a s  been v i s u a l i z e d  i n  t h e  
p r e c e d i n g  s e c t i o n  h a s  reduced t h e  impor tance  o f  a d e t a i l e d  a n a l y s i s  o f  
d r o p l e t  fo rmat ion  a t  t h e  s l i c k . .  The main importance  is  now p l a c e d  on t h e  
r e - c i r c u l a t i n g  motion and its a b i l i t y  t o  " t r a p "  t h e  d r o p l e t s  which 'pre-  
sumably a r e  b e i n g  produced i n  adequa te  q u a n t i t i e s .  T h i s  p r o d u c t i o n  c a n  



be r e l a t e d  t o  c e r t a i n  i n p u t  data cha rac te r i z ing  t h e  sur face cond i t ions ,  
and i t  i s  emphasized t h a t  now t h e  o v e r a l l  (bu lk )  product ion i s  being a t  
the  center  of. i n t e r e s t ,  n o t  t h e  d e t a i l s  o f  d rop le t  formation. 

I f  one i s  faced with t h e  problem o f  designing experimental set-ups 
which would g i ve  adequate i n fo rmat ion  on t h e  d r o p l e t  formation, one would 
most probably have t o  consider  a so-cal led tlsemi-steadytt s i t u a t i o n  where- 
by the  net  bu l k  entrainment r a t e  i s  zero. P change i n  t h e  sur face s i t u a -  
t i o n  which could be achieved wi thout  changing t h e  r e - c i r c u l a t i n g  motion 
could, through measurement o f  t he  concent ra t ion  o f  o i l  i n  t h e  water 
column, be i n t e r p r e t e d  t o  g i v e  i n fo rmat ion  on the  d rop le t  product ion. 

Because t h i s  experiment i s  such t h a t  t he  sur face cond i t i ons  and the  
r e - c i r c u l a t i n g  motion can be manipulated separately, t he  experiment w i l l  
a l low fo r  a study, o f  t he  I t t rapping" mechanism o f  t he  r e - c i r c u l a t i n g  
motion. Thus, an adequate q u a n t i f i c a t i o n  o f  what i s  p rev ious ly  c a l l e d  
the  I1strength" of t h i s  motion can be made. The "ra indrop experiment" t o  
be considered i n  d e t a i l  l a t e r ,  i s  j u s t  an experiment o f  t he  type men- 
t i oned  above. 

The s i t u a t i o n  where the  r e - c i r c u l a t i n g  motion i s  caused d i r e c t l y  by 
the  l o c a l  wind-wave i n t e r a c t i o n  a t  t he  sea sur face i s  t o  be s tud ied i n  
the  so-cal led "wind-wave experimentt1. Since t h e  r e - c i r c u l a t i n g  f low i s  
being monitored, the  p o s s i b i l i t y  o f  r e l a t i n g  the  r e s u l t s  from t h i s  exper- 
iment t o  the  others i s  present.  

The .s i . tua t ion  which a r i ses  when t h e  r e - c i r c u l a t i n g  motion d ies  ou t  i s  
t o  be s tud ied i n  the  so-cal led ''drop s i z e  experiment". This experiment 
a l so  provides the  oppor tun i ty  t o  study the  entrainment from a s l i c k  
exc lus i ve l y  d r i ven  b y . t h e  t u r b u l e n t  motion i n  the  sea (connected w i t h  the  
r e - c i r c u l a t i n g  f low) .  

4.1.4 The Drop-Size Experiment 

This experiment 'was o r i g i n a l l y  conceived o f  and conducted by Dr. T. 
K i m  and Mathew Cherian. . The f i r s t  r e s u l t s  were repor ted  i n  d e t a i l  i n  [2 ]  
where the  major emphasis was p laced on the  in f luence o f  i n t e r f a c i a l  ten- 
s i o n  on drop s ize .  The apparatus used i s  shown i n  Fig.  4.1 and cons is t s  
main ly  of a ' c y l i n d r i c a l  tank and a c e n t r a l l y  mounted i m p e l l e r  which can 
be operated a t .  d i f f e r e n t  angular .  v e l o c i t i e s .  The tank i s  f i l l e d  w i t h  sea 
water-. on t h e  surface. .of  which . a  c e r t a i n  amount o f  o i l  i s  poured. To 
prevent the  whole t o n t e n t  o f  t h e  tank from r o t a t i n g  with t h e  impe l l e r ,  
t he  tank i s  suppl ied with b a f f l e s .  

A t  very h i g h  angular v e l o c i t i e s  (of  t he  impe l l e r ) ,  t h e  o i l  i s  almost 
t o t a l l y  llwhippedtt i n t o  the  water column. Depending bo th  on the  angular 
speed and on the  l e n g t h  of t ime when t h e  impe l l e r  i s  run, d i f f e r e n t  con- 
cen t ra t i ons  o f  o i l  i n  t h e  water column are  observed as a f u n c t i o n  o f  t h e  
t ime elapsed s ince shut o f f  o f  t h e  impe l l e r .  This r e s u l t  may be corre-  
l a t e d  with drop-size measurements. The f a c t  t h a t  a c e r t a i n  p o r t i o n  o f  
t he  entra ined o i l  seems t o  remain i n  t h e  water column may 
be the  most important  p a r t  o f  t h e  entrainment from a b io logy  standpoint  
because i t  a l lows f o r  a l ong  term in f l uence  o f  t he  o i l  on marine l i f e .  



Fig.  4.1 Apparatus f o r  t he  Drop-Size Experiment 

The same arrangement may, however, be used t o  study entrainment from 
a s l i c k  due exc lus i ve l y  t o  smal l  scale t u r b u l e n t  motion underneath i t .  
In t h i s  case, no mechanical a g i t a t i o n  due t o  waves o r  r a i n ,  e t c .  takes 
p lace a t  the  surface. The speed o f  the  i m p e l l e r  i s  small ,  and t h e  e f f e c t  
of t h e  b a f f l e s  i s  t o  more o r  l e s s  break up the  h o r i z o n t a l  r o t a t i o n  o f  t he  
f l u i d .  A spec ia l  type o f  f low, i n  which v o r t i c e s  s t a r t i n g  out  from the  
surface can be i d e n t i f i e d ,  i s  produced and s ince t h e  f low f i e l d  can 
e a s i l y  be monitored, the  entrainment process under these s p e c i a l  circum- 
stances can be r e l a t e d  t o  the  observed entrainment i n  t h e  o the r  exper i -  
ments. Whatever q u a n t i t y  r e l a t e d  t o  and charac te r i z ing  the  f low i s  bes t  
s u i t e d  as a r e l a t i n g  parameter t o  the  entrainment, w i l l  emerge as a 
r e s u l t  o f  the  i n v e s t i g a t i o n .  

4.1.5 The Raindrop Experiment 

Th is  experiment was f i r s t  conceived o f  and conducted by Dr. Peter  
C o r n i l l o n  and the  r e s u l t s  were reported on i n  [Z]. The geometry o f  t h i s  
experiment i s  shown i n  Fig.  4.2 where the  " ra in "  i s  produced as drops 
f a l l i n g  from the  needles i n  the  bottom o f  t h e  B conta iner  and i s  f a l l -  
i n g  onto the  water sur face o f  t he  conta iner  C .  On t h i s  surface, an o i l  
s l i c k  i s  being p laced and one has an arrangement whereby the  mechanical 
a g i t a t i o n  a t  t he  sur face can be manipulated by a d j u s t i n g  the  t l in tens i ty t t  
of t h e  ra in ,  i .e . ,  by changing t h e  k i n e t i c  energy p e r  u n i t  area of t he  
impact ing raindrops. I n  i t s  o r i g i n a l  form, as conducted by Dr. C o r n i l l o n  
no r e - c i r c u l a t i n g  f l ow  was created. The apparatus has been changed by 



Fig. 4.2 Sketch o f  the Raindrop Apparatus 

the in t roduct ion o f  an impel ler  and ba f f l es  o f  the same type as i n  the 
drop-size experiment. I n  t h i s  way provisions have been made t o  create 
the same type o f  small scale turbulent motion underneath the s l i c k  as i n  
the f i r s t  experiment, and the inf luence o f  the mechanical ag i t a t i on  a t  
the surface can thus be experimentally explored. It should be mentioned 
tha t  the i n i t i a l  experiments w i th  t h i s  apparatus have shown tha t  w i th  no 
re -c i rcu la t ing  motion i n  the water column, entrained o i l  i n  the water 
column i s  no t  found below the immediate layer  underneath the s l i ck .  This 
i s  i n  complete agreement w i th  the  concept o f  the entrainment process 
already out l ined i n  the Introduct ion,  and may be considered as experimen- 
t a l  support f o r  the concept. 

4.1.6 The Wind-Wave Experiment 

This experiment was o r i g i n a l l y  conceived o f  by D r .  Rodger Dowdell and 
was conducted by Steven Parks (see Section 3). The arrangement i s  shown 
i n  Fig. 4.3. A c i r c u l a r  tank A i s  f i l l e d  w i t h  water on the surface o f  
which an o i l  s l i c k  may be applied. A doughnut shaped wave-maker C i s  
shown close t o  the surface and by ag i t a t i ng  t h i s  doughnut v e r t i c a l l y  a t  
d i f f e r e n t  frequencies andfor amplitudes, a pat tern o f  r a d i a l l y  moving 
surface waves may be created. In  addit ion, a hood may be placed over the  
surface and by suct ion appl ied t o  the top o f  the hood B ,  a r a d i a l l y  
d i rected wind over the surface i s  created. The shape o f  t he  hood i s  such 
t h a t  the wind i s  o f  constant ve loc i ty .  The arrangement seems t o  be w e l l  
su i ted f o r  a study o f  the wind-wave mte rac t i on  and the  inf luence on the 



o i l  s l i c k  o f  t h i s  action. The wave action as wel l  as the wind action 
w i l l  create a re-circulating flow as shown i n  the sketch, Figure 4.3. 
Since t h i s  re-circulating flow can be monitored, and the concentration o f  
entrained o i l  i n  the water column can be measured as a function o f  space 
and time as the input conditions on the surface are changed, the results 
from these experiments provide valuable insight t o  the entrainment 
process. 

Fig. 4.3 The Wind-Wave Experiment 

4.1.7 Experiment-Reality Correlation 

The presentation of the experimental e f for ts  has put the emphasis on 
the re-circulating flow underneath the s l i c k  as a comnon feature of, a l l  
experiments whereby the d i f fe rent  phases of the entrainment process are 
being studied. If these experiments are being properly executed, and 
provided the proper range o f  variat ion o f  the input data can be achieved, 
they present a range o f  conditions which cover most o f  those occurring 
along the s l i c k  as described i n  Section 4.3. Even the production o f  
chocolate mousse can be expected t o  occur i n  the wind-wave experiment. 

If, however, t h i s  information i s  going t o  be applicable t o  the real  
l i f e  s i tuat ion a t  sea, the re-circulat ing flow which occurs a t  sea w i l l  
have t o  be ascertained. This can be attempted experimentally by proper 
in -s i tu  experimentation. Most probably one w i l l  f ind  that the re- 
c i rculat ing flow connected with the waves can be experimentally explored, 
but that the very large scale motion connected with the non-uniform hori- 
zontsl velocity o f  the surface layers cannot. 

This, then i s  the point a t  which the re-circulating large scale 
motion may be theoret ical ly explored through an analytic approach using 



t h e  method described by L e i f  Persen P4] and app l i ed  successfu l ly  t o  t u r -  
bu lent  boundary layers .  It should be mentioned t h a t  t h i s  approach does 
n o t  i nc lude  the  i n f l uence  o f  a poss ib le  . thermal  s t r a t i f i c a t i o n  i n  the  
ocean, b u t  i t  w i l l  be s u f f i c i e n t  as a f i r s t  approximation. A l a t e r  
s o p h i s t i c a t i o n  of the  approach may be attempted when deemed.necessary. 

4.2 THE RECIRCULATING FLOW I N  THE OCEAN 

4.2.1 I n t r o d u c t i o n  

The flow i n  the  upper l a y e r  o f  t he  ocean w i l l ,  where the re  i s  a gra- 
d i e n t  i n  the  h o r i z o n t a l  d i r e c t i o n  o f  t he  wind, e x h i b i t  a  h o r i z o n t a l  ve lo-  
c i t y  which va r ies  w i t h  the  d is tance i n  t h e  h o r i z o n t a l  d i r e c t i o n .  This 
w i l l  g i ve  r i s e  t o  a v e r t i c a l  motion o f  the  f l u i d  which goes t o  l a r g e  
depths compared w i t h  t h e  wave heights.  .It i s  t h i s  motion which i s  
responsib le f o r  the  entrainment o f  o i l  p a r t i c l e s  a t  l a r g e  depths. I n  the  
present sec t i on  t h i s  motion i s  modeled on s i m i l a r  t u r b u l e n t  f lows, i .e . ,  
f lows which e x h i b i t  a  change i n  the  magnitude o f  t he  main v e l o c i t y  compo- 
nent w i t h  a correspondingly induced t r a n s v e x e  . ve loc i t y  component which 
w i l l  then be responsib le f o r  a spreading e f f e c t .  It i s  a f a c t  t h a t  if 
one l i m i t s  t h e  scope t o  two-dimensional cases, such tu rbu len t  f lows 
e x h i b i t  s i m i l a r i t y  p roper t i es  o f  some k ind ,  and i t  i s  easy t o  imagine 
t h i s  fea ture  c a r r i e d  over t o  the  tu rbu len t  f low i n ' t h e  upper p a r t  o f  t he  
ocean. 

, . . "  ...., .. 
The present approach w i l l  c o n s i s t  o f  an examination o f  t he  two- 

dimensional boundary l a y e r  f low and .the two-dimensional j e t  f low i n  order  
t o  prepare the  path  f o r  an examination o f  t he  fa te .  o f  o i l  d rop le ts  i n  
such f lows. I t  w i l l  a l so  show how these s i t u a t i o n s  are  re levant  t o  the  
f low i n  the  ocean. ' _  . , ,  . .  , .. . 

4.2.2 The Turbulent Boundary Layer 
. ' .  

. . . .. 
The f low i n  the  tu rbu len t  boundary layer ' ' .  on a f l a t  p l a t e  may be 

described i n  a s i m p l i f i e d  way by assuming the, ex is tence o f  a .  law o f  the  
w a l l :  [ 4 ]  . ' 

. . 
. . . . . . a ,  . * 

. . .. , . . . . . ,  

The essence o f  t h i s  law i s  t h a t  t he  t u r b u l e n t  f low i s  such t h a t  i t  pre- 
scr ibes  a one-to-one correspondence between t h e  non-dimensional w a l l  d i s -  
tance y+ and the  non-dinensional v e l o c i t y  ui p a r a l l e l  t o  the  w a l l .  I t  
should be no t i ced  t h a t  these q u a n t i t i e s  are def ined as 



where 
- 
u = mean velocity paral le l  t o  'the wall (x-direction) 
- 
v = mean velocity perpendicular t o  the wall (y-direction) 

x = coordinate along the wall 

y = coordinate to  the wall 

v, = shear velocity = /?-$? 

T = shear s t r e s s  a t  the wall 
W 

D = density of the f luid 

v = kinematic viscosity of the f lu id  

The mathematical problem of solving the basic equations and ;eeking 
the implications of the statement in  (2.1)  are  shown i n  de ta i l  i n  1 4 i ,  
and only some resu l t s  need t o  be -drawn upon here: 

1) The vari-ation of the shear s t r e s s  T i n  the f luid is given as  

where 

+ Here 5 is  the value of u a t  the outer edge of the boundary layer,  i . e .  



+ 
and yo i s  the  corresponding value o f  yC. The constants A and K have 
been determined by O.B. Spalding [ 5 ] :  A = 0.1108, K = 0.4. 

2) The v e r t i c a l  v e l o c i t y  3 i s  g iven as 

3 )  The s o l u t i o n  t o  the  problem renders 5 as a  func t i on  o f  x: 

where as before  Uo denotes the  constant ou ter  v e l o c i t y .  Through a  combi- 
n a t i o n  of (2.7) and (2.8) i t  i s  now poss ib le  t o  e s t a b l i s h  the  f o l l o w i n g  
equation f o r  3 :  

and a t  t he  ou te r  edge o f  t he  boundary l a y e r  the  l i m i t i n g  value ;, i s  
obtained 

Since (2.8) g ives  the  r e l a t i o n s h i p  between 5 and Re one may use 5 
x t o  i n d i c a t e  a  c e r t a i n  p o s i t i o n  along the  w a l l :  

Then the  r e l a t i o n  (2.9) may be i n t e r p r e t e d  as a  v a r i a t i o n  o f  ; a t  a  
g iven p o s i t i o n  x (g iven through 5 ) as y va r ies  from zero ( a t  t he  
w a l l )  t o  y: ( a t  t he  ou te r  edge o f  t he  boundary l a y e r ) .  The i m p l i c a t i o n  
of the  law of t h e  w a l l  i s  however t h a t  (2.9) a l so  describes the  v a r i a t i o n  
of i7 a t  a  g iven value o f  y as x var ies .  This i s  schemat i c l l l y  shown 
i n  Fig.  4.4 where y = constant i s  shown t o  



c + x  

y r-, J. y = conrt. - .. 
=o \ 

\ - -. -- 
Fig. 4.4 

h i t  t h e  o u t e r  edge o f  t h e  boundary l a y e r  a t  x = xo. The c o r r e s p o n d i n g  
v a l u e  o f  5 is  5, and a t  t h i s ,  p o i n t  t h e  v e r t i c a l  v e l o c i t y  ij i s  from 
( 2 . 9 )  found t o  be  

+ + 
where now Y r e p r e s e n t s  t h e  v a l u e  o f  Yo a t  5 = 5, . S i n c e  5 is  
r e l a t e d  t o  t h e  l o c a l  Reynolds number Rex th rough  (2 .10)  it is  obse rved  
t h a t  t h e  lowes t  v a l u e  f o r  Rex f o r  a g i v e n  v a l u e  o f  y is  . . 

. . ? ,. 
It is  now e a s i l y  shown t h a t  f o r  a g i v e n  v a l u e  o f  y t h e  v a r i a t i o n  yf a s  
one p r o g r e s s e s  i n  t h e  x - d i r e c t i o n  is g i v e n  a s  f o l l o w s :  

where t h e  v a r i a t i o n  o f  x is e x p r e s s e d  t h r o u g h  5. S i n c e  t h i s  starts t o  
be  v a l i d  a t  x = xo one h a s  ( s i n c e  t h e  c o n s t a n t  v a l u e  o f  -Y e q u a l s  6,1 

. . 



+ . .. . 

Thus the variation of Y w i t h  I (.or ,i ) w i l l  be: 

Finally, it has been shown [61 that  the shear s t r e s s  r can be expressed 

and the stream function may be given as 

Using D.B. Spalding's formulation [ 5 ]  one w i l l  get: 

T h i s  ends the exhibition of the implications of a turbulent boundary 
layer. I t  is not accurate, the procedure used h a s  been improved, b u t  for 
the present purpose it ought to  be suff ic ient .  

4 . 2 . 3  The Flow i n  the Wper Layer of the Ocean 
. . 

The flow in  the ocean is turbulent and this is also the case in  i ts  
upper layer. In t h i s  layer however, surface waves are  creating recircu- 
la t ing motions and sometimes these phenomena tend to  obscure the large 
scale motions responsible for carrying o i l  par t ic les  t o  much larger 
depths than the wave heights. T h i s  large scale motion is not easily 
recognized experimentally except for the fact  it is also responsible for 



t h e  e n t r a i n m e n t  o f  o r g a n i c  p a r t i c l e s  which makes l i f e  e x i s t  t o  l a r g e  
d e p t h s .  

One may u s e  o n e s .  knowledge o f  t u r b u l e n t  f lows  i n  g e n e r a l  t o  come up 
w i t h  a n  adequa te  a n a l y t i c  approach t o  t h e  problem of d e s c r i b i n g  t h e  
flow. F i r s t  one  o b s e r v e s  t h a t  t h e  o r d i n a r y  l i n e a r  approach t o  t h e  wave 
mechanisms f u r n i s h e s  a f low f i e l d  which e x h i b i t s  r e c i r c u l a t i o n  b u t  which 
h a s  no mean motion i n '  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  s u r f a c e  o f  t h e  s e a .  
The r e c i r c u l a t i n g  motion cpnnec ted  w i t h  t h e  waves becomes . i n s i g n i f i c a n t  
a t  d e p t h s  g r e a t e r  t h a n  a c o u p l e  o f  wave h e i g h t s .  C l o s e r  examina t ion  o f  
t h e  f l u i d  motion i n  t h e  upper  l a y e r  shows however t h a t  t h e r e  is  a mean 
h o r i z o n t a l  v e l o c i t y  component wsuperimposed" on t h e  wave mot ion,  and t h i s  
v e l o c i t y  component may vary  w i t h  t h e  h o r i z o n t a l  d i s t a n c e .  P s i m p l e  con- 
s i d e r a t i o n  of t h e  e q u a t i o n  o f  c o n t i n u i t y  w i l l  t h e n  show . t h a t  under  such  
c i r c u m s t a n c e s  a v e r t i c a l  v e l o c i t y  component i n  t h e  ocean is i n e v i t a b l e ,  
and t h a t  i t  w i l l  p e n e t r a t e  t o  d e p t h s  comparable t o  t h e  d i s t a n c e  o v e r  
which t h e  change i n  t h e  h o r i z o n t a l  v e l o c i t y  components t a k e  ' p l a c e .  T h i s  
may b e  a n  o r d e r  of , .magni tude l a r g e r  t h a n  t h e  wave h e i g h t .  

There i s  no immediate and d i r e c t  way o f  p r e d i c t i n g  t h i s  t y p e  o f  mean 
mot ion.  One may however u s e  t h e  boundary l a y e r  f low which is  d e s c r i b e d  , 

i n  Sec. 4.2.2 t o  e x h i b i t  a c e r t a i n  r e l e v a n t  c a s e .  F ig .  4.5 shows t h e  
upper  l a y e r  o f  t h e  ocean i n  which t h e r e  i s  a h o r i z o n t a l  c u r r e n t  Uo a s  
shown by t h e  v e l o c i t y  p r o f i l e .  ( A  two-dimensional  s i t u a t i o n  is  
assumed.)  A t  t h e  s u r f a c e  ( t h e  waves have been n e g l e c t e d )  a h o r i z o n t a l  
s h e a r  stress i n  t h e  x - d i r e c t i o n  ( o p p o s i t e  t o  U, ) is  supposed t o  a c t  due  

,I 
. Fig .  4.5 

t o  wind. If now t h i s  s h e a r  stress v a r i e s  i n  . t h e  p r o p e r  .way, a boundary 
l a y e r  t y p e  of flow w i l l  deve lop  i n  t h e  upper'  l a y e r  and t h e  s i t u a t i o n  is 
s i m i l a r  t o  t h a t  o f  F ig .  4.4. Thus t h e  r e s u l t s  o f  Sec .  4 .2 .2  a r e  immedi- 
a t e l y  a p p l i c a b l e  t o  t h e  s i t u a t i o n  a t  hand and s e v e r a l  c a s e s  o f  s h e a r  
stress d i s t r i b u t i o n  on t h e  s u r f a c e  have been c o n s i d e r e d  whereby t h e  f o l -  
lowing w a n t i t i e s  have been c o m ~ u t e d  a s  f u n c t i o n s  o f  t h e  non-dimensional  - .  
d i s t a n c e  (Re  - Re ): 

x xo 



~ / ~ u ~  = non-dimensional shea r  stress d i s t r i b u t i o n  
0 

- 
d u o  = non-dimensional h o r i z o n t a l  , v e l o c i t y  component a t  t h e  

s u r f a c e  . 

Z/Z0 = non-dimensional v e r t i c a l  v e l o c i t y  component a t  t h e  
s u r f a c e  

ZdZo = non-dimensional vertical ve loc i ty  component a t  a dep th  
equa l  t o  and/or  g r e a t e r  than t h e  boundary l a y e r  
t h i cknes s  6 - 6 

0' - 

The computations a r e  based on t h e  equa t ions  o f  Sec. 4.2.2 and t h e  
computer programs used a r e  exh ib i t ed  i n  t h e  Appendix. Fig.  4.6,  4 .7 ,  and 
4.8 g ive  t h e  v a r i a t i o n  along t h e  "surface1I o f  t h e  d i f f e r e n t  q u a n t i t i e s .  
The co r r e spond ing - s t r eaml ine  p a t t e r n  is exh ib i t ed  i n  Fig.  4.9 where t h e  
dashed l i n e  r e p r e s e n t s  t h e  boundary of  t h e  region i n  which t h e  expres-  
s i o n s  used a r e  v a l i d .  I t  is seen how t h e  s t r eaml ines  i n d i c a t e  a v e r t i c a l  
v e l o c i t y  (downwards) and t h e  f a t e  o f  o i l  d r o p l e t s  i n  t h i s  environment 
w i l l  be d i scussed  ' in Sec t ion '4 .3 .  , . 

Fig.  4.6 

Fig.  4 .7  



Fig .  4.8 

F ig .  4. 

4.2.4 The Jet Flow 

I t  has been shown how the  t u r b u l e n t  bou6dary l a y e r  can 'be used t o  
model t he  downward flow i n  the  ocean which i n  a c e r t a i n  case w i l l  occur 
and which i s  caused by the  h o r i z o n t a l  component o f  .the mean v e l o c i t y  gra- 
d ien t .  Since t h i s  on ly  represents a s p e c i a l  s i t u a t i o n ,  one may t r y  t o  
f i nd  o ther  models which w i l l  be u s e f u l  i n  o ther  s i t ua t i ons .  One such 
type o f  f low i s  the  j e t  f low.  

The j e t  flow i s  character ized by t h e  f a c t  t h a t  i t  i s  a s e l f - s i m i l a r  
type of t u rbu len t  f low. However, most o f  t h e  j e t  i n v e s t i g a t i o n s  operate 
w i t h  a v e l o c i t y  f i e l d  which corresponds t o  a. non-vanishing v e l o c i t y  com- 
ponent a t  i n f i n i t y  normal t o  the  jet-axis." The more proper v e l o c i t y  



f ie ld  would be one exhibiting . rec.irculation, and Persen-Skaug [7 ]  have 
suggested just  that  type of velocity profile. '  The. present investigation 
w i l l  s t a r t  from t h i s  assumption and present the flow f ie ld  as 

where f (11) is a non-specified velocity.  profi le ,  r, is 'the non-dimensional 
distance normal t o  the j e t  axis and , .  5 . is  . .  the .. . non-dimensional . . .  distance 
along the j e t  axis.  . . .:. . 

Here A and x are parameters' important i n  t h e  description of the j e t  
flow b u t  for the moment these are l e f t  - f o r  . . <  future consideration .. . i n  the 
present context. . . 

. .  .: . . < .  

With t h i s  prelimina.ry.;ihformation one may .now explore the j j e t  flow 
somewhat closer. The velocity. . prof i le , f (n)  . . . is specified . . as  

. . .  

, , .  e ,  . . . . : . .  - . 

where B is a constant t o  be determined la te r . ' .  . I t  is  observed. that  

. 3 . , 

which can be rewritten as: 



It i s  seen t h a t  

rl 
lim 1ffz)dz '-' 0 

This means t h a t  t he  v e l o c i t y  f i e l d  d ies  ou t  ( i n  view o f  (4.1) as -+ w 

( i .e .  f o r  l a r g e  values o f  Y). . . 
. . 

The stream func t ion  ' Y  f o r  t he  f low u n d e r  cons idera t ion  w i l l  now be 
expressed as J 

4.2.5 The Analogous Flow i n  the  Ocean 

Just as the  boundary l a y e r  flow e x h i b i t e d  i n  Sect ion 4.2.2 was shown 
t o  have a bear ing on the  f low i n  the  upper l a y e r  o f  t h e  ocean, the  j e t  
flow may a lso  be shown t o  be appl icable.  If one imagines t h e  scenar io 
when a wind has produced a mean h o r i z o n t a l  v e l o c i t y  i n  t h e  upper l a y e r  of 
t he  ocean and then ceases t o  blow, t h e  s i t u a t i o n  w i l l  be as shown i n  Fig.  
4.10 where the  v e l o c i t y  p r o f i l e  i s  s i m i l a r  t o  t h a t  o f  t he  j e t  w i t h  a zero- 
v e l o c i t y  g rad ient  a t  t h e  surface i n d i c a t i n g  t h e  absense o f  a shear s t r e s s  
a t  t he  surface. The h o r i z o n t a l  v e l o c i t y  w i l l  eventua l ly  d i e  down and a 

Fig.  4.10 



velocity gradient in  the horizontal direction w i l l  produce a downward 
flow i n  the ocean: Thus the j e t  flow has found its analogue i n  the large 
scale flow structure i n  the ocean. The flow i s  i l lus t ra ted  in  Figs. 4.11 
an 4.12. It is seen that  the flow patterns are  very similar even though 
the parameter is  B = 2  and B = 5 respectively. Consequently, only one 
case w i l l  be treated subsequently when the f a t e  of o i l  droplets i n  t h i s  
type of flow is considered in  Section 4.3. 

Fig. 4-11 '5 . . 
itteahliiies i n  the redirculit ing 

. . . . .  

, . #  . . .  . . 
, . . . . r : I  

. , 

flow., B '  =. 
. . .  

Fig. 4.12 Streamlines i n  the recirculating flow, B = 5 



4.3 THE PATHS OF OIL DROPLETS IN. THE:OCERN. . 

4.3.1 I n t r o d u c t i o n  

I t  has been shown t h a t  t he  entrainment o f  o i l  i n  the  water column i s  
governed by t h e  r e c i r c u l a t i n g  motion, which can be found i n  t h e  ocean due 
t o  t h e  nonuniform v e l o c i t y  d i s t r i b u t i o n  o f  t he  h o r i z o n t a l  v e l o c i t y  com- 
ponent i n  i t s  upper l a y e r .  It i s  the  purpose o f  t h i s  paper t o  exp lore  
the  p o s s i b i l i t y  of s t u d y i n g . t h i s  process more i n  de ta i l . ,  

4.3.2 The Equations o f  Motion 

It w i l l  be assumed t h a t  t h e  
motion o f  an o i l  d r o p l e t  can be 

P ' 
described on t h e  basic assumption 
t h a t  i t s  motion does n o t  a f f e c t  
t h e  f low f i e l d .  One w i l l  then 
have the  f low f i e l d  descr ibed 
through t h e  v e l o c i t y  components u 
( z a g )  and 7) (2, y) which may be 
considered as g iven o r  known func- 
t i ons .  . The p o s i t i o n  o f  an o i l  
d r o p l e t  w i l l  be, x , y ,  i t s  veloc- 
i t y  ?,g and i t s  acce le ra t i on  
x,ij. I t s  mass i s  m. 

. . .  . . 
. . . . 

F ig .  4.13 O i l  Drop le t  i n  a  .. . . . . .  I .  . , . . . . .  : % 

. . .  . . . . . .  . . . . . .  F low f i e l d  . . . . . . .  . . . *  . 5  . :  : , . ., '. \ . . 
. . .  ... . . . . . . A .  . . .  ... . . . . .  

. . ,..,.. . . . . . .  .;,< , I.  . . .  . . 
. , _ .  . . . .: .;..., . ;  . .  , +  5 ,  

The s e t  .of equations o f  m o t i o n  w i l l  'now be: : ,  .............. . . ..*,.. . a I ,.. . . . 
. . 

., . . . .  - _  .; 

where B i s  the  buoyancy fo,rce, and Fx and FLJ are t h e  fo rces  exer ted 
on t h e  d rop le t  by the  f l u i d .  The l a t t e r  forces ,wiJl,.depe.n.d. on the  r e l a -  
t i v e  v e l o c i t y  between the  d r o p l e t  and t h e . " f l u i d .  The 'drag ' f o r c e  on a  
sphere ( d r o p l e t )  i s  g iven as a  f u n c t i o n  o f  t h e  Reynolds . . . . .  number 

. . 
. . I . .  . . . 

% .: . ".. , ;., . . 

./here V i s  the re1,at ive v e l o c i t y  - o f  t he  sphere . t o  ;the f l u i d  . . . . .  
D i s  the  diameter, pf t he  sphere , . : ' .  . . d . . . . .  . . ,., .L; J .: . . . .  

. ,. . . . .  . . .  . . I . . . . I .  . . .  . z  . 4 4 
. * ;  :..;, ..:,,..<.. , .. . . 1 



. . . . 
. . .  

0 is t h e  kinematic,  v i scos i ty  o f  t h e  f l u i d  
. . 

R = V D  . , . . . .. 
I .  

Y -  
. . . . .  . . 

. . ' .  . .. . 
Fig. 1.6. Drdg coefficient, for spheres a function o f  the ~ G o l d i ,  number ' 

F r  (11.: Btok&r ih-, aqo. (6.10); curve (Z): 0;een'a theory, eqn.'(6.1?) . 
. . . . , .  . ... . . . . . Fig. .4.'14 . . . . . . 

The drag  f o r c e '  on 9' sphere i n  a c r o s s  flow is given i n  Fig. 4.14 
which i s  a reproduct ion ' o f  Fi' . 1.5. i n  H. Sch l i ch t ing  [a], where cd i s  P def ined  2 a s  t h e  drag  ' fo , rce  normalized w i t h .  t h e  s t a g n a t i o n  pres-  
s u r e  3ipV A, A ,  . being the ,  c e n t r a l  c r o s s  s e c t i o n  o f , " t h e  sphere .  The 
drag  f o r c e  is seen  t o  be .p ropor t iona l  t o  t h e  v e l o c i t y  f o r  very smal l  Re- 
numbers and propor t iona l ' .  t o  ' t h e  square  o f  t h e  ve loc i ty .  i n  t h e  range 
104 < Re C 1 0 5 .  ' The mos't l i k e l y  s i t u a t i o n  . fo r  smal l  o i l  d r o p l e t s  seems 
t o  bt i n  t h e  lower range o f  -Re-nunbers, .and consequent ly  t h e  components . 
of the drag  f o r c e  w i l l  .be:  , . 

where k i s  a p & p o f t i o n q l i t ~ ' .  k t o r .  . . ~ n t r o d u c e d  . . i n t o  . (2 .1)  t h i s  w i l l  
g i ve  . . 

.I q + LC = &V(X;~) - B ,  
1 .  I . .  

which a r e  t h e  b a s i c  e q u a t i o n s  governing t h e  motion o f  t h e  o i l  d r o p l e t .  
. . 

one may now assbne t h a t  t h e  . f l o w  f i e l d  ' e x h i b i t s  . a c h a r a c t e r i s t i c  
l eng th  A  and a c h a r a c t e r i s t i c  v e l o c i t y  UC by means o f  which t h e  follow- 
i n g  non-dimensional q u a n t i t i e s  can  be  introduced:  



5 ( x - X )  / A  
0 = non-dimensional x-coordinate 

s = y /A  = non-dimensional y-coordinate 

U 
'I= t C 

A 
= non-dimensional time ( 2 . 5 )  

With these  quan t i t i e s  the basic equations w i l l  appear i n  the form: 

? 

dS. * 
+ A = Au f5,<1 

d2 5 * 
+ A  5% = Av , - B 

d-r 

where 

The physical quan t i t i e s  in  these dimensionless parameters a r e :  

UC = the cha r ac t e r i s t i c  velocity of the flow f i e l d  

rn = poV = mass of the droplet  

nd3 volume of the droplet  v = -  
6 

d = diameter of the  droplet  

A = cha rac t e r i s t i c  length of the flow f i e l d  1 
B = gfp  - p 0 ) V  = buoyancy force of the droplet  (2.8) 

k = proport ionali ty fac to r  f o r  the drag force 
which is here assumed proportional t o  the 
veiocity 

I 



From Fig. 4.2 one f inds  the drag force F under such conditions a s  

One may now reformulate the  two parameters i n  (2.7) a s  follows: 

The dimensional quan t i t i es  w i l l  here have the  following numerical values. 

p = density of water (o r  sea water) 1.0 [ g r / m 3 ]  

= density of o i l  0. 86[gr/cm3] 

v = viscosity of water = I. O.IO-~[~'/SI 

A = length characterizing the flow f i e ld  (2.12) 

1 [ml < A < 10 [ml 

Uc = velocity characterizing the  flow f i e l d  
1 < Uc c 5 im/sl 

- 6 d = diameter of a droplet  10 [ml < d < lo-*[ml 

A Reynolds number fo r  the problem may now be formed a s  

and w i t h  the numerical values given above the  following range of varia- 
t ion  of Re is  obtained: 



Furthermore, the two parameters a and.. B. w i l l  'have a- .range o f  var ia t ion . 
l i k e :  . . 

. . 
. . 

It i s  now from the magnitude o f  the parameter, h ra ther  obvious tha t  
cases may occur where the acceleration tenhs i n  . ( 2 . 6 )  become negl ig ible,  
and consequently the equations reduce to: . . . . 

. . 

This may be carr ied even fu r ther  by observing that  the flow f i e i d .  i s  two'-  
dimensional and that  i n  the case of an incompressible f lu id ,  one then has 
a stream-function Y f o r  the flow from which the ~8 lOCi t y  'components are 
deduced : . . 

Introducing the two non-dimensional quant i t ies E ;  and 6 from (2.5) one 
.. . may rewr i te  t h i s '  . ' .. , , .. . . .  . . .  , , . . _  _ , . .  

. - 
. . . . . . 

. . , ,: :. 
, .. ' I  _ .  , . . . I  . 

. . 

which may be introduced i n t o  (2.16) t o  give: ' . . ' . . 
. .  . 



The r a t i o  of these equations may be 'w r i t t en  

which i s  the d i f f e r e n t i a l  equation for  the path o f  the drop le t  given 
by 5 a s a  f u n c t i o n o f  6 andwherew  i s d e f i n e d a s  . . . . . . . 

. . , , :*' . . 

'4 = Y/V A 
C 

(2.21) 

The so lu t ion  t o  (2.20) i s .  .eas i ly  'found by . i n t roduc t ion  . . of the path- 
funct ion 0 : 

Equation :(2.20) ,"& reduces . . . . . . . . . .  $9; : ' . 
' 

. . .  
. '. . ' 

,,.,. , . , 

w i t h  the so lu t i6n  . . .  
, 

. . . . .  . . . .  . . . . .  . . : *., : ,* . ; .- ,. . , .. 
. . . . . . . . . . . . .  . . .  .:..; . . . ... . . . . . . . . .  

Under the given condition;, the path o f  an o i l  droplet  i s  given i n  terms ,, :; 
o f  the streamfunction o f  the f low as 

This general so lu t ion  w i l l  now be examined i n  the two cases o f  rec i rcu-  
l a t i n g  f low t reated ea r l i e r .  

. . 

P a r t i c l e  Paths i n  a  Boundary Layer Type Flow 

I n  the discussion o f  the rec i r cu la t i ng  flow i n  the ocean (Section 
4.2) the boundary layer  type f low was t reated and t h e  ana ly t i c  descrip- 
t i o n  o f  the flow was car r ied  so far  t ha t  expressions for  the streamlines 
i n  the f low were established. S ince  the path o f  o i l  p a r t i c l e s  (drop le ts)  
of the s i ze  of i n t e r e s t  here i s  given i n  terms o f  the streamfunction of 



t h e  flow (2 .25) ,  . t h e  program'STREAM (Appendix) has  been used t o  p l o t  t h e  
p a r t i c l e  pa ths  i n  environments given a s  t h e  f.low of  Fig. 4.9:. The result 
o f  such computations is  shown I n  Fig.  4.15. .As seen from (2.25)  t h e  - 
r e s u l t s  w i l l  depend on t h e  Particle-number P = $/A. 

6 
Re, - 

Fig. 4.15 Pa ths  o f  O i l  P a r t i c l e s  i n  a Boundary 
l a y e r  type  flow -.-.-.-. . P = 0.001 

- - - -  P = 0.0001 
. . . .. 

This P-number ' can  be expressed thiough . (2 .10)  , .. a n d  (2.'11). as . ' - 
, . . . . . . . . . . . .  - , . .  . . . .  . ~ . .  . - .  . . I .  . . 

( 6  - pOlgV buoyancy force 
' . p  = - - 

kuc - characteristic drag force (3.1) . r 

I t  is e a s i l y  seen  t h a t  t h e  P-number dec reases  with decreas ing  d r o p l e t  
s i z e  and inc reas ing  c h a r a c t e r i s t i c  v e l o c i t y  of  t h e  flow. The P-number 
f o r  t h e  p a r t i c l e s  i n  ques t i on  w i l l  be very small and f o r  t h i s  reason Fig.  
4.15 has  been prepa'red with P = 0.001 and P = 0.0001. I n  t h e  f i r s t  case, 
t h e  o i l  p a r t i c l e s  are seen  t o  rise r e l a t i v e l y  r a p i d l y ,  i .e .  , they have 



enough buoyancy t o '  ltloosen the grip" that the flow has on them. In the 
l a t t e r  case it is seen that the par t ic le  is "trapped" by the mean flow 
over a much longer distance before it is able t o  r i s e  to  the surface. 
For P = 0.00001, the paths of o i l  par t ic les  become indistinguishable from 
the streamlines within the frame of Fig. 4.15. By contemplating the con- 
sequence of (2.251, one may conclude that the smaller the par t ic le  is, 
the further downstream and the further down from the surface it w i l l  be 
carried before being released tjy the dying out of the recirculating 
flow. The entrainment mechanism i s  therefore well explained. 

4.3.4 Particle Path i n  a Je t  Type Flow 

In the discussion of the re-circulating flow in  .the ocean the special 
case was modeled on the plane j e t  flow. Since also i n  t h i s  case the 
analytical deductions were carried t o  the point where the expression for 
the stream function was established, the computation of the path of o i l  
par t ic les  may follow just  as easily as i n  the previous case. The program 
OIL2 (Appendix) was used for t h i s  purpose and the resul t  is shown i n  Fig. 
4.16. The flow corresponds to  Fig. 4.12. The same remarks which were 
made i n  the previous section apply also i n  t h i s  case. One additional 

Fig. 4.16 Paths of O i l  Par t ic les  in a Jet  Type Flow 



remark may be made. From Fig.  4.16 one may p i c k  ou t  the  non-dimensional 
depth d t o  which an o i l  p a r t i c l e  w i l l  be c a r r i e d  i f  i t  i n i t i a l l y  i s  
p laced a t  a - depth di. 

This  shows t h a t  a p a r t i c l e  can, depending on i t s  P-number, be c a r r i e d  t o  
depths many t imes the  o r i g i n a 1 , d e p t h  t o  which i t  i s  being brought by 
ac t i ons  a t  t he  surface. 

4.4 THE EXPERIMENTS 

4.4.1 I n t r o d u c t i o n  

Three d i f f e r e n t  experiments p e r t a i n i n g  t o  the  entrainment process are  
described i n  Sect ion 4.1. The Wind-Wave experiment .was conducted by 
Steven Parks under t h e  superv is ion  o f  Dr. R. Dowdell and a d e s c r i p t i o n  of 
t h i s  a c t i v i t y  i s  found i n  Sect ion 3 o f  t h i s  repor t .  

The Drop-Size Experiment' was ,conducted by ~ a t h e i v  Cherian and the  
r e s u l t s  obtained i n  h i s  20 g a l l o n  tank , w i l l  .be g iven 'here and commented 
upon. .... . . P  

The Rain-Drop Experiment was conducted by Ted kawazoe and bo th  exper- 
iments were supervised by the  author. The e a r l i e r  experimentat ion i n  t h e  
r a i n  drop apparatus.was supervised by Dr. Corn i l lon .  

. . 

4.4.2 The Parameters 

Condit ions under which the  experiments are  conducted are  determihed 
by severa l  parameters whose importance may no t  be i n i t i a l l y  recognized. 
One may e a s i l y  i d e n t i f y  such parameters as sur face tension, temperature, 
o i l  s l i c k  thickness, i n t e n s i t y  o f  t he  r e c i r c u l a t i n g  f low, e tc .  as impor- 
t a n t  ones, bu t  i t  i s  d i f f i c u l t  o f fhand t o  judge t h e i r  r e l a t i v e  i n f l u -  
ence. One o r  more may be o f  such importance t h a t  i t  obscures t h e  i n f l u -  
ence of others. The experimentat ion was o r i g i n a l l y  planned exc lus i ve l y  
i n  sea water b u t  p r a c t i c a l  considerat ions l e d  t o  some experiments being 
performed i n  f r e s h  water. The in f l uence  o f  t he  type o f  water on the  
entrainment cou ld  thus be commented on. 

Because of d i f f i c u l t i e s  i n  keeping a constant q u a l i t y  o f  t h e  sea 
water t o  be used, i t  was decided t o  measure t h e  sur face tens ion of t he  
w a t e r l a i r  i n te r face .  I n  t h i s  way one hoped t o  be able t o  detec t  n a t u r a l  
sur fac tants  t h a t  might be present i n  the  water. For t h a t  purpose, a t e s t  



was made to  see how sensitive such a measurement would be to  the presence 
of the dispersant COREXIT 9527 i n  the water. The result of t h i s  t e s t  is 
shown in  Fig. 4.17. It is seen that very small concentrations give very 
large effects and that the surface tension water/air for a concentration 
of 2.5[mg/l] is almost as small as for COREXIT 9527 alone. 

Fig. 4.17 The Effect of Addition of a Dispersant 
on Measured Surface Tension Water/Air 

During this  experiment it was discovered that the actual result of a 
measurement was dependent on the person who performed the tes t ,  i.e., 
that an element of personal judgment was involved. The values should 
therefore only be given a relative importance. 

The next step i n  the investigation of '  the parameters was t o  find a 
way to  ascertain the "strengthI1 of the recirculating flow which presum- 
ably is responsible for the entraiment. For that purpose, a hot film 
Anemometer DISA with a probe 55A87 (conical, quartz coated) was used. 



Its performance was examined i n  a towing tank f o r  cal ibrat ion and sub- 
sequently used for  examining the flow created i n  the tanks by the 
impellers. 

The resu l t s  of the flow measurements i n  the 20 gallon tank of the  
Drop-Size-experiment a r e  shown i n  Fig. 4.18 where a p lo t  of a plane 
through the center l ine  of the tank is shown w i t h  the measuring s ta t ions  
indicated by small c i r c l e s  and w i t h  curves of equal mean velocity. The 
p lo t s  are shown f o r  d i f fe ren t  values of the impeller speed (measured i n  
rpm) and it is observed tha t  the general features of the flow pattern 
seem t o  be preserved wi th  an increase i n  mean veloci t ies  as  the impeller 
speed is increased. It is c lear  that  a c loser  examination of the velo- 
c i t y  f i e ld  i n  the immediate subsurface region might be of i n t e r e s t  when 
exploring the de t a i l s  of entrainment i n  cases where the flow i t s e l f  is 
responsible for  the creation of entrainable par t ic les .  Such a study 
must, however, i n  l i g h t  of the increased demand on accuracy, equipment 
and time be considered outside the scope of the present e f for t .  It is, 
however, observed tha t  the  rad ia l  velocity gradient along the surface 
increases w i t h  increasing impeller speed. Thus, the impeller speed may 
be used as  a parameter i n  the experimentation. 

The recirculating flow is characterized also by the turbulent inten- 
s i t y .  T h i s  quantity was measured and Fig. 4.19 exhibi ts  the resu l t s  i n  
the  20 gallon tank of the Drop-Size experiment. It is observed tha t  the  
turbulent intensi ty  is rather  evenly dis t r ibuted throughout the tank. A 
feature which may be of i n t e r e s t  is tha t  the lowest impeller speed seems 
t o  create  a greater turbulent intensi ty  close t o  the impeller than do the 
higher speeds. In a l l  cases, the turbulent intensi ty  is of the same 
order of magnitude. Thus one may already conclude a t  t h i s  point tha t  any 
influence on the entrainment process, which may be observed due t o  a 
change i n  impeller speed, may be a t t r ibu ted  t o  a corresponding change i n  
velocity gradient along the surface and not necessarily t o  a change i n  
turbulent intensi ty .  

These remarks conclude the preliminary remarks on the parameters of 
the  experiments. The e f f ec t  of each one of the other parameters w i l l  be 
discussed i n  the presentation of the resul ts .  
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4.4.3 The Drop S i z e  Experiment 

I n  the  expos i t ion  o f  the a u t h o r ' s  concept o f  t h e  entrainment process, 
a mechanical a g i t a t i o n  of some s o r t ,  a c t i n g  a t  t h e  su r face  was supposed 
t o  be respons ib le  for t h e  c r e a t i o n  o f  I tentrainable pa r t i c l e s" .  I n  t h e  
Rain Drop Experiment (Sect ion 4.4.41, t h e  r a i n  impinging on t h e  o i l  s l i c k  
is such a mechanical ag i t a t ion .  4 s  pointed o u t  i n  Sect ion  4.1, some 
focus t h e i r  a t t e n t i o n  on t h e  breaking waves a s  t h e  mechanism f o r  in t ro -  
ducing t h e  necessary act ion.  I n  the  present  experimentation no mechan- 
i c a l  a g i t a t i o n  o t h e r  than what is being brought about by the r e c i r c u l a t -  
ing flow ( impel ler )  is present  a t  t h e  sur face .  It is important t o  show 
t h a t  entrainment can be brought about even i n  the  absence o f  breaking 
waves. 

Table 4.1 shows the  values of t h e  d i f f e r e n t  parameters used i n  t h e  
d i f f e r e n t  experiments. It is noticed t h a t  t h e  s u r f a c e  tens ion  d a t a  

Table 4.1 Experimental Parameters of Drop-Size Experiments 

i n d i c a t e  what may seem an i n s i g n i f i c a n t  d i f f e rence  between f r e sh  water  
and s e a  water. The da ta  i n  t h e  l a t t e r  case  a r e  c o n s i s t e n t l y  higher ,  but  
w i t h  a d i f f e rence  which i n  view of the uncer ta in ty  o f  t h e  measurements, 
makes a d i s t i n c t i o n  between t h e  two very d i f f i c u l t  . 

The amount of o i l  added t o  t h e  su r face  i n  the tank is e i t h e r  approxi- 
mately 30 m l  o r  Mhl .  This is t h e  way i n  which the th ickness  of t h e  o i l  
is varied.  A f i n e r  gradat ion  of t h e  th ickness  is not necessary i n  view 
o f  t h e  scope of t h e  inves t iga t ion .  

The temperature a t  which t h e  experiments were performed was imposed 
by the ambient temperature. A systematic  i n v e s t i g a t i o n  of t h e  inf luence  
of t h i s  parameter t h u s  became almost impossible. 

Fig. 4.20 shows a ske tch  of t h e  so-called "20 ga l .  tank". It is seen 
t o  be equipped with 4 t a p s  a t  d i f f e r e n t  depths under t h e  su r face  through 
which samples of t h e  water with t h e  en t ra ined  o i l  can be taken. The 
impel ler  was placed very c l o s e  to t h e  bottom of  t h e  tank and t h e  measure- 
ments of Figs. 4.18 and 4.19 were made i n  t h e  region above a depth of 
lost,  i .e .  well above t h e  impeller .  The entrainment was measured as con- 
c e n t r a t i o n s  of o i l  i n  t h e  samples taken through t h e  t a p s  according t o  a 
determined time schedule. This schedule ran first f o r  4 hours and was 
l a t e r  changed t o  10 hours; i n  both cases  c o n t r o l  samples were taken after 
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Fig. 4.20 The "20 gal .  tank" of  the  
Drop-Size-Experiment 

24 hours. The r e s u l t s  of these  measurements are exhibi ted  i n  Figs. 
4.21a - d. The running time f o r  t h e  impeller  is shown i n  t h e  diagrams. 

I n  contemplating t h e  conclusions which may be drawn from these  
r e s u l t s  the  s c a r c i t y  of them, and consequently t h e i r  inherent  uncer- 
t a i n t y ,  should not be overlooked. However, sane r e s u l t s  seem well estab- 
l i s h e d  and w i l l  a l s o  be supported from o t h e r  sources. 

S t a r t i n g  with Fig. 4.21b, one observes t h a t  t h e  t h r e e  experiments 
have been made under almost i d e n t i c a l  condi t ions  a s  f a r  as water type, 
impel ler  speed and su r face  tens ion is concerned. I n  E 12/07 and E 12/19 
even t h e  same amount of o i l  was added. The temperature during t h e  exper- 
iments d i f f e r s  however by approximately 10 C without any not iceable  d i f -  
ference  i n  entrainment. Thus it seems t h a t  t h e  temperature i s  not  a 
parameter which i n  t h i s  range s t rongly  inf luences  t h e  entrairment.  I f  
however the  t h i r d  experiment E 11/16 is considered, a comparatively l a r g e  
increase  i n  entrainment is noticed and s i n c e  temperature is ruled ou t ,  
t h i s  can only be a t t r i b u t e d  t o  the  f a c t  t h a t  i n  t h e  l a t t e r  case  the o i l  
f i l m  is th inner  (only half  a s  much o i l  added). So, with t h e  slim back- 
ground of  th ree  experiments € 11/16, E 12/07, E12/19) t h e  following 
conclusions a r e  attempted: 

1. Within t h e  range of v a r i a t i o n  of  t h e  temperature (4O - 14OC) t h e  
inf luence  of  temperature on entraiment seems negl ig ib le .  

2. The entrainment from a t h i n  s l i c k  is, under t h e  same condit ions,  
l a r g e r  than from a th ick  s l i c k .  



These preliminary conclusions will be examined in the light of later 
results. 
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a t  t h i s  point i t  might be mentioned that  the impeller speed was 
adjusted i n  such a way that small vortices could be ident i f ied  as lldents" 
i n  the water surface, which moved around, appeared and vanished i n  an 
apparent stochastic manner. This occurred a t  impeller speeds o f  approxi- 
mately 150 rpm, i.e., a t  the speed used i n  the above experiments. It i s  
thought that the occurrence o f  such vortices represent the mechanism 
whereby the o i l  s l i c k  i s  fragmented and whereby entrainable part ic les are 
being produced. It i s  then log ica l  t o  deduce that t h i s  ttfragmentation" 
due t o  vortices i s  more easily done where the s l i ck  i s  th in  than when i t  
i s  thick ( i n  complete agreement with the result). Since i t  i s  desirable 
t o  establish the influence on the entrainment o f  the recirculat ing flow, 
the variation o f  the impeller speed becomes important. 

I f  one considers the entrainment obtained i n  E 12/07 and E 12/19 one 
w i l l  f ind  that very l i t t l e  i s  being entrained, i n  fac t  so l i t t l e  that the 
concentrations obtained during the time when the impeller i s  rotat ing are 
equivalent t o  those s t i l l  found 20 hours a f ter  the recirculat ing flow was 
ttstopped.tt This suggests a lower l i m i t  f o r  the impeller speed below 
which very l i t t l e  o i l  i s  being entrained and t h i s  l i m i t  may depend on the 
o i l  s l i ck  thickness. This point w i l l  be reexamined i n  the l i g h t  o f  sub- 
sequent results. 

Consider now the results o f  Fig. 4.21a. A comparison between E 10/29 



and E 11/16 shows t h a t  t h e  values o f  temperature, o i l  s l i c k  th ickness ,  
impeller  speed and su r face  tens ion  a r e  almost equal.  Thus t h e  tremendous 
d i f f e rence  i n  entrainment i n  the  two cases may be a t t r i b u t e d  t o  t h e  f a c t  
t h a t  one experiment is done i n  f r e sh  water and t h e  o t h e r  i n  s e a  water. 
On the  o t h e r  hand, t h e  experiment E 1047,  which is done under almost 
i d e n t i c a l  condi t ions  except f o r  the  impe l l e r  speed being much less, show 
almost no entrairment .  One is now faced with t h e  following poss ib le  
conclusions: 

The entrainment o f  o i l  i n  the  water column under otherwise equal 
condi t ions  seems t o  occur much more e a s i l y  i n  f r e s h  water than 
i n  sea  water. This is i n  c o n t r a s t  t o  o t h e r  observat ions  ( see  
Sect ion 4.4.5 F ina l  Remarks) 

Entrainment of o i l  i n  t h e  water column is very s t rongly  
dependent on t h e  "strengthl1 of t h e  r e c i r c u l a t i n g  flow. 

The r e s u l t s  a t  t h i s  poin t  show t h a t  t h e  samples from t h e  d i f f e r e n t  t a p s  
a r e  inf luenced s o  much by occasional ly trapped l a r g e r  o i l  d rop le t s  t h a t  a 
concentrat ion gradient  i n  t h e  v e r t i c a l  d i r e c t i o n  may not be experimen- 
t a l l y  determined. Thus t h e  conclusions so  f a r  have been drawn on t h e  
b a s i s  of mean values of t h e  instantaneous concent ra t ions  measured a t  t he  
3 taps .  

It has furthermore been assumed t h a t  a f t e r  4 hours some kind of equi- 
l ibr ium s t a t e  has been reached. This is tested i n  the  experiments shown 
i n  Fig. 4.21~-d.  where t h e  period over which samples were taken is 
increased.  It seems t o  be c o n f i n e d  t h a t  t h e  "equilibrium1' has been 
reached a f t e r  4-6 hours. 

The experiment E 02/21 is seen t o  be almost i d e n t i c a l  t o  E 10/29 a s  
f a r  a s  most parameters a r e  concerned. There is however a d i f f e rence  i n  
temperature between the  two cases  of approximately 10 C. This means t h a t  
t h e  previous s tatement  about t h e  inf luence  of temperature perhaps must be 
modified, because t h e r e  i s  a d i f f e rence  o f  10 - 15% i n  concent ra t ion  be- 
tween the  two cases  which can be explained as t h e  in f luence  of tempera- 
tu re .  The r a t h e r  high concent ra t ion  measured seems, however, t o  be a 
cons i s t en t  r e s u l t .  The r e s u l t  of E 02/02 are obtained with a r a t h e r  high 
value of the impeller  speed. During the  experiment it seemed as i f  a l l  
o i l  on the  su r face  was being ent ra ined .  If one assumes from t h e  d a t a  a 
uniform concent ra t ion  of 350 [mg/l] i n  the water,  t h e  t o t a l l y  ent ra ined  
mass of o i l  w i l l  be 26.5 [gr] o r  approximately h a l f  t h e  o i l  added. 
Apparently t h i s  high value of t h e  impel ler  speed represents  t h e  upper 
l i m i t  f o r  s e n s i b l e  experimentation i n  t h e  apparatus used. 

Fig. 4.21d shows t h e  r e s u l t s  f o r  a r a t h e r  high value of t h e  impel ler  
speed and w i t h  s e a  water. Gathering a l l  r e s u l t s ,  one may now present  
them a s  done i n  Fig. 4.22 where t h e  mean maximum concent ra t ion  is p lo t t ed  
a s  a funct ion of the  impeller  speed. The legend used t o  i d e n t i f y  t h e  
experiments a r e  shown i n  Figs. 4.21 a-d. 

It seems a s  i f  t h e  following conclusions may be drawn: 

1. The inf luence  of temperature on t h e  entrairment  may hardly be 
est imated from t h e  r e s u l t s  of these  experiments. Emphasis is 



Fig. 4.22. Entrainment as a function of the  "strength" of 
the recirculating flow ( i .e .  the impeller speed) 

put on the scarci ty  of experimental evidence and the limited 
temperature range. (See the Rain-Drop experiment, section 
4.4.4). 

2. The entrainment from a thin  s l i ck  i s  under the same conditions, 
larger  than from a thick s l i c k .  (As before).  

3. The entrainment of o i l  i n  the water column under otherwise equal 
conditions seems t o  occur much more easi ly  i n  f resh water than 
i n  sea water. (As before, w i th  reservations). 

4. Entrainment of o i l  i n  the water column is very strongly depen- 
dent on the "strength" of the recirculating flow. ( A s  before). 

4.4.4. The Raindrop Experiment 

This  experiment is discussed i n  Section 4.1.5. It distinguishes 
i t s e l f  from the experiment or iginal ly  carr ied out i n  the  same r i g  by the 
f ac t  tha t  an impeller has been ins ta l led  a t  the bottom of the receiving 
tank. This  creates  a recirculating flow which, i n  the author 's  concept, 
is responsible for  the entrainment. This experiment a l so  dist inguishes 
i t s e l f  fmm the previous one (preceding sect ion)  i n  the presence of a 
mechanical agi ta t ion ( ra in  fa l l ing)  a t  the surface. 



The parameters o f  t he  experiment are  t h e  same as i n  the  preceding 
sec t i on  but  now one has the  r a i n  i n t e n s i t y  as an a d d i t i o n a l  parameter. 
The r a i n  maker ( tank 8, F ig.  4.2) had a va r iab le  performance due t o  the  
c logging up o f  the  needles producing the  ra indrops.  This, , i s  due t o  t h e  
f a c t  t h a t  s a l t  water (sea) was used t o  produce t h e  r a i n  t o  avoid the  com- 
p l i c a t i o n  o f .  having a mix ture  o f  s a l t  and f resh  water a t  t he  surface. 
The r a i n  i n t e n s i t y  was attempted t o  be kept  constant dur ing  ' the conduc- 
t i o n  of an experiment, b u t  v a r i a t i o n s  o f  10% had t o  be accepted. The 
r a i n  i n t e n s i f y  may be expressed i n  d i f f e r e n t  ways. One may g i ve  i t  as 
the  amount of r a i n  f a l l i n g  over t h e  e n t i r e  sur face pe r  u n i t  t ime 
[ Z h o u r ] .  One may however g i ve  i t  as the  k i n e t i c  energy o f  t he  ra indrops 
as they h i t  the  surface. I n  t h i s  l a t t e r  case, the  r a i n  i n t e n s i t y  may be 
the  same f o r  d i f f e r e n t  he ights  and d i f f e r e n t  drop s izes  as w e l l  as f o r  
d i f f e r e n t  drop 'frequencies. An examinat ion of t h i s  e f f e c t  has so f a ?  no t  
been made, and f o r  the  p resen tpu rpose  the  f i r s t  way of d e s c r i b i n g  t h e  
r a i n  i n t e n s i t y  has been used. 

F ig .  4.23 shows a sketch o f  t he  rece iv ing  tank. Water samples are, 

. . F ig.  . 4.23. The rece iv ing  tank i n  the  r a i n  drop experiment. . 
8 . ,. 

be ing c o l l e c t e d  through the  taps 1 - 4 where g lass  tubes g o  zlmost t o  the  
center  o f  the  tank. Thus water samples a re  c o l l e c t e d  a t  d i f f e r e n t  depths , 

and ought t o  r e f l e c t  a poss ib le  v e r t i c a l  g rad ient  i n  the  concentrat ions 
o f  o i l  i n  the  samples. Such a grad ient  i s  i nd i ca ted  by t h e  photb o f  t h e  
tank emptied a f t e r  one normal experiment. (F ig .  4.24) , The o i l  c l i n g i n g  
t o  t h e  outs ide  o f  t h e  g lass tubes i s  dependent on the  s i z e  and frequency 
of t he  d rop le ts  h i t t i n g  the  tubes. The photo  shows t h a t  much more o i l  i s  , , 

c o l l e c t e d  by t h e  upper tubes than by t h e  lower ones. P corresponding 
grad ient  i n  t h e  concentrat ions measured i n  the  samples i s  no t  present be-. . , 

cause i t  i s  obscured by t h e  l a r g e  k a r i a t i o n s  one may have due t o  occa- 
s i o n a l  p i c k  up of l a r g e  o i l  d rop le ts  dur ing  sampling. This i s ,  o f  



course, a source of inaccuracy i n  the experimentation which might have 
been avoided by increasing the physical s ize of the apparatus or by 
taking ensemble averages over a large number of identical runs. With 
these remarks i n  mind one may turn to  Table 4.2 where a survey is given 

Fig. 4.24. Photo showing the gradient i n  the 
o i l  collected by the glass tubes. 

over the variation of the parameters i n  the experiments. RD-7 through 
RD-18. I n  addition, the resul ts  of each experiment are shown i n  Figs. 
4.25a-j as a record of the concentration of o i l  i n  the water column as a 
function of the time a t  which the samples were taken, the time t = 0 
being the time a t  which the o i l  was applied t o  the surface. ( A  steady 
s t a t e  of the rain as well .as of the recirculat ing.  flow .is assumed estab- 
lished beforehand). It should be noted that  the s ize '  of'  the impeller as  
well as  of the tank d i f f e r  from those of the preceding s;ection and no 
comparison can therefore be direct ly  obtained .between .the,. two .cases.. . 

One may s t a r t  the examination of the resu l t s  by considering RD,-11, 
RD-12, RD-14, RD-15, and RD-16 which a l l  are cases where the rain has 
been stopped hours before the rotor was s h u t  off .  A l l  of these show that  
regardless of the impeller speed ( w i t h i n  the range o f .  variation used) the 
concentration of o i l  entrained i n  the water column drops off dramatically 
as  soon as the rain stops, i .e .  as soon as the production of entrainable 
par t ic les  stops, even though the recirculating flow is maintained. Since 
the level of concentration reached a f t e r  shutting off the rain is close 
t o  that  a f t e r  24 hours one may conclude that  i n  contrast t o  the drop s ize  
experiment the impeller speed is  in  t h i s  case kept so low that  the recir-  
culating flow does not contribute significantly to  t3e production of 
entrainable par t ic les .  Its main effect  is the transport of o i l  par t ic les  
from the vicinity of the surface down into the water column. Apart from 
RD-14 t h i s  is a feature common to  a l l  experiments i n  t h i s  se r ies ,  and it 
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makes the impeller speed rather unsuited as  a parameter. The results can 
then be used to  explore the influence of other parameters such as  temper- 
ature, slick thickness, etc. 

One more comment ought t o  be given a t  t h i s  point. The entrainment is 
seen t o  drop off dramatically when the rain stops, but the same is 
observed when the rain continues and the impeller stops. This l a t t e r  
case is investigated by Dr. Cmnillon and Ted Kawazoe and the result is 

a given in  a intenla1 report by Ted Kawazoe. 



Fig. 4.26 g ives  a survey of t h e  r e su l r s .   he average concentrat ion c 
of o i l  i n  t he  water column a f t e r  6 hours is p lo t t ed  a s  a function of  
tem e r a t u r e  with t h e  o i l  s l i c k  th ickness  (given by t h e  amount of  o i l  P app i e d  t o  t h e  surface)  a s  t h e  parameter. P d i s t i n c t i o n  is made between 
t a p  water and sea  water. One may now examine t h e  four  conclusions drawn 
i n  t h e  preceding sec t ion .  
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Fig. 4.26. Resul ts  of t h e  r a i n  drop experiment 
6 hours average concentrat ion p lo t t ed  
a s  function of  temperature. 

F i r s t ,  it is confirmed t h a t  i r r e s p e c t i v e  o f  what type of  water is 
used, t h e  entrainment is higher f o r  a t h i n  s l i c k  than f o r  a t h i c k  one. 
Conclusion 2 is thus  supported. 

Second, o i l  is seen t o  be much more e a s i l y  ent ra ined i n  s a l t  water 
than i n  f r e s h  water. This is i n  c o n t r a s t  t o  t h e  r e s u l t  i n  t h e  preceding 
sec t ion ,  Conclusion 3, and w i l l  be commented on i n  t h e  n e x t '  section; 
F ina l  Remarks. 



Third, Conclusion 4 o f  t h e  preceding sec t i on  cannot be reconsidered 
here because the i n f l uence  o f  the r e c i r c u l a t i n g  f low on t h e  product ion of 
en t ra inab le  p a r t i c l e s  i s  t o t a l l y  overshadowed by the  a c t i o n  o f  the  r a i n  
f o r  the  impe l l e r  speeds used. 

Fourth, the i n f l uence  o f  temperature, Conclusion 1. i n  the  preceding ' 
sect ion,  i s  here exh ib i ted  i n  F ig.  4.26. It i s  ' seen t h a t  apparent ly a . '  
weak inf luence of temperature on entrainment . is  found i n  f resh  water bu t  
an apparent ly very s t rong dependence i s  found i n  sea water. I t  i s  
however f e l t  t h a t  f u r the r  experimentat ion would be needed t o  form a f i xed  
op in ion  on t h i s  p o i n t .  

. . . . . .' . -  .., .. . ,. . .. . . . . . . . . 4.4.5 F i n a l  Remarks 

Summing up the  r e s u l t s  of these experiments one should not  h ide  the 
s c a r c i t y  o f  i n fo rma t ion  they g i ve  and the  corresponding uncer ta in ty  i n  
the  conclusions one may draw. However, some r e s u l t s  seem t o  be f a i r l y  
w e l l  establ ished.  

1. I n  a l l  cases the  o r i g i n a l  concept o f  entrainment being brought 
about by one a c t i o n  producing ent ra inab le  p a r t i c l e s  and another a c t i o n  
( the  r e c i r c u l a t i o n  f low) t ra r i spo r t i ng  the  p a r t i c l e s  down i n t o  the  water 
column has been supported. No evidence , to  the cont rary  cou ld  be detected. 

. - 

2. The mechanism responsible f o r  the product ion  o f  en t ra inab le  
p a r t i c l e s  i n  the  r a i n  drop experiment i s  the  a c t i o n  produced by the  
impinging drops. . This  a c t i o n  i s  b a s i c a l l y  d i f f e r e n t  from the  
corresponding mechanism i n  the' drop-size tank where the  product ion i s  
caused by the  v o r t i c e s  i n  the  tu rbu len t  r e c i r c u l a t i n g  Ploy. This 
d i f f e rence  may be the  reason for. . the.,appakent .discrepancy ..as regards 
Conclusion 3 i n  the  two cases. If the' eviden'ce, f o r  forming an op in ion  on 
Conclusion 3 i s  examined one f i n d s  t h a t  i n  the  case o f  t he  drop s i z e  
experiment i t  i s  ba'sed on 3 'fresh water and 4 sea water cases. I n  the  
r a i n  drop experiment' We ."oppos.iYe ConcliisYoi? . , i s  -.'based ' On '.&: f resh  water 
and 4 sea water cases. None of these can, be disregarded as "wrong." 
Thus i t  i s  poss ib le  t h a t  whether o r  no t :  entfai'hment occurs more e a s i l y  i n  
f resh water than i n  sea water r e a l l y  depends on the  mechanism whereby 
ent ra inab le  p a r t i c l e s  are.  being produged. . . . . 

. . .  . - 'I . . .  . .: 
. ,  . 

3. Conclusion 2 seems t o  b e  fairly-.:.wc& documented and corresponds 
a l so  t o  the  general p i c t u r e .  

4. : The : ir i f luence 0.f ... temperature ..was neve,r r e a l l y ,  sys temat ica l ly  
i nves t i ga ted  -and the. l a s t  paragraph o f  the  preceding sec t i on  . r e a l l y  
expresses the  s i t u a t i o n  f a i r l y  we l l .  

. .  . 

4.5 EXPERIMENTS WITH APPLICATION OF THE DISPERSANT COREXIT 9527 ' . 

. . 4.5.1 I n t r o d u c t i o n  

The inf luence of a d ispersant  on the  entrainment prccess was intended 



t o  be investigated through application of the chemical during a process 
which has been investigated previously without such application. I t  was 
decided to  use only Corexit 9527 as  a dispersant and to  spray i t  on to  
the o i l  s l ick in  a r a t io  Corexit/Oil = 1:20. This  does however not mean 
tha t  when hydrocarbons are  recovered in  the water column t h i s  r a t io  w i l l  
pe rs i s t  between the part  originating from the dispersant and the other 
part  originating from the o i l .  One task w i l l  therefore be t o  establ ish a 
method which rather rapidly can determine t h i s  ra t io ,  and t h i s  has been 
accomplished and is reported on elsewhere (see Section 12.2, Appendix B). 

I t  is recalled that  a l l  cases reported on here (drop s ize  experiment 
as  well as rain drop experiments) have shown that  when the recirculating 
flow is stopped, the amount of permanently entrained o i l  i n  the water 
column is negligible. A second task . fo r  t h i s  part of the investigation 
is  to  ascertain whether or not t h i s  feature, valid for  o i l  only, i s  
affected by the application of a dispersant. 

A third important task is  t o  investigate whether or not the 
application of a dispersant can enhance the entrainment of o i l  i n  the 
water column i n  the absence of a recirculating flow. One would then have 
a situation whereby the mechanism of entrainment from being caused by 
mechanical action i s  changed t o  being, caused by what might be interpreted 
as molecular diffusion. The importance of one as  compared w i t h  the other 
becomes an interest ing question. 

4.5.2 The S t i l l  Water Experiment 

The l a s t  problem mentioned i n  the introduction was investigated i n  
the s t i l l  water experiment. The tank of the rain drop experiment was 
f i l l e d  w i t h  sea water and l e f t  for  24 hours to  l e t  any motion i n  the 
water die out. An o i l  s l ick  of known magnitude was then applied to  the 
surface of the water i n  the tank. Great care was taken so as  to  avoid 
inducing any motion in  the tank. After four hours samples were taken i n  
the water column to see how o i l  alone might have diffused. Immediately 
afterwards the dispersant was sprayed on t o  the s l ick  and samples from 
the water column were taken two hours and seven hours l a t e r .  A l l  samples 
were taken through the usual taps i n  the .containers (Fig. 4.20) and they 
were taken so slowly that  no appreciable velocity was induced in  the 
water column. The following data give the de ta i l s  of the experiment: 

O i l  added: 62.68 [gr] t o  s t i l l  Sea water ,, 

Corexit - Sea Water mixture: 9.49 [gr] Corexit 

95.28 [gr] Sea water 

Of t h i s  mixture 29.69 [gr] was sprayed on the s l ick  giving an applied 
amount of Corexit = 2.68 [gr] 

Ratio Corexit/Oil = r = 0.04280 = 1:23.4 

Temperature: 270 - 280C . 

Since t h i s  case also serves as a t e s t  case for  the determination of the 



r a t i o  r = Corex i t /O i l  recovered i n  the  water column, the  d e t a i l s  of the  
eva luat ion  i s  here .shown i n  Tables 4.3 and 4.4. The samples taken are 
numbered, the  t ime when they were taken i s  given, the  taps from which 
they o r i g i n a t e  are  i nd i ca ted  together  w i t h  the  legend used i n  F i  . 4.27 
t o  d isp lay  the  r e s u l t s  o f  each a l i q u o t  which a l so  i s  numbered ( i  3 . The 
a c t u a l  recovered amount of each a l i q u o t  i s  g iven as w e l l  as the  
t ransmit tance z and the  absorbance a obta ined by scanning each a l i q u o t  a t  
a wave number of 2930 [cm-11. F i n a l l y ,  the  volume of each sample i s  
given, and t h i s  concludes the  data o f  t he  experiment. The values of z 
and a appearing i n  parenthesis are obtained i n  the  region where the  
spectrophotometer i s  unce r ta in  and a re  data which are  not  considered. 

F i r s t ,  samples 1 and 2 conta in  only o i l ,  no d ispersant  having been 
app l ied  when they were taken. Thus, the  ord inary  c a l i b r a t i o n  c o e f f i c i e n t  
may be used and. the  concentrat ion co (shown i n  the  column f o r  c c i )  
i s ,  a t  bo th  tap  3 and 4, o f  n e g l i g i b l e  magnitude.. Thus, even a f t e r  four 
hours not  very much o i l  has d i f f u s e d  i n t o  the  water column. I t  i s  seen 
t h a t  only one a l i q u o t  was necessary t o  e s t a b l i s h  t h i s  r e s u l t .  

Table 4.3 SEA WATER 

Second, samples 3, 4, 5 and 6 conta in  o i l  and d ispersant  i n  a degree 
t h a t  could be detected with the  naked eye. . F i ve  a l i q u o t s  were app l ied  
successively and the  r e s u l t  o f  scanning these i s  given. Now, i f  t h e  
assumption holds t h a t  the  f i r s t  2-3 a l i q u o t s  e x t r a c t s  the  o i l  and only 
d ispersant  i s  present i n  t h e  subsequent a l i quo ts ,  then one may use t h e  
c a l i b r a t i o n  curve f o r :  Corex i t  i n  these. This i s  shown i n  Table 4.3 and 
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displayed i n  F ig.  '4.27, which show t h a t  indeed the  ' l a t t e r  a l i q u o t s  gather 
around l i n e s  w i t h  a slope 'o f  -0.45. These data are used t o  f i n d  the  
l i n e s  i n  F ig.  4.27 by l i n e a r  regression. 

Having these., no t  on ly  the  t o t a l  concentrat ion of Corexi t  ( cc , to t )  
i n  the  sample can be computed b u t  a l so  the  concentrat ion c c , i  o f  
Corex i t  i nd i ca ted  by the  i t h  a l i q u o t .  This i s  shown i n  Table 4.3 where 
a l s o  the  sum g i v i n g  c c  ( 6 )  i s  computed. 

1 2 . 3  4 5 6 
Aliquot No. 

Fig .  4.27. Data shown t o  agree w i t h  the  s t r a i g h t  l i n e  behavior 

I n  Table 4.4 one now proceeds t o  compute c c  ( 6 )  which i s  the  con- 
c e n t r a t i o n  of c o r e x i t  i n  the  sum o f  a l l  a l i quo ts .  When these are added 
and t h e i r  sum i s  scanned a t  a wavelength o f  2930 [cm-l] the  absorbance 
am fo r  the mix ture  i s  found. The i t e r a t i o n  process prev ious ly  de- 
sc r ibed  (see Sect ion 12.2, Appendix B) w i l l  now render, and s ince the  
t o t a l  concentrat ion cc,t-t. i s  known i t  i s  easy t o  compute co,tot. a s  
w e l l  as c t o t .  as shown I n  Table 4.4 

Table 4.4 E x t r a c t i o n  o f  O i l  and Corex i t  from Sea Water 



A tremendous enhancement i n  molecular d i f f u s i o n  i s  caused.< by the  
a p p l i c a t i o n  of Corexi t .  This i s  independent o f  whether o r  no t  mechanical' 
a g i t a t i o n  of some s o r t  i s  present.  I t  i s  seen t h a t  whereas l i t t l e  o i l  . 

and much Corexi t  i s  found a f t e r  two hours, the s i t u a t i o n  has changed 
a f t e r  s i x  hours when the  content o f  o i l  and Corexi t  seems t o  be evenly 
d i s t r i b u t e d  i n  a  r a t i o  c lose  t o  1. This r e s u l t  w i l l  now be reconsidered 
i n  l i g h t  o f  s i m i l a r  experiments. 

4.5.3 The Drop Size Experiment w i t h  Corexi t  9527 

As mentioned i n  the  i n t roduc to ry  remarks, the  . inf luence o f  Corexi t  on 
the  entrainment should be inves t iga ted  by apply ing the  chemical t o  a  
s i m i l a r  experiment t h a t  d i d  not  use i t .  Thus the  experiment i n  the  20 
g a l l o n  tank was planned as fo l lows:  . . 

1. The r o t o r  speed was supposed t o  be kept so low as t o  achieve a  
s i t u a t i o n  i n  which very l i t t l e  o i l  would be entra ined from the 
s l i c k .  This was the  s i t u a t i o n  i n  E  10/17 ( tap  water) even a t  a  
ra the r  h igh  ambient temperature, and an i m p e l l e r -  speed o f  about 
65 rpm was decided upon. 

2. I t  was intended t o  l e t  the  experiment run  w i thout  a p p l i c a t i o n  o f  
Corexi t  f o r  approximately 6  hrs.  t o  ensure t h a t  a  semi-steady 
s t a t e  had been reached. Samples were t o  'be taken from taps 2  and 
3  a t  4  hrs.,  5  hrs.  and 6  hrs.  a f t e r  apply ing the  s l i c k  t o  the  
surface ( t ime zero) .  

3 Corexi t  would then be app l ied  t o  the s l i c k  i n  a  r a t i o  1:20 ( t o t a l  
amount of Corexi t :  t o t a l '  amount ' o f  oi l '  i n  the  s l i c k ) .  Samples 
would be taken a t  10, 11 and .12 hrs ( a f t e r  t ime zero). 

4. A t  t h i s  t ime the  impe l l e r  speed i s  t o  be increased t o  t h e .  usual  
150 rpm and new samples are t o  be taken a t  24 and 25 hrs.  ( from 
t ime zero) .  . . 

5. Then the  impe l l e r  i s  shut of f  and f i n a l  samples a r e '  taken a t .  48 
hrs .  ( a f t e r  t ime zero) .  . . 

The data of the  experiment ,can be summed up a s  f i l l b w s :  

Water: SEA WATER 

Impe l le r  Speed: 64.2 - 150 rpm. 

Temperature: 240 - 27% 

O i l  quan t i t y :  51.56 g r  

Corexi t  Quan t i t y :  2.89 g r  (Rat io:  1:17.8) 

Surface Tension: 69.72 dyneslcm 



Table  4.5 Exper imental  R e s u l t s  wi th  C o r e x i t  
9527 and C i r c u l a n t i o n  

b 
T h  R a t i o  C~ Co c tot .  

Remarks 
'Ore. c o r e r i t / O i  t [W/z B2C C q / Z  B20: lmg/z H 2 q  

1 0  0 0 .92 .92 Controt  ~otor 

Speed 64.2 

2 4 0 0 .23 - 2 3  O i t a d d e d a t  

3 .34 .34 Oars. 

4 5 0 0 .18 . I8  

5 .42 .42 

6 6 0 0 .10 .10 

7 .14 . 14 

8 10 1.061 250.1 235.7 485.8 Disperecmt added 
9 1.055 252.9 239.8 492.7 a t  6 BPS. 

10 11 1.626 274.2 168.6 442.8 

11 1.209 223.3 184.7 408.0 

12 12 1.191 276.0 231.8 507.8 

13 2.043 302.3 148.0 450.3 

Ro tor  S p e d  
14 24 1.438 218.5 151.0 370.4 

to 250 vnl 
15 1.233 236.1 191.4 427.5 

at 

16 25 1.312 218.6 166.6 385.2 Rotor  s topped a t  
17 1.321 198.3 149.2 347.5 25 are. 

1 

18 48  2.167 271.5 271.5 396.8 

19 2.903 249.8 86.0 335.8 
z 

The r e s u l t s  of t h e  exper iment  are shown i n  Table  4.5 and F ig .  4.28. 
I n  t h e  l a t t e r  t h e  mean v a l u e  o f  t h e  c o n c e n t r a t i o n s  a t  t a p s  2 and 3 is  
p l o t t e d  a g a i n s t  time. The r e s u l t s  can be summed up a s  fo l lows :  

a. The i n i t i a l  i m p e l l e r  speed is s o  low t h a t  ve ry  l i t t l e  o i l  is 
being e n t r a i n e d .  

b. The a d d i t i o n  of  C o r e x i t  c a u s e s  a tremendous i n c r e a s e  i n  
en t ra inment  .. 

c. Changing t h e  i m p e l l z r  speed has  very l i t t l e  a f f e c t  on t h e  amount 
of e n t r a i n e d  hydrocarbons.  



Time [hrsl 

Fig.  4.28. Results o f  the drop s i z e  experiment w i t h  Corexit .  

d. The amount o f  hydrocarbons s t i l l  being ent ra ined 24 hrs.  a f t e r  
shut-off  of the  impe l l e r  i nd i ca tes  a very h i g h  degree. of 
permanently entra ined p a r t i c l e s  i n  con t ras t  t o  the  cases w i t h  o i l  
alone. 

e. The r a t i o  Corex i t /O i l  i n  the samples i s  c lose t o  1 but  have a 
tendency t o  increase w i t h  t ime ( a f t e r  shut-off) .  

These r e s u l t s  w i l l  be reconsidered i n  view o f  the r e s u l t s  from' the 
rain-drop experiment. 

4.5.4 The Rain-Drop Experiment w i t h  Corexi t  

The basic phi losophy behind t h i s  experiment i s  the  same as expla ined 
i n  the previous case. The conduction of the experiment may be o u t l i n e d  
as fo l lows:  

1. The apparatus i s  s t a r t e d  up w i t h  the rainmaker as w e l l  as the  
r o t o r  operat ing such t h a t  when the  o i l  i s  app l ied  t o  the  surface, 
a semi-steady s i t u a t i o n  i s  present. 

2. O i l  i s  app l ied  t o  the .su r face  a t  t ime zero. 

3. Samples are taken from taps 3 and 4 a t  4, 5 and 6 hrs. 



4. A t  6 h rs .  Corexi t  i s  app l ied  t o  the  s l i c k  i n  a r a t i o  1: 20 ( i .e . ,  
mg Corexi t :  mg o i l  i n  the  s l i c k  1:20). 

5. Samples are taken a t  10, 11 and 12 hrs .  from the  same taps. 

6. A t  12 hrs.  r o t o r  and r a i n  are shut of f .  , 
L 

7. A t  36 hrs .  f i n a l  samples are taken from the same taps. 

The parameters o f  t he  experiment are: 

Water type: SEA WATER 
Rain I n t e n s i t y :  2.74 R/hr. 
Temperature: 26.5O - 29.80C 
O i l  Quanti ty:  300 m l  . .  

Impe l le r  Speed: 148.5 - '167.6 rpm. 
Corex i t  Quant i ty :  12.5 g r  ( C o r e x i t / O i l  = 1:19.99) 

The r e s u l t s  o f  t h i s  experiment are found i n  Table 4.6 and d isplayed i n  
F ig .  4.29. I n  the  l a t t e r  the  mean value o f  the  concentrat ions o f  ' 

Table 4.6 Resul ts  o f  Rain Drop Experiment w i t h  Corexi t  

h 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I 1  

12 

13 

14 
4 

Time 

fHrs. 

4 

5 

6 

10 

11 

12 

36 

R a t i o  

] C o m r i t / O i l  

0 

0 

0 

.619 

1.036 

. 781 

. 793 

.890 

1.122 

2.289 

2.457 

co 
[mg/ l  RpO] 

39.1 

22.5 

18.7 

17.4 

14. 8 

13. 1 

257.1 

156.5 

195.8 

174.1 

152.3 

119.6 

59.3  

57.2 

C~ 

h g / Z  ~ ~ 0 1  

0.0 

0.0 

0.0 

0.0 

0.0 

0 .0  

159.1 

162. I 

153.0 

138.2 

135.0" 

134.1 

135.6 

140.6 

c t o t .  
[mg/ l  H ~ O ]  

39.1 

22.5 

18.7 

17.4 

14.8 

13.1 

416.2 

318.6 

348.8 

312.3 

287. 

253. 7 

194.9 

197.8 

Remarks 

C o r e r i t  added a t  

a t  6 h r s .  a f t e r  

srunrlina 

I 

Rain and rotor 

shu t  ~ f f  at 
12 hrs. 
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Fig.  4.29. The r e s u l t s  o f  the r a i n  drop experiment 
w i t h  . . Corexi t  . . 9527 appl ied. . . . . . 2 

t h e  two taps i s  shown as a func t i on  o f  t ime. The. r e s u l t s  may be..summed 
up as fo l lows:  . . 

A. The entrainment achieved by the r a i n  and the r e c i r c u l a t i n g  f l o w  
w i t h i n  the  f i r s t  6 hrs.  i s  o f  t he  order  o f  magnitude as i n  RD-18 
and thus the  previous r e s u l t s  are confirmed (Fig.  4.25b).. 

B. The .entrainment obta ined a f t e r  a p p l i c a t i o n  o f  Corex i t  i s  orders 
of magnitude l a r g e r  than before. 

C. The r a t i o  between Corex i t  and o i l  recovered i n  the  samples i s  
c lose  t o  1 bu t  increases t o  about 2, 24 hrs. a f t e r  shut o f f .  

D. The seemingly ent ra ined hydrocarbons ( from o i l .  and ' 

from Corexi t )  i s  almost independent o f  the  phys ica l  s i t u a t i o n  
under which the  entrainment was achieved. 



4.5.5 F ina l  Remarks 
., 

The present experimental i nves t iga t ion  has .supported the : ideas , 

advanced o r i g i n a l l y  by the author t o  explain the physics o f  the 
entrainment process. Thus the importance o f  the rec i r cu la t i ng  flow has 
been ef fec t ive ly  demonstrated. Also the importance'of  t he ,  production of 
entra inable p a r t i c l e s  has been exhibited, but  the in f luence of 
temperature i s  not s a t i s f a c t o r i l y  explored. A d i f fe rence i n  the way i n .  
which o i l  i s  being entrained i n  fresh water as compared wi th ,  sea water 
-has been demonstrated. However, the p o s s i b i l i t y  ex i s t s  t ha t  the ,way i n  
which entrainable p a r t i c l e s  are being produced may inf luence the 
entrainment. Thus the apparent discrepancy between entrainment . i n  the 
two cases (Figs. 4.22 and 4.26) may be explained. It i s  however stressed 
t h a t  fu r the r  experimentation on t h i s  po in t  i s  .h igh ly  desirable. ,  (See 
F i n a l  Remarks, Section 4.4) 

The app l i ca t ion  of Corexit  9527 t o  the o i l  s l i c k  has a dramatic 
e f f ec t .  Both from the drop-size and the rain-drop-experiments one may 
draw the conclusion t ha t  the effect o f  the mechanical s i t u a t i o n  (s t rength 
of r ec i r cu la t i ng  flow, production o f  entra inable par t i c les ,  etc. ) i s  
almost completely overshadowed by the ef fect  o f  Corexit. This i s  brought 
out  a lso by the fact  t ha t  even i n  the s t i l l  water case the entrainment i s  
considerable. At tent ion i n  t h i s  connection i s  drawn t o  the f ac t  t ha t  i n  
Fig. 4.28 no apparent e f f e c t  i s  found due t o  the change i n  the rec i rcu-  
l a t i n g  f low ' ( impel ler  speed). One may draw the conclusion t ha t  the mech- 
anism behind entrainment o f  o i l  i n t o  the water column i s  h igh ly  affected 
when Corexit  i s  applied. 
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5.0 SAMPLE APPLICATION OF THE.OIL SPILL MODEL: 
.GEORGES BANK OIL SPILL SIMULATIONS . 

I 5.1 I n t r o d u c t i o n  

I n  t h i s  sect ion,  we describe the  use o f  t he  o i l  s p i l l  f a tes  model as 
a t o o l  t o  analyze the  e f f e c t  o f  var ious treatment s t ra teg ies  on the  fa te  
of a simulated s p i l l .  The l o c a t i o n  o f  t he  s p i l l  was chosen a t  the  center  
o f  t he  Cod spawning . reg ion  on Georges Bank (Figure 5.1) and a t  a t ime, 
mid-winter, t o  a f f e c t  a maximum impact on the  Cod f i she ry .  The output  o f  
t he  model r e s u l t i n g  from these s imula t ions  was used as i n p u t  t o  a f i s h e r -  
i e s  model' and is  discussed i n  d e t a i l  i n  Reed, Spaulding and C o r n i l l o n  
(1980) and Sect ion 6 o f  t h i s  repo r t .  The d iscussion o f  these impacts 
w i l l  no t  be repeated here. 

The s i z e  of t he  s p i l l ,  34,840 met r i c  tons, as w e l l  as i t s  durat ion,  
39 hours, o r  , s p i l l  r a te ,  about. 900 met r i c  tons per  hour (See Figure 5.2 
f o r  d e t a i l s  o f  t he  s p i l l  c h a r a c t e r i s t i c s )  were chosen t o  correspond 
approximately t o  the  Argo Merchant s p i l l  which occurred on Nantucket 
Shoals i n  December o f  1977. The type o f  o i l .  se lected was a No. 2 l i k e  
f u e l  o i l  a l so  character ized i n  F igure  5.2. . 

F i ve  d i f f e r e n t  treatment scenarios were analyzed. By "treatment" we 
r e f e r  t o  a p p l i c a t i o n  t o  the  s p i l l  of  chemical d ispersants used t o  d r i v e  
the  o i l  on the  sur face i n t o  the  water column. Although reducing the  sur-  
face expression o f  the  s p i l l ,  such treatment w i l l  o f  course increase the  
concentrat ion of hydrocarbons i n  the  water column. The o i l  model has 
the re fo re  been designed t o  f o l l o w  the, dispersed o i l ,  and the  sur face 
s l i c k s  as w e l l  as t o  present the  output  i n  a convenient easy t o  under- 
stand graph ica l  format. The f i v e  treatment scenarios examined i n  t h i s  
sec t ion  cons is t  of one case i n  which no treatment was performed and fou r  
cases i n  which var ious f rac t i ons  ' o f  t he  o i l  remaining on the  sur face were 
assumed t o  be d r i ven  i n t o  the water column, s p e c i f i c a l l y ,  25%, 50%, 75% 
and 100%. A 1 1  t reatment was assumed t o  take p lace 48 hours a f t e r  the  
s p i l l  began, o r  approximately 9 hours a f t e r  the  l a s t  o i l  had leaked from 
the  source. The var ious s p i l l  scenarios are o u t l i n e d  i n  F igure 5.3. 

I 5.2 Environmental Variables 

Environmental var iab les  i n p u t  t o  the  model consisted o f  wind, water 
temperature and currents.  The water temperature was assumed t o  be con- 
s tan t  over the  e n t i r e  study area. 'The wind data were obtained from the  
Nantucket A i r p o r t  Weather Bureau S t a t i o n . a t  th ree hour i n t e r v a l s .  Miss- 
i n g  wind data were obtained by l i n e a r  i n t e r p o l a t i o n  between e x i s t i n g  data 
po in ts .  

The cu r ren t  data were constructed from two sources. One source was 
the  seasonal mean data o f  Bumpus (1973) (F igure 5.4). The data fo r  a 
g iven season were assumed t o  apply only t o  the  f i r s t  day o f  t h a t  sedson. 
A l l  o ther  values were l i n e a r l y  i n t e r p o l a t e d  between the  two appropr ia te  
seasons. Bumpus' r e s u l t s  were obtained from a long term sur face d r i f t e r  
study, hence do not  i n  general i nc lude  s h o r t - l i v e d  wind induced cu r ren ts  
(severa l  days). These events were simulated by a two dimensional v e r t i - .  
c a l l y  averaged wind-current model us ing  the  Nantucket wind data a s  
input.. The wind induced cu r ren ts  were asssumed t o  apply on ly  t o  the  
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u p p e r  few meters (down t o  t h e  t h e r m o c l i n e  i n  t h i s  c a s e )  o f  t h e  w a t e r  
column. D e t a i l s  o f  t h e  model a r e  g i v e n  i n  Reed and S p a u l d i n g  ( 1 9 7 9 ) ,  and  
S e c t i o n  6 and 1 2 . 5  o f  t h i s  r e p o r t .  

I 5 .3  N a t u r a l  E n t r a i n m e n t  o f  t h e  S p i l l e d  O i l  

The p r o c e s s  o f  p r imary  i n t e r e s t  i n  t h e  impac t  a n a l y s i s  d i s c u s s e d '  
h e r e i n  is  d i s p e r s i o n  - b o t h  n a t u r a l  , a n d  c h e m i c a l .  F o r  n a t u r a l  d i s p e r -  
s i o n ,  which p roved  t o  be  of  s i g n i f i c a n c e  i n  t h e  case s t u d i e d ,  t h e  
e n t r a i n m e n t  r a t e  o b t a i n e d  by Pudunson (1977)  i n  t h e  Bravo Blowout S tudy  
i s  u s e d .  Pdunson ' s  e x p r e s s i o n  is :  

(u2 > F r a c t i o n  = 0.1 - 
(wo2 > 

I where :  

F r a c t i o n  i s  t h e  f r a c t i o n  by we igh t  of  t h e  o i l  r ema in ing  on t h e  
s u r f a c e  t o  be  e n t r a i n e d ;  

No is. a wind s p e e d  c o n s t a n t  e q u a l  t o  8.5 m/s 

and 
u is  t h e  measured wind s p e e d  a t  10 m i n  u n i t s  o f  m/sec. 

F o r  t h i s  model ,  Pudunson ' s  e x p r e s s i o n  was mod i f i ed  by a f a c t o r  decay-  ' 

i n g  e x p o n e n t i a l l y  w i t h  time. The time c o n s t a n t  u s e d  was two d a y s .  The 
i n t e n t  o f  t h i s  t e r m ,  s e l e c t e d  i n  a n  ad-hoc f a s h i o n ,  is  t o  i n c o r p o r a t e  
w e a t h e r i n g  o f  t h e  s u r f a c e  s l i c k  i n t o  the e n t r a i n m e n t  p r o c e s s .  O f t e n  as  
t h e  s u r f a c e  s l i c k  a g e s  i t  becomes e m u l s i f i e d  ( w a t e r - i n - o i l )  and is  n o t  a s  
e a s i l y  e n t r a i n e d  as i n  t h e  e a r l y  s t a g e s .  These  e f f e c t s  may well have  
been  masked i n  t h e  d e r i v a t i o n  of  t h e  o r i g i n a l  e q u a t i o n  f o r  two r e a s o n s .  
F i r s t ,  t h e  Bravo s p i l l  o c c u r r e d  o v e r  a  f a i r l y  l o n g  p e r i o d  (weeks)  s o  
t h e r e  was a l m o s t  a lways  f r e s h  o i l  corning t o  t h e  s u r f a c e .  Second,  t h e  
c r u d e  o i l  i n v o l v e d  i n  t h e  Bravo s p i l l  d i d  n o t  a p p e a r  t o  e m u l s i f y  a s  
r e a d i l y  a s  o t h e r  o i l s .  

I n  t h e  c a s e  of  c h e m i c a l  d i s p e r s i o n ,  a d e l a y  o f  48 h o u r s  was imple -  
mented i n  t h e  model b e f o r e  d i s p e r s a n t s  were a p p l i e d .  T h i s  ' d e l a y  was 
i n t e n d e d  t o  s i m u l a t e  t h e  time n e c e s s a r y  t o  o r g a n i z e  a t r e a t m e n t  e f f o r t ,  
and i s ,  o f  c o u r s e ,  a  p a r a m e t e r  t h a t  c o u l d  b e  e x p e r i m e n t e d  w i t h  i n  f u t u r e  
a p p l i c a t i o n s  of  t h e  model .  

The o i l  e n t r a i n e d  is r e p r e s e n t e d  by marke r  d r o p l e t s  o r  p a r t i c l e s .  
F o r  e a c h  o f  t h e  s i m u l a t i o n s  d i s c u s s e d  h e r e ,  a b o u t  1900  d r o p l e t s  were 
u s e d .  Because  t h e  mass of  o i l  i n  t h e  w a t e r  column v a r i e s  from one  
s c e n a r i o  t o  t h e  n e x t  and t h e  number o f  d r o p l e t s  was f i x e d ,  t h e  mass of  
o i l  r e p r e s e n t e d  by a marke r  d r o p l e t  a l s o  v a r i e d  from o n e  s c e n a r i o  t o  t h e  
n e x t .  The p a r t i c l e s  were d i s t r i b u t e d  randomly u n d e r  t h e  s p i l l  i n  t h e  
h o r i z o n t a l .  I n  t h e  v e r t i c a l ,  t h e y  were assumed o n l y  t o  .occupy t h e  water 
co lumn .above  t h e  t h e r m o c l i n e ,  10 meters i n  t h i s  c a s e .  The p a r t i c l e s  were 
d i s t r i b u t e d  randomly i n  t h e s e  10 meters. 



5.4 Resul ts  

5.4.1 Mass Balance 

The values of a number of va r i ab les  o f  i n t e r e s t  i n  assessing t h e  
var ious s t r a t e g i e s  are summarized i n  Table 5.1 f o r  the  l a s t  day o f  t he  
s imu la t ion .  F igures 5.5-9 show the  mass balance as a func t ion  of t ime. 
The o i l  i s  very l i g h t  so t h a t  about 40 percent  evaporates w i t h i n  severa l  
hours of i t s  release. The value i s  always w i t h i n  two percent of t h i s  
even when a l l  the  o i l  i s  dispersed, case 5. Treatment e a r l i e r  i n  t ime 
would o f  course decrease the mass t o  evaporate. 

I n  case 1, no chemical d ispers ion ,  8.6 percent  o f  the  o r i g i n a l  mass 
i s  en t ra ined and the  remaining 51 percent remains on the  surface. These 
two values o f  en t ra ined and sur face mass increase and decrease, respec- 
t i v e l y ,  u n t i l ,  f o r  the  100 percent dispersed case, 60 percent of the  mass 
enters  the water column, w i t h  none remaining on the  surface. There i s  
seven times as much o i l  i n  the  water column f o r  t he  t o t a l l y  dispersed 
case (case 5) as i n  the non-dispersed case (case 1 ) .  The mass d i s t r i b u -  
t i o n  fo r  a l l  cases i s  i d e n t i c a l  f o r  the  pe r iod  be fore  any treatment.  

5.4.2 Hor i zon ta l  Area Over Which the  Concentrat ion exceeds the  50, 100 
and 1000 ppb Predef ined Values 

Figures 5.10-13 are  graphs of the h o r i z o n t a l  area f o r  which the  o i l  
concent ra t ion  exceeds 50, 100 and 1000 ppb, respec t i ve l y  versus time. 
For the  50 ppb contours, the  f i n a l  area va r ies  by 60 percent between the  
f i r s t  th ree  cases, bu t  the l a s t  th ree  h igh  dispersed cases d i f f e r  by on ly  
about 5 percent .  For the  100 ppb and the  1000 ppb contours, on ly  t he  
l a s t  two dispersed cases are w i t h i n  5 percent  of  each o ther .  There i s  
about a 10 t o  20 percent reduc t ion  i n  t he  area covered when going from 
the 50 ppb c0ntou.r t o  the  100,ppb contours. The area covered by the  1000 
ppb contour i s  smal ler  i n  a l l  cases. I n  t he  non-dispersed case, the  
f i n a l  area fo r  the  1000 ppb contours occurs a t  day 15 and the  maximum 
concent ra t ion  a t  day 30 i s  476 ppb. The maximum concent ra t ion  a t  day 30 
f o r  the dispersed cases exceeds 1650 ppb. 

. . . .. 

There a r e .  a couple of i n t e r e s t i n g  p o i n t s  concerning these curves. 
F i r s t ,  f o r  cases 2 t o  4, the  area which the  50 ppb contour  covers i s  
l a r g e r  than the  100 percent dispersed case f o r  t he  f i r s t  15 days. The 
a r e a l  ex ten t  f o r  the  100 percent  dispersed case does n o t  exceed the  
o thers  u n t i l  between days 15 through 20. This i s  due t o  the  n a t u r a l  d i s -  
pe rs ion  which cont inues a f t e r  treatment.  The sur face s p i l l e t s  movement 
causes the  n a t u r a l l y  t r e a t e d  mass t o  be en t ra ined , f u r t h e r  t o  t he  east  
than the  t r e a t e d  mass and thus increases the  area covered. The amount of  
mass ent ra ined a f t e r  treatment decreases w i t h  an increase i n  percent  d i s -  
persed as a r e s u l t  of l e s s e r  amounts of  o i l  on the surface. The maximum 
d i f f e rence  between areas due t o  t h i s  increase i n  area i s  25 percent and 
occurs a t  day 5 between the  25 percent and 100 percent  cases. The d i f -  
ference i n  a r e a l  coverage between these two cases decreases t o  20 percent  
f o r  the  100 ppb contour and i s  l e s s  than 3 percent  f o r  t h e  1000 ppb con- 
tours.  The a r e a l  2x ten t  dur ing  t h i s  same p e r i o d  f o r  t he  100 percent  d i s -  
persed case (50 ppb) i s  l e s s  than the  50 percent  and 75 percent dispersed 
cases by 20 percent and 5 percent respec t i ve l y .  For  the  100 ppb contour ,  
the  50 percent  and 75 percent dispersed cases a t  day 5 are  w i t h i n  n ine  



F i n a l  A r e a  (kmZ) o f  S u b s u r f a c e  p p b  
* % % i n  % on X i n  50 ppb 100 ppb 1000 p p b  H i g h e s t  
3 i  sp. A t m o s p h e r e  S u r f a c e  W a t e r  C o l u m n  I C o n c .  , a t  

d a y  30 

0 40.2 51.2 8.6 1138 808 27' 476 

2 5 39.9 38.5 21.6 1505 1239 206' 1651 

50 39.9 25.6 34.5 1701 1384 374 2774 

75 40.7 12.8 47.5 1763 1491 577 4413 

100 39.6 0 60.4 1792 1524 583 6257 

MASS DISTRIBUTI'ON MASS DISTRIBUTION 

I - MASS I N  W A T E R  COLUMN 
o 7 :MASS ON THE SURFACE 
? 8 - MASS I N  ATMOSPHERE :- 
0 

? 
1. 8 

0 

0 

0 
C 

7 

I 

3 . 0 0  1.00 5 . 0 0  6 . 0 0  
DAIS % ~ ) O W C E  S T A R T  OF SPILL 

I - MASS I N  WATER COLUMN 
7 - n l s s  ON THE S U R F A C E  
8 - MASS I N  ATMOSPHERE 

8- 
g 
0 
n. 
0 

8 

0 

9 

0 
C 

7 

1 

.oo 4'. 00 s:oo c .00  
O A Y S  SINCE S T A R T  OF SPILL  

L 

F ~ W R  5 .5  .mss Belsnce a Dispersed Fibre 5 . 6  Mass Balance 25% Disperse0 

4 I 1; 



MASS D I S T R I B U T I O N  
r 

1 - MASS I N  WATER COLUMN 

g i I I:SE ? N THE SURFACE 
N ATMOSPHERE 

i- 
? 
n. n 8 

00 - . 
C 

7 

1 

,:oo 4: w ,:w 6.00 
D A Y S  : K C €  START Of S P I L L  

1 igure 5 . 7  Mass Balance 5IX  isp per sea 

MASS D I S T R I B U T I O N  

I 1 
I - M A S S  N WATER COLUMN 

o 7 - MASS b S  THE SURFACE 
3 B - MASS IN ATMOSPHERt 
0 

P1 

I 1 

Figure 5 . 9  ~ s s  Balance ~CXB o i k r s e o  

MASS D I S T R I B U T I O N  
I 1 

I 1 

Figure 5.8 Mass &lance 75% Dispersed 
- .  

AREA COVERED BY S P I L L  

Figure 5 .10  Prea! Extent 50 ppb. 

1 - AREA COVERED BY SUBSURFACE - CASE 5 
2 - AREA COVEREC B 1  SUBSURFACE - C A S i  4 
3 - AREA COVERED BY SUBSURFACE - CASE 3 

8 4 - A R E A  C O V E R E D  B Y  SUBSURFACE - C ~ S E  2 
d 
n 

9 
0 .  0 

0 
3 
n 

0 0  - 0 . . 
0. - 

N 

- 0  23 
y9. - 
C 
2 

EX 
3- 
2 < 

' W  
aZ < .  

0 

s . 
C 

5 - AREA COVERED BY SUBSURFACE - CASE 1 

0 .  

3 
4 

5 

B*. 00 rb .00  i0.00 t7pc.oo 120.00 
H O % ~ o ~ ~ ~ l ~ o o ~ ~ A ~ ~  OF S P I L L  - 1 0  



AREA C O V E R E D  BY SPILL 

I - A R E A  COVERED B Y  SUBSURFACE - C A S E  s 
2 - AREA COVERED BY SUESURFACE - CASE 4 
3 - AREA COVERED 8 1  SUBSURFACE - CASE 3 8 4 - A R E A  COVERED B Y  SUBSURFACE - C A S E  2 
5 - AREA C D V E R E D B T  SUBSURFACE - CASE I 

J 
F i g u r e  5.12 P r e a l  E x t e n t  1000 p p t .  (10 d a y s )  

AREA C O V E R E D  BY SPILL , 

1 - AREA COVERED BY SUBSURFACE - CASE 5 
2 - AREA COVERED B Y  SUBSURFACE - C A S F  4 
3 - AREA COVERED BY SUBSURFACE - C A S E  3 q 4 - AREA COVERED B T  SUBSURFACE - C A S ~  2 

0 

'1 

h.00 4b.00 6b.00 ' 
HOURS S I N C E  START OF SP:~? .16"OC 

'20'00 

I 1 
' i 9 u ~  5.13 A r e a l  E x t e n t  1000 pp3. (31 d a y s )  



p e r c e n t  of  t h e  100 p e r c e n t  d i s p e r s e d  c a s e .  A s  i n  t h e  50 ppb c o n t o u r ,  t h e  
a r e a  o f  t h e  100  p e r c e n t  c a s e  is comparable t o  t h e  o t h e r  d i s p e r s e d  c a s e s  
between 15 and 20 days  a f t e r  t h e  s p i l l  f o r  t h e  100 ppb c o n t o u r .  The 1000 
ppb c o n t o u r s  f o r  a l l  o f  t h e  d i s p e r s e d  c a s e s  a r e  very  s i m i l a r .  

The o t h e r  i n t e r e s t i n g  f e a t u r e  o f  t h e  a r e a l  e x t e n t  c u r v e s  i s  t h e  
d e c r e a s e  o r  l e v e l i n g  o f f  of  t h e  a r e a  a t  approx imate ly  day 10 i n  most of  
t h e  c a s e s .  T h i s  is due t o  t h e  c u r r e n t s  compress ing t h e  d r o p l e t  c l o u d  i n  
t h e  North-South d i r e c t i o n .  T h i s  is more n o t i c e a b l e  i n  t h e  50 ppb con- 
t o u r s  and i n  t h e  lower  d i s p e r s e d  c a s e s  t h a n  i n  t h e  h i g h e r  c o n t o u r s  and i n  
t h e  h i g h e r  p e r c e n t  d i s p e r s e d  c a s e s .  

C h a r t s  i n c l u d i n g  t h e  c o n t o u r  l i n e s  and s u r f a c e  s p i l l s  a r e  i n c l u d e d  i n  
F i g u r e s  5.14 th rough  5 .24 f o r  t h e  50 ppb, 100 ppb and t h e  1000 ppb 
l i n e s .  The non-dispersed c a s e  ( c a s e  1) i s  compared t o  c a s e s  2 t o  5 f o r  
t h e  f i r s t  two c o n t o u r s  ( F i g u r e s  5 .14 t o  5.17 f o r  t h e  50 ppb c o n t o u r  and 
5.18 t o  5 .21  f o r  t h e  100 ppb c o n t o u r )  and t h e  25  p e r c e n t  d i s p e r s e d  c a s e  
is  compared t o  c a s e s  3 t o  '5  i n  t h e  1000 ppb p l o t s  ( F i g u r e s  5 .22 t o  
5 .24) .  I n  a l l  o f  t h e  views,  t h e  s u r f a c e  s p i l l e t s  have i d e n t i c a l  move- 
ments due t o  i d e n t i c a l  c u r r e n t s  and winds f o r  a l l  of  t h e  s c e n a r i o s .  The 
wind blows from t h e  west and s h i f t  t o  t h e  n o r t h  d u r i n g  t h e  f i r s t  f i v e  
days  r e s u l t i n g  i n  t h e  L-shaped p a t t e r n  o f  t h e  s p i l l e t s .  Th i s  c a u s e s  t h e  
f i r s t  s p i l l e t  t o  move f u r t h e s t  t o  t h e  e a s t  and t h e  l a s t  s p i l l e t  r e l e a s e d  
t o  be t o  t h e  s o u t h .  The s p i l l e t s  move t o g e t h e r  t o  t h e  s o u t h e a s t  d u r i n g  
t h e  remaining t ime  t h a t  t h e  o i l  is  t r a c k e d .  

The movement and shape  o f  t h e  s u b s u r f a c e  c o n t o u r s  show some s i m i l a r  
c h a r a c t e r i s t i c s .  The a r e a  c 0 v e r e d . b ~  t h e  non-dispersed c a s e  is  l a r g e r  
t h a n  t h e  o t h e r  c a s e s  5 days  i n t o  t h e  s p i l l  a s  was c i t e d  b e f o r e .  The com- 
p r e s s i v e  e f f e c t  of  t h e  c u r r e n t s  i s  shown c l e a r l y  a t  day 10 f o r  t h e  50 ppb 
o u t l i n e s .  The s u b s u r f a c e  c u r r e n t s  a r e  g e n e r a l l y  s o u t h e r l y  b u t  t h e  magni- 
t u d e  of t h e  c u r r e n t s  on t h e  n o r t h e r n  edge o f  t h e  c l o u d  a r e  g r e a t e r  t h a n  
t h o s e  a t  t h e  s o u t h e r n  edge.  T h i s  r e s u l t s  i n  a c o l l a p s e  o f  t h e  North- 
South  dimension of t h e  c loud  a s  well a s  d e c r e a s i n g  t h e  a r e a l  coverage .  
As t h e  c l o u d  moves f u r t h e r  s o u t h ,  t h e  d i f f e r e n c e  i n  c u r r e n t s  i s  n o t  a s  
g r e a t  and w i t h  t h e  h e l p  o f  d i f f u s i o n ,  t h e  c o n t o u r  assumes a s q u a r e  shape  
a t  approx imate ly  day 15. 

The p l o t s  f o r  t h e  100 ppb c o n t o u r s  show t h e  same g e n e r a l  b e h a v i o r  
w i t h  t h e  e x c e p t i o n  t h a t  t h e  c o n t o u r s  assume a more r e g u l a r  shape  by day 
10. The 1000 ppb c o n t o u r s  a r e  very  s i m i l a r  a s  was t h e  a r e a l  coverage .  

5.5 Conclus ions  

An open ocean o i l  s p i l l  can be s i m u l a t e d  u s i n g  t h e  model developed 
and d i f f e r e n t  r e sponse  s t r a t e g i e s  c a n  be  i n v e s t i g a t e d .  The movement o f  
t h e  s p i l l e d  o i l  dependent  on env i ronmenta l  v a r i a b l e s  i s  o f  importance  a t  
tP,e beg inn ing  of t h e  s p i l l  f o r  c l e a n u p  o r  t r e a t m e n t .  The e f f o r t s  must 
beg in  b e f o r e  t h e  o i l  wea the r s  o r  s p r e a d s ,  bo th  o f  which would reduce  t h e  
e f f i c i e n c y  o f  any e f f o r t s .  The s p i l l e t s  i n  t h e s e  r u n s  a r e  s p r e a d  o u t  
o v e r  an  a r e a  g r e a t e r  o r  e q u a l  t o  f o u r  k i l o m e t e r s  a f t e r  3 days ,  t h u s  mak- 
i n g  any t r e a t m e n t  o r  c l e a n u p . a t t e m p t  d i f f i c u l t .  The s u r f a c e  a r e a  covkred 
is  approx imate ly  10-20 p e r c e n t  of  t h e  a r e a  covered  by t h e  s u b s u r f a c e  50 

, 
ppb c o n t o u r .  The s u r f a c e  a r e a  o v e r l a y e d  by t h e  h i g h e r  d i s p e r s e d  c a s e s  i s  
g r e a t l y  reduced by a s  much a s  a f a c t o r  o f  10 due t o  e n t r a i n e d  mass. 
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The subsurface component o f  t h e  s p i l l s  can be compared w i t h  each 
o t h e r  i n  o rde r  t o  determine t he  bes t  s t r a t e g y  f o r  t h e  l e a s t  impact  on 
f i s h  o r  f i s h  l a r vae .  The f i r s t  aspect t o  cons ider  i s  t he  t i m i n g  o f  t h e  
t rea tment .  I n  these scenar ios,  i t  can be seen t h a t  any de lay i n  t r e a t i n g  
t he  s p i l l  w i l l  r e s u l t  i n  an inc rease  i n  t he  area impacted. For  c o a s t a l  
water  scenar ios,  in f luenced  t o  a g r e a t e r  e x t e n t  by t i d a l  c u r r e n t s ,  t h e  
e n t r a i n e d  o i l  may r e t u r n  t o  t h e  # s p i l l  s i t e  and t h i s  aspect must be taken  
i n t o  cons ide ra t i on .  The response t ime  w i l l  most l i k e l y  be even more 
impor tan t  i n  t h i s  case than  i n  t he  open ocean case, 

The nex t  ques t i on  t o  cons ider  i s  t h e  percentage o f  o i l  t o  be d i s -  
perseo. The p l o t s  of  a r e a l  e x t e n t  do n o t  show the  cumula t i ve  area 
covered b u t  do i n d i c a t e  t h e  area covered a t  each t ime s tep .  The d i s -  
persed cases always cover  more area by t he  end of  t h e  scenar ios,  b u t  t h i s  
i s  n o t  t r u e  f o r  t he  f i r s t  5 days f o r  t h e  lower  concen t ra t i on  o u t l i n e s  (50  
and 100 ppb).  Th is  may be of  importance when t o x i c i t y  i s  considered. 
The concen t ra t i on  f o r  t h e  non-dispersed case i s  a t  most one-quarter t h a t  
o f  any o f  t h e  d ispersed  cases. S ince t he  s p i l l  i s  i n  a f i s h  b reed ing  
ground, t h e  d ispersed  cases a r e  o v e r l y i n g  t h e  same area so t h e  same 
impact w i l l  be f e l t  f o r  a l l  f i v e  cases (see F igu re  5.10).  The h i g h e r  
concen t ra t i on  cu t s ,  which w i l l  have more impact on t h e  a d u l t  f i s h ,  a r e  a 
r e s u l t  o f  a h i ghe r  percentage d i s p e r s i o n  (see F igu re  5.13). Some l a r v a e  
a r e  thought  t o  be a f fec ted  by 50 ppb and thus  l e t h a l  l e v e l s  o f  hydro- 
carbon concen t ra t i on  may e x i s t  l o n g  a f t e r  i n i t i a l  t reatment .  

I t  i s  ev iden t  from these s imu la ted  s p i l l s  t h a t  l o c a l  c u r r e n t s  a r e  o f  
g r e a t  importance as w e l l  as a re  t he  winds. Not so apparent a r e  t h e  
e f f e c t s  o f  t reatment .  For  example, e a r l y  t reatment  a l though i n c r e a s i n g  
t h e  concen t ra t i on  i n  t h e  water,  may a c t u a l l y  r e s u l t  i n  a sma l l e r  impacted 
area because o f  t h e  decrease i n  area r e s u l t i n g  from n a t u r a l  ent ra inment  
from su r face  s p i l l e t s .  On t h e  o t h e r  hand, t h e ' - l o w e r '  concen t ra t i ons  
r e s u l t i n g  from n a t u r a l  ent ra inment  i n  t h e  un t rea ted  case may n o t  impact  
t h e  f i s h e r i e s  as much because of  t h e  lower  t o x i c i t y .  Th is-  compl i ca ted  
i n t e r p l a y  must be i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l  i n  t h e  f u t u r e  where such 
v a r i a b l e s  as response t ime,  t o x i c i t y ,  e t c . ,  a r e  v a r i e d ,  i n  an i n -dep th  
a p p l i c a t i o n  o f  t h e  o i l  s p i l l  f i s h e r y  i n t e r a c t i o n  model. 
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ABSTRACT 

The o i l  s p i l l  - f i she r ies  impact model has been used t o  simcllate 
n ine  v a r i a t i o n s  o f  an o i l  s p i l l  scenario on Georges Bank, producing a 
rough s e n s i t i v i t y  ana lys is  of system response. Fol lowing an overview o f  
t he  model system, the  r e s u l t s  and imp l i ca t i ons  o f  these s imula t ions  are 
discussed along w i t h  l i m i t a t i o n s  of t he  approach used. I t  i s  suggested 
t h a t ,  the  most s i g n i f i c a n t  unknowns i n  'the system are the  parameters 
governing recru i tment  dynamics i n  the  f i she ry ,  t o x i c i t y  th resho ld  values 
and o i l  entrainment ra tes  being of secondary importance i n  open ocean 
condi t ions.  
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6.1 INTRODUCTION 

Through the  Nat iona l  Environmental Po l i cy  Act o f  1976, the  Uni ted 
States Government has g iven e x p l i c i t  recogn i t i on  t o  t h e  c r i t i c a l  impor- 
tance o f  mainta in ing and r e s t o r i n g  the  q u a l i t y  o f  t h e  environment i n  a 
manner which promotes the  general s o c i a l  and economic we l fa re  o f  present 
and fu ture  human generations. This research represents an a c t u a l i z a t i o n  
o f  t he  i n t e n t  o f  t h i s  p o l i c y ,  employing ava i l ab le  techno log ica l  capab i l -  
i t i e s  t o  analyze i n t e r r e l a t i o n s h i p s  among a number o f  va r iab les  i n  an 
environmental problem of contemporary s ign i f i cance.  Typ ica l l y ,  as many 
questions have been ra i sed  as have been answered, bu t  t he  pr imary goal, 
t h e  c r e a t i o n  o f  a modeling methodology capable o f  es t imat ing  t h e  e f fec ts  
of marine p o l l u t i o n  events on b i o l o g i c a l  populat ions, has been rea l ized.  
Although t h e  development has evolved around a s p e c i f i c a l l y  de f ined sys- 
tem, the  conceptual approach i s  b i o l o g i c a l l y  and s p a t i a l l y  t rans fer rab le ,  
w i t h  each model element being s u f f i c i e n t l y  independent t o  permi t  re la -  
t i v e l y  f a c i l e  modi f i ca t ion  when appropriate. 

The s p e c i f i c  problem addressed here concerns the  degree of impact 
experienced by a g iven stock of f i s h  subsequent t o  an o f f sho re  o i l  
s p i l l .  Recent experience on bo th  s ides o f  t he  North A t l a n t i c  Ocean has 
c l e a r l y  demonst ra ted  the  ex tent  t o  which coas ta l  eco log ica l  resources may 
be damaged by l a r g e  petroleum s p i l l s .  I n  the  case o f  t he  Amoco Cadiz 
accident  of f  the  coast  of France, f o r  example, i t  appears t h a t  a m a j o r i t y  
o f  t he  impacts can be assessed through d i r e c t  observat ions. I n  offshore 
s i t u a t i o n s  such as the  Prgo Merchant wreck, . t h e  Bravo blowout i n  the  
Nor th  Sea, or t h e  I x t o c  I blowout i n  the  Gu l f  o f  Mexico, t h e  ensuing 
eco log ica l  consequences are f a r  l e s s  c lear .  Although the  o i l  s l i c k  
disappears from the  ocean sur face w i t h i n  a few weeks a f t e r  cessat ion of 
release, the  f u l l  p o s t - s p i l l  legacy i s  uncerta in.  The v i r t u a l  impossi- 
b i l i t y  o f  a c t u a l l y  measuring these e f f e c t s  necessi tates the  a p p l i c a t i o n  
of a modeling approach. 

I n  any modeling e f fo r t ,  a necessary basic dec is ion  concerns the  
establishment a f  conceptual l i m i t s  on the  abs t rac t i on  o f  t h e  r e a l  system 
being considered. This dec is ion  i s  i d e a l l y  made i n  such a manner as t o  
opt imize the  q u a l i t y  of t he  f i n a l  model output,  sub jec t  t o  the  con- 
s t r a i n t s  imposed on t h e  p r o j e c t .  A l l o t t e d  model development t ime, f inan- 
c i a l  support l i m i t a t i o n s ,  and the  exis tence and a v a i l a b i l i t y  of appro- 
p r i a t e  data are the  most important o f  these const ra in ing  fac tors ,  and a l l  
came t o  bear on the  d e f i n i t i o n  o f  t h e  model system selected here. 

The . i n i t i a l  i n t e n t  i n  the  present case was t o  est imate the  environ- 
mental impact o f  o i l  s p i l l s  a t  sea, and t h e  e f f e c t  on t h i s  impact of 
chemical ly  t r e a t i n g  a s p i l l .  The most ob jec t i ve  measure of impact i s  one 
w i t h  f i n a l  dimensions o f  d o l l a r s  and cents, d i c t a t i n g  t h a t  commercially 
e x p l o i t e d  species be inc luded i n  an e x p l i c i t  manner. Thus the  cos t  of a 
s p i l l  under a v a r i e t y  o f  d i f f e r e n t  treatment scenarios cou ld  be i n v e s t i -  
gated, the  q u a l i t y  of the  model's output  b e i n  evaluated according t o  the  9 l e v e l  o f  confidence associated w i t h  i t s  p red ic  ions. 

Although a r e l i a b l e  whole-ecosystems impact model may eventua l ly  be 
achievable, a review o f  r e l a t e d  e f f o r t s  (Reed e t  a l . ,  19781, and an eval -  
ua t i on  of c u r r e n t l y  a v a i l a b l e  b i o l o g i c a l  base l ine  data s t rong ly  suggested % 

t h a t  p u r s u i t  o f  such a model i n  the  t ime frame and funding l e v e l  of t h i s  



project task would be a t  the expense of output quality. The single 
species fishery model, a relatively well established a r t  form supported 
by a healthy l i t e ra tu re  dating generally from the work of Verhulst i n  the 
nineteenth century and more specifically from Barenov' s (1918) applica- 
t ion of f i r s t  order kinetics to  a f i s h  population, was selected as  the 
simplest viable subset of the ecosystem approach. It was f e l t  that s u f -  
f ic ien t  uncertainties were evident i n  the problem without the addition of 
further conjectures and postulates regarding rates  and processes of 
species interactions. The application of Okham's razor (see Hutchinson, 
1978) i n  t h i s  case requires the identification of a position between 
employing too many parameters to  just i fy from the adequacy of the data 
base, and too few t o  do justice to  the system. Thus i n  adopting the 
principle of parsimony of parameters, permitting a tractable entry into 
the complexities of the problem, the advice of Lagrange i s  observed: 
seek simplicity, b u t  d i s t rus t  it. The potential magnification i n  com- 
plexity t h u s  avoided is demonstrated i n  a paper by Andersen e t  a l .  (1977) 
describing a multispecies fishery model i n  which the simulation o.f 12  
interacting species required the input of some 1600 separate parameters. 

The selection of a physical area for the i n i t i a l  model application 
was relatively straightforward, since Georges Bank (Fig. 6.1) , which has 
supported a thriving fishery for  over a century, has recently become the 
focus of offshore continental shelf hydrocarbon exploration in teres ts .  
The o i l  s p i l l  fishery interaction problem i n  t h i s  area is  therefore 
potentially very .real. Selection of the cod stock on the Bank followed 
from the data considerations discussed above, as well as the abundance of 
biological, and modeling l i t e ra tu re  on the species. The previous refer- 
ence further de ta i l s  t h i s  information. 

6.2 MODEL OVERVIEW . 
I 

Because the model has .been described i n  de ta i l  elsewhere (Reed e t  
a1. ,' 1978 , 1979a, 1979b) only a brief overview w i l l  be given here. The 
system i s  composed of three major interacting components: a fishery 
sector ,  an ocean transport sector ,  and an o i l  s p i l l  fa tes  sector ,  as  
described below. , 

6.2.1 Fishery Model 
As shown i n  F ig .  6.2, the' population model cycles on a daily timestep 

when operating i n  conjunction w i t h  other system components. When operat- 
ing alone, t h i s  timestep can be increased up to  five days w i t h  l i t t l e  
decrease i n  numerical accuracy, reducing computer time proportionately. 
The adult fishery model is  constructed along well established l ines  (e.g. 
Beverton and t-blt, 1957; Walters, 1969), whereas the egg and larval  
stages have. been modeled using techniques drawn from other areas of 
mathematical ecology (Lotka, 1925 ; Pielou, 1969). The structure of the 
fishery model is shown schematically i n  Fig. 6 . 3 .  

The model has 17 ,adul t  age classes,  enough t o  include- a l l  f i s h  
sampled i n  recent surveys (Heyerdahl e t  a l ,  1976). They increase i n  
length and weight according t o  a published growth equation (Pent i l la .  e t  
a l ,  1976) for  the Georges Bank stock. The i t h  adult age-class i s  
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subject to  a mortality equation following f i r s t  order kinetics,  

i n  which M i  and F i  are  natural and fishing mortality coefficients 
respectively, the former including a l l  types not induced by the l a t t e r .  
Fishing mortality is assumed linearly proportional t o  standardized fish- 
ing ef for t s :  

Q is a species and stock dependent catchability coefficient (Gulland, 
19771, S i  is net mesh select ivi ty for  the i t h  age-class, and E ( t )  is 
a measure of the fishing ef for t  exerted on the stock during the time 
interval t. 

The fecundity of cod appears well correlated w i t h  weight, although, 
as w i t h  a l l  such character is t ics ,  the relationship varies from one stock 
t o  another (Daan, 1973); Garrod, 1977; Bigelow e t  a l . ,  1953; Nikolskii, 
1965; Gulland, 1964). T h i s  l i t e ra tu re  suggests a value of 200 t o  250 
eggs per gram female, which conforms reasonably well t o  an estimate by 
Bigelow, e t .  a l .  of one million eggs per average female, although fa l l ing  
somewhat short of the i r  estimated maximum of nine million. 

Temporal distribution of spawning cod on Georges Bank remains some- 
thing of an enigma, it being uncertain whether cod spawning act ivi ty is 
triggered by day length, temperature, o r  other environmental factors 
(F. Serchuck, National Marine Fisheries Service, Woods Hole, personal 
communication; Wise, 1961). Bigelow e t  a l .  (19531, Colton e t  a l .  (1977, 
19781, and Walford (19381, support the observation that  spawning occurs 
w i t h  varying degrees of intensity from November to  l a t e  A p r i l ,  w i t h  a 
maximum occurring in March and a second smaller peak in  the l a t e  Fall. 

The model takes on spa t ia l  dimensions through the simulation of t h i s  
act ivi ty.  On any given day of the year, a percentage of the females of 
each sexually mature age c lass  are assumed to  release the i r  eggs. (The 
fac t  that  not a l l  w i l l  be properly fer t i l ized  is  accounted for  i n  the 
density independent mortality parameter MI i n  Equation 3. Possible 
relations between age and time of spawning are not included). The t o t a l  
number of eggs available for spawning on that day is divided into a se t  
number of groups, o r  sub-cohorts. Thus each part ic le  i n  the transport 
model represents one sub-cohort of organisms i n  the population model. As 
simulated time progresses, each part ic le  is  transported, and represents a 
d i m i n i s h i n g  number of developing eggs, larvae, o r  post-larvae. When a 
sub-cohort reaches the demersal stage, it  looses its explici t  representa- 
t ion i n  space, while of course retaining i ts presence i n  the population 
model. 

The major uncertainties i n  the biological sector of the model exis t  
i n  the egg and larval mortality representations. These are formulated t o  
require as  few arbitrary parameters a s  possible, while simulating these 
stages i n  suff icient  theoretical de ta i l  t o  resolve toxic effects  which 
vary i n  magnitude from one developmental stage to  the next. There are 
f ive first year, stages represented i n  the model. These are an egg stage 



(€1, th ree p lank ton ic  l a r v a l  and p o s t l a r v a l  stages (L),  and a demersal 
j u v e n i l e  stage ( 3 ) .  The equations governing m o r t a l i t y  dur ing  these v a r i -  
ous developmental per iods are: 

dE/dt = (M1 + M2*E)*E, (3)  

dL/dt = (M3 + M4*L)*L, and 

17 

Equations (3)  and (4)  each inc lude  a dens i ty  dependent and a dens i ty  
independent m o r t a l i t y  term, whereas Equation ( 5 )  incorporates a se t  o f  
adu l t - j uven i l e  i n t e r a c t i o n  terms as we l l .  The theory upon which these 
equations are based der ives  from Lotka (1925), who employed the  concept 
of a Taylor expansion about some hypo the t i ca l  equ i l i b r i um value. Density 
dependent m o r t a l i t y  o f  an in t ragroup nature, as associated w i t h  param- 
e t e r s  M i ,  Mq, and Mg, i s  intended t o  represent compet i t ion among 
i n d i v i d u a l s  of the  group fo r  l i m i t e d  resources (e.g. food), o r  m o r t a l i t y  
due t o  predat ion  by some species ex te rna l  t o  the e x p l i c i t  model formula- 
t i o n s  (e.g. her r ing) .  Density dependence between groups may r e s u l t  from 
compet i t ion fo r  shared resources, o r  a p a r a s i t i c  (e.g. c a n n i b a l i s t i c )  
r e l a t i o n .  There i s  considerable evidence of cannibalism among Gadoids 
(see fo r  example Daan, 1973, o r  Bigelow e t  a l . ,  19531, and i s  a theore t -  
i c a l l y  acceptable explanat ion f o r  popu la t ion  c o n t r o l  i n  Gadoids (Cushing 
e t  a l . ,  1977). The t h i r d  term i n  Equation (5)  i s  designed t o  s imulate 
t h i s  fact ,  the P i  being age-specif ic p redat ion  rates.  Recent evidence 
reported by E l l e r t s e n  e t  a l .  (1979a) i n d i c a t e s  t h a t  cannibal ism amongst 
l a r v a l  and p o s t l a r v a l  Gadoids may c o n t r i b u t e  s i g n i f i c a n t l y  t o  m o r t a l i t y ,  
perhaps outweighing e f fec ts  o f  food densi ty .  This process i s  no t  ye t  
e x p l i c i t l y  incorporated here. (Fur ther  d iscussion o f  these equations, 
t h e i r  der iva t ions ,  and an a lgor i thm f o r  the  numerical s o l u t i o n  o f  Equa- 
t i o n  (5)  may be found i n  Reed and Spaulding, 1978.) 

S e n s i t i v i t y  t o  the t o x i c  a c t i o n  o f  hydrocarbons appears t o  r e s u l t  
from a complex i n t e r a c t i o n  among several  var iab les  (Malins, 1977): 

(1) chemical composition of the o i l ,  
(2) du ra t i on  o f  exposure, 
(3)  concentrat ion o f  so lub le  aromatics i n  the water, 
(4) stage o f  development of the  organism, 
( 5 )  phys ica l  cond i t i on  o f  the organism, and 
( 6 )  species. 

Along the same l i n e s ,  as suggested by Andersen e t  a l .  (19771, e f f o r t s  have 
been made t o  u t i l i z e  publ ished bioassay data (Kunhold, 1970, 1977; 
Wilson, 1977) t o  p a r t i t i o n  dens i ty  independent m o r t a l i t y  parameters of 
cod dur ing  p lank ton ic  stages (Reed and Spaulding, 1978). Although the 
model i s  designed t o  keep account of the  var iab les  re levent  t o  t o x i c i t y ,  
d i f f i c u l t i e s  o f  i n t e r p r e t a t i o n  as w e l l  as uncer ta in ty  l e v e l s  elsewhere i n  
the  system (e.g. o i l  entrainment ra tes ,  d e t a i l s  o f  ocean t ranspor t  
est imates) have prompted the  adoption of a th resho ld  assumption: any 
eggs o r  la rvae enter ing  an area i n  which the  concentrat ion exceeds t h e i r  
respect ive  th resho ld  values are de le ted from the  system. I n  l i g h t  of the 



fact  that  the presence of hydrocarbons i n  the water w i l l  adversely a f fec t  
the food supply (Wolfe, 1977, Workshop.. . . , (1975) as  well as the larvae 
themselves, t h i s  appears reasonable, erring perhaps marginally on the 
environmentally conservative side. 

Development during the f i r s t  year i s  modeled i n  f ive stages: eggs, 
yolk-sac larvae, larvae adapting t o  free-feeding ; adapted free-feeders, 
and bottom-dwelling juveniles. These stages were selected a s  those 
between which defini te  differences i n  susceptibil i ty to  hydrocarbon tox- 
i c i t y  have been observed by Kunhold *and Wilson. Egg hatching rates  are  
well represented by a negative exponential curve, probably reflecting 
temperature dependent chemical interaction rates i n  egg development. 
Yolk-sac resorption requires from 4 to  12 days (wise, 1961; Bigelow e t  
a l . ,  1953). Work being performed by Ellertsen. e t  a l .  (1979b) suggests 
tha t  food density may be significant . in  determining the duration of t h i s  
stage, but fo r  lack of any deterministic relation, eight days i s  used 
here. The larvae must then adapt t o  catching planktonic organisms, 
primarily copepod nauplii . Kunhold found the larvae most susceptible t o  
hydrocarbon toxicity during t h i s  stage. According t o  Cushing e t  ale 
(19771, the Norwegian investigator H. Oannevig grew cod larvae from 
hatching t o  metamorphosis i n  70 days, and it is believed that  they seek 
bottom about a month l a t e r .  These development rates  are certainly vari- 
able w i t h  such things as  temperature and food avai labi l i ty ,  b u t  except 
for  hatching rates ,  constant values have been used i n  the model due t o  
lack of hard data. 

Pre-recruit mortality parameters are notoriously d i f f i cu l t  t o  eval- 
uate, since what few values ex is t  are  usually derived from laboratory 
observations and do not re f lec t  conditions i n  the open ocean. It is  
nonetheless desirable t o  use whatever our best estimates may be, t o  
reduce the need for  b l i n d  'model tuning' i n  the f ina l  stages. Thus a 
value equivalent t o  60% mortality has been used for  the density indepen- 
dent ra te  for  eggs (Laurence e t  a l . ,  19761, and it  is  hypothesized that  
demersal juveniles die of natural causes (e.g. disease or starvation) a t  
about twice the ra te  of the adults. The four remaining density dependent 
parameters were assigned values resulting from a ser ies  of steepest 
descent searches (Waiters, 1969) ,using the sun of the squared differences 
between the modeled and the observed annual yields 'from 1932 t o  1952. 
Several approximately equivalent local minima were found. O f  these, most 
were rejected for  biological reasons,"sdch as .  the improbability of having 
90% survival t o  the demersal stage. Of the remaining s e t s  of mortality 
parameters which appeared acceptable from the modeling point of view, 
three were selected for further, investigations. As shown i n  Fig. 6.4, 
these bracket the l ikely range of f i r s t  year mortality curves. 

Figure 6.5 shows a comparison of model behavior when operating under 
the f i r s t  year mortality curves of Fig. 6.4. I n  each case, the model is  
in i t i a t ed  w i t h  an equilibrium population, and a perturbation is intro- 
duced by assuming the complete fa i lure  of the subsequent yearclass. I t  
can be seen that  the modeled stock fluctuations increase both i n  ma n i -  
tude and duration a s  density dependent mortality emphasis Shi f t s  ?ram 
intra-egg and intra-larval stages (Mode 1) t o  the adult-juvenile formula- 
t ions (Mode 3 ) .  This  behavior ..corresponds conceptually t o  a decreasing 
negative slope on the stock-recruit curve a t  the replacement point, as 
discussed by Allen e t  a l .  (1974). The biological explanation 
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Figure 6 .4  Three piecewise-continuous mortality curves for the f i r s t  
year of l i f e .  The curves result from three different sets  
of parameters in  Equations 3, 4, and 5. 

MODE 3 

T I M E  ( Y E A R S )  

Figure 6 .5  Canparison of modeled response t o  an arbitrary perturbation 
under the three nodes of Figure 4. 



l i e s  i n  the fac t  that  increasing the relat ive importance of the adult 
juvenile interaction such that  cannibalism (or  resource competition) is  
the dominant controlling factor for  population s ize causes the direct 
transferrence of osci l la t ions i n  the parent stock to  osci l la t ions of the 
opposite sign i n  the associated 0-Group. I f  the relationship becomes 
strong enough, the model becomes unstable. 

Although the average error  of the predicted yield is on the order of 
20q6 of the average catch (Fig. 6.61, the model demonstrates a reasonable 
a b i l i t y  t o  follow the trends i n  the record (r=0.81). The model does not 
predict catch s ize w i t h  great accuracy, b u t  the impact estimates required 
here w i l l  be the differences between predicted catches w i t h  and without a 
s p i l l .  While the actual redictions may be off by 20% or  more, t o  the 
extent that  the model fo f lows the yield trends, these differences may 
only be i n  error  by a few percent. The relat ive impact estimates them- 
selves may be more accurate than the absolute yield estimates from which 
they  derive. 

6.2.2 The Ocean Transport ~ o d e l  
The marine transport model consists of three superimposed flow 

processes, each representing transport energy spanning a different  por- 
t ion of the energy spectrum. Although such separation neglects non- 
l i n e a r i t i e s  i n  the real  system, t h i s  approach is adopted i n  l ieu of a two 
or  three dimensional numerical modeling ef for t  involving the solution of 
the Navier-Stokes equations on a phase-space grid of suff ic ient ly  f ine  
mesh t o  resolve the processes of in te res t .  The available data base for  
verifications of la rva l  f i sh  dis t r ibut ions hardly warrants the time and 
e f fo r t  necessary to  produce such a model. The methods described here are 
on a level of approximation consistent wi th  others i n  the physical sector 
of the model (e.g. spawning rates  and locations),  and appear t o  yield 
useful and credible transport estimates, as  discussed below. 

The low frequency seasonal circulation patterns have been deduced 
from oceanic d r i f t e r  data gathered over approximately a decade (Bumpus e t  
a l . ,  1965). The resulting flow f ie lds  s u p p l y  estimates of net transports 
on temporal scales of weeks and months, ar is ing as  the residual of t i da l ,  
meteorological, and r iver  inflow events, as  well as  pressure forcing on 
the ocean boundaries of the modeled area. A tr iangular grid was con- 
structed covering the area of in te res t  (Fig. 6.71, and velocity compo- 
nents were assigned a t  each node. Linear interpolation is  performed 
between seasonally adjacent data s e t s  to  supply smoothed daily input to  
the model. Advective veloci t ies  a t  a given point w i t h i n  a grid element 
are  assigned by f i t t i n g  a plane through the component values a t  each of 
the three surrounding nodes, t h u s  spat ia l ly  interpolating values a t  any 
internal  point. 

Intermediate frequencies of transport energy are input through wind 
forcing on time scales of a few hours to  several days. Decoupling of 
t h i s  input from the long-term ef fec ts ,  it probably imparts to  the real 
systems (Csanady, 1976) is  achieved by f i r s t  passing a digit ized record 
of wind data for  the time period of in te res t  through a high pass f i l t e r  
w i t h  a corner frequency of one cycle every ten days. I n  t h i s  way, only 
energy associated w i t h  trends occurring over time periods l e s s  than ten 
days is retained i n  the record. T h i s  f i l t e r ed  wind record is  then used 
as input t o  a simple two-dimensional model of the wind-driven surface 
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Figure 6.7 Triangular  g r i d  system f o r  the ocean t r a n s p o r t  model. 



layer. Because it does- not appear elsewhere, the description of t h i s  
sector of the model w i l l  be relatively detailed. 

The complete Navier-Stokes equations describing the motion of an 
incompressible f luid continurn may be averaged over H,  the depth of the 
wind-driven layer. Because the area being modeled (Georges Bank) is  f a r  
from any land boundaries, and because t h i s  wind driven depth w i l l  i n  
general be small re lat ive t o  the t o t a l  depth, so that  for  coherent forc- 
ing periods below a few days only small return flows i n  the lower depths 
w i l l  be required t o  eliminate surface setup, the pressure gradient terms 
can be neglected. If the depth H is assumed constant for  the duration of 
a t  l eas t  one sampling interval i n  the wind record (here three hours), 
then the convective acceleration terms can also be dropped from the equa- 
t ions.  The usual quadratic forms of the wind s t r e s s  terms can be 
replaced by l inear  approximations t o  preserve the validity of superposi- 
t ion. Data analyzed and reported by Kirwan e t  a l .  (1979) suggests that a 
l inear  law relating wind t o  wind d r i f t  current may be as  good as  the 
quadratic formulation for long terms ( > 5  days) estimates. Thus the wind 
s t r e s s  a t  the surface i n  the x direction (posit ive t o  the eas t )  is 

and i n  the y direction (posit ive north) is  
. .  . 

= . P R Y  ( 7 )  
, . :a S . . .  . . . . 

i n  which pa is  the a i r  density, U and V are the w i n d  velocities i n  the - 
x and y (east  and north) directions respectively, and RS is  an em i r i -  
cal ly  derived constant. I f  a hypothetical s t r e s s  a t .  the bottom o! the 
wind driven layer i s  similarly l inearized, the equations of motion become 

I n  Equations 8 and 9, U and V are  the eastward and northward ocean cur- 
rent veloci t ies  averaged over the wind driven depth H,  f is  the Coriolis 
parameter, RH is the l inear  s t r e s s  coefficient a t  the depth H ,  and P w  
is  the density of sea water. Assuming the depth H t o  be constant over 
one sampling interval  i n  the wind time record, t h i s  s e t  of coupled 
ordinary d i f fe rent ia l  equations has the simple solution. 



wherein. u and, v are the  orthogonal cu r ren ts  a t  t h e  beginning of t he  t ime 
i n t e r v a l ,  and the  asymptotic v e l o c i t i e s  f o r  l a r g e  t imes t are  given, by 

Equations 10 and 11 describe c i r c u l a r  motion with damping and an off-  
set .  The angle o f  t h e  net  t ranspor t  t o  t h e  r i g h t  o f  t he  wind can be most 
e a s i l y  ca l cu la ted  by a l i g n i n g  the  axes such t h a t  U=O, g i v i n g  

. . 

from which i t  can be seen t h a t  t he  t ranspor t  w i l l  be 90 degrees t o  the  
r i g h t  of t he  wind f o r  zero  bottom s t r e s s  o r  i n f i n i t e  depth, i n  'agreement 
w i t h  Ekmanls c l a s s i c a l  analys is .  

I n  r e a l i t y ,  t he  mixed l a y e r  depth w i l l  be a func t i on  o f  wind speed 
and durat ion,  sea s ta te ,  and dens i ty  s t r a t i f i c a t i o n  ( P h i l l i p s ,  1977; 
Liebovich, 1977; Kullenberg, 1976; N i i l e r ,  1977). As po in ted ou t  by 
Gonella (1971) and Csanady (19721, t h e  c o r r e c t  fo rmula t ion  f o r  H as a 
func t ion  of t ime i n  very 'deep water would e l im ina te  the  necessi ty  of the  
" i n t e r l a y e r  s t ress"  a r t i f i c e  (second term on the  RHS of Equations 8 and 
9). The res is tance t o  surface s t ress  i n  deep waters a r i s e s  from a down- 
ward f l u x  o f  momentum and i n t e r n a l  d i ss ipa t i on ,  so t h e  c o r r e c t  lower 
boundary c o n d i t i o n  i s  zero s t r e s s  a t  t h e  ( va r iab le )  depth H. Because of 
t h e  l a c k  o f  agreement on v e r t i c a l  eddy v i s c o s i t y  formulat ions f o r  t h e  
s o l u t i o n  o f  t h i s  problem (see f o r  example HJang, 19791, an a r b i t r a r y  
depth o f  10 meters f o r  a 3 hour response t ime has been se lec ted as sug- 
gested by t h e  l i t e r a t u r e  overview summarized i n  Table 6.1. This depth 
inc ludes the  m a j o r i t y  o f  cod eggs and la rvae  i n  t h e  area, and unless o i l  
a c t u a l l y  sinks, i t  appears doubt fu l  t h a t  any s i g n i f i c a n t  amount w i l l  
penet ra te  deeper than t h i s  (McAul i f fe, 1977). 



D r i f t  Depth Averaged Approx. D r i f t  
Layer Current (as Establ ish.  Angle 

Observer Depth Percent o f  Wind Time (hrs)  ( t o  t h s  Comments 
(meters) Speed 6 10 m.) rt. o f  W )  

Nansen (1902) - w 1% - 20-40° . observations o f  icebergs 

Elanan (1905) - 50 1 . 3 % / ~ i n l / ~  jd ^/ 10-20 90° theory 

Smith (1931) 
w 

- 40° deep immersing iceberg 
- 200 small  iceberg 

Csanady ( 1972) 9-18 , 2% 1-3 -10-60' Lake Huron observations 

Csanady ( 1974 ) 10-20 - 3-8 - theory 

Murray (1974) 10 2% 3 10-90' near shore, shallow 

Me l lo r  e t  a1 (1975) 25 - 16 - model compared w /  data 

N i i l e r  e t  a1 (1977) 10 - 1-2 . - theory and observation 

csanady ( 1976) 16 - - - theory and observation 
.. 

Gonella (1971) 10-1 5 1% 2-3 - theory and observation 

Madsen ( 1977) 25 1% - 3  l o o  modeled 

Kondo e t  a1 (1979) 20 1% 16 17O observed and modeled 

Kirwan e t  a1 (1979) ' surface - - 150 theory and observation 

Table 6.1: Summary o f  L i t e ra tu re  Estimates of 
Wind-Driven Flow Parameters 



The most widely accepted formulation for  the wind s t ress ,  supported 
by a large number of laboratory and f ie ld  investigations, is a propor- 
t ional i ty  w i t h  the square of the wind speed multiplied by the density of 
the a i r .  T h i s  is  consistent w i t h  dimensional considerations, and corre- 
sponds to  drag fomulations for  f luid flow around a solid body. One pos- 
s ib le  method of assigning a value to  the parameter RS would be to  
equate the energy i n p u t  from atmosphere to  ocean in the l inear  model w i t h  
that  prevailing under the quadratic s t ress  formulation. T h i s  was not 
done because it would have amounted to  forcing energy from lower frequen- 
c i e s  into the domain of the f i l t e r  applied t o  the wind record. 

The problem has instead been approached in  a simple s t a t i s t i c a l  
manner. An estimate of RS i n  terms of the "correct1I quadratic 
formulation, 

resul ts  from a com~arison w i t h  the l inear  expression 

Equations 15 and 16 suggest that Rs, w i t h  dimensions of velocit , may d' be taken as  a measure of the mean background wind velocity magnitu e ,  and 
should, therefore, be derived explici t ly  for each specific wind record 
employed. The f i l te red  wind record used here spans from September 1972 
t o  September 1973, and has maximum and minimum magnitudes of 16.4 and 
0.114 meters/sec. w i t h  a mean of 5.1 meters/sec. Using cg = 0.002 (see 
for example Wilson, 1960, or Wu, 1969), t h i s  gives a value of R = 0.01 . 

meters/sec. 

Winant e t  a l .  (1979) s t a t i s t i c a l l y  compared quadratic and l inear  
formulations for the bottom s t r e s s  i n  water depths of 30 t o  40 meters, 
and were unable to  determine which parameterization was more accurate, 
lending further support for the l inearization imposed here. Their param- 
e t e r  estimates for R H ,  varying from 0.04 t o  0.2, are derived on the 
assumption that surface and bottom s t r e s s  components are equal ( i . e .  a t  
steady s t a t e  conditions) and appear high. A second estimate of RH can 
be determined by estimating the asymptotic magnitude of the depth 
averaged current as a function of wind speed from the l i t e ra tu re  (Table 
6 . 1 ,  and solving Equations 12 and 13 for RH. Using RS . = 0.01 
meters/sec., a density ra t io  of 0.00125, a depth of 10 meters, f = 
0.000097 radiandsec, and solving the relation 

by s u b s t i t u t i n g  for u ,  and v, from Equations 12 and 13 gives RH = 
0.001. These values imply  an asymptotic d r i f t  transport angle of 44 
degrees t o  the right of the wind, attained within + 2% a f t e r  7 hours. • The behavior of the model for other values of the parameters is  shown 
i n  Figs. 6.8-10. Empirical validation of such a model is  necessarily 
subjective, not only because vertically uniform slab flow is an extreme 
simplification of actual-, wind-driven ocean current profiles,  b u t  also 
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because documented observations of atmosphere-ocean momentum interact ions  
a r e  themselves so variable. The s tudies  sunmiarized i n  Table 6.1 suggest 
t ha t ,  fo r  an establishment time of 3 hours, plausible a t t r i bu t e s  of the 
wind d r i f t  current a r e  a depth of 10 meters, a ver t ical ly  averaged speed 
of 01% t h a t  of the wind, and a d r i f t  angle of 20 t o  60 degrees. If the 
observations by Smith (1931) of d r i f t i ng  icebergs can be taken a s  reflec- 
t ing  ver t ical ly  averaged d r i f t  angles and speeds, then 30 degrees might 
be a reasonable intermediate value. For the  parameter values used here 
(rs = 0.01 m/sec; RH = 0.001 m/sec; H = 10 meters) the l i nea r  model 
predicts a d r i f t  angle about 30 degrees t o  the right of the  wind a f t e r  3 
hours, and a speed 01% tha t  of the  wind. 

The th i rd  transport  process i n  the  model is dispersion, assumed t o  
result from energy input a t  frequencies greater  than and equal t o  t h a t  of 
the  t ides ,  a s  well a s  energy cascaded in to  t h i s  frequency range through 
dissipation processes i n  the rea l  system. Dispersion is modeled a s  a 
random walk process occurring wi th  a mean velocity magnitude 

(see Appendix A ) ,  i n  which d t  is the simulation timestep, and D i s  the 
d i f fus iv i ty ,  taken from an oceanic diffusion diagram (Okubo, 1974). 

In summary, the transport  of ichthioplankton and entrained o i l  is 
simulated through the juxtaposition of a random walk diffusion process, a 
wind-driven velocity component responding t o  an actual  time s e r i e s  pre- 
processed through a high pass f i l t e r ,  and a dr i f terbinferred seasonally 
varying aspect. 

Validation of the fishery cum ocean transport  model has been 
described i n  the references already c i t ed ,  but is discussed br ie f ly  here 
t o  c l a r i f y  the significance of resu l t s ,  and t o  emphasize the importance 
of longterm methodical data acquisit ion programs t o  the success of 
ecological impact modeling endeavors. The basis for  the validation 
methodology proposed here is a space-time history of l a rva l  f i sh  concen- 
t r a t i on  data. Unfortunately, such data i s  extremely expensive t o  
acquire, and National Marine Fisheries Service data for  l a rva l  cod on 
Georges Bank e x i s t s  only for  December and February, so t ha t  spring veri- 
f icat ion is not possible. (A data s e t  f o r  March, 1976 may soon become 
available.)  The length of the record (four years) is insuf f ic ien t  t o  
warrant actual  s t a t i s t i c a l  comparison of model resu l t s  wi th  the data. 
U a l i t a t i v e  comparisons (Figs. 6.11-14) suggest t h a t  the model performs 
reasonably well. I f  the data record were longer, an average d i s t r ibu t ion  
wi th  variance could be derived, and a confidence interval  could be placed 
on the model predictions. In addit ion,  one could begin t o  consider the 
environmental factors  re la t ing t o  specif ic  dis t r ibut ions ,  thus revealing 
which of these factors  when included i n  the model would 'most improve 
performance. - 





THE O I L  SPILL FATES MODEL 

T h i s  sector of the impact model is  described elsewhere i n  t h i s  
report, and w i l l ,  therefore, not be discussed in de ta i l  here. The inter- 
connection between the o i l  s p i l l  and fishery models is  accomplished 
through storage of the o i l  s p i l l  output data se ts  on disc or  tape, for  
access as  needed by the toxic impacts section. 

6.3  RESULTS OF SIMULATIONS 

Model sensi t ivi ty t o  three types of parameters has been investi- 
gated. Because f ie ld  data l imitations and model complexity preclude the 
derivation of confidence intervals on the predictions, it i s  f e l t  tha t  
the best indicator of r e l i ab i l i ty  w i l l  be a demonstration of the relat ive 
importance of key assumptions i n  the system. The usual gradien.t approach 
t o  sensi t ivi ty (e.g. Brylinsky, 1972) is  useful when the values of param- 
eters  are  known w i t h  confidence intervals of, say, + 15%; Then local 
rates  of change due to  small variations are sGnif icant .  I f  actual 
parameter values may range over more than one order of magnitude, how- 
ever, a se t  of widely spaced point values on the response surface i s  more 
revealing. T h i s  l a t t e r  approach is  used here. 

A two-day, 34,840 metric ton o i l  s p i l l ,  occurring on December 15, has 
been simulated for  t h i s  sensi t ivi ty analysis. Figs. 6.15-18 show four ' 

snapshots of the interaction among the eggs and larvae, the surface 
s l ick,  and the subsurface distribution of hydrocarbons w i t h i n  the 50 ppb 
contour. Further de ta i l s  are presented i n  the o i l  s p i l l  modeling report 
section. Impact predictions have been compared under three theoretically 
acceptable piecewise-smooth larval  mortality curves (F ig .  6.41, three 
threshold toxicity values of 50,100, and 1000 parts per b i l l ion  (ppb) and 
three dispersant application scenarios in  which 0%, 50%, and 100% of the 
o i l  i s  chemically treated. The resul ts  of these model runs are shown i n  
Tables 6.2, 6.3, and 6.4. 

Decreasing impact is associated w i t h  increasing larval  resistance t o  
o i l  toxicity (increasing threshold values), w i t h  decreasing entrainment, 
and w i t h  increasing mortality mode. T h i s  l a t t e r  fact  resul ts  from an 
increase in  the amount of compensatory mortality i n  modes 2 and 3 .(Fig: 
6.4) in  the post-planktonic stages, relat ive to  mode 1. Thus for a given 
treatment scenario and toxicity threshold, although the same number.hof 
eggs and larvae are los t  from the system due t o  the s p i l l ,  the effect  on 
recruitment, and ultimately yield, is considerably different ,  as reflec- 
ted in  the relat ive losses associated w i t h  each mode. 

Not surprisingly, none of the scenarios modeled here supports the 
application of dispersants as  a means of mitigating impact on the 
fishery. Microbial degradation, which i s  rate  dependent on both temper- 
ature and interfacial  area (Traxler e t  a l . ,  19771, a process not included 
i n  the o i l  s p i l l  fa tes  model a t  t h i s  time, could a l t e r  t h i s  outcome some- 
what, although t o  what extent is  uncertain (Gibson, 1977). 

One of the moze significant findings here' is that  the natural mortal- 
i t y  regime for the population i s  more important than e i ther  threshold 
toxicity values or  the percent of o i l  being dispersed into the water 
column. The importance of determining appropriate mortality regimes and 
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t o x i c i t y  th resho ld  values i s  mani fest  from these resu l t s .  Suppose fo r  
example t h a t  an o i l  s p i l l  on Georges Bank were t o  be d r i ven  towards the  
i s l a n d s  o f  Nantucket and Martha's Vineyard, . rather  than out  t o  sea. I f  
mode 2 o r  3 proved a good approximation t o  the  governing m o r t a l i t y  ra tes  
f o r  t h e  populat ion,  and a threshold value o f  1000 ppb appeared c r e d i b l e  
fo r  t h e  o i l  a t  hand, treatment w i t h  d ispersants before the  o i l  reached 
shore would g r e a t l y  decrease the  aesthet ic  impact a t  l i t t l e  cos t  t o  the  
f i shery .  (As a "best guess'' however, the  most l i k e l y  d e s c r i p t i o n  of cod 
egg, l a r v a l ,  and post  l a r v a l  m o r t a l i t y  on Georges Bank i s  a curve some- 
where between modes 1 and 2, with a th resho ld  t o x i c i t y  o f  about 100 ppb.) 

Cer ta in  l i m i t a t i o n s  o f  t he  model must be s ta ted  i n  accompaniment t o  
t h i s  conclusion. The most important  i s  t h a t  only one element of the  
e c o l o g i c a l  complex i n  quest ion i s  being modeled, a basic assumption being 
t h a t  o v e r a l l  b i o l o g i c a l  pa t te rns  w i l l  no t  be d is rupted by the  s p i l l .  If 
treatment  with dispersants o r  poss ib le  s ink ing  o f  t he  o i l  r e s u l t e d  i n  
contaminat ion of t h e  sediment on the  spawning ground, t h i s  assumption 
would c e r t a i n l y  be v io la ted .  The basic phi losophy o f  c a u s a l i t y  i n  evolu- 
t i o n  imp l ies  t h a t  f i s h  spawn i n  space and t ime i n  such a way as t o  
opt imize  the  p r o b a b i l i t y  o f  s u r v i v a l  o f  t h e  o f f s p r i n g  i n  the  long term, 
so t h a t  forced s h i f t s  i n  these pa t te rns  would presumably prove detrimen- 
t a l  t o  the  stock. Modeling such phenomena would requ i re  hypothesiz ing 
s tock  responses t o  extended spawning i n t e r r u p t i o n s ,  which would f a l l  
l i t t l e  sho r t  o f  b l i n d  conjecture. S i m i l a r l y ,  any major impact on another 
element of t he  food web could r e s u l t  i n  s i g n i f i c a n t  feeding s h i f t s  
throughout the  eco log ica l  system. An impact model o f  t h i s  type i s ,  
therefore, l i m i t e d  i n  i t s  usefulness t o  s i t u a t i o n s  i n v o l v i n g  on ly  smal l  
popu la t i on  per turbat ions .  

The magnitudes of the  impacts est imated here range between 0% and 10% 
o f  t h e  annual maximum susta inable y e i l d  o f  approximately 25,000 m e t r i c  
tons, o r  up t o  $2.5 m i l l i o n  i n  reduced income t o  the  f i s h i n g  f l e e t .  
S imula t ion  of a 30 day o i l  w e l l  blowout (Reed e t  a l . ,  1979b) shows 
impacts four  t imes as la rge,  so t h a t  t h e  s p e c i f i c  scenario i s  o f  consid- 
e rab le  importance. Furthermore, i t  must be remembered t h a t  the  vast  
m a j o r i t y  o f  t h e  commercially important  species i n  the  area, i n c l u d i n g  
cod, haddock, po l l ock ,  hake, her r ing ,  f lounder,  mackerel, l o b s t e r ,  crab, 
and s c a l l o p  have pe lag ic  eggs and/or larvae.  Depending on the  spec i f i c  
b i o l o g i c a l  pa t te rns  associated w i t h  each o f  these species, the  t o t a l  cos t  
of a s p i l l  i n  terms of reduct ion  i n  ca tch  could g r e a t l y  exceed these 
values. 

I n  summary, the  s imula t ions  described here suggest t h a t  the  most 
s i g n i f i c a n t  se t  o f  unknown parameters i n  the  model system i s  t h a t  r e l a t -  
i n g  t o  m o r t a l i t y  ra tes  and processes dur ing  the f i r s t  year of l i f e .  The 
amount o f  dispersant app l ied  t o  the  s p i l l  and the  t o x i c i t y  o f  t he  o i l  
appear t o  be o f  secondary importance i n  deep offshore waters. ( I t  i s  
somewhat i r o n i c  t h a t  t h e  most important  and des i rab le  i n fo rma t ion  needed 
fo r  f u r t h e r  model improvement i s  a l so  the  most d i f f i c u l t  and expensive t o  
obta in. )  As i s  o f t e n  the  case with complex s imulat ions,  t he  s t rength  of 
t h e  under ly ing  data base l i m i t s  the  r e a l  usefulness of the  output.  I n  
t h e  case a t  hand, f u r t h e r  advances i n  marine f i s h e r i e s  impact assessment 
of t h i s  type r e q u i r e  a concerted ichthyoplankton data a c q u i s i t i o n  pro- 
gram, systematic i n  bo th  space and time. Although expensive, i t  appears 
t h a t  ba,sic progress i n  t h i s  f i e l d  w i l l  be l a r g e l y  dependent on the  
p lann ing and implementation o f  such programs. 
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GC o f  Bottom o f  OIl /Dispersant  Tank a t  192 hrs .  
GC o f  Top of Oi l /Dispersan t  Tank a t  350 h r s .  
GC of Middle o f  Oi l /Dispersan t  Tank a t  350 h r s .  
GC o f  Bottom o f  Oi l /Dispersan t  Tank a t  350 h r s .  
GC of  Neat O i l  
GC of  P a r a f f i n  F rac t ion  o f  Neat O i l  
GC o f  Aromatic F rac t ion  of  Neat O i l  
GC of  Po la r  F r a c t i o n  o f  Neat O i l  
GC of P a r a f f i n  F rac t ion  From O i l  Tank a t  24 h r s .  
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GC of Aromatic F r a c t i o n  From Old Tank a t  24 hrs.  
GC o f  Polar  F r a c t i o n  From Old Tank a t  24 hrs. 
GC o f  P a r a f f i n  Frac t ions  From Middle o f  Old Tank a t  24 hrs. 
GC o f  Aromatic Frac t ions  From Middle o f  Old Tanks a t  24 
hrs.  
GC o f  P a r a f f i n  Top F rac t i on  a t  48 hrs. 
GC o f  Aromatic Top F rac t i on  a t  48 hrs.  
GC o f  Polar  F rac t i on  Top F rac t i on  a t  48 hrs. 
GC o f  P a r a f f i n  Middle F r a c t i o n  a t  48 hrs. 
GC o f  Aromatic Middle F rac t i on  a t  48 hrs. 
GC o f  P a r a f f i n  Top F rac t i on  a t  72 hrs.  
GC o f  Polar  Top F rac t i on  a t  72 hrs.  
GC o f  Aromatic Middle F r a c t i o n  a t  72 hrs. 
GC o f  P a r a f f i n  MIddle F rac t i on  a t  72 hrs .  
GC o f  Polar  MIddle F r a c t i o n  a t  72 hrs. 
GC o f  the Cont ro l  Tank, top, 1 hr .  
GC o f  the  Cont ro l  Tank, middle, 1 h r .  
GC o f  the Cont ro l  Tank, bottom, 1 hr .  
GC o f  the  Dispersant Tank, top, 1 hr .  
GC o f  the  Dispersant Tank, middle, 1 hr .  
GC o f  the  Dispersant Tank, bottom, 1 hr.  
GC o f  the O i l  Tank, top 1 hr .  
GC o f  the  O i l  Tank, middle, 1 hr .  
GC o f  the  O i l  Tank, bottom, 1 hr .  
GC o f  the  Oi l /Dispersant  Tank, top,  1 hr .  
GC o f  the  Oi l /Dispersant  Tank, bottom, 1 h r .  
GC o f  the  Cont ro l  Tank, top, 6 t h  week. 
GC'of the Cont ro l  Tank, middle, 6 t h  week. 
GC o f  the  Cont ro l  Tank, bottom, 6 t h  week. 
GC o f  the  Dispersant Tank, top,  6 t h  week. 
GC o f  the  Dispersant Tank, middle, 6 t h  week. 
GC o f  the Dispersant Tank, bottom, 6 t h  week. 
GC o f  t he  O i l  Tank, top,  6 t h  week. 
GC o f  the  O i l  Tank, middle, 6 t h  week. 
GC o f  the  O i l  Tank, bottom, 6 t h  week. 
G2 o f  the  Oi l /Uispersant  Tank, top, 6 t h  week. 
GC o f  the  Oi l /Dispersant  Tank, middle, 6 t h  week.. 
GC o f  the  Oi l /Dispersant  Tank, bottom, 6 t h  week. 
GC o f  the Cont ro l  Tank, top,  1 hr, f r a c t i o n  1. 
GC o f  the  Cont ro l  Tank, top, 1 h r ,  f r a c t i o n  2. 
GC o f  the  Cont ro l  Tank, top, 1 hr ,  f r a c t i o n  3. 
GC o f  the  Cont ro l  Tank, top, 1 hr ,  f r a c t i o n  4. 
GC o f  t he  Cont ro l  Tank, top, 1 hr, f r a c t i o n  5. 
GC o f  the Cont ro l  Tank, top, 1 hr, f r a c t i o n  6. 
GC o f  the  Cont ro l  Tank, top, 1 h r ,  f r a c t i o n  7. 
GC o f  the  O i l  Tank, top,  1 h r ,  f r a c t i o n  .l. 
GC o f  the  O i l  Tank, top,  1 h r ,  f r a c t i o n  2. 
GC o f  the  O i l  Tank, top,  1 h r ,  f r a c t i o n  3. 
GC o f  the  O i l  Tank, top,  1 h r ,  f r a c t i o n  4. 
GC o f  the. O i l  Tank, top,  1 h r ,  f r a c t i o n  5. 
GC o f  the  O i l  Tank, top,  1 h r ,  f r a c t i o n  6. 
GC o f  the  O i l  Tank, top, 1 hr. ,  f r a c t i o n  7. 
GC o f  the  O i l  Tank, top, 1 hr, f r a c t i o n  8. 
GC of t he  Oi l /Dispersant  Tank, 1 hr ,  f r a c t i o n  1. 
GC o f  t he  Oi l /Dispersant  Tank, 1 h r ,  f r a c t i o n  2. 



Figure 7.5.41 
Figure 7.5.42 
Figure 7.5.43 
Figure 7.5.44 
Figure 7.5.45 
Figure 7.5.46 
Figure 7.5.47 
Figure 7.5.48 
Figure 7.5.49 
Figure 7.5.50 
Figure 7.5.51 
Figure 7.5.52 
Figure 7.5.53 
Figure 7.5.54 
Figure 7.5.55 

Figure 7.5.56 

Figure 7.5.57 

GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 3. 
GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 4. 
GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 5. 
GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 6. 
GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 7. 
GC of the Oil/Dispersant Tank, 1 hr ,  f ract ion 8. 
GC of the Slick i n  the Oil/Dispersant Tank, week 6. 
GC of the Slick i n  the  O i l  Tank, week 6. 
GC of the Sediment i n  Control Tank, 1 hr.  
GC of the Sediment i n  O i l  Tank, 1 h r .  
GO of the Sediment i n  Oil/Dispersant Tank, 1 hr. 
GC of the Sediment i n  Control Tank, 4th week. 
GC of the Sediment i n  O i l  Tank, 4th week. 
GC of the Sediment i n  Oil/Dispersant Tank, 4th week. 
I H  difference spectrum; top of o i l  tank minus  top of 
control  tank, 1 h r .  
I R  difference spectrum; oi l /d ispersant  top minus o i l /  
dispersant  middle, 1 hr. 
I R  difference spectrum; oi l /d ispersant  top minus  o i l  top, 
6th week. 



7.1 I n t  reduction 

The o v e r a l l  o b j e c t i v e  o f  t he  p r o j e c t  i s  t o  assess t h e  env i ronmenta l  
impact of  a chem ica l l y  t r e a t e d  vs. an un t rea ted  o i l  s p i l l .  The p r imary  
o b j e c t i v e  of  t he  chemist ry  group has been t o  determine t h e  amounts and 
composi t ions of  pet ro leum chemicals i n  t h e  atmosphere, su r face  waters,  
water column and sediments, r e s u l t i n g  from a t r e a t e d  and un t rea ted  
s p i l l .  To meet t h i s  o b j e c t i v e ,  i t  was necessary f o r  t he  group t o  develop 
sample c o l l e c t i n g ,  e x t r a c t i o n ,  and chemica l  a n a l y s i s  methods. I n  add i -  
t i o n ,  ex tens ive  development and t e s t i n g  o f  computer so f tware  was under- 
taken t o  c o l l e c t  and massage t h e  a n a l y t i c a l  data.  Laboratory  exper iments 
were designed and executed t o  a i d  i n  t h e  development o f  these a n a l y t i c a l  
techniques.  Resu l t s  from t h e  l a b o r a t o r y  s tud ies  determined t h e  tech-  
n iques which would be a p p l i e d  t o  t he  a n a l y s i s  o f  t he  meso sca le  expe r i -  
ments and e v e n t u a l l y  t o  any " r e a l  wor ld"  s p i l l s  o f  oppo r tun i t y .  

7.2 A n a l y t i c a l  Procedures: 

7.2.1 Choice of  O i l /D i spe rsan t  System 

( A j  O i l :  The cho ice  o f  o i l  f o r  t h e  s tudy was based on seve ra l  
f a c t o r s :  

l 

a )  a v a i l a b i l i t y  o f  s u f f i c i e n t  q u a n t i t i e s  f o r  t e s t i n g ,  
b )  a v a i l a b i l i t y  o f  t h e  compos i t iona l  da ta  on t h e  o i l ,  
c )  presence o f  s u f f i c i e n t  percentages o f  t he  ,spectrum of 

r e p r e s e n t a t i v e  components, e.g., aromat ics ,  p a r a f f i n i c s ,  c y c l o -  
pa ra f f i ns ,  

d )  a b i l i t y  t o  handle o i l  e a s i l y  a t  ambient temperatures. 

Based on these p r e r e q u i s i t e s ,  i t  was decided t h a t  one o f  t h e  two PPI 
re ference crudes, South Lou is iana  o r  Kuwait ,  be used f o r  t he  e x p e r i -  
ments. I n i t i a l l y ,  these two o i l s  were used i n  l a b o r a t o r y  t e s t s  and even- 
t u a l l y  Kuwait  Crude was used f o r  t he  b u l k  o f  t h e  l a b o r a t o r y  work and f o r  
t h e  meso-scale exper iments.  I n  a d d i t i o n ,  as a r e s u l t  o f  two " r e a l  wo r l d t t  
s p i l l s ,  hunker C o i l  from t h e  Argo Merchant and a No. 2 f u e l  from t h e  
Buzzards Bay S p i l l  were used i n  some o f  these s tud ies .  

( 8 )  D ispersan t  : 

The program o b j e c t i v e s  of  t he  chemis t ry  study d i d  n o t  i n c l u d e  a per -  
formance t e s t i n g  of  chemica l  d ispersan ts .  I t  was decided t h a t  a s tudy 
us ing  one w e l l  chosen d i spe rsan t  and e x t e n s i v e l y  t e s t i n g  i t s  use w i t h  a 
l i m i t e d  number of  o i l s  would prove t o  be more i n f o r m a t i v e  and complete, 
v i s -a - v i s ,  t he  p r o j e c t  o b j e c t i v e ,  than  would u s i n g  m u l t i p l e  d i spe rsan ts  
w i t h  these o i l s .  

I . The cho ice  of d i spe rsan ts  was based on seve ra l  f a c t o r s :  

a )  p roduc t  should be one of  t h e  major  p roduc ts  on t h e  market,  
b )  d i spe rsan t  should have low t o x i c i t y ,  
c )  d i spe rsan t  should have a p p l i c a t i o n  on wide spectrum o f  o i l  types,  
d) d i spe rsan t  should be e a s i l y  a p p l i e d  and r e q u i r e  min imal  m i x i n g  

energy. 



Based on the  above c r i t e r i a ,  s i x  products were considered (Table 
7.2.1). O f  these, Corex i t  9527, a  se l f -mix ing  dispersant,  was chosen f o r  
t h e  study. 

7.2.2 I n f r a r e d  P n a l y t i c a l  Procedures 

P Water Column 
a)  Quan t i t a t i ve  

i) Choice o f  so lvent  system - i n f r a r e d  ana lys is  of t he  petroleum 
hydrocarbons ex t rac ted from the  water column were ana.lyzed q u a n t i t a t i v e l y  
as w e l l  as q u a l i t . a t i v e l y .  I t  was des i rab le  therefore, t o  'have one sol.- 
vent which could be used as an e x t r a c t i n g  solvent '  and a l low 'for the  sub- 
sequent i n f r a r e o  analyses w i thout  having t o  remove the  sample from the 
so lvent .  Carbon d i s u l f i d e  was chosen s ince i t  can be used as an e x t r a c t -  
i n g  so lvent  and has i n f r a r e d  spec t ra l  "windows" a t  29.30 cm-l t o  a l low 
f o r  q u a n t i t a t i o n  o f  the hydrocarbon band and a lso has windows between 
1355 and 655 cm-I t o  a l low f o r  measurement of the  spectrum i n  the  
i n f r a r e d  " f i n g e r p r i n t "  reg ion (used f o r  q u a l i t a t i v e  ana lys is )  (1 ) .  Since 
the  i n f r a r e d  c e l l s ,  e x t r a c t i o n  and separat ion techniques requ i red  f o r  
ana lys i s  of chemical ly t r e a t e d  o i l  s p i l l s  w i t h  t h i s  solvent  were nonexis- 
t e n t ,  t h i s  l a b  designed and tes ted  methods t o  a l low us t o  perform i n f r a -  
red  analyses of these samples. 

The solvent  was reagent grade and r e d i s t i l l e d  i n  g lass immediately 
p r i o r  t o  use. 

i i )  I n f ra red  inst rumentaion - ana lys is  was performed o n a  Beckman 
4260 I n f r a r e d  Spectrometer i n t e r f a c e d  t o  'a Data General NOVA 3/12 Min i -  
computer. 

i i i )  Design of C e l l :  A l a r g e  p o r t i o n  o f  t ime was devoted t o  the  
design of 6  mm l i q u i d  c e l l s .  C e l l s  a re  no t  normally manufactured a t  t h i s  
pa th length  and volume and cannot ho ld  the  very v o l a t i l e  samples and so l -  
vent we normally use. F igure  7.2.1 shows the  schematic o f  the  c e l l  we 
chose. The holders were designed t o  conta in  a . 6  mm spacer sandwiched 
between two PgC1 windows. The design and m a t e r i a l  o f  the  spacer was 
var ied  and tes ted as fo l lows:  

1 )  Tef lon spacers - two Tef lon  spacers were machined. . to matchin.g 
th ickness ( 6  mm). I n j e c t i o n  p o r t s  were . located on the  s ide  o f  the  
spacer, and angled as shown as "a" i n  F igure 7.2.1. Tef lon  p lugs were 
used t o  seal  the  po r t s .  Two major d i f f i c u l t i e s  were encountered w i t h  t h i s  
design : 

a) The sof tness o f  the  Tef lon  made i t  impossible t o  machine two 
spacers t o  an exact, uni form th ickness.  As a  r e s u l t ,  i t  was necessary t o  
hand l a p  the two spacers t o  exact thickness. This was,t ime consuming and 
tedious.  

b )  The CS2 s lowly  leaked through the  s ide p o r t s  o f  t he  spacers. 

2) S ta in less  Stee l  - two s t a i n l e s s  s t e e l  spacers were machined t o  
matching thickness ( 6  mm). I n j e c t i o n  p o r t s  were located on the  s i d e ' o f  
the  spacers. Tef lon p lugs were used t o  sea l  t he  po r t s .  The hardness of 



TMLE 7.2.1 Dispersants Considered f o r  Sruoy 

Product Type O i l  Dispersed Toxicity ~ i i i n q  Requirements 

lEOC777 Light Crudes a t  Sea N/A* Fine Mist 

SURFLO-OW-1 CNde a t  Sea Noh-toxic Spray/Agitate by Boat 

BP11OWD O i l  a t  Sea only Conforms t o  Spraykeawater  
W standards,  m i x h o a t  

BPllOOX O i l  a t  Sea o r  on II I1 

beach 

Corexi t  7664 no l i m i t a t i o n s  o l l o ~ "  SprayIAgitate by boat 

Corexit 9527 . no l i m i t a t i o n s  v910w" None required 

W/A-none a v a i l a b l e  

A l l  information was taken from company product brochures. . 

AgCl CELLS WITH 
. STAINLESS. STEEL SPACERS 

Figure 7.2.1 MU Blls with Stainless Steel Spacers 



t he  s ta in less  s t e e l  al lowed f o r  machining o f  t he  two spacers t o  exact 
th ickness and, u n l i k e  the  Tef lon, no f u r t h e r  p o l i s h i n g  was necessary. 
However, the p o r t s  s t i l l  leaked. 

( 3 )  Sta in less  S t e e l  - two s t a i n l e s s  s t e e l  spacers were machined t o  
matching thickness. The p o r t  p o s i t i o n s  were. moved from the s ides t o  t h e  
top  and bottom, as "bU i n  Figure 7.2.1. This prevented leakage. The 
c e l l s  p resent ly  i n  use are those designed w i t h  p o r t s  located on t h e  top  
and bottom o f  the  spacer. 

i v )  E x t r a c t i o n  E f f i c i e n c i e s  

To determine the  e x t r a c t i o n  procedure and the  amount of solvent"  t h a t  
would y i e l d  a  r e l a t i v e l y  h i g h  e x t r a c t i o n  e f f i c i e n c y  , four  procedures were 
tested,  us ing carbon d i s u l f i d e  as the  e x t r a c t i n g  solvent .  I n  each exper- 
iment, one l i t e r  o f  sea water c o l l e c t e d  from a  prev ious ly  dete'rmined 
c lean s i t e  was spiked with a  known amount o f  sample and poured i n t o  a  
2000 m l  separatory funnel.  The organics were then ex t rac ted as fo l lows:  

a)  Ten mls. of CS2 were added t o  the  water and the  sample was 
a g i t a t e d  f o r  5 minutes. The bottom organic l a y e r  was t rans fe r red  t o  a  25 
m l  vo lumetr ic  and brought t o  volume w i t h  a d d i t i o n a l  solvent .  

b) Ten mls. of CS2 were added t o  the  sample i n  5  m l  po r t i ons  w i t h  
e x t r a c t i o n  a f t e r  -each add i t ion .  The 5 m l  po r t i ons  ,were combined i n  a  25 
m l  volumetr ic and brought t o  volume w i t h  a d d i t i o n a l  solvent .  

c )  F i f t e e n  mls o f  e x t r a c t i n g  so lvent  were added ' to  the  sample i n  10 
and 5 m l  a l iquots ,  w i t h  e x t r a c t i o n  a f t e r  each add i t ion .  The a l i q u o t s  
were combined as described above. 

d) T h i r t y .  mls. of e x t r a c t i n g  so lvent  were added i n  15 m l  a l i quo ts ;  
with e x t r a c t i o n  a f t e r  each add i t ion .  Combination o f  .sample and volume 
adjustments were made as described above. 

The amount o f  ex t rac ted hydrocarbon , i n  each sample was detenined. :by 
measu.rement of t he  absorbance of . the 2930 cm-1 band,. . . ,  

These four  procedures were tes ted  w i t h  Kuwait Crude, Corex i t  9527 
d ispersant  and a  5 : l  m ix ture  o f  Kuwait Crude and Corex i t  9527. Resul ts  
are shown i n  Table 7.2.2. As can be seen, method "d" y i e l d s  the  h ighest  
e f f i c iency .  A l l  ex t rac t i ons  are now performed according t o  t h i s  method. 

v) Ana ly t i ca l  Pro toco l  

I n  t h e  i n i t i a l  phases o f  t h e  p r o j e c t ,  t he  f e a s i b i l i t y  o f  chemical ly 

_.. separat ing the o i l  from the  d ispersant  p r i o r  t o  i n f r a r e d  ana lys is  was 
studied. The d ispersant  i s  a  mix ture  o f  p o l a r  hydrocarbons, whereas the  

., . o i l  i s  a  mixture o f  nonpolar and p o l a r  hydrocarbons ( the  nonpolar c'om- 
pounds being present  i n  t h e  h igher  percentage). Therefore, Thin Layer 
and Column Chromatography were u s e d ' w i t h  various solvent  systems i n  an 
attempt t o  i s o l z t e  t h e  o i l  from a  mix ture  o f  o i l  and dispersant.  Several 
pure solvents and so lvent  systems were tes ted  f o r  t h e i r  r e s o l u t i o n  Capa- 
b i l i t i e s :  The best  r e s u l t s  were obtained w i t h  a  system of a  1:l mix ture  
of CHCL3:cc14. However, even w i t h  t h i s  system, a  complete separat ion 

. . 



Table 7.2.2. Results from E x t r a c t i o n  Ef f ic iency Experiments 

Procedure E f f i c i e n c y  

Kuwait Crude Corex i t  9527 Kuw/Corex 

a1 10 m l  1 s t  ex t .  -. - -  

o m l  ii3 ext .  
10 m l  t o t a l  

b)  5 m l  1 s t  ex t .  
5 m l  2 3  ex t .  31.0% 10.3% 21.8% 

1 0  m l  t o t a l  

c )  10  m l  1 s t  ex t .  
5 m l  ex t .  
15 m l  t o t a l  

d )  15 m l  1 s t  ex t .  
15 m l  2nd ext .  
3O.ml t o t a l  

o f  t he  o i l  from the dispersant could not  be rea l ized.  Because ' o f  t h i s  
and of the  t ime requ i red  t o  perform t h i s  separat ion, i t  was decided t h a t  
development o f  computer techniques t o  e f f e c t  spec t ra l  separat ion o f  these 
two components would be more promising (see Sect ion 12.5). 

. . 
The amount o f  hydrocarbons present i n  a sample was determined by 

p lac ing  0.5 m l  o f  the  sample s o l u t i o n  i n t o  the  sample c e l l .  Theamatched 
reference c e l l  was f i l l e d  w i t h  CS2 and bo th  were placed i n  the  i n f r a r e d  
spectrometer. Since the  c e l l s  were o f  i d e n t i c a l  pathlength; t he  CS2 
absorbed the  same amount o f  l i g h t  from both  sample and reference beams, 
e f f e c t i v e l y  e l i m i n a t i n g  the  bands due t o  the  so lvent  and a l l ow ing  the  
measurement of t he  absorbance band f o r  hydrocarbons a t  2930 cm-1.. The 
absorbance of t he  2930 cm-1 band was c a l i b r a t e d  us ing  so lu t i ons  of 
known concentrat ions of t he  o i l ,  o i l / d i spe rsan t  and d ispersant  respec- 
t i v e l y ,  and concentrat ion vs. absorbance curves were p l o t t e d .  ' ~ h e ' k o n -  
c e n t r a t i o n  o f  the  unknown was then determined from the appropr ia te  curve.. 

b )  Q u a l i t a t i v e  - Spect ra l  measurement . ( '  

- I -. 

Fol lowing q u a n t i t a t i v e  ana lys is ,  t h e  t o t a l  sample' i s  concentrated t o  
approximately 1 m l  by s lowly  evaporat ing the  solvent .  Again, about 0.5 
m l  o f  t h i s  s o l u t i o n  is placed i n  the  sample c e l l ,  pure CS i s  p laced i n  
the  reference c e l l .  Both are  placed i n  the  instrument an8 the  i n f r a r e d  
I1 f ingerpr in t1 l  o f  t h e  sample i s  measured by scanning the  1355-655 cm-1 
reg ion o f  the  spectrum. 

(0) A i r  
a) Charcoal Tubes 

i) Laboratory 

The vaDors above t rea ted  and untreated simulated o i l  s p i l l s  were c o l -  
l e c t e d  by pumping a i r  above the  s l i c k  through ac t i va ted  charcoal  ca r -  
t r idges.  P f low meter was connected between the  ca r t r i dges  and a pump t o  
measure f low ra te .  Three systems were used f o r  c o l l e c t i n g  vapors: 



1) the apparatus shown i n  Figure 7.2.2. 
2) the apparatus shown i n  Figure 7.2.2 without the charcoal f i l t e r .  
3 the apparatus shown i n  Figure 7.2.3. 

Prior to  the extraction of the charcoal an internal standard, 
n-$o (eicosane), was added to  the solvent. Carbon disulf ide was used 
for extraction. Thus,  its area 'and height can be easily determined. The 
concentration of the standard was about 50 ppm. Before the extraction, 
the solvent and the charcoal were cooled i n  liquid nitrogen and then 
mixed together. T h i s  was done t o  prevent losses of vapors due to  heat of 
extraction (1). Extraction time was 30 minutes. Infrared spectra were 
measured using the 6 m m  c e l l s  described above. Carbon disulfide was used 
as  a solvent for  the I R  measurements. 

ii) Meso scale 

Two tanks, 6.2 meters t a l l  and 0.9 meters i n  diameter, located about 
50 meters from the Narragansett Bay, were used for the meso-scale experi- 
ments. The tanks were f i l l ed  w i t h  approximately 2000 l i t e r s  of sea water 
pumped from the ocean. Kuwait crude o i l  was added to  the north and south 
tanks, and Corexit 9527 was then added t o  the south tank. 

The surface was mixed by s t i r r i n g  w i t h  glass rods. Air samples were 
collected immediately a f t e r  the s p i l l .  Air samples were collected and 
treated similarly t o  the a i r  samples taken i n  the laboratory experi- 
ments. Figure 7.2.4 shows the system used for collecting the a i r  samples 
i n  meso-scale experiments. The funnels through which the a i r  was pumped 
were placed a t  about 2.5 cm . above the water surface. 

Extraction of samples from the charcoal tubes and infrared analysis 
of the samples were performed as  described above. 

b) Long-path Gas Cell 

The purpose of t h i s  s t u d y  was t o  determine the feas ib i l i ty  of direct  
IR monitoring of vapors of o i l  and its various l ight  hydrocarbon compo- 
nents. Fundamental problems are quickly encountered when trying t o  
obtain an IR spectrum of a complex mixture such as crude o i l .  Overlap- 
ping bands and non-linear responses make quantitative accuracy question- 
able in  such cases, and t h i s  was one of the major problems addressed. 
Work was largely done w i t h  synthetic mixtures of l igh t  hydrocarbon gases 
t o  simplify the s t u d y .  Problems of sample handling and t ransfer  were 
also addressed. A simple laboratory system was s e t  up for  the routine 
analysis of vapors from liquid hydrocarbon samples, along w i t h  special 
handling apparatus for  other s i tuat ions ( a r t i f i c i a l  weathering, e tc .  1. 
Finally, a simple, very small-scale s p i l l  simulation tank was se t  up. 

Spectra were measured on a Beckman 4260 infrared spectrophotometer 
w i t h  a Wilks 2 0 4  Variable Path Gas Cell mounted i n  the sample beam. A 
beam attenuator was placed i n  the reference beam and the sample compart- 
ment was continuously flushed w i t h  dry N2 gas to  minimize atmospheric 
interferences. 

Figure 7.2.5 shows a simple schematic of the 20 m gas c e l l .  The IR 
sample beam is directed up into the c e l l ,  multiply-reflected along the 
length of the c e l l ,  and directed back out. and into the instrument. By 
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v a r y i n g  t h e  a n g l e  of one m i r r o r  w i t h  a s i m p l e  v e r n i e r  d i a l ,  t h e  number o f  
r e f l e c t i o n s  and,  t h e r e f o r e ,  t h e  p a t h l e n g t h  i n  t h e  ce l l ,  c a n  be  v a r i e d .  
The p a t h l e n g t h  c a n  be  set from 0.75 t o  21.75 m ,  i n  inc rements  o f  1. 5 m.  
The l o n g e r  p a t h l e n g t h s  a r e  o f t e n  n e c e s s a r y  when working w i t h  low concen- 
t r a t i o n s  o r  weakly a b s o r b i n g  s p e c i e s .  Two g a s  c o n n e c t i o n s ,  w i t h  v a l v e s ,  
a l l o w  f o r  a f low-thru  o p e r a t i o n  of t h e  .cell,.. The c e l l  is abou t  0.4 m 
long ,  w i t h  a volume .of 5.5 liters. 

F i g u r e  7.2.6 shows a diagram o f  t h e  exper imenta l  s e t u p .  The a p p a r a t -  
u s  can  be used i n  s e v e r a l  ways. For q u a n t i t a t i v e  s t u d i e s  of p u r e  g a s e s ,  
d r y  N2 was pumped. ' t h rocgh . '  t h e - . c e l l  t o  f l u s h  t h e  system. The 4-way 
v a l v e  was t h e n  turned. ! to  iso1at.e t h e  pump and g a s  ce l l  ( i n  a c l o s e d  l o o p )  
and a sample of g a s ,  was- i n j e c t e d .  th rough  t h e  septum w i t h  a g a s  s y r i n g e .  
Repeated i n j e c t i o n s  o f  a g a s .  i n t o  t h i s  f lowing  loop  c o u l d  be made w h i l e  
moni to r ing  a wavelength of i n t e r e s t  on t h e  I R ,  u n t i l  t h e  d e s i r e d  concen- 
t r a t i o n  was reached.  Likewise;  s e q u e n t i a l  i n j e c t i o n s  o f  d i f f e r e n t  g a s e s  
cou ld  be  made t o  produce ' . a  s y n t h e t i c  mix tu re  o f  known compos i t ion .  
I n j e c t i o n s .  were made wi th  S e r i e s  & g a s  s y r i n g e s  from P r e c i s i o n  Sampling,  
Inc  S y r l n g e s  were f i l l e d  from < ,  , ,  l s c t u r e  b o t t l e s  v i a  a s t , ? i n l e s s  s t e e l  , 
out f low t u h e .  

For sampl ing vapors  from c r u d e  o i l .  o r  from a s i m u i a t e d  o i l  s p i l l .  t h e  
vapor is pumped once th rough  t h e  c e l l  and o u t  t h e  e x h a u s t .  I n  t h ?  c a s e  
of a s p i l l  a  g l a s s  funne l  suspended o v e r  t h e  s p i l l  is c c n n e c t e o  t o  t n e  
i n p u t .  For  pure  o i l  samples .  a  sampler  sucn a s  i n  F i g u r e  7 . 2 . 7  can  he  
used t o  i s o l a t e  t h e  vapors  A l l  pump p a r t s  v a l v e s  anl; c o n n e c t i o n s  a r e  
316 s t a i n l e s s  steel and t u b i n g  c o n n e c t i o n s  a r e  maoe w i t n  TFE.  The g a s  
c e l l  i t s e l f  is  Tef lon  l i n e 3 .  

.. .. ~. . .. 
, .  . ., . . 

Data measurement wgs. g e n e r a u ?  i k a ' f i i r <  o u t  w i t h  t h e  IR i n t e r f a c -  00 t o  
t h e  Oata General  NOVA 3~ l ' z . : compu ' t e~ .  Programs developed i n  t h e  l a b  a l l o w  
f o r  a c q u i s i t i o n  and s t o r a g e  of' 03ta.' s p e c t r a l  smoothing.  a d d i t i o n  o r  suh- 
t r a c t i o n  and g r a p h i c  d i s p l a y  o f  s p e c t r a  on a 'CRT o r  p l o t t e r .  Th i s  a l l o w s  
f o r  improvement and enhancement o f  spze t . r a1  display:;  anc  e x a c t  compari 
s o n s  of very s i m i l a r  s p e c t r a .  Also; s p e c t r a  of pure  g a s e s  can  be added i n  
t h e  computer t o  produce an a r t l f i j c ' i a i ' m i x j t u r e ,  t'or comparison w i t h  a r e a l  
sample. . . . _ .  . . .  . . . r 

a .  " 3 .  .< . . . . .  
i '  

. ? '  " 

Most work w i t h  pure l i g h t  ihydrocarhons  was done from 3250-2730 
cm-l i n  t h e  r e g i o n  o f  t h e  C-.H, s t r g t c h i n g  f requency .  Some work w i t h  
h e a v i e r  hydrocarbons  was done ;  in '  t h e  f i n g e r p r i n t . ,  r e g i o n  from 1000.-500 
cm-l. L,ight hydrocarbons  used were: methane,  .e thane anc  propane,  whi le  
benzene and t o l u e n e  weres..used .-as,  h e a v i e r  a r o m a t i c  hydrocarbons .  @a t a  f o r  
t h e  computer was a c q u i r e d  a t "  'xi10 ' cm.'lt . i nc rements  o v e r  500 cm-1, 
g i v i n g  5000 d a t a  p o i n t s .  S p e c t r a  of l a r g e r '  r e g i o n s  were a l s o  measured a t  
I cm-I r e s o l u t i o n .  Typ ica l  I R '  c o n d i t i o n s '  were .  50 cm. l / m i n ,  1 . 5  
cm-1 r e s o l u t i o n :  p a t h l e n g t h  from $0 .75  t o  21 .75  mete r s .  
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7.2.3 G.C. Analytical Techniques 

Qualitative/Quantitative Procedure 

( A )  Water Column 

Pf te r  infrared analys is  was completed, the  CS2 was complztely 
removed from each of' the ex t rac t s  by evaporation and the residue was 
taken up i n  2 l i t e r s  of hexane. 

The samples were then analyzed by Gas Chromatography ( G C ) ,  on e i t he r  a 
Hewlett Packard Model 5710A or  a Perkin Elmer Sigma 2, both equipped w i t h  
flame ionizat ion detection and 10-m by 3-mm column packed w i t h  SP2250 
(temperature programmed a t  8 degrees C / M I N ) .  

( 6 )  P i r  Analysis 

a )  Separation on GC followed by IR - pr io r  t o  ext ract ion of the 
sample impregnated charcoal.' an' in te rna l  standard, n .C20 (eicosane) was 
added t o  the solvent ,  C S ~ .  Eicosane was chosen since i t s  GC peak does 
not overlap any of the GC peaks of the  sample, thus i ts  area and height 
can be eas i ly  determined. The concentration of the standard was ahnut 50 
ppm. Gas.chromatograms were measured using a Hewlett-Packard Model 700. 
The GC was modified fo r  col lec t ing f rac t ions .  The GC is equipped w i t h  a  
10 f t  . , 1/8 i n .  column of 10% SP2250 .on 100/120 Supelcoport and a flame 
ionization detector  (F ID) .  The detector destroys the e luents ,  therefore ,  
it was necessary t o  s p l i t  the e f f luen t  p r i o r  t o  the detector .  A Swagelok 
union T was inser ted  between the  column and the detector  ( ins ide  the 
oven) t o  s p l i t  the flow valve. A stop-flow valve was place0 between the  
s p l i t t e r  and the  FID detector .  Pnother stop-flow valve and a f ine  meter- 
ing valve (Nupro 4BM) was i n s t a l l ed  between the s p l i t t e r  and the  device. 
The s p l i t t e r  and a l l  three valves were located i n  the oven, however, the 
metering valve could be controlled external ly .  A schematic of the oven 
compartment is shown i n  Figure 7.2.8.  

After the  two valves on the co l l ec t ion  s i de  of the s p l i t t e r ,  the 
e f f luen t  e x i t s  the  oven compartment through a temperature controlled 
heateo jacket t o  the "merry-go-round" device shown i n  Figure 7.2.9. T h i s  
device was made in-house of Teflon; the eluent  en te r s  the  device through 
the center  and is directed a t  a  r igh t  angle t o  the  f ront  where it en te r s  
one of the 20 possible holes containing a charcoal car t r idge.  

To co l l e c t  a  number of f rac t ions ,  the  GC e luents  ,we.re monitored by 
the FID detector  (10% going t o  detector ,  90% t o  the collection device).  
When the recorder indicates  t ha t  a  GC f rac t ion  was s t a r t i n g  t o  elude the  
column, the co l l ec t ion  device is manually moved t o  a posit ion containing 
the desired charcoal car t r idge.  The eluent  was col lec ted and the device 
was rotated t o  another posit ion fo r  co l l ec t ing  the next f rac t ion .  

The poss ib i l i ty  of a s ing le  component concentration exceeding the  
breakthrough level  of a charcoal ca r t r idge  was investigated fo r  a number 
of components by at taching a second ca r t r idge  t o  the  e x i t  of the f i r s t  
ca r t r idge .  The components could not be detected i n  the  solut ions  of the  
desorbed ca r t r idges ;  thus. it was concluded t ha t  under typical  GC condi-. 
t ions  the breakthrough level  would not be exceeded. 
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h )  IR analys is ,  followed by GC of t o t a l  sample - subsequent t o  
infrared analys is  ' of' the charcoal ex t rac t .  gas chromatograms were 
measured on e i t he r  the Hewlett Packard 700 or  the Hewlett Packaro 5710A, 
both previously described. 

7 . 2 . 4  GC-Mass Spec Analytical Procedures 

The GC/MS/CS system was developed i n  order t o  analyze water ex t rac t  
samples for  aromatic hyarocarbon compounas. The MS is of the chemical 
ionizat ion (CI) variety and is  ideal ly  sui ted  fo r  aromatic compounds. 
The nucleophilic nature of these compounds increases the reaction cross  
section and enhances the s ens i t i v i t y .  Also the  nature of the Cl process 
y ie lds  a strong molzcular ion peak and, therefore ,  is  readily in te rpre t -  
able. 

C I  i s  a phenomenon resul t ing from ion-molzcule in te rac t ions  ano 
requires gas mixture pressures on the  order ot' one Torr i n  the  MS ion 
source. The composition of the gas i s  suc5 t ha t  the reagent gas, i n  t h i s  
case CH4, i s  present a t  a much. higher concentration tnan the sampie. 
Primary ionization occurs i n  the reagent gas because of i t s  grea t  excess 
through e lect ron impact ionization.  These reagent ions then react  w i t h  
reagent gas i n  second order processes t o  .produce s tab le  ions character-  
i s t i c  of each gas ( f o r  CHg+ and C2H5+).  Tnese reagent ions a re  
s t ab i l i zed  a s  a plasma i n  the ion' source and there  a r e  no fu r the r  reac- 
t ions  of these cha r ac t e r i s t i c  reagent ions w i t h  the reagent gas. 

When a reagent ion encounters a sample malecule, one of several  chem- 
i c a l  in te rac t ions  may occur. These include t rans fe r  of a proton, a 
hydride ion,  another ion fragment, o r  a charge. One important advantage 
in  CI as  opposed t o  e lec t ron ic  impact (€1) is t ha t  the average energy 
t ransferred t o  the sample molecule by the reagent ion is  much l e s s  than 
tha t  t ransferred by €1 ion iza t ion ' ana  t h i s  leads t o  only a small amount 
of fragmentation and: therefore ,  a large  molecular ion pea%. 

A chemical ionizat ion system can be readily in terfaced w i t h  a gas 
chromatograph. Because the -source operates a t  high pressures,  sample 
separations can be eliminated and t h e '  e n t i r e  e f f luen t  from the  GC can be 
introduces in to  the ion source. Because of the .vas t  amounts of data 
produced Sy a GCIMS. system, a dedicated computer system fo r  control  and 
data acquis i t ion is a necessi ty.  . '  . 

The objectives were as  follows: 
a .  Assemble the MS system w i t h  i t s  associated vacuum system, cooling 
systems, e l e c t r i c a l  and e lect ronic  system and sample handling systems. 

h. In terface  a gas chromatograph t o  the sample i n l e t  of the  MS and 
determine the optimum columns and condit ions fo r  operations. 

c .  . Interface the GUMS t o  a computer system and develop the necessary 
hardware and software t o  support such a system. 

A HP-5710A gas chromatograph w i t h  c a p i l l a r y  column, pneumatics was 
used t o  separate the  ex t rac t  mixtures p r i o r  t o  MS analysis .  P 3 Scien- 
t i f i c  SP--2250 g lass  cap i l l a ry  column was f i na l l y  chosen a s  the  most 
ve r s a t i l e  and e f f i c i e n t  column fo r  the  separation of a low t o  medium 



mass aromatic hydrogen. Temperature programming was from 90° t o  2700 C a t  
4 C/min. The c a r r i e r  gas was helium. The i n j e c t o r  was automat ica l l y  
purged 45 seconds a f t e r  i n j e c t i o n .  

The MS was a B iospectF innegan w i t h  a C I  source and a quadrapole mass 
separator.  P complete MS scan from 50 t o  400 amu was performed th ree  
times per second an0 t h i s  data was s to red by computer. The scan r a t e  was 
c o n t r o l l e d  by the  computer through a DPC. The r a t e  cou ld  a l s o  be manu- 
a l l y  c o n t r o l l e d  by the  operator.  The GC e f f l uen t  was in t roduced d i r e c t l y  
i n t o  the MS source through a heated g lass l i n e d  tube. The so lvent  peak 
was not  vented t o  the atmosphere, r a t h e r  the  source f i lament  was turned 
o f f  wh i l e  t he  so lvent  was passing i n t o  the  MS. This was e a s i l y  monitored 
v i a  the  source pressure gauge. 

The computer system was a Data General Corp. NOVA3/12 w i t h  64K word 
memory, foreground/background and memory map p ro tec t i on ,  10M by te  car-  
t r i d g e  d i sk  system, 16 channel 12 b i t  ADC, 2 channel 12 b i t  DAC, 16 chan- 
n e l  d i g i t a l  110, CRT, TTY, and a p l o t t e r .  The software used was DGC For- 
t r a n  I V  and DGC Nova assembly language. The Fo r t ran  was used mainly f o r  
data management, processing, and d i sp lay .  The assembly language was used 
f o r  data a c q u i s i t i o n  and instrument c o n t r o l .  

F igure  7.2.10 i s  a t y p i c a l  mass spectrum scan of  a severa l  component 
mix ture  con ta in ing  PPH. The i d e n t i f i e d  compounds are toluene, phenan- 
threne, anthracene, f luoranthrene, pyrene, t r ipheny lene,  benzanthracene 
and chrysene. This spectrum was obta ined us ing  the s o l i d s  probe and was 
used as a c a l i b r a t i o n  scan. 

Figure.. .7.2.11 i s  a t o t a l  i o n  p l o t  showing the  reconstructed gas 
chromatogram fo r  an n-para f f in  c a l i b r a . t i o n  mixture.  

F igures 7.2.12 and 13 show the  t o t a l  i o n  p l o t  and subsequent mass 
spectrum fo r  a sample of  dimethyl-naphthalene i n  hexane. As can be seen 
from the  t o t a l  i o n  p l o t ,  a compound i s  i n d i c a t e d  by a GC peak a t  390th 
scan. The mass spectrum of scan 390 i n d i c a t e s  a molecular i o n  mass of  
157 amu which correspunds t o  the  dimethyl-naphthlene. 

F igure  7.2.14 shows the t o t a l  i o n  p lo t - reconst ruc ted  gas chromatogram 
f o r  the aromatic f r a c t i o n  of a fue l  o i l .  Naphthalene, methyl naphtha- 
lenes, dimethyl-naphthalenes, t r i - m e t h y l  naphthalene and phenanthrene can 
be c l e a r l y  and unambiguously i d e n t i f i e d .  

F igure  7.2.15 shows the t o t a l  i o n  p l o t  of deasphalted Kuwait Cruae 
o i l  i n  hexane. Benzene, xylene, naphthalene, methyl-naphthalene and 
dimethyl-naphthlene can be i d e n t i f i e d  along w i t h  the  n -pa ra f f i ns .  

F igure  7.2.16 shows the  t o t a l  i o n  p l o t  f o r  a water e x t r a c t  from the  
south tank top  a f t e r  one hour. Xylene, naphthalene, methyl-naphthalene, 
and dimethyl-naphthalene along w i t h  n-paraf f ins were detected. 

F igure  7.2.17 shows the  t o t a l  i o n  p l o t  f o r  a water e x t r a c t  from the  
South tank top  a f t e r  24 hours. Naphthalene, methyl-naphthalene, d imethyl  
naphthalene a long w i t h  n - p a r r a f f i n s  were detected. 
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Figure 7 .2 . le  Total ion Plot Reconstwcted - CC for A r m t i c  Fraction of 
Fuel Oil . , .. . . 3 \. \: .. ; 
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Figure 7.2.15 Total lm Plot of W6phalt.P *.it Rude O i l  and Mxane 



Figure 7 .2 .16 Total ion Plot  for a Water Extract fmn the b u t h  Tani 
a f t e r  m e  hour 
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figure 7.2.17 Total ion Plot for  a meter Extract fmn the b u t h  Tank 
a f ter  24 hours 



F i g u r e  7 .2 .18  shows t h e  t o t a l  i o n  p l o t  f o r  a  wa te r  e x t r a c t  from t h e  
s o u t h  t a n k  mid a f t e r  24 hours .  Methyl-naphthalene,  d imethy l -naph tha lene ,  
a long  wi th  n - p a r a f f i n s  were d e t e c t e d .  

no benzene detected 
no xylene detected 
no naphthalene detected 

scan 304 - methyl-naphthalene (m 142) 

scan 394 - dimethyl-naphthalene (m 1Xj 

'Rn'IOki 3 X  90 to 270'~ C 8°~/rnin. 
15 filters SP-2100 capillary colunm 

F i g u r e  7.2.18 T o t a l  i o n  p l o t  f o r  Water E x t r a c t  from t h e  middle  o f  Sou th  
Tank a f t e r  24 h o u r s  



7 .3  Laboratory Experiments: , .  

The laboratory experiments were intended t o :  

1) t e s t  the avai lable  methodology 

2) develop new methods 

3)  be used as cursory analyses of the  oi l /d ispersant  system to  pro- 
vide an overview of the ana ly t i ca l  problems t ha t  would be encountered and 
the r e su l t s  t ha t  may be ant ic ipated i n  the meso-scale and " rea l  world" 
environments. 

FOG these experiments, untreated and chemically t rea ted s p i l l s  were 
manufactured i n  laboratory scale  t e s t  tanks and i n  l a rge r ,  outdoor 
tanks. The o i l s  used i n  the experiment were API Kuwait Crude, API South 
Louisiana Crude; the No. 6 o i l  involved . i n  the Argo Merchant S p i l l  (Dec., 
1976), and the  No. 2 o i l  from the Buzzards Bay S p i l l  (Jan.  , 1977). 

7.3.1 Water Column 
. . 

( A )  Methodology: 

Effect  of dispersant  on Kuwait Crude and S. Louisiana ,Crude: Four 
f ibe rg lass  containers were f i l l e d  w i t h  28 l i t e r s  of Narragansett Bay sea 
water. Vert ical  agi ta t ion.  of the water was provided by the ve r t i c a l  
motion of F\1 paddles hinged t o  the bottom of each qontainer ;and attached 
t o  a motor via a nylon s t r i ng .  Ten m l .  of each o i l  were placed i n  two 
t e s t  tanks and 10 m l .  oil/2ml dispersant  were placed i n  two other t e s t  
tanks. Qua l i t a t i ve  r e su l t s  on the second laboratory experiment a r e  given 
i r . 1  Table 7.3.1. The t o t a l  r e l a t i ve  amounts of petroleum entering the  
water i s  about the same fo r  the  two , o i l s .  A la rge  amount ,of phthalic acid 
e s t e r s  (phthala tes)  were found i n  the Kuwait t e s t  tank a f t e r  24 h r s . ,  the  
source of which could not be traced.  , . 

t .  

( B )  True so ' lub i l i ty  of petroleum chemicals: . .. b . 
a ., . 

. . 
For t h i s  s e r i e s  of experiments,' " a r t i f i c i a l  sea water". was used and 

was prepared by adding a speci'fiecl amount 'o:f Ins tant  Ocean (Aquarium 
System, Inc . ,  Ohio) t o  d i s t i l l e d  water. O i l  was added t o  the surface of 
the water contained i n  a  large  g lass  carboy.. The water was gently agi-  
t a ted  w i t h  a  slowly moving magnetic s t i r r e r  for  the >.duration of the . . 

experiment. 
.. .. . 

The r e su l t s  fo r  two d i f f e r en t  i n i t i a l  concentrations: of So. La. Crude 
a re  given i n  Figure 7.3.1. Two 1 l i t e r  water. samples were col lec ted 
p r io r  t o  each experime,it ( con t ro l s  o r  C ) ,  two subsurface samples a t  1 
hour, and two a t  24 hours. One 1 l i t e r  sample from each time period was 
analyzed without f i l t e r i n g  and the other was f i l t e r e d  through a 0.45 mm 
Millipore f i l t e r  p r i o r  t o  analys is .  The f i l t e r i n g  was performed i n  order 



Table 7 .3 .1  

Q u a l i t a t i v e  Resul ts  o f  2nd Laboratory Experiment 

Re la t i ve  Amounts o f  O i l  Presenta 
Time 

Test' System 
. . 

Kuwait Crude 
1 hour 

1 
24 hours 

High i n  Phthalates 
(some o i l )  

Kuwait /Disp. 3 7b 
. . 

So. La. Crude . , l  > : 2 
. . 

So. La. Crude 3.  , . . :  7 

aEstimated .from I R  spectra . 

b ~ f t e r  separat ion by column chromatography 

F i ~ r e  7.3.1 Total extractable Organics from Leboratory Experiment on 
South Louisiana Crude Oil with Init ial  Concentretiau of 6 
end 28 ppn. , 

r 

TOTAL ORGANICS 

AFI So. Lo. Crude 

' i n  1nst.Oyon 

UNflLT. FILT. . UNFILT. FI LT. - .S ppm - - 28 PP~-  



t o  remove dispersed drople ts ;  however, the control  a lso  contained con- 
s iderable  amounts of f i l t e r a b l e  par t i c les .  

S ta r t ing  w i t h  3 pprn of the crude o i l  (e .g . ,  15 mg of o i l  added t o  the 
surface of 5L. of water) we observed an overal l  increase i n  t o t a l  organ- 
i c s  a f t e r  24 hours; however, a f t e r  f i l t e r i n g ,  the  controls ,  1 and 24 hour 
samples contained (within experimental e r ro r )  the same amounts of 
extractable  organics. In the  experiment w i t h  an i n i t i a l  concentration of 
28 ppm, the t o t a l  organics i n  the unf i l tered water increased b) 0.094 pprn 
and those i n  the f i l t e r e d  water by 0.056 pprn a f t e r  24 hours i n  the f i l -  
tered water. These two experiments indicate  t ha t  the re la t ive  amounts of 
soluble organics i n  o i l  is low; however, d i rec t ly  beneath a s l i c k ,  sol -  
uble compounds can be found a s  i s  indicated i n  the  28 pprn experiment. 

We performed the  same experiment w i t h  the No. 6 o i l  from the Prgo 
Merchant s p i l l .  In t h i s  case 6.2 pprn of the  o i l  were added t o  the a r t i -  
f i c i a l  sea water; the r e su l t s  are  presented i n  Figure 7.3.2. Again, the  
amount of o i l  entering the  water was small; the amount of t o t a l  extract -  
able  organics i n  the f i l t e r e d  water increased by 0.020 pprn a f t e r  24 hours. 

The same experiment was performed w i t h  the No. 2 fuel  o i l  from the 
Buzzards Bay s p i l l .  The r e su l t s  are  presented i n  Figure 7.3.3. The 
i n i t i a l  concentration of 24.7 pprn is s imilar  t o  the second So. La. Crude 
o i l  experiment and the r e su l t s  are  s imilar .  There was an increase i n  the  
t o t a l  organics i n  the  unf i l tered water a f t e r  1 and 24 hours. Further- 
more, the t rue  solubles increased by 0.035 pprn a f t e r  24 hours i n  the 
f i l t e r e d  water. 

Another useful  resu l t  can be obtained from Figures 7.3.1-7.3.3 and 
t ha t  i s  the high concentration of extractable  organics i n  the  control  
sample of the  a r t i f i c i a l  sea water ( Ins tan t  Ocean). Typical values for  
extractable  organics i n  the  Atlantic Ocean are  from 0.010 t o  0.100 ppm, 
whereas the control  sample of the a r t i f i c i a l  sea water contained 0.200 
ppm. Qua l i t a t ive ly ,  we found a re la t ive ly  high concentration of 
phthalates and polymers i n  the contrnl samples. 

( C )  Outdoor experiments : 

In the laboratory experiments designed t o  measure hydrocarbons i n  the 
water column from untreated and t reated s p i l l s ,  the amount of o i l  used 
was jus t  enough t o  give a s l i ck  of 0.05 mm thickness. However, even w i t h  
dispersant  only a very small f rac t ion  of the o i l  stayed i n  the water 
column. We f e l t  t ha t  t h i s  was due t o  the small volume of water i n  the  
containers.  Thus, we performed two experiments i n  l a rger  t e s t  tanks 
using the aquarium f a c i l i t i e s  a t  the Narragansett Bay Campus. 

Three 55 gallon fiberglassed drums were f i t t e d  w i t h  the  paddle system 
described above t o  provide agi ta t ion.  Each drum was f i l l e d  w i t h  190 1. 
of sea water on 10/26/76, and the  following added: 

1) Kuwait Crude, 155 m l  (70 ppm) 
2) Kuwait Crude/Corexit 9527, 15.5/3.1 m l  
3) Corexit 9527, 3.1 m l  
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The dispersant and o i l  were thoroughly mixed w i t h  sea water i n  a 1 l i t e r  
b o t t l e  p r i o r  t o  adding t o  drum #2. A 2 l i t e r  water sample was c o l l e c t e d  
wh i l e  f i l l i n g  the drums and t h i s  was used as a con t ro l .  Samples ( 2 , l )  
from each drum were c o l l e c t e d  a t  2 and 25 hours a t  a depth 20 cm from the  
bottom. The samples were analyzed wi thout  adding an i n t e r n a l  standard 
f o r  GC ana lys is  i n  order  t o  determine the  amount of i n t e r n a l  standard 
needed i n  l a t e r  experiments. Q u a l i t a t i v e  r e s u l t s  by i n f r a r e d  spectros- 
copy ind i ca ted  t h a t  an.extremely smal l  amount o f  o i l  entered the  water 
column when the  d ispersant  was not  used. 

The above experiment was repeated on 11/11/76 and a l l  samples ana- 
l yzed  fo r  t o t a l  hydrocarbons, n-paraf f ins,  other  resolved components, 
unresolved hydrocarbons, and amount o f  dispersants us ing gas chromato- 
graphy. The t e s t  tanks contained the  same amount o f  water, o i l  and d i s -  
persant as the  above experiment. The r e s u l t s  o f  the chemical ana lys is  
are g iven i n  Table 7.3.2. The c o n t r o l  sample contained a t o t a l  o f  10 
g / l i t e r  of hydrocarbons. The water i n  the t e s t  tank having on ly  the  
Kuwait Crude contained 108.4 g / l i t e r  a f t e r  2 hours, ana 158.2 g / l i t e r  a t  
25 hours, whereas the t e s t  tank conta in ing  o i l  and d ispersant  had 646.5 
g / l i t e r  a f t e r  2 hours and 20 g / l i t e r  a f t e r  25 ~ C I L J ~ S .  The l a t t e r  value 
i s  much lower than ant ic ipa ted,  and we have no explanat ion f o r  i t  a t  the 
present t ime. 

I n  a d d i t i o n  t o  c o l l e c t i n g  water samples, surface s l i c k  samples were 
a l so  c o l l e c t e d  dur ing  experiments 1 and 2, and t h e i r  i n f r a r e d  spectra 
measured. The i n f r a r e d  spec t ra l  f i n g e r p r i n t s  o f  seven samples were com- 
pared using the  l o g - r a t i o  method (1 ) .  I n  t h i s  method, the  a b s o r p t i v i t i e s  
f o r  18 bands i n  the  f i n g e r p r i n t  reg ion are ra t ioed,  logs  of the r a t i o s  
ca l cu la ted  and these l o g - r a t i o s  normalized t o  e l im ina te  d i f fe rences i n  
sample thickness. Then the  numSer of r a t i o s  w i t h i n  10% o f  the  average 
r a t i o  are l i s t e d .  If two samples are i d e n t i c a l ,  a l l  18 r a t i o s  wo i~ ld  be 
equal t o  the  average; thus, the number of r a t i o s  w i t h i n  10'15 o f  the 
average ind i ca tes  the  s i m i l a r i t y  between samples. 

I n  the  present case, spectra of the  fo l lowing samples were compared: 

Kuwait = Kuwait Crude 

K/D2 = Kuwait/Dispersant i n  Hz0 column a f t e r  2 hours. 

K/024 = Kuwait/Dispersant i n  Hz0 column a f t e r  24 hours. 

Surf 1 K = Kuwait on surface a f t e r  experiment 1. 

Surf 2 K = Kuwait on surface a f t e r  experiment 2. 

Sur f  1 K/D = Kuwait IDisp on surface a f t e r  experiment 1. 

Sur f  2 K/D = Kuwait/Disp on sur face a f t e r  experiment 2. 

The r e s u l t s  g iven i n  Table 7.3.3 prov ide  some usefu l  comparisons. The 
f i n g e r p r i n t s  of the  o i l  i n  the  water column, K/D2 and K/D24, are consid- 
e rab ly  d i f f e r e n t  from t h a t  o f  t he  Kuwait crude. The surface o i l  i n  the  
f i r s t  experiment, Sur f  1 K/D, i s  a l so  very d i f f e r e n t  from the  Kuwait 
o i l .  I n  the  f i r s t  experiment, the  o i l ,  dispersant and water were 



Table 7.3.2 
, , 

chemical Analysis by Gas Chromatography of 
2nd Aquarium Experiment (11/11/76) 

g / l i t e r  o f  water 
I ' .  

Test Tank ' Time '. n-paraf f ins other resolved . unresolved t o t a l  dispersant 
components envelope hydrocarbons 

Kuwait o i l  2 hrs  6.7 16,2 85.5 108.4 - 
25 hrs  13.2 10 

Kuwait O i l  & 2 hrs 97.5 . 60 . 489 . 646.5. 240* 

25.hrs ---.-------------;---------------------- -25 80 

Cont r ~ l  0 hrs  , .......................................... -10' - 
. , 

*based on the area o f  the GC peak o f  one cdmponent; thus, the amounts l i s t e d  f o r  the 
the dispersants are only r e l a t i v e  values. 

Kuwait 

Kuwait 18 

K A 2  

K/D24 

SurflK 

S u r f l K A  

Surf2K 

Table 7.3.3 

Comparison o f  I n f ra red  Spectra o f  Kuwait, Water 

Column and Surface Samples from Aquarium  experiment.^. 

.Number o f  r a t i o s  w i th in  10% o f  average are l i s t e d .  

K ~2 
. . .  K A a  Surf lK S u r f l K A  S u r f ~ K  S u r f S A  

7 .  3 ' li 5 11 11 

18 9 10 7 9 8 

18 6 10 8 3 

18 2 16 18 

18 12 7 

18 11 

18 

. . 
,. aExperipent ,1; both samples were separated by TLC 



thoroughly mixed i n  a 1 l i t e r  b o t t l e  p r i o r  t o  adding t o  the t e s t  tank. 
The second experiment, o i l ,  and o i l / d i spe rsan t  were added t o  the t e s t  
tanks, and then a g i t a t e d  w i t h  a s t i r r i n g  rod; thus, both surface samples 
compared b e t t e r  w i t h  the  Kuwait o i l .  

7.3.2 A i r  Column 

1 Charcoal Tubes 

( A )  Methodology 

1) To analyze the  ' a i r  above simulated s p i l l s  fo r  hydrocarbons, the  
l abo ra to ry  apparatus fo r  c o l l e c t i n g  v o l a t i l e s  i s  shown i n  F i g u r e  7.3.4. 
I n i t i a l l y ,  water i s  placed i n  the c e n t r a l  f lask  and a i r  i s  pumped through 
a charcoal  f i l t e r ,  around the c e n t r a l  f lask,  and through one o f  t he  char- 
c o a l  ca r t r i dges  (which becomes the  c o n t r o l ) .  Then o i l  i s  placed on the 
water i n  the c e n t r a l  f lask,  a i r  i s  pumped t.hrough the  system,. and the  
hydrocarbons are c o l l e c t e d  i n  the second charcoal ca r t r i dge .  

A f t e r  the  experiment, the  two charcoal can is te rs  are ex t rac ted w i t h  
CS2. In f ra red  spectra and gas chromatograms of the  so lu t i ons  are 
measured; bo th  g i v i n g  q u a l i t a t i v e  and q u a n t i t a t i v e  analyses. 

The f i r s t  set  of experiments was performed on the  No. 2 fue l  from the 
Buzzards Bay. s p i l l .  One hundred and f i f t y  m l .  of a r t i f i c i a l  sea water 
were placed i n  the  c e n t r a l  conta iner  and a i r  was pumped through one o f  
t he  ca r t r i dges  fo r  1 hour.; t h i s  was used as the  c o n t r o l .  Then 0.1 g o f  
o i l  was added t o  the  surface of the  water and a i r  pumped through the  
second c a r t r i d g e  fo r  one hour. A f te r  the  experiment, water from beneath 
the  surface was ex t rac ted  and analyzed. The .gas chromatograms of the  
cargo o i l ,  t he  a i r  sample and the  water sample are  shown i n  Figure 
7.3.5. For t h i s  o i l ,  t he  "separat ion p o i n t "  f o r  the  chemicals going i n t o  
the  atmosphere from the chemicals going i n t o  the  water column i s  the  
normal p a r a f f i n  n-C14; t h e ,  l i g h t e r  molecules go i n t o  the  a i r  and the 
heavier  i n t o  the water. Later '  i n  t h i s  repo r t ,  these labora tory  r e s u l t s  
are compared t o  the  f i e l d  experiments on th is :o i l  (Sect ion 7.6). 

2) Fol lowing t h i s  p re l im ina ry  experiment, t he  more soph is t ica ted 
labo ra to ry  apparatus i n  F igure 7.2.2 (Sect ion 7.2.28) was constructed. 
When systems 1 and 2 were used, 1 m l  of Kuwait crude . o i l  was added t o  the  
surface of 150 m l .  of sea water i n  one f lask  and 1.2 m l  o f  a mix ture  o f  
5 : l  (v /v )  Kuwait crude o i l  and Corex i t  9527 .dispersant,  were added t o  150 
m l  of sea water i n  the  o ther  f lask.  The surface and the water were not  
mixed. 

When system 3 was used (Fig; 7.2.61, 2 m l  of :Kuwait, crude o i l  were 
added t o  the surface of 800 m l  of sea water i n  each o f  the  beakers, 0.4 
m l  of Corexi t  were then added dropwise t o  one . .of  the  beakers. The 
beakers were shaken immediately a f t e r  t he  d ispersant  was added f o r  a few 
seconds. This caused t h e  water i n  the  beaker conta in ing  the o i l  and d i s -  
persant t o  darken. I n  a few experiments, t h e  system was cont inuously 
mixed by magnetic s t i r r e r s .  I d e n t i c a l  magnetic s t i r r e r s  were used i n  
both  beakers and the  s t i r r i n g  r a t e  was approximately the  same. 
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Air samples . were ' taken simuitaneously from both the t rea ted  and 
untreated s l i ck s .  In experiments when flow r a t e s  were measured, they d i d  
not d i f f e r  by more than 10. Air samples were col lec ted periodically 
a f t e r  the ' s p i l l s .  ~x6er iments  were conducted . . using 3  di f fe ren t  flow 
r a t e s  of 0 .2 , '  1 .5  and 4 .3  l/min. 

Since a i r  samples taken above t rea ted  and untreated s p i l l s  were com- 
pared t o  evaluate the e f f e c t s  of the  dispersant ,  it was important t o  
determine e r ro r  limits by comparing two iden t ica l  o i l  samples. O i l  was 
added t o  f l a sks  1 and 2 of systems A, B, and C; a i r  samples were taken 
from both parts. .  simultaneously and t h e i r  gas chromatograms were com- 
pared. The r e su l t s  of such experiments indicate  : those di f ferences  which 
a re  sign' lf icant  when a dispersant  is"  used. The conditions fo r  these 
experiments a r e  l i s t e d  i n  Table 7 . 3 . 4 .  

Three d i f f e r en t  types of experiments were performed t o  determine the 
e f f e c t s  of using dfspersants:  

a )  using' apparatus 1 and 2, o i l  and o i l  + dispersant were added and the 
surface was not mixed. 

5) Using apparatus 3 ,  o i l  was added and then the dispersant  was added 
dropwise.' The beakers were shaken fo r  a few seconds a f te r . add ing  the  o i l  
and the dispersant .  

c )  Same as 2 w i t h  continuous s t i r r i n g  by magnetic s t i r r e r s .  Table 7 . 3 . 5  
l ists  a l l  .experiments, performed , i n  the, , laboratory, on ,,evaporation of o i l  
v s .  o i l  + di.spersant. . . . . . .  

In experiment 6,  surface samples were taken a t  times 1.5 and 4  hours 
a f t e r  the s p i l l .  In experiment 11, surface samples were col lec ted w i t h  a  
spatula  and dried w i t h  calcium chloride.  Hexane was added t o  deasphalt 
the o i l .  The samples were then centrifuged t o  remove the calcium 
chlor ide  and the asphalt  p rec ip i t a te .  . . 

. . . .. . . ' , .  .. . ,  - .  
. .. . 

IR spectra were measured using 6 .  mm . (pathlength) c e l l s  w i t h  s i l v e r  
chlor ide  windows and te f lon  o r  s t a i n l e s s  s t e e l  spacers. Carbon d i su l f ide  
was used as a solvent f o r  the I R  measurements. 

Another type of experiment was performed. A random mixture of pen- 
tane,  hexane, octane, nonane, decane, dodecane, tetradecane, o-xylene, 
p-xylene, m-xylene, toluene and benzene was prepared. About 1 m l  of the 
mixture was added t o  150 m l  of sea water and 1 m l  of the mixture and 0.2 
m l  Corexit were added t o  another f lask  w i t h  150 m l  of sea water. Vapors 
were col lec ted using apparatus A; the  flow r a t e  was about 0 .2  l/min and 
the  water was not mixed. The same experiment was performed using appa- 
ra tus  B and the f l asks  were shaken a f t e r  adding the  mixtures, A flow 
r a t e  of 3.4 l i ters /min was used f o r  t h i s  experiment. 

( B )  Experimental Results 

( i )  O i l  vs. o i l  on water-evaporation experiments 

Experiments 1-5, a s  mentioned in  the above sect ion,  were performed i n  
order t o  f ind the experimental e r ro r s  of systems 1, 2, and 3 and t o  



Table 7.3.4 

Flow Rates and Sample  times f o r  Laboratory Experiments 1-5 

Exp /I Water Temp. . Time Taken System Flow Rates 
OC . . 

. . 
Remarks :. 

- Time -.hours a f t e r  the s p i l l .  
- Flow ra tes  are i n  l i t  /min.. . 
I n  experiment 2, d i d  not  pump dur ing 0-0.5 hours. 
I n  experiment 4, distance between funnel  and beaker 2.5 cm. 
I n  .experiment 5, distance between funnel and beaker 1..5 cm. 
and there was 1200 m l  sea water. i n  the beakers. 

w .  



Table 7.3.5 

Flow Rates and Sample Times for Laboratory Experiments 6-16 

P Water Temp. Time Taken System Flow Rate Mixinq 
OC o i l  . o i l  / d i s ~  

1.60 '1.60 

1.60 1.60 Yes 

1.60 1.60 

1.60 1.60 

1.60 1.60 const. 

1.60 1.60 . 
1.60 1.60 

1.60, 1.60 const. 

1.60 1.60 

1.60 1.60 

1.60 1.60 

Remarks : 

Flow rates are i n  l i t / m i n .  

Time i s  i n  hours a f t e r  the s p i l l .  

Canst. = constant mixing dur ing the e n t i r e  experiment. 



determine i f  d i f fe rences  between t h e  evapora t ion  o f  o i l  and o i l  + d i spe r -  
sant  s l i c k s  a re  due t o  t h e  d i spe rsan t  o r  t o  t h e  exper imenta l  c o n d i t i o n s  
and procedures. When b o t h  p a r t s  o f  the  system con ta ined  on l y  o i l ,  d i f -  
ferences i n  t he  evapora t ion  r a t e s  cou ld  be caused by d i f f e r e n c e s  i n  f l o w  
ra tes ,  o r  d i f fe rences  i n  t h e  crude f i l t e r s  used i n  system A. S ince o n l y  
t he  GC peaks of t he  normal alkanes were d e f i n i t e l y  i d e n t i f i e d  and t h e i r  
GC peaks a re  t h e  most in tense ,  they were used t o  compare t h e  two 
samples. Each sample, i . e . ,  t h e  one taken  above p a r t  1 and t h e  one 
taken above p a r t  2, con ta ined  t he  same amount of  i n t e r n a l  s tandard 
(n-Ca0). The r e l a t i v e  he igh t s  o f  t he  GC peaks o f  each normal a lkane t o  
t he  he igh t  of n-Cz0 were c a l c u l a t e d  and p l o t t e d  as a f u n c t i o n  of' t h e  
carbon number o f  t h a t  c e r t a i n  n-alkane. The p l o t s  f o r  exper iment No. 1 
f o r  the  samples c o l l e c t e d  du r i ng  0-0.5, 0.5-1.5 and 1.5-4 h r s .  a f t e r  tht! 
o i l  a d d i t i o n  a re  shown i n  F igu re  7.3.6. The evapora t ion  r a t e s  o f  o i l  
components from t h e  s l i c k  were ordered accord ing  t o  t h e i r  vapor p res -  
sures, i . e . ,  heptane, octane, e t c .  Usua l l y  a f t e r  0.5 h r s . ,  these graphs 
have maxima which change w i t h  t ime  towards t he  heav ie r  n-alkanes. For  
example, i n  exper iment 1 ( s l i c k  1 )  t h e  sample taken d u r i n g  0.5-1.5 h r s .  
had a maximum a t  n-Cg, whereas i n  t he  sample taken a t  1.5-4 h r s .  t i l e  
maximum moved t o  n-C10. 

The r a t i o  HCX/HCz0 (x-7,8, ..... ) ,  where HCx i s  t he  GC peak 
h e i g h t  o f  a normal a lkane w i t h  x carbons and HCZ0 i s  t h e  GC peak h e i g h t  
o f  n-C20, i s  p r o p o r t i o n a l  t o  t he  amount o f  n-Cx t h a t  evaparated. 
Th is  r a t i o  f o r  a p a r t i c u l a r  n-alkane i n  two a i r  samples taker) under t h e  
same c o n d i t i o n s  can be compared, i . e . ,  t h e  r a t i o  H C ~ I H C ~ U  i n  a i r  
samples taken d u r i n g  t he  same t ime and i n  t h e  same experiment above s l i c k  
1 and s l i c k  2. Th is  comparison was j u s t i f i e d  s ince  t h e  c o l l e c t i o n  e f f i -  
c iency ,  e x t r a c t i o n  e f f i c i e n c y ,  d e t e c t o r  response, GC c o n d i t i o n s  ( temper- 
a t u r e  and f low r a t e )  and t h e  amount o f  s tandard added t o  b o t h  samples 
were t he  same. The envelope formed by these p l o t s  i n d i c a t e s  when a c e r -  
t a i n  n-alkane s t a r t s  t o  evaporate and when i t s  evapora t ion  process i s  
over.  The d i f f e r e n c e s  i n  t he  shape o f  t he  envelopes o f  two samples taken  
d u r i n g  t h e  same t ime  and c o n d i t i o n s  i n d i c a t e  d i f f e rences  i n  t he  evapora- 
t i o n  process o f  t h e  l i g h t  components from t h e  s l i c k .  For  exper iments 
1-5, t he  more s i m i l a r  t h e  shapes o f  t he  envelopes o f  t h e  two samples 
taken s imul taneously ,  t he  b e t t e r ,  i . e . ,  i t  means t h a t  t he  system i s  good 
f o r  de te rmin ing  t h e  e f f ec t s  of d ispersan ts  on t h e  evaporat ion.  

F i gu re  7.3.6 shows t h e  envelopes ob ta ined  f o r  exper iment 1. When 
system A was used, t h e r e  was a d i f f e r e n c e  i n  t h e  p o s i t i o n  o f  t he  maximum 
i n  t he  samples o f  0.5-1.5 and 1.5-4 h r s .  The evapora t ion  r a t e s  of  t h e  
two i d e n t i c a l  s l i c k s  were d i f f e r e n t .  S l i c k  No. 1 had a f a s t e r  r a t e .  I t  
cou ld  be t h a t  t h e  crude f i l t e r s  were n o t  e x a c t l y  i d e n t i c a l  and have 
calmed t h e  d i f f e r e n c e s .  Experiments 2 and 3 were performed us ing  appa- 
r a t u s  6 which i s  s i m i l a r  t o  apparatus A, w i t h  t h e  f i l t e r s  removed. 
Resu l ts  of these exper iments a re  i l l u s t r a t e d  i n  F igu re  7.3.7. The envel -  
opes ob ta ined  f o r  s l i c k s  1 and 2 a t  0.5-1.5 had t h e  same shape. The 
evapora t ion  process was f a s t e r  when t he  f i l t e r s  were removed and t h e  max- 
imum of t he  envelope was a t  n-Cl0 f o r  b o t h  s l i c k s  i n  exper iments 2 and 
3, whereas i n  exper iment 1, i t  was a t  n-Cg f o r  s l i c k  2 and a t  n-Cg 
f o r  s l i c k  1. C o l l e c t i o n  e f f i c i e n c y  decreased from experiment 1 t o  exper- a iments 2 and 3. Th is  cou ld  be due t o  t h e  removal o f  t h e  f i l t e r s .  When 
they covered t he  apparatus, they  cou ld  have i n t e r f e r e d  i n  t he  escape o f  
vapors i n t o  t he  room atmosphere, so l e s s  was l o s t  and more was c o l l e c t e d ;  
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t h i s  cou ld  a l s o  be t h e  reason f o r  t h e  d o w e r  evapora t ion  r a t e .  

The r e s u l t s  of  exper iments 1, 2 and 3 i n d i c a t e d  t h a t  another  system 
should be t r i e d  i n  which more sea water. and more o i l  would be used. Th i s  
would ensure t h a t  t h e  a i r  samples would be concentrated e.noughcwithout 
hav ing t o  i n t e r f e r e  i n  t he  n a t u r a l  ' evapora t ion  process, e.g., p a r t i a l l y  
c l o s i n g  t he  system. System C seemed t o  f u l f i l l  those requirements.  
F i gu re  7.3.8 shows t h e  r e s l ~ l t s  ob ta ined  when apparatus C was used 
(exper iment  4 ) .  There i s  a s l i g h t '  d i f f e r e n c e  between t he  two 'envelopes 
i n  t he  r e l a t i v e  amounts o f  n-C1.0 and n-C1lk ( l e s s  than:  10): Expe r i -  
ment 5 was t h e  same as exper iment 4 except  f o r  the..:,ffow.i r a t e  . t ,ha t  was 
h ighe r  and t h e  d i s tance  between t h e  o i l  s l i c k s  and t h e  f u i n e l s ,  which was 
sma l l e r  i n  exper iment 5. ~ e s u i t s  a r e  ' i l l u s t r a t e d  i n  F igu re  7.3.9; sam- 
p l e s  were t o o  concent ra ted  and t h e  evapora t ion  r a t e  was s lower  than  i n  
exper iment 4, p o s s i b l y  because. t h e  funne ls  were t oo  c l o s e  t o  t h e  o i l  
sur face.  D i f f e r e n c e s  between t he  two envelopes were i n  t he  same o rde r  as 
i n  exper iment 4. 

. . ( i i )  O i l  vs. o i l  + d i spe rsan t  evapora t ion  exper iments 
,t ' ' . . 

3 )  Exper iments -w i th  no m i x i n g " o f  t he  sur face :  

Laboratory  exper iments 6-9 were performed under i d e n t i c a l  cond i -  
t i o n s .  Samples were taken a t  0-1.5 and 1.5-4 h r s .  a f t e r  adding t he  o i l  
and o i l  + d i spe rsan t  us i ng  system 1. The n-alkane GC peaks were i d e n t i -  
f i e d  by r e t e n t i o n  t ime.  Toluene, p-xylene, m-xylene, and o-xylene GC 
peaks were a l s o  i d e n t i f i e d  by r e t e n t i o n  t ime  and, fur thermore,  t h e i r  GC 
e f f l u e n t s  were c o l l e c t e d  and IH spec t ra  measured. The I R  spec t ra  showed 
t h a t  t h e i r  peaks con ta ined  an a d d i t i o n a l  component, which was p robab ly  a 
branched alkane. The benzene peak was i d e n t i f i e d  by r e t e n t i o n  t ime and 
by t he  appearance o f  t he  benzene band a t  670 cm-I i n  t he  IH spectrum of 
t he  m ix tu re .  . Fo r  a i r .  samples c o l l e c t e d  a t  0-1.5 h r s . ,  t he  f o l l o w i n g  
r a t i o s  of  t he  GC peak ' he igh t s  were c a l d u l a t e d :  ' .  benzene/octane, t o l uene /  
nonane and p-xylene + m-xylene/nonane. Table 7.3.6 l i s t s  t h e  va lues 

. , obtained. 

From the  va lues shown i n  Table 7.3.6, i t  can be observed t h a t  t he  
corresponding r a t i o s  a re  b i g g e r  i n  t h e  o i l  + d i spe rsan t  sample than  i n  
t he  o i l  sample. Th is  cou ld  mean t h a t  t h e r e  was l e s s  octane and nonan? 
evapora t ing  from t t ie  t r e a t e d  s l i c k  than  from t h e  un t rea ted  s l i c k ,  o r  t h ~ t  
more of t he  benzenes were evapora t ing  from t h e  un t rea ted  s l i c k .  Th is  
cou ld  be caused by t h e  d i spe rsan t  m i x i n g  more a l i p h a t i c  than  aromat ic  
hydrocarbons i n t o  t he  water column. Decane was n o t  taken > i h t o  cons ider -  
a t i o n  i n  t h e  c a l c u l a t i o n s  as i t s  corresponding GC peak was sma l l  and i t  
a l s o  con ta ined  o-xylene. 

F i gu re  7.3.10 shows t h e  gas chromatograms o f  t h e  a i r  samples above 
t h e  t r e a t e d  and un t rea ted  o i l  s p i l l s  taken  a t  0-1.5 h r s .  

I t  was i n t e r e s t i n g  t o  see whether t h i s  phenomenon a l s o  occur red  when 
m ix i ng  was a p p l i e d ;  thus,  exper iments 15 and 16  were performed w i t h  con- 

a s t a n t  m ix ing .  When c a l c u l a t i n g  t h e  above mentioned r a t i o s  for '  samples 
taken a t  0-0.5 h rs . ,  t h e  t r e n d  found i n  exper iments 6-9 was no t  
observed. When m ix i ng  was app l i ed ,  t h e  d i spe rsan t  a f f e c t e d  t he  l i g i i t  and 
t h e  heavy hydrocarbons d i f f e r e n t l y ,  whereas w i t h o u t  m i x i ng  t he  d i spe rsan t  



~ipure 7.3.8 ~nporitim m r i l ~ i  k ail ~ i c k s  - ~ x p e r k n t  o 

. . . . 
I , . . . . 

'Flg~rt'7.3.9 Evaporation Prof i l e s  Im O i l  Slicks - Gcperirnent 5 



i h e n t s  6-3 
Exp '6, . ,< r .:r; EXP 7 : EXP 08 Exp 9 

O i l  . ~ i l / ~ i s p - -  O i l  Oil/Disp o i l ' -  Oi l /Disp  O i l  Oil/Disp 

m-xy /non 0.63 0.93 

ben = benzene . .. 

t o 1  = toluene , .  . 
non = nonane 

oc t  = octane 

o,m-xy = p-xylene + m-xylene 



a f fec ted  aromatics and a l i p h a t i c s  d i f f e r e n t l y .  This i s  i l l u s t r a t e d  i n  
Table 7.3.7 which shows the  r a t i o s  of corresponding peak he igh ts  i n  the  
two gas chromatograms obta ined from a i r  samples i n  experiment 15. The 
order  o f  the compounds i n  Table 7.3.7 i s  the  order  i n  which t h e i r  peaks 
appear on the gas chromatogram. If r e l a t i v e  amounts of those components 
were the  same i n  bo th  samples, those r a t i o s  should have been constant ;  
however, they increase from the  l i g h t e r  components toward the  heavier  
ones, i n d i c a t i n g  t h a t  r e l a t i v e l y  l e s s  o f  t he  l i g h t  ones, such as heptane, 
benzene and octane, evaporated from the t r e a t e d  s l i c k .  

The chromatogram of the samples taken a t  1.5-4 f o r  experiment 6-9, 
F igure  7.3.11, show t h a t  the evaporat ion was f a s t e r  f o r  the o i l  s l i c k .  
The n-C7 peak was very smal l  i n  the  o i l  sample and n-Cg was the  
s t rongest  peak. I n  the  o i l  + d ispersant  sample, n-C7 was r e l a t i v e l y  
more in tense and n-Cg pea!< was almost as h i g h  as the  n-Cg peak. Sur- 
face samples taken i n  experiment 6 a t  1.5 and 4 h rs .  a f t e r  the  s p i l l s  
i n d i c a t e d  the  same r e s u l t s ,  i .e . ,  the  o i l  s l i c k  evaporated f a s t e r .  A f t e r  
4 hrs. ,  n-Cg was gone from' t he  o i l  s l i c k ,  b u t  i t  s t i l l  appeared i n  t he  
o i l  + d ispersant  s l i c k .  S l i g h t  mix ing might have been performed when the  
surface samples were c o l l e c t e d  and when charcoal  tubes were changed. 

I n  order t o  ob ta in  more conclus ive data about the  ef'f'ect of  t he  d i s -  
persant on aromatic and a l i p h a t i c  hydrocarbons, a known mix ture  o f  l i g h t  
aromatics and a l i p h a t i c  hydrocarbons was inves t iga ted .  When no mix ing  
energy was app l i ed  there  was no s i g n i f i c a n t  d i ' f ference between the  r e l -  
a t i v e  he igh ts  o f  t he  n-alkanes and benzene w i t h  and wi thout  d ispersant .  
When mix ing was appl ied,  there  were d i f f e rences ;  the  amount c o l l e c t e d  
above the  m ix tu re  was l a r g e r  than the  amount c o l l e c t e d  above the  
mixture/d ispersant .  The r e l a t i v e  amounts o f  benzene, outalie, n-Cl2 an6 
n-C14 i n  the  mix ture /d ispersant  were h igher  than i n  the  mix ture  only .  
R e l a t i v e  amounts o f  Toluene, p-xylene + m-xylene and decane + o-xylene 
were the same i n  bo th  samples. Table 7.3.8 shows the r a t i o s  o f .  the  peak 
he igh ts  i n  bo th  samples. These r e s u l t s  suggest t h a t  the  d ispersant  has 
d i f f e r e n t  e f fec ts  on l i g h t  hydrocarbons than on heavier  ones w i thout  
regarding ,a romat i c , cha rac te r  bu t ,  as t h i s  i s  a simple mix ture  and no t  
o i l ,  i t  may be inaccura te  t o  apply r e s u l t s  from one system t o  the  o ther .  

I n  experiment 10  and 11, a i r  sampies were taken over 30 hrs .  so t h a t  
evaporat ion r a t e s  of heavier  hydrocarbons cou ld  be obtained. Experiments 
10 and 11 were the  same except f o r  t he  flow r a t e  o f  the  pump, which was 
h igher  i n  experiment 11. Evaporat ion ra tes  o f  each o f  the n-alkane can 
be obtained by p l o t t i n g  the t o t a l  amount c o l l e c t e d  dur ing  t ime x as a 
func t ion  of time. The t o t a l  amount of  a c e r t a i n  n-alkane c o l l e c t e d  up t o  
a c e r t a i n  t ime i s  p r o p o r t i o n a l  t o  the  sum o f  HCx/HC20 i n  the  a i r  
samples taken up t o  t h a t  t ime. For example, the t o t a l  amount o f  n-C8 
t h a t  was c o l l e c t e d  du r ing  4 hrs.  w i l l  be p r o p o r t i o n a l  t o :  (HC8/HC20) 
0-0.5 + (HC8/HC20) 0.5-1.5 + (HC8/HC20) 1.5-4. This i s  c o r r e c t  
on ly  if the same amount of standard was added. t o  a l l  samples. Since the  
c o l l e c t i o n  e f f i c i ency  i s  unknown, t h e  p r o p o r t i o n a l i t y  constant between 
the  t o t a l  amount evaporat ing and the  sum o f  t he  r e l a t i v e  he igh t  cannot be 
ca lcu la ted ,  bu t  p l o t t i n g  t h a t  sum as a f u n c t i o n  o f  t ime w i l l  be s u f f i -  
c i e n t  t o  show evaporat ion ra tes .  



Table 7 . 3 . 7  Rat io  o f  Corresponding Peak Heights - Experiment 15 

heP R-ben R-oct R-to1 R-non R-p, m-xy R-o-xy -+dec 

8 0.91 0.92 1.3 1.34 1.57 2.3 

I s  t he  r a t i o  of t he  GC peak he igh t  of  x i n  the  o i l / d i s p e r s a n t  sample the  
I. ' GC peak he igh t  of x i n  the  o i l  sample. 

h = heptane 
. . 

b = benzene 

o = octane 

n = nonane 

f = to luene 

m-xy = p-xylene + m=xylene 

xy+dec = o-xylene + decane 

Table 7.3;8 Ra t io  o f  GC h e i g h t s ' f o r  Both Samples 

I s  the  r a t i o  o f  the  GC peak he igh t  o f  x i n  t he  m ix tu re  sample t o  the  peak 
he igh t  of x i n  t he  mixture/d ispersant  sample. 

ben = benzene 

o c t  - octane 

t o 1  - to luene 

non = nonane 

p,m-xyl = p-xylene + m-xylene 

o-xyl+dec = o-xylene + decane 

dode = dodecane 

t e t d  = tetradecane 



Figure 7.3.11 GC of Air Samples a t  1.5-4 Hours - Experiments 6-9 
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F igu res  7.3.12, 7.3.13, and 7.3.14 show t h e  envelopes ob ta ined  f o r  
exper iment 10. Comparison t o  exper iment 1 i n d i c a t e s  t h a t  t h e  sma l l  d i f -  
ferences i n  t he  evapora t ion  r a t e s  o f  t h e  o i l  s l i c k  and t h e  o i l  + d i spe r -  
san t  s l i c k  i s  i n s i g n i f i c a n t  and t h a t  they a c t u a l l y  behaved s i m i l a r l y .  
F i gu re  7.3.15, 7.3.16, and 7.3.17 show t h e  evapora t ion  r a t e s  o f  n-C7 t o  
n-C14; aga in  t h e  n-alkanes o f  b o t h  s l i c k s  evaporated a t  abou t .  the  same 
ra tes .  

The t o t a l  amount of  vapors c o l l e c t e d  i s  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  
areas of t he  whole chromatogram o f  t he  a i r  sample ( n o t  i n c l u d i n g  n-CSO) 
t o  t he  n - c l o  peal( area. By p l o t t i n g  t he  t o t a l  r e l a t i v e  area 3s a f :~nz-  
t i o n  of  t ime,  t o t a l  evapora t ion  r a t e  of  t h e  s l i c k  can be obta ined.  
F i gu re  7.3.18 shows t he  evapora t ion  r a t e  of t he  s l i c k s  f o r  exper iment 
10. The s l i g h t  d i f f e rence  between t h e  o i l  and t he  o i l  + d i spe rsan t  
s l i c k s  i s  meaningless and t he  evapora t ion  r a t e s  can be cons idered t he  
same. 

When l o o k i n g  a t  t h e  envelopes (F igu re  7.3.19, 20 and 21 ob ta ined  f o r  
experiment 11, and a t  t he  evapora t ion  r a t e s  o f  t h e  i n d i v i d u a l  n-alkanes 
(F igu re  7.3.22, 23 and 24) i t  can be concluded t h a t  the  evapora t ioq  
process i s  f a s t e r  i n  t h e  o i l  s l i c k  than  i n  t h e  o i l  + d ispersan t  s l i c k .  
When comparing t he  d i f f e rence  t o  the r e s u i t s  o f  experiment 1, i t  i s  
r e a l l y  d i f f i c u l t  t o  say whether t h e  d i f fe rences  were due t o  t he  d i spe r -  
san t  o r  no t ,  s ince  they were very  much l i k e  t h e  d i f fe rences  o c c u r r i n g  i n  
exper iment 1. F i g u r e  7.3.25 shows t h a t  t h e  t o t a l  evapora t ion  r a t e s  o f  
t h e  s l i c k s  were s i m i l a r .  

S ince t h e  o n l y  d i f f e rence  i n  t h e  exper imenta l  c o n d i t i o n s  i n  expe r i -  
ments 10  and 11 was t he  pump f low r a t e ,  i t  cou ld  be assumed t h a t  t he  o i l  
s l i c k  i s  af fec. ted t o  a g r e a t e r  ex ten t  from the  pumping r a t e  than  the  o i l  
+ ,d ispersan t  s l i c k .  Experiment 1 2  was performed t o  v e r i f y  t h i s .  Since 
the  crude f i l t e r s  cou ld  cause d i f fe rences ,  they were removed (system B 
used) and t h e  pump f low r a t e  was inc reased  by a f a c t o r  o f  almost 3. 
Samples i n  exper iment 12  were taken  o n l y  up t o  4 h r s .  ; t h i s  was enough t o  
determine t he  r a t e  of  evapora t ion  and t h e  d i f f e r e n c e s  between t h e  t r e a t e d  
and un t rea ted  s l i c k s .  Th i s  exper iment gave very  c l o s e  r e s u l t s  f o r  t h e  
n-alkanes evapora t ing  from b o t h  s l i c k s  as i l l u s t r a t e d  i n  F igu res  7.3.26 
and 27. Therefore, the  f low r a t e  does n o t  a f f e c t  t he  o i l  s l i c k  by caus- 
i n g  i t  t o  evaporate f as te r .  

Experiments 6 t o  12, which were a l l  performed w i t hou t  m ix ing ,  d i d  n o t  
show a cons tan t  t r e n d ;  evapora t ion  was e i t h e r  t h e  same o r  t he  un t rea ted  
s l i c k  evaporated s l i g h t l y  f as te r .  However, t h e  d i f f e r e n c e  was n o t  much 
l a r g e r  than  i n  exper iment 1 ( o i l  vs. o i l ,  us i ng  system A). When t h e  su r -  
face was no t  mixed, t he  d i spe rsan t  d i d  n o t  have a s i g n i f i c a n t  e f f e c t  on 
t he  evapora t ion  o f  t he  n-alkanes. 

b )  Experiments w i t h  m ix i ng  d i r e c t l y  a f t e r  t he  s p i l l  

I n  t he  case o f  an o i l  s p i l l  i n  t h e  open sea, t h e r e  i s  m i x i n g  o f  t h e  
surface s l i c k  i n t o  t he  water  column by waves; thus,  i t  i s  necessary t o  
determine t h e  e f f e c t  of  m i x i r ~ g  on t h e  d i spe rsan t .  Experiments 13  and 14 

a were performed us ing  system C. The o i l  was f i r s t  added t o  b o t h  beakers 
and t he  d i spe rsan t  was then  added t o  one o f  .them and b o t h  beakers were 
shaken f o r  a few seconds. A f t e r  shak ing t he  beakers, t he  water i n  t h e  
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o i l  only  beaker remained c lea r ,  whereas the  water i n  the  o i l  + d ispersant  
beaker became dark. However, the  c o l o r  g radua l ly  became l i g h t e r  i n d i c a t -  
i n g  t h a t  some of t he  o i l  o r i g i n a l l y  i n  the  water was returned t o  the sur- 
face. Mix ing made the  dispersant more e f f e c t i v e  and the  evaporat ion r a t e  
of the n-alkanes from the t rea ted  s l i c k  was slower than from the un t rea t -  
ed s l i c k .  The d i f ference was l a r g e r  than could have been caused Sy 
experimental e r r o r s  as i nd i ca ted  i n  experiment 4. Figures 7.3.28 and 
7.3.29 show the d i f ference i n  the  r e l a t i v e  he ights  o f  the  n-alkanes as a 
funct ion of t he  carbon number. n-C7 showed up i n  the  a i r  sample taken 
above the t rea ted  s l i c k  dur ing  1.5-4 hrs.,  whereas n-C8 was very weak 
and n-C7 disappeared from the  corresponding a i r  sample taken above the  
untreated s l i c k .  The heavier  components such as n-C12, n-C13, 
n-C14 and n-C15 s t a r t e d  t o  appear i n  bo th  samples a t  about the  same 
time, but  i t  took much longer f o r  t he  l i g h t  ones, n-C7 t o  n-Cl0 t o  
evaporate from the  t rea ted  s p i l l  as i nd i ca ted  by Figures 7.3.30 and 31. 

c )  Experiments w i t h  constant mix ing dur ing  the  e n t i r e  experiment. 

I n  experiments 13 and 14. mix ing was app l ied  on ly  a t  the  beginning of 
the  experiment: the  e f f e c t s  o f  a d ispersant  w i l l  probably be even greater  
when there i s  constant mix ing th ro~ lghout  the  experiment. Experiments 15 
and 16 were performed w i t h  constant mixing. U t  the  beginning o f  the  
experiment, the  beakers were shaken and then the  water was s t i r r e d  w i t h  
magnetic s t i r r e r s .  This kept  the  water of the t rea ted  s p i l l  dark wh i le  
the water of t he  untreated s p i l l  was c l e a r  w i t h  only a few drops o f  o i l  
s i nk ing  t o  the  bottom of the  beaker and r i s i n g  t o  the surface. I n  these 
experiments, there  was a b i g  d i f f e rence  between the  evaporat ion o f  the  
two s l i c k s ;  t he  o i l  + dispersant a i r  samples d i d  not  show a normal envel- 
ope, but  one t h a t  had a f l a t  maximum and a minimum as i s  shown i n  Figures 
7.3.32 and 33. Evaporat ion was much slower f o r  the  t rea ted  s p i l l ,  n-C7 
was s t i l l  coming o f f  the t rea ted  s l i c k  a f t e r  four  hours, whereas, n-C8 
was gone from the  untreated s l i c k .  The heavier  n-alkanes such as n-Cl2 
t o  n-C15 showed up a t  about the  same t ime from both s l i c k s .  I n  the  
untreated s l i c k ,  the order  i n  which the  components evaporated seemed d i f -  
ferent  from the  order  expected from vapor pressures. Figures 7.3.34 and 
35 show the evaporat ion ra tes  o f  n-C7 t o  n-C12. The l a r g e s t  d i f f e r -  
ences are found i n  the l i g h t e r  components. 

Surface samples of the  s l i c k s  were taken a t  7 hrs.  a f t e r  t he  s p i l l .  
Their  chromatograms are shown i n  Figures 7.3.36. I n  the  o i l  s l i c k ,  a l l  
components l i g h t e r  than n-Cl1 had already evaporated but  i n  the  o i l  + 
dispersant s l i c k  sample, a l l  components heavier  than n-C8 appeared. 
The data obtained from the sur face are samples were i n  agreement w i t h  
those obtained from the o i l  samples; evaporat ion was fas ter  from the 
untreated s l i c k .  

The labora tory  study using the  se l f -mix ing  d ispersant  Corexi t  9527, 
i nd i ca ted  the evaporat ion o f  the  n-alkanes from the  t rea ted  and untreated 
s l i c k s  was s i m i l a r  when the  water was not  ag i ta ted.  However, when mix ing 

a was appl ied, the  e f f e c t s  o f  the  d ispersant  on the  evaporat ion became s ig -  
n i f i c a n t .  The evaporat ion o f  the  l i g h t  n-alkanes, n-C7 t o  n-C10, 
from the t rea ted  s l i c k  was slower than from the  untreated s l i c k .  The 
longer the .mix ing,  the  greater  was the  e f f e c t  o f  the  dispersant on the  
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evaporation ra te .  The dispersant  af fected the evaporation of the l i g h t e r  . . 
n-alkanes t o  a g rea te r  extent  than the  heavier ones. The slower evapora- 
t ion  of the  t r ea ted  s l i c k  could be due t o  the mixing of some of the o i l  
i n to  the water column. The o i l  would then be l e s s  exposed t o  the  a i r  and 
it  would take longer f o r  the l i g h t  components t o  evaporate. 

Since the ,surface areas  of the  f l a sk s  used i n  the laboratory experi- 
ments were l imi ted,  the  dispersed o i l  was stopped by the  wall .OF the  
f l asks  and some of it accumulated along the  walls .  Therefore, the  o i l  
was not dispersed as  e f f i c i e n t l y  a s  it would have been i f  the surface 
area was i n f i n i t e .  Therefore, the walls may have caused the dispersant  
t o  have a d i f f e r en t  e f f ec t  on the evaporation i n  the  laboratory experi- 
ments compared t o  t ha t  i n  the open sea,  s ince  i n  the open sea ,  the  d l s -  
persion of o i l  would be greater .  

I1 Long Path Gas Cell 

( A )  predic t ing ' the Effects  of Medium and Low Resolution Infrared 
Spectrometers 

In working i n  the': f i e l d ,  one i s  of ten  forced t o  use low-resolution, 
portable spectrometers. The performance of these instruments i s  obvi- 
ously i n f e r i o r  t o  a high-resolution research-grade laboratory ins t ru -  
ment. . T h i s  work is  'involved w i t h  using a high resolution infrared spec- 
trometer t o  predic t  the  performance of low resolution instruments. 
Spectra of s ing le  and multi component mixtures of hydrocarbon vapors a r e  
used t o  measure and predic t  the r e su l t s  of low and high-resolution spec- 
trometers. In t h i s  way, the e f f e c t s  of low resolution spectra i n  quanti- 
t a t i v e  infrared analys is .  can be measured and predicted. Various spec t ra l  
manipulation and subtract ion techniques a r e  a l so  demonstrated i n  t h i s  
work. 

T h i s  study is  done w i t h  methane, ethane and propane vapors, i n d i v i d -  
ua l ly  and i n  two and three  component mixtures. T h i s  work was confined t o  
the carbon-hydrogen s t re tch ing  reg ion , ,  from 3250 t o  2790 cm-1. High . 
resolution spectra were taken a t  a spec t ra l  bandwidth of 1.6 cm-1. T h i s  
is a reasonable value fo r  . a  laboratory, ,  instrument. Lower resolution 
spectra were observed a t .  bandwidths of 10,  25 and 50 cm-1. High resolu- 
t i on  spectra can be convoluted, o r .  mathematically f i l t e r e d ,  t o  reproduce 
the e f f e c t s  of a lower-resolution spectrum. In t h i s  way, a low resolu- 
t ion  spectrum can be both measured, a s  well a s  predicted from the  convo- 
lu t ion  of a high-resolution spectrum of the  same sample. 

The equation fo r  a Gaussian s l i t  function is given by:  

x-x 2 exp L-)i (T) J G = x  

where w id th  a t  + he igh t  - W ' = ' 2 A V  =2aV21n2 
% 

a 
T h i s  is one of 'the models of spec t ra l  s l i t  functions which a r e  current ly  
used i n  mathematically describing a spec t ra l  peak. Convolution is  a 



p r o c e s s  i n  which a  mathemat ica l  m o d i f i c a t i o n  f u n c t i o n  i s  imposed on t h e  
f u n c t i o n  of t h e  s p e c t r a l  peak.  T h i s  p r o c e s s  is  used i n  f i l t e r i n g  and 
smoothing s p e c t r a l  d a t a .  I n  t h i s  c a s e ,  a  h i g h - r e s o l u t i o n  spect rum can  be 
convo lu ted  w i t h  a  Gauss ian f u n c t i o n  t o  produce a  spect rum o f  lower  reso-  
l u t i o n .  One o f  t h e  purposes  o f  t h i s  work is  t o  obse rve  how a  mathemat- 
i c a l l y  convo lu ted  spect rum compares w i t h  a  measured spect rum a t  t h e  same 
s p e c t r a l  s l i t  width .  

F i g u r e  7 .3 .37 shows a  h igh  r e s o l u t i o n  spect rum of  methane vapor ,  i n  
t h e  3250-2750 cm-1 r e g i o n .  The d e t a i l  i n  such  a  h igh  r e s o l u t i o n  spect rum 
makes i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  a  compound r e l a t i v e l y  s imple .  
I n  a  spect rum of  lower  r e s o l u t i o n ,  t h i s  d e t a i l  is  l o s t  o r  r educed ,  making 
i d e n t i f i c a t i o n  more d i f f i c u l t .  Th i s  l o s s  o f  d e t a i l  a l s o  o c c u r s  i n  convo- 
l u t e d  s p e c t r a .  One can  compare t h e  r e s u l t s  o f  a  low r e s o l u t i o n  spect rum 
w i t h  a  h igh r e s o l u t i o n  spect rum convo lu ted  t o  a  lower  r e s o l u t i o n .  Th i s  
i s  i l l u s t r a t e d  i n  F i g u r e  7 .3 .38.  Th i s  shows convo lu ted  and measured 
s p e c t r a  of methane vapor  from 3250 t o  2750 cm-1. The r e s o l u t i o n  o f  t h e s e  
s p e c t r a  was 1 0 ,  25 and 50 cm-1, r e s p e c t i v e l y .  The sample i n  a l l  c a s e s  i s  
t h e  same, t h e  s p e c t r a l  c o n d i t i o n s  be ing  modif ied  f o r  each spect rum.  
Here; one can  s e e  t h e  good agreement i n  t h e  r e a l  measured s p e c t r a  and t h e  
p r e d i c t i o n s  made by c o n v o l u t i n g  t h e  h igh  r e s o l u t i o n  spect rum.  

I n  c o n v o l u t i n g  a  spec t rum,  d i f f e r e n t  p rocedures  can  be  fo l lowed .  A 
spect rum can be convo lu ted  t o  a  g iven  r e s o l u t i o n  i n  one s t e p ,  o r  i n  a  
s e r i e s  o f  " s m a l l e r u  c o n v o l u t i o n s .  F i g u r e  7 .3 .39 i l l u s t r a t e s  t h i s ,  u s i n g  
a  methane spect rum convo lu ted  t o  25 cm-1 r e s o l u t i o n  i n  two d i f f e r e n t  
ways. The f i r s t  spect rum is  a  c o n v o l u t i o n  o f  a  h igh  r e s o l u t i o n  spect rum 
t o  25 cm-1 i n  one s t e p ,  i n  0 . 1  cm-1 i n c r e m e n t s .  T h i s  r e f e r s  t o  t h e  f r e -  
quency o f  a p p l i c a t i o n  o f  t h e  c o n v o l u t i o n ;  h e r e ,  t h e  f u n c t i o n  was a p p l i e d  
t o  t h e  d a t a  a t  0 .1  cm-1 i n t e r v a l s .  The second spect rum shows a  d i f f e r e n t  
c o n v o l u t i o n  p rocedure .  I n  t h e  f i r s t  s t e p ,  t h e  h igh  r e s o l u t i o n  spect rum 
was convo lu ted  t o  5 cm-1 r e s o l u t i o n  i n  0 . 1  cm-1 inc rements ,  and t h e n  t h i s  
spec t rum was f u r t h e r  convo lu ted  t o  25 cm-1 r e s o l u t i o n  i n  1 cm-1 i n c r e -  
ments.  T h i s  two s t e p  c o n v o l u t i o n  h a s  t h e  e f f e c t  o f  a  one-s tep  convolu- 
t i o n  t o  25 cm-1 r e s o l u t i o n .  The d i f f e r e n c e  i n  t h e  i n c r e m e n t s  a p p l i e d  i n  
t h e  two s t e p s  h a s  t h e  e f f e c t  of smoothing t h e  r e s u l t a n t  spect rum when 
compared t o  t h e  one s t e p  c o n v o l u t i o n .  The v a r i a t i o n s  i n  t h e  two methoas 
of c o n v o l u t i o n  is s i g n i f i c a n t ,  s u g g e s t i n g  t h a t  t h e  c o n v o l u t i o n  p rocedure  
used c o u l d  make a  c o n s i d e r a b l e  d i f f e r e n c e  i n  a  g iven  c i rcumstance .  

Real  vapor samples  a r e  more f r e q u e n t l y  m i x t u r e s ' o f  two o r  more com- 
ponen t s  r a t h e r  t h a n  a  s i n g l e  p u r e  compound. F i g u r e  7. '3.40 shows complete  
s p e c t r a  of methane,  e t h a n e  and propane,  showing t h e  d i f f e r e n c e s  i n  band 
s t r u c t u r e  of t h e  t h r e e  compounds. 

I n  ' p r e d i c t i n g  t h e  appearance  of s p e c t r a  of m i x t u r e s ,  t h e r e  a r e  a  
v a r i e t y  of p o s s i b l e  approaches .  Absorbance s p e c t r a  o f  i n d i v i d u a l  p u r e  
compounds can be added t o  produce a  s y n t h e t i c  spect rum o f  a  multicompo- 
n e n t  m i x t u r e  o f  t h e  compounds i n v o l v e d .  An i m p o r t a n t  q u e s t i o n  is  how 
such s y n t h e t i c  s p e c t r a  compare w i t h  convo lu ted  s p e c t r a  o f  r e a l  multicom- 
ponent  m i x t u r e s .  

F i g u r e  7 .3 .41  shows t h r e e  s p e c t r a  o f  a  two component m i x t u r e  o f  
methane and e t h a n e .  Here,  t h e  major  peaks  o f  each  component a r e  approx- 
i m a t e l y  e q u a l  i n  absorbance'.  T h i s  shows a  h i g h - r e s o l u t i o n  spec t rum,  a s  



q F igure 7.3.37 High Resolut ion Spectrum of Methane Vapor 

METHANE 

90S0 23S0 
FREQUENCY CH-i 



9850 2950. 2850 
mEauaJcv cn-i 



METHANE 

. . 

1.5 to. 5 to 26 cm-1 

Figure 7 . 3 . U  T n  Drrponent Mixture o f  Wethane an3 Ethane 

8i- 

~i~~~ 7.3.40 W c t r a  of ethane, Ethane RaOem 
, . . .a 

3. 
t. .- .. , : METHANE 

. . 

' . " .  
. . 

. , 

. .  . 1. I I I - . . i 
aese 9iso 98~8 . . ' ' ess0 ' 20s0 e7s0 

FREQUENCY, CH-i 



well a s  two convolutions, two resolutions of 10 and 25 cm-1, respec- 
t i ve ly .  Once again, most of the spec t ra l  information i s  l o s t  as  the 
resolution decreases. 

The following f igures  i l l u s t r a t e  spectra l  subtraction.  The spectrum 
of a pure compound can be subtracted from the spectrum of a mixture, 
leaving the spectrum of the remainder of the mixture. In t h i s  simple 
example, the spectrum of ethane is subtracted from the spectrum of the 
methanelethane mixture. Theoretically,  t h i s  should resu l t  i n  the spec- 
trum of methane, the other component of the mixture. Figure 7.3.42 shows 
the spectra of the methanelethane mixture, and the pure ethane being sub -  
t r ac ted  from it. Figure 7.3.43 shows the r e su l t s  of the  subtraction,  and 
a r ea l  measure0 spectrum of methane fo r  comparison. One can see t ha t  
spec t ra l  subtraction can he  very e f fec t ive  i n  separating components of a 
mixture. 

The question a r i s e s  whether t h i s  procedure can be used as  effect ively  
a t  lower resolutions.  Figures 7.3.44 and 7.3.45 repeat the above experi- 
ment, with a l l  spectra convoluted t o  a resolution of 25 cm-1. One can 
see  t ha t  lower resolutions apparently have l i t t l e  a f f ec t  on the suhtrac- 
t ion  procedure. 

In predicting the appearance of a spectrum of a mixture, spectra l  
addit ion can be used. The absorbance spectra of the individual compo- 
nents can be added t o  give a synthetic spectrum of a "mixture" of the  
components. P comparison of added spectra w i t h  a  rea l  convoluted mixture 
is  shown i n  Figure 7.3.46. The f i r s t  spectrum is a high-resolution spec- 
trum of the methanelethane mixture convoluted t o  a resolution of 25 
cm-1. The second spectrum i l l u s t r a t e s  how two spectra can be added and 
then convoluted. Here, the  high-resolution spectra of methane and ethane 
are  added, and the  resul tant  sum is convoluted t o  25 cm-1. The t h i r d  
spectrum shows the procedure of convolution, then addit ion.  Here, the 
two high resolution spectra a r e  individually convoluted, and then added 
together.  These three  spectra i l l u s t r a t e  the  prediction of performance 
of a low resolution instrument using a high-resolution instrument and 
computer. P low resolution spectrum of a mixture can be predicted from 
high resolution spectra of each of the  components of the mixture. Tnis 
can be done e i t h e r  by addit ion and then convolution t o  the desired reso- 
lu t ion ,  o r  vice versa. 

The following work w i t h  ethane and propane reproduces the  resu l t s  
j u s t  shown w i t h  methane and ethane. Figure 7.3.47 gives a high resolu- 
t ion  spectrum of a one t o  one absorbance mixture of ethane and propane, 
from 3250 to 2790 cm-1. T h i s  spectrum i s  a l so  shown convoluted t o  reso- 
lu t ions  of 10 and 25 cm-1. Figure 7.3.48 and 7.3.49 show the  subtrac- 
t ion  of propane from the  mixture of propanelethane, giving a spectrum of 
ethane. These a re  a l l  high resolution spectra.  Figures 7.3.50 and 
7.3.51 duplicate t h i s  subtraction fo r  spectra convoluted t o  a resolution 
of 25 cm-1. 

The resu l t s  shown above can be extended t o  mixtures of more than two 
components. Figures 7.3.52 show spectra of a mixture of methane, ethane 
and propane i n  the 3250 t o  2750 cm-1 region. The two spectra are  a high 
resolution spectra ,  and the  convolution of t h i s  spectrum t o  a resolution 
of 25 cm-1. Subtractions can be made i n  a  three component system t o  
sequential ly ex t rac t  each component from the system. Figure 7.3.53 shows 
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Figure 7.3.52 Spectra of  a Mixture of  ethane,  Ethane and Pr.>pane 
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Figure 7.3.53 S e w n t i a l  Subtraction of Cmvoluted b e c t r a  of methane 
(1) MO Ethane ( 2 )  from the Convoluted Spectrum of a 
l4thsnc/Ethene/Ropane Mixture f 



t h i s  type of subtraction. The f i r s t  spectrum is the convoluted spectrum 
of pure methane, subtracted from the convoluted spectrum of the three- 
component mixture. The second spectrum shows the subtraction of ethane 
from t h i s  first subtraction. 

From these two subtractions,  one should expect t o  be l e f t  w i t h  a con- 
voluted spectrum of propane, the t h i rd  component of the  system. The 
f ina l  spectrum shows the spectrum of propane for  comparison. Obviously, 
convoluted spectra con also be subtracted w i t h  reasonable accuracy i n  
spectra of more than two components. 

T h i s  study i l l u s t r a t e s  some of the techniques which can be used i n  
manipulating spectra. High resolution spectra can be convoluted t o  
reasonably simulate the performance of low resolution instruments. Thus, 
the resu l t s  of such instruments, as  i n  f i e ld  work, can be predicted t o  a 
f a i r  degree. Additions o r  subtractions t o  produce a synthetic spectrum 
can be performed e i the r  before o r  a f t e r  convolution, and the appearance 
of t h i s  lower resolution synthetic spectrum w i l l  be f a i t h fu l  t o  t ha t  pto- 
duced by a low resolution instrument under the expected conditions. In 
addition, these techniques do not appear limited t o  two-component mix-  
tures .  Three component systems can be investigated,  and one would rea- 
sonably expect t o  he able t o  work w i t h  l a rger  systems a s  well. Thus,  the  
performance of low-resolution f i e ld  grade instruments can be predicted 
from spectra taken i n  the laboratory. Predictions made i n  t h i s  way may 
prove valuable i n  estimating the prac t ica l i ty  of a projected study, o r  
the effectiveness of an analysis before the study is begun. 

B) Atmospheric Interferences i n  the  Ambient Vapor Sampling System 

In ambient a i r  samples, two major interferences prevent the use of  I R  
analysis for  hydrocarbons: water and carbon dioxide (LO2). Water has 
very strong absorptions i n  the I R ,  centered a t  about 3750 cm-1 and 1600 
cm-1. C02 has two major bands, a t  2350 and 675 cm-1. Taken together, 
these interferences can ruin quant i ta t ive  r e su l t s  i n  an ambient sample. 
The problem is t o  reduce o r  eliminate these interferences,  without s ig-  
nif icant ly  reducing the s ens i t i v i t y  of the system t o  hydrocarbons. This 
was tes ted by introducing toluene (C7H8) vapor i n t o  t h e  system under 
various experimental conditions. The spectra which follow i l l u s t r a t e  the 
results. 

Spectrum i n  Figure 7.3.54 is an i l l u s t r a t i v e  spectrum of toluene 
vapor i n  nitrogen gas. For t h i s  highly concentrated sample, 50 1 of 
l i q u i d  toluene were injected and allowed t o  evaporate ins ide the flowing 
system, which was f i l l e d  with  d ry  nitrogen. T h i s  shows the strong 
absorptions of t h i s  hydrocarbon, especially around 3000 cm-1, 1600 cm-1, 
1500 cm-1, 1050 cm-1 and 700 cm-1. 

Spectrum 7.3.55 is a more r e a l i s t i c  concentration, i n  tha t  it was 
measured by pumping dry nitrogen over the surface of l iquid toluene. 
T h i s  i s  approximately the concentration one would observe with a sampling 
device direct ly  over a s p i l l  of toluene on water. It still shows the 
bands mentioned above, but greatly reduced i n  intensi ty .  One can now 
also see weak bands from 032 and H2O. These are  impurities i n  the 
nitrogen di luent ,  o r  residual impurities i n  the c e l l .  This  and a l l  sub- 
sequent spectra were taken a t  a path length of 21.75 m. 



Figurr 7.3.55 Spstrun of Toluene vapor In Nitrogen Gas 



Spectrum 7.3.56 is ident ical  t o  7.3.55, except for  the  addition of a 
drying tube, f i l l e d  wi th  a calcium su l f a t e  dessicant,  (DRIERITE) .  Most 
of the peaks are  not s ignif icant ly  reduced i n  intensi ty ,  indicating tha t  
the  Drier i te  i s  not removing appreciable amounts of hydrocarbon vapors. 

In spectrum 7.3.57, a i r  is used instead of dry nitrogen. Here, a l l  
C02 bands are  c lear ly  seen for  the f i r s t  time. The Dr ie r i te  w i l l  not 
remove t h i s  vapor, although i n  t h i s  case, it i s  not c r i t i c a l .  The 
toluene can still be easi ly  quantitated by using the bands i n  the 3000 
cm-1 region. Water is s t i l l  absent, indicating tha t  the Or ie r i te  is 
effect ively removing the interfer ing water vapor from the a i r .  Spectrum 
7.3.58 i s  not c r i t i c a l  t o  the  t e s t ,  but is interest ing.  Here, a l iquid 
nitrogen cold t rap  was added t o  the drying tube. Not only was a l l  water 
removed, b u t  most of the  hydrocarbons were frozen out a s  well. The small 
peak a t  3000 cm-1 is methane. Whether t h i s  is an impurity from the 
l iquid toluene o r  the a i r  is not known. 

Spectrum 7.3.59 shows t h e  spectrum of ambient a i r  and toluene vapor, 
without any dessicant or  f i l t e r .  T h i s  shows the massive interferences 
present i n  untreated a i r ,  and the extent t o  which the Or ie r i te  is effec- 
t ive .  Compare t h i s  w i t h  spectrum 7.3.57. For a l l  of the above spectra,  
the flow ra te  was about 2 l/min past the toluene l iquid.  T h i s  was e s t i -  
mated t o  be the optimum flow sampling ra te .  Two factors  are  important i n  
determining flow ra tes  i n  sampling: system response time and dessicant 
effectiveness. As the flow r a t e  increases through the 5.5 1 l i t e r  c e l l ,  
the time required t o  respond t o  a change i n  sample composition i s  
decreased. The shorter  the response time, the more accurately the system 
w i l l  r e f l ec t  the concentrations of a given sample as  it changes w i t h  
time, a s  in  an evaporation process. As the flow through i n  the dessicant 
is increased, the effectiveness of the Drier i te  is reduced, a s  is shown 
i n  spectrum 7.3.60. Thi s  spectrum was taken w i t h  a sampling flow ra te  of 
5 llmin, b u t  is otherwise ident ical  t o  the conditions for  spectrum 
7.3.57. It shows the amount of water interference still present i n  the 
c e l l  due t o  the higher flow rate .  

It can be concluded tha t  w i t h  a sui table  dessicant, one can eliminate 
substances which in te r fe re  wi th  quant i ta t ive  ambient a i r  analysis i n  the  
system. 
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7.4 Mesoscale Experiments 

7.4.1 In t roduct ion  

Treat ing an o i l  s p i l l  with a chemical d ispersant  reduces t h e  amount 
o f  o i l  on t h e  su r face  and inc reases  t h e  concentration i n  t h e  water 
column. However, a number o f  ques t ions  need t o  be answered, e.g., "How 
much is  t h e  increase?" I4Does a d i spe r san t  a f f e c t  a l l  components o f  o i l  
i n  t h e  same manner?" Is t h e  e f f e c t  uniform throughout t h e  water 
c ~ l w m ? ~ I  How does t h e  e f f e c t  change with time?I1 

Present ly ,  we a r e  t r y i n g  t o  answer these  ques t ions  by analyzing water 
samples co l l ec ted  from beneath both t r e a t e d  and untreated s p i l l s .  The 
chemical r e s u l t s  a r e  important since they can be c o r r e l a t e d  w i t h  t h e  
phys ica l  processes o f  d i spe r s ion  (1)  and with t h e  microbial  u t i l i z a t i o n  
of t h e  chemicals (2). Furthermore, they w i l l  eventual ly be used t o  
determine t h e  o v e r a l l  effect on t h e  marine enviroriment (3).  Herein, 
chemical analyses of water samples from t h e  meso s c a l e  experiments were 
compared f o r  both t r e a t e d  an0 unt rea ted  s p i l l s .  

7.4.2 Test  F a c i l i t i e s  

The meso s c a l e  t e s t  system, loca ted  450 meters from Narragansett  Bay 
c o n s i s t s  of two 4000 l i ter  t anks  (6.2 m t a l l  and 0.9 m i n  diameter).  
These tanks are described i n  more d e t a i l  elsewhere (3). 

7.4.3 Chemical Analysis 

One liter water  samples were ex t rac ted  with two 15 m l .  a l i q u o t s  of 
CS2. The a l i q u o t s  were comblned and t h e  volume ad jus ted  t o  25 m l  (some 
of t h e  CS2 d i s s o l v e s  i n  water and some is l o s t  by evaporat ion t o  g ive  a 
t o t a l  j u s t  below 25 m l ) .  The s o l u t i o n  was placed i n  a 6 mm pathlength 
i n f r a r e d  c e l l  (with AgCl windows), and t h e  i n f r a r e d  absorbance a t  2920 
cm-1 measured with an i d e n t i o a l  c e l l  containing CS2 i n  t h e  reference  
beam of  t h e  spectrometer (4.5). The measured absorbance was then 
converted t o  t o t a l  hydracarhons from a pre-determined p l o t  of absorbance 
vs. con- c e n t r a t i o n  ( sepa ra te  p l o t s  were used f o r  o i l  and o i l /d i spe r san t .  
and were both obtained using t h e  o i l  and d ispersant  being inves t iga ted ) .  

The volume of t h e  CS2 s o l u t i o n  was then reduced t o  .6 m l  under 
n i t rogen,  and t h e  complete i n f r a r e d  spectrum ( I R )  was measured under the 
same condi t ions  as above. Following t h i s ,  t h e  gas  chromatogram (GC) was 
measured. 

I R  s p e c t r a  were measured on a Beckman 4260 spectrometer  and GC on a 
Hewlett Packard 5710A gas  chromatograph equipped with flame ion iza t ion  
d e t e c t i o n  and 10 m x 3 mn column packed with SP2250. The GC temperature 
was programed a t  8 C h i n .  

A. S e r i e s  I 

A 1 1  of these  experiments i n  t h e  meso s c a l e  tanks were performed on 
API Kuwait crude o i l ,  using Corexit  9527 a s  t h e  d ispersant .  



S i x t y  m l  of o i l  (15 ppm t o t a l  concentrat ion)  were added t o  the  water 
sur face i n  each tank and 12 m l  o f  dispersant t o  one o f  t he  tanks. One 
l i t e r  water samples were c o l l e c t e d  from each of t he  th ree  p o r t s  a t  1, 24, 
48 and 72 hours. 

I n  add i t ion ,  i n  the  f i r s t  th ree experiments, 1 l i t e r  water samples 
were c o l l e c t e d  wh i l e  the  tanks were being f i l l e d ,  and a t  30 minutes a f t e r  
f i l l i n g .  These samples were used as .contro ls .  I n  the  f o u r t h  experiment, 
a c o n t r o l  tank o f  t h e  same dimension and w i t h  t h e  same sampling por ts ,  
was used, and samples were 'taken a t  the  same t ime as t h e  others. 

A l l '  water samples were returned immediately t o  the  l abo ra to ry  f o r  
analys is .  

Several t e s t  runs w i thout  o i l  were made i n  the  meso scale tanks t o  
determine the  v a r i a t i o n  o f  ex t rac tab le  organics i n  the  tanks. Ex t rac ts  
of water from t h e  tanks were compared w i t h  those of water taken d i r e c t l y  
from Narragansett Bay and, i n  most cases, the  concent ra t ion  of organics 
i n  the tanks and i n  the  Bay were s i m i l a r .  The on ly  major d i f fe rence was 
t h a t  t he  tanks we.re genera l ly  h igher  immediately a f t e r  f i l l i n g .  This was 
probably due t o ' t h e  mix ing o f  bottom sediments i n  the  water column. 

(a)  Water Analys is  

Four experiments were performed w i t h  o i l  and o i l / d i spe rsan t .  I n  a l l  
cases, o i l  was added on ly  t o  the  n o r t h  tank and o i l / d i s p e r s a n t  t o  the 
south tank. I n  t h e  experiment us ing the  c o n t r o l  tank, i t  i s  r e f e r r e d  t o  
as the  east tank. The weather cond i t ions  and o the r  in format ion  on t h e  
experiments w i l l  be discussed separately. 

( i )  Experiment 1: 

concentrat ions o f .  ex t rac tab le  organics from the  top, middle and 
bottom p o r t s  (1,3,5m) as a f u n c t i o n  o f  t ime are  shown i n  Figures 7.4.1, 
7.4.2, and 7.4.3. The c o n t r o l  values f o r  t he  two tanks are g iven by 
dashed l i n e s  across the  plots., Both c o n t r o l  values are  high. However, 
the one fo r  t he  n o r t h  tank was abnormally high. I n  t h i s  experiment, on l y  
one c o n t r o l  sample was c o l l e c t e d  from each tank immediately a f t e r  f i l l i n g  
and, as mentioned above, the  abnormally h igh  values'  are probably due t o  
t h e  suspended sediment. 

I n  the  next  two experiments, c o n t r o l  samples were c o l l e c t e d  immedi- 
a t e l y  a f t e r  f i l l i n g  and one h a l f  hour l a t e r .  The l a t t e r  values a re  
c lose r  t o  the  a c t u a l  values of organics i n  sea water. 

Considering the  h i g h  c o n t r o l  values, i t  i s  d i f f i c u l t  t o  analyze the  
r e s u l t s  o f  t h i s  experiment. However, general t rends can be i d e n t i f i e d .  
Only one sample from the  south tank had a concent ra t ion  above the  con- 
t r o l ,  and t h a t  was the  top  sample c o l l e c t e d  a f t e r  72 hours. 

a The tank with the  d ispersant  had an extremely h i g h  value f o r  the  1 
hour sample from the top, bu t  t he  concentrat ion decreased s i g n i f i c a n t l y  
a f t e r  24 hours and cont inued t o  decrease f o r  the  d u r a t i o n  of t he  exper i -  
ment. The h ighest  concent ra t ion  f o r  t he  middle and bottom p o r t s  were 
found a t  24 hours, and these a l so  decreased with time. 





I n  general, t h i s  experiment i nd i ca ted  t h a t  d ispersant  caused a h i  h 9 concentrat ion a t  the  1 m depth a f t e r  1 hour. Some o f  these chemica s 
moved toward the  sur face and others t o  the  bottom dur ing  the  next 24 
hours. 

( i i )  Experiment 2: 

Quan t i t a t i ve  values fo r  the  t o t a l  ex t rac tab le  organics from the  
second experiment i n  the  meso scale tanks are shown i n  Figures (7.4.4) 
and (7.4.5). Cont ro l  values of 210 and 243 ppb a re  shown as dashed l i n e s  
drawn h o r i z o n t a l l y  across the  ba r  graph. The t ime dependence of concen- 
t r a t i o n  from the top, middle and bottom sampling p o r t s  (1,3, 5.5m) are 
g iven i n  F igure (7.4.5). 

I n  the  top  po r t ,  t he  concentrat ion of ex t rac tab le  organics (above t h e  
concent ra t ion  o f  the  c o n t r o l )  a t  1 hour was more than 27 t imes g rea te r  
than when t h e  d ispersant  was used, i.e., 4880 ppb. as compared t o  180 
ppb. P f t e r  twenty-four hours, t he .concen t ra t i on  i n  the  tank w i thout  d i s -  
persant f e l l  t o  below c o n t r o l  l e v e l  and stayed fo r  t he  remainder of the  
experiment. I n  the  t rea ted  tank, the  concent ra t ion  o f  ex t rac tab le  
organics decreased by more than .a fac to r  of 3 t o  1350 ppb a f t e r  24 hours, 
and then gradua l ly  decreased t o  851 ppb a f t e r  3 days. 

A t  t he  middle l e v e l ,  the  concentrat ion i n  the  untreated tank grad- 
u a l l y  decreased from 324 ppb dur ing  the 72 hour experiment, whereas there  
was a three- fo ld increase i n  the  tank w i t h  d ispersant  from 1 t o  24 
hours. This l e v e l  decreased gradua l ly  a f t e r  twenty-four hours. 

The concentrat ion i n  the  bottom l a y e r  i n  the  untreated tank reached a 
maximum s l i g h t l y  above the  c o n t r o l  l e v e l  a t  24 hours and then gradua l ly  
decreased. I n  the  tank with dispersant,  there - was a f i v e - f o l d  increase 
from 1 t o  24 hours, b u t  the  maximum was no t  reached u n t i l  48 hours. 

For comparison, the  same r e s u l t s  are p l o t t e d  i n  F igure  7.4.5 as a 
func t i on  o f  depth f o r  each o f  t h e  sampling times. These . p l o t s  c l e a r l y  
show t h a t  the  maximum concentrat ion moved toward t h e  bottom i n  both the  
t rea ted  and untreated cases. However, there was a s i g n i f i c a n t l y  g rea te r  
concentrat ion i n  the  t rea ted  tank. 

For  q u a l i t a t i v e  comparison of t h e  water sample, two se ts  of GC are 
shown i n  Figures 7.4.6 and 7.4.7. The 24 hour samples a re  compared i n  
F igure 7.4.6. The GC of the  untreated samples was expanded seven times. 
The d i s t r i b u t i o n  o f  n -para f f ins  i n  t h i s  sample i s  no t  s i m i l a r  t o  the. 
t rea ted  o i l  and i s  no t  c h a r a c t e r i s t i c  o f  petroleum. The GC o f  t he  top  1 
hour t rea ted  sample i s  shown i n  Figure 7.4.7, where i t  i s  compared t o  a l l  
24 hour samples from the same tank. Components b o i l i n g  below n-C15, 
which were i n i t i a l l y  dispersed, were no t  found a t  24 hours. 

(iii) Experiment 3: 

The concentrat ion fo r  the  top, middle and bottom l a y e r  as a func t i on  

a o f  t ime are  shown i n  Figures 7.4.8, 7.4.9 and 7.4.10. The i n i t i a l  values 
fo r  t he  top are s i m i l a r  t o  those i n  experiment 2. Howeve.r, the  decrease , . 

i n  the  t rea ted  tank a f t e r  24 hours was much greater .  
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F i g u r e  7.'4.4 c o n c e n t r a t i o n  o f  E x t r a c t a b l e  Organ ics  i n  t h e  Top, Middle,  
and Bottom m eve is. (Exp. 2) 
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Figure 7.4.5 Concentrat ion o f  E x t r a c t a ~ l e  Organics in the  Top, Miaale, 
and Bottom o f  the  Treated and Untreated Tanks a t  Each 
Sampling Time 
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F igure  7.0.7 CC of  Samples from t h e  Treated Tank; 1 hr.,  top;  24 hrs. ,  
top ;  24 hrs., middle; and 24 hrs. ,  bottom (Exp. 2) 



TOP LAYER 

F igure  7.1.8 Concentrat ions o f  Ex t rac tab le  Organics from the  Top ( 1  m) 
Por t  as a Funct ion of Time. (Exp. 3) 
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F i g u r e  7 .4 .9  Concentrat ions of Ex t rac tab le  Organics from t h e  Middle . 
. . 

Pqrt ( 3  m) as a Funct ion o f  Time. (Exp. 3) 
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Figure  7.4.10 Concentrations o f  Ex t rac tab le  Organics from the  Bottom 
PDrt (5.5 m) as a Funct ion o f  Time. (Exp. 3) 



The 1 and 24 hour values for  the middle port are  also similar t o  
experiment 2 but, again, there is an abrupt decrease i n  concentration i n  
the treated tank by the next sampling period. Samples from the bottom 
port of the treated tank were high a t  1 hour and remained a t  t h i s  level 
for 24 hours before decreasing. However, the untreated tank had a h i g h  
level a t  48 hours, and then dropped to  control level.  

After 4 days, both tanks were agitated by s t i r r i n g  w i t h  a glass rod 
for 10 minutes, and samples were collected 24 hours l a t e r .  The agitation 
increased the concentration a t  a l l  levels. 

I ( i v )  ' Experiment 4: 

The concentration of the top, middle and bottom layer a s  a function 
of time are  shown i n  Figure 7.4.11, 7.4.12, and 7.4.13. I n  t h i s  experi- 
ment, the east  control tank was used. The 1 hour concentration i n  the 
control tank was a t  l eas t  three times lower than previous experiments. 
However, the trend for  the 24 to  72 hour samples was very similar to  
experiment 3. A very high concentration was detected i n  the middle port 
of the treated tank a f t e r  48 hours. The concentration a t  1 hour was 
higher i n  other experiments, whereas the concentration a t  24 hours was 
lower. The concentration i n  the bottom of the treated tank gradually 
increased w i t h  time. A l l  concentrations i n  the untreated tank were a t  
about the control level.  

( v )  Conclusions : 

After only four completed experiments, it  is too early t o  draw any 
defini t ive conclusions. The concentration values for experiment 2 seem 
to  follow anticipated levels.  For t h i s  reason, we undertook a complete 
analysis of a l l  samples. The GC resul ts  shown i n  Figures 7.4.6 and 7.4.7 
emphasize some of the major differences between the treated and untreated 
samples and changes of the treated samples w i t h  time and depth. 

(b)  Air Samples 

For these experiments, 60 m l  of Kuwait crude o i l  were added t o  the 
north and south tanks, and 12 m l  of Corexit 9527 were then added to  the 
south tank. 

The surface was mixed for  10 minutes by s t i r r i n g  w i t h  glass rods. 
Pir  samples were collected immediately a f t e r  the s p i l l .  Air samples 
were collected and treated similar t o  the a i r  samples taken i n  the labo- 
ratory experiments. Figure 7.4.14 shows the system used for  collecting 
the a i r  samples i n  the meso scale experiments. The funnels through 
which the a i r  was pumped were placed a t  about 2.5 cm above the water 
surface. 

One experiment was conducted w i t h  the tanks covered t o  eliminate wind 
and rain effects .  Th is  was important to  the water column measurements. 
The covers were made of wood and had four holes of 2.5 cm diameter for  
ventilation and one hole of about 20 cm i n  the center of the cover on 
which the funnel was placed. Prior to  the addition of the o i l ,  control 
samples were collected from above both tanks. Surface samples were taken 
and treated as in  the laboratory experiments. 
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The fo l lowing experiments were performed: 

(i) Experiment 1: 
. . 

The water temperature a t  the beginning of t he  experiment. was 24OC. 
Cont ro l  samples were taken dur ing  the  1.5 hours before  the  o i l  was 
added. A i r  samples were taken a t  0-3 and 3-6 hours. Surface samples 
were,taken a t  72 hours a f t e r  the  a d d i t i o n  of t he  o i l .  

( i i )  Experiment 2: : 

The water temperature was 190C a t  t he  beginning o f  the  experiment. 
Cont ro l  samples ;were taken dur ing  1 hour. A i r  samples were taken a t  
0-1.5, 1.5-4, and. 4-7 hours. Surface samples were taken a t  1.5, 4, 7, 48 
and 72 hours a f t e r  the  s p i l l .  

( i i i )  Experiment 3 
. . . .  . 

I n  t h i s  experiment, the  tanks were covered w i t h  the  wooden covers. 
The temperature a t  t he  beginning o f  the  experiment was 10.5OC. c o n t r o l  
samples were taken dur ing  50 minutes. A i r  samples were col. lected a t  
0.3-5, 1.5-4, 4-7 and 7-20.5 hours. Surface samples were c o l l e c t e d  a t  72 
hours a f t e r  t he  s p i l l .  An i n t e r n a l  standard, n-C~O, was added a f t e r  
the  IR measurements. 

( i v )  Resul ts  and Discussion 

Experiment 1 : 

The a i r  samples c o l l e c t e d  above both  tanks were q u i t e  s i m i l a r .  The 
as chromatograms o f  the  a i r  samples taken a t  0-3 hours are  shown i n  

F igure  7.4.15 and those taken a t  3-6 hours are shown i n  Figure 7.4.14. 
Samples taken a t  3-6 hours i nd i ca ted  the  presence of n-Cl2 t o  n-C16. 
A l l  components l i g h t e r  than n-C12 evaporated from both  t r e a t e d  and 
untreated s l i c k s  w i t h i n  3 hours. The sur face samples taken a t  72 hours 
a f t e r  the  s p i l l  i n d i c a t e d  t h a t  a l l  t he  components up t o  n-Cl6 disap- 
peared f r o m  the  t rea ted  and unt reated s l i c k s .  t he  gas chromatograms of 
bo th  surface.samp~Jes were s i m i l a r .  
, . 

. ~ h e . 1 ~  spectra bf both  a i r  samples taken a t  3-6 hours i n d i c a t e d  t h a t  
t he  l i g h t  aromatics, i.e., benzene, to luene and xylene, evaporated within 
3 hours ' ( o r  l e s s )  as t h e i r  spec i f i c  bands d i d  no t  appear i n  the  spectra 
(Figures .7.4.17 and 7.4.18). 

Experiment 2: 

' . A l l  com~onenf-s UP t o  n-C16 appeared i n  the  a i r  samples o f  t h e  
t rea ted  and unt reated s p i l l s  taken a t  0-1.5 hours. Gas. chromatograms of 
samples taken a t  1.5-4 hours showed the  presence of n-Cll-n-Cl7 i n  
both a i r  samples. A l l  components up t o  n-C evaporated within 1.5 hours. 
The gas chromatograms of t he  a i r  samples a t  4-7 hours, shown i n  Figure 

a 7.4.19 i n d i c a t e d  the  presence of n-Clz-n-Cl7 i n  the  o i l  a i r  sample 
and n-C-13-n-C17 i n  the o i l  and d ispersant  a i r  sample. 
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P s u r f a c e  sample from t h e  o i l  s l i c k  t a k e n  a t  1.5 hours  i n d i c a t e d  t h a t  
a l l  hydrocarbons  up t o  n-Cl0 had d i sappeared .  The o i l  and d i s p e r s a n t  
slick sample t a k e n  a t  t h e  same time i n d i c a t e d  t h a t  a l l  compg.l-l.ts l i g h t e r  
t h a n  n-Cl1 had d i sappeared  ( F i g u r e  7 .4 .20) .  The r e l a t i v e  amount o f  
n-Cl0 i n  t h e  o i l  s l i c k  sample was smal l  and t h i s  might be t h e  reason  
why i t  d i d  n o t  appear  i n  t h e  a i r  sample t a k e n  a t  1.5-4 hours  above' t h e  
o i l  s l i c k ,  which was more d i l u t e  t h a n  t h e  s u r f a c e  sample. 

Samples from b o t h  slicks t a k e n  a t  4 and 7 hours  a f t e r  t h e  s p i l l  
i n d i c a t e d  t h a t  t h e  l i g h t e s t  hydrocarbon p r e s e n t  was n-C12, b u . t  t h e  
t r e a t e d  s l i c k  c o n t a i n e d  r e l a t i v e l y  less amounts .of n-Cl2 and .n-C13. 
n-C13 was p r e s e n t  i n  t h e  u n t r e a t e d  s l i c k  sample. t a k e n  a t  48 .hours '  a f t e r  
t h e  s p i l l ,  b u t  d i s a p p e a r e d  from t h e  t r e a t e d  slick ( F i g u r e  7 .4 .21) .  Sur-  
f a c e  samples of bo th  s l i c k s  t a k e n  a t  72 hours  a f t e r :  t h e  s , p i l l  showed t h a t  
a l l  hydrocarbons l i g h t e r  t h a n  n-C14 had d i s a p p e a r e d .  . The r e s u l t s  
o b t a i n e d  from t h e  a i r  samples  a r e  i n  agreement w i t h  t h e  r e s u l t s  o b t a i n e d  
from t h e  s u r f a c e  samples. .  The e v a p o r a t i o n  was s l i g h t l y  . f a s t e r  from t h e  
t r e a t e d  s l i c k .  

The IR s p e c t r a  of t h e  a i r  samples t a k e n  a t  1.5-4 hours  showed t h a t  
benzene,  t o l u e n e ,  and xylene d i s a p p e a r e d  w i t h i n  1.5 hours  from both  
s p i l l s .  

Experiment 3.: 

T h i s  experiment was performed w i t h  c o v e r s  on t h e  t a n k s  a s  d e s c r i b e d  
i n  t h e  exper imenta l  s e c t i o n .  The e v a p o r a t i o n  was s lower  t h a n  i n  t h e  open 
t a n k  exper iments ,  a s  expec ted .  The c o n t r o l  a i r  samples i n d i c a t e d  t h e  
p r e s e n c e  of some o r g a n i c s  i n  t h e  a i r ,  bu t  t h e i r  amount was n e g l i g i b l e  
compared t o  t h e  vapors  c o l l e c t e d .  F i g u r e  7 .4 .22  shows t h e  r e l a t i v e  
h e i g h t s  o f  t h e  GC peaks  of  t h e  n -a lkanes  a t  d i f f e r e n t  t i m e s .  The evapo- 
r a t i o n  r a t e  o f  t h e  n-a lkanes  was s l i g h t l y  f a s t e r  i n  t h e  t r e a t e d  s l i c k .  
However, t h e  d i f f e r e n c e  does  n o t  seem t o  be s i g n i f i c a n t .  

F i g u r e  7 .4 .23 shows t h e  IR s p e c t r a  o f  t h e  a i r  samples t a k e n  a t  
0.3-1.5 hours .  The benzene band a t  670 cm-1 does  n o t  appear  , ' i n  e i t h e r  
a i r  sample,  i n d i c a t i n g  t h a t  t h e  benzene evapora ted  w i t h i n  20 minu tes  ( i t  
t o o k  20 minutes  t o  s t ir  t h e  s u r f a c e  ano t o  c o v e r  t h e  t a n k s ) .  S u r f a c e  
samples  t aken  a t  72 hours  a f t e r  t h e  s p i l l  i n d i c a t e d  t h a t  a l l  hydrocarbons  
l i g h t e r  t h a n  n-Cl4 d i s a p p e a r e d  from t h e  t r e a t e d  and u n t r e a t e d  s l i c k s .  i 

i 

c)  Conclusions:  . . . -  

The meso s c a l e  exper iments  i n d i c a t e d  t h a t  t h k  d i f f e r e n c e  between t h e  
e v a p o r a t i o n  r a t e s  o f  t h e  n -a lkanes  from t h e  t r e a t e d  and u n t r e a t e d  slicks 
were smal l .  One exper iment  showed no d i f f e r e n c e  and t h e  o t h e r  two showed 
a s l i g h t l y  faster e v a p o r a t i o n  from t h e  t r e a t e d  s l i c k .  O i l  v s .  o i l  
exper iments  were n o t  performed i n  t h e  meso s c a l e ,  s o  .it i s  d i f f i c u l t  t o  
conc lude  whether t h e  d i f f e r e n c e s  were due t o  t h e  d i s p e r s a n t  o r  t o  e x p e r i -  
mental  e r r o r s .  

R e s u l t s  o f  t h e  meso s c a l e  exper iments  were i n  agreement w i t h  t h e  
l a b o r a t o r y  s c a l e  exper iments  when mix.ing was n o t  a p p l i e d .  Evapora t ion  
was f a s t e r  i n  t h e  me.so s c a l e  (open t a n k )  exper iments  because  of t h e  
wind. The mixing t h a t  was a p p l i e d  i n  t h e  meso s c a l e  exper iments ,  i . e . ,  
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s t i r r i n g  with glass rods, seemed t o  be i n e f f i c i e n t  i n  a f fec t ing  the  evap- 
o r a t i o n  ra tes  o f  t he  l i g h t  n-alkanes. The w a l l  e f fect  t h a t  was mentioned 
i n  the  labora tory  experiments a l so  e x i s t s  i n  the  tanks and cou ld  cause 
some d i f f e rences  i n  the  e f f e c t s  o f  t he  d ispersants on evaporat ion between 
meso sca le  experiments and open sea experiments. 

I 
( 6 )  Ser ies  I1 

This se r ies  of experiments tes ted  var ious modes o f  a p p l i c a t i o n  of o i l  
and d ispersant  t o  t h e  seawater i n  the  meso scale tanks. The water temper- 
a tu re  remained a r e l a t i v e l y  constant 21°C throughout the  6 experiments. 
Amounts o f  o i l  and/or d ispersant  added t o  the  tanks as w e l l  as the  mode 
of a p p l i c a t i o n  are l i s t e d  i n  Table 7.4.1. The f i r s t  experiment was run 
f o r  72 hours whereas the  remaining experiments were conducted fo r  24 
hours each. A t  each sampling period, 1 l i t e r  water samples were co l l ec -  
ted  and returned t o  t h i s  l abo ra to ry  f o r  q u a n t i t a t i v e  i n f r a r e d  analys is .  
Table 7.4.2 a & b presents r e s u l t s  f o r  each experiment 'and the  d iscussion 
o f  each fo l lows:  

(a) Water Analys is  

( i )  Experiment 1 : 

Cont ro l  l e v e l s  of approximately 100 ppb were found f o r  a l l  l e v e l s  and 
sampling per iods i n  the  c o n t r o l  (east)  tank except f o r  t he  middle l a y e r  
a t  48 hours). This value was c lose t o  the  bay l e v e l  (131 ppb). The 
h ighest  concentrat ions o f  hydrocarbons are  found i n  t h e  middle l a y e r  of 
the south tank a f t e r  1 hour. The n o r t h  tank had , a  r e l a t i v e l y  even 
d i s t r i b u t i o n  o f  hydrocarbons which i s  tw ice  the  c o n t r o l  l e v e l  bu t  a f t e r  
24 hours, amounts c lose t o  the  c o n t r o l  l e v e l  were reached i n  t h i s  tank 
and i n  the  south tank. For t h i s  reason, the  remaining experiments were 
conducted fo r  a 24 hour dura t ion .  

( i i )  Experiment 2: 

I n  t h i s  experiment, . t h e  amount o f  o i l  and d ispersant  added t o  the  
tank was increased wh i le  the  r a t i o  o f  oi1:dispersant was kept  t o  5: l .  
App l i ca t i on  was a l so  the  same as i n  experiment 1. Table 7.4.2b shows 
t h a t  t he  hydrocarbon l e v e l s  and d i s t r i b u t i o n  i n  the  n o r t h  tank a f t e r  1 
hour are almost i d e n t i c a l  t o  those i n  the  f i r s t  experiment, i .e. ,  
increas ing the  o i l  i n  t h e  n o r t h  tank d i d  no t  increase the  ,amount en te r ing  
the water column. I n  the  south tank, o v e r a l l  amounts o f  hydrocarbons and 
t h e i r  r e l a t i v e  d i s t r i b u t i o n  i s  the  opposite t o  the  f i r s t  experiment. The 
top and middle l a y e r  increased a f t e r  the  f i r s t  hour, wh i l e  t h e i r  r e l a t i v e  
d i s t r i b u t i o n  i s  the  opposi te i n  the  f i r s t  experiment i n  these two 
layers .  The hydrocarbons do no t  seem t o  reach the bottom l a y e r  dur ing  
t h i s  time. 

Af ter  24 hours, hydrocarbon l e v e l s  i n  the  n o r t h  tank have increased 
s l i g h t l y  over those i n  the  1 hour sampling. I n  the  south tank o v e r a l l  
l e v e l s  are s t i l l  h i g h  and the  d i s t r i b u t i o n  among laye rs  again corresponds 
w i t h  the  f i r s t  experiment. 
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. .. 
( i i i )  Experiment 3:: .. . 

I n  t h i s  ser ies,  the  mode o f  a p p l i c a t i o n  o f  dispersant was changed by 
premixing i t  w i t h  f r e s h '  water ins tead o f  sea water'' as i n  the  l a s t  two 
experiments. The amount of o i l  and/or dispersant was reduced t o  the  
l e v e l s  o f  t he  f i r s t  experiment. 

Taking i n t o  cons idera t ion  the  l e v e l  o f  the  contro' ls " f o r  t he  n o r t h  and 
south tank, l e v e l s  of hydrocarbons:~'paral lel  those o f i  t he  f i r s t  experiment 
a f t e r  t he  f i r s t  hour w i t h  h ighest  concent ra t ions .  i n  t h e  south tank 
remaining i n  the  top and middle l aye rs . .  A f t e i  twenty-four hours, l e v e l s  
i n  the  n o r t h  tank decreased s l i g h t l y  whereas le 'vels i n  the  south tank 
decreased s i g n i f i c a n t l . ~ , .  approaching c o n t r o l  values i n  top  and bottom 
layers .  The concentrat ion i n  middle l a y e r  i s  about double t h a t  of t h e  
con t ro l .  

The fresh water a p p l i c a t i o n  seems t o  mix the  o i l / d i spe rsan t  f u r t h e r  
i n t o  the  depth of t he  tank but  afte; 24.,hours,, .,.the pat te rns  of mix ing 
resembles t h a t  o f  the sea water premix experiments. 

( i v )  Experiment 4: 

The d i s p e r s a n t / o i l  amount was increased t o  experiment 2 l eve ls .  The 
dispersant was not  premixed i n  t h i s  case, bu t  was poured d i r e c t l y  onto 
the  o i l  i n  the  tank. This was fo l lowed by a spray w i t h  water over the  
surface. As can be 'seen from Table 7.4.2b, the hydrocarbon l e v e l s  i n  the  
n o r t h  tank are con,sistent w i t h  those of previous experiments. I n  the  
south tank o v e r a l l  hydrocarbon l e v e l s  a f t e r  one hour correspond t o  those 
i n  experiment 2; however, t he  top  l a y e r  i n  t h i s  case, conta ins the  h igh-  
e s t  l e v e l .  This would i n d i c a t e  t h a t  premixing the  d ispersant  w i t h  water 
does a i d  i n  the  i nco rpo ra t i on  of the .  o i l / d i spe rsan t  complex t o  a greater  
depth i n  the  water.column. . . .. . 

A f te r  24'. hours',. t he  south tank has the  h ighest  concentrat ion i n  the  
top.  two, l a y e r s  wh i l e  the  bottom l a y e r  i s  r e l a t i v e l y  low, b u t  conta ins 
more organics t h a n - i s  evidenced i n  previous experiments. 

. . 

( v) Experiment 5: . .. 

O i l  and 'd ispersant  were premixed and poured on . the  water i n  the  south 
tank. Both n o r t h  and south were then sprayed with. a d d i t i o n a l  water. The 
c o n t r o l  i n  the  south tank i nd i ca tes  r e s i d u a l  o i l / d i spe rsan t  which may 
have not  been thoroughly removed f r o m  the  tank p r i o r  t o  t h i s  experiment. 
Taking t h i s  i n t o  considerat ion,  t he  comparat ively h igh  l e v e l  of hydro- 
carbon ' i n  the  bottom l a y e r  can be explained. A f te r  one hour, t he  l e v e l s  
of hydrocarbon i n  t h e  top and middle l a y e r s  of the  south tank are  among 
the  h ighest  detected i n  any of t he  s i x  experiments, al though on ly  60 mls. 
oi1/12 mls. d ispersant  were added o r i g i n a l l y .  A f t e r  24 hours, t h e  high- 
e s t  l e v e l  i n  the  south tank was detected i n  the  bottom laye r .  



( v i )  Experiment 6: 

The d ispersant  (1Zm1) was premixed w i t h  o i l  and f resh  water p r i o r  t o  
pour ing  onto the  water sur face o f  the  south tank. The h ighest  concentra- 
t i o n  of organics was found i n  t h e  top l a y e r  o f  t h e  south tank a f t e r  one 
hour. A f t e r  24 hours, t he  top  and middle l a y e r  have about the  same 
amounts of hydrocarbons; however, t h e  l e v e l s  i n  t h i s  experiment are an 
order  of a magnitude l e s s  than those i n  the  previous experiment. 

GC/MS ana lys i s  was performed on samples from experiment 2. I n  the  
n o r t h  tank, components were below detectable l i m i t s  (Table 7.4.3). The 1 
hour samples i n  t h e  south tank contained detectable amount of a l l  
aromatic components l i s t e d  except f o r  benzene. Normal hydrocarbons 
ranged between C10 t o  C18 f o r  t he  top  l a y e r  and C 1 1  t o  C18 f o r  
t h e  middle layer .  The predominant peak i n  the  top  l a y e r  was C12, 
whereas t h e  h igher  b o i l i n g  C14 dominated i n  the  middle l aye r .  A f te r  24 
hours, xylene was l o s t  i n  both layers .  The middle l a y e r  a l so  l o s t  
napthalene. The normal alkane range remained the same f o r  t h e  top  l aye r ,  
b u t  t h e  predominant peak was t h e  h igher  b o i l i n g  C14. I n  the  middle 
l a y e r  t h e  predominant peak remained C14 bu t  the  low alkane s h i f t e d  from 
C 1 1  t o  C12. GUMS o f  deasphalted Kuwait o i l  conta ins a l l  aromatics 
l i s t e d  i n  Table 7.4.3 and has a n-Cn range o f  Cg-Cl8 w i t h  the  
predominant peak occuring a t  C10. 

Conclusions: 

E f fec t iveness of t h e  d ispersant  i n  ca r ry ing  the  o i l  i n t o  t h e  water 
column i s  p ropor t i ona l  t o  the  amount o f  contact  o f  t he  d ispersant  w i t h  
both  the  p o l a r  water f r a c t i o n  and t h e  non-polar o i l  f r a c t i o n  of t he  
o i l / w a t e r  system. The most i n t i m a t e  contact  between these f rac t i ons  was 
achieved when t h e  d ispersant  was premixed w i t h  the  o i l .  I n  a l l  exper i -  
ments, a g i t a t i o n  o f  t he  water surface i n  the  tanks a l so  aided i n  mix ing 
t h e  o i l / d i spe rsan t  complex i n t o  the  water column. The.nor th  tank showed 
l i t t l e ,  if any, increase over c o n t r o l  values dur ing  the  course of t he  s i x  
experiments. I n  t h e  south tank, t he  h ighest  concent ra t ion  of hydro- 
carbons was found genera l ly  i n  t h e  top  and middle l a y e r s  a f t e r  1 hour, 
with a r e l a t i v e  reduct ion  i n  concentrat ion a f t e r  24 hours ( i n  some cases 
reduct ion  t o  c o n t r o l  l e v e l s ) .  The l e v e l  o f  hydrocarbons i n  the  south 
tank was determined more by the  mode o f  dispersant a p p l i c a t i o n  than by 
amount of o i l / d i s p e r s a n t  added. 

GC/MS spectra' and i n f r a r e d  values seem t o  i n d i c a t e  t h a t  a f t e r  24 
hours the re  i s  an o v e r a l l  l o s s  of organics from the water column and 
s ince  t h i s  loss,  as i nd i ca ted  by GC/MS, i s  i n  the  more v o l a t i l e  compo- 
nents, i t  seems f a i r  t o  conclude t h a t  these l i g h t e r  components may be 
l o s t  t o  the  atmosphere. 

(C) Ser ies  I11 

&cause' of t h e  h i g h  l e v e l  of res idua l  organics detected i n  t h e  south 
tank, bo th  tanks were thoroughly cleaned and a second se r ies  of 5 
twenty-four hour experiments were conducted. The mode of a p p l i c a t i o n  of 
o i l  and/or d ispersant  as w e l l  as amounts o f  bo th  are  l i s t e d  i n  Table 
7.4.4. Quan t i t a t i ve  i n f r a r e d  r e s u l t s  a re  l i s t e d  i n  Table 7.4.5 and are 



I TABLE 7.4.3 

S-CTRL ( 0. @pm BELOW DETECTABLE 
LIMITS 

I W A R Y  Of RESULTS FOR GCR.(S/CS ANALYSIS FOR TANK EXPERIMNT 8A6/78 

Table 7.4.4 

Exp. # Tank - -  
1 10/13/78 

North. 
South 

. . 
2 .10/17/78 

North 
South 

3 10/24/78 
North 

4 10/30/78 
North 
south 

Kuwai t 
(ml) 

Oisper. Mode o f  Appl icat ion 
(ml) o f  Dispersant. 

12 premix. w/o i l  
poured 

12 premix. w /o i l  & 120 m l  
f resh walter; poured 

3 ,premix. wA20 m l  f resh 
water; sprayed on 

Cg t h r u  C18 c10 

sprayed s a l t  
sprayed s a l t  

sprayed s a l t  
sprayed s a l t  

. .. 
f resh water sprayed 

f resh water sprayed 
32 premix. w/320 m l  f resh 

water; sprayed on 

f resh water sprayed 
8 premix. w/120 m l  f resh 

water; sprayed on 



Table 7.4.5 I n f ra red  Quant i tat ive Analysis (ppb) 

M # S a q l e  Tarik 
Location N S . .  

Exp. 1 
C t  TOP 102 300 

Mid 295 
Bot 21 4 

Top 339 22,201 
Mid 229 20,168 
Bot 292 101 

24 ' TOP 
Mid 
Bot 

Exp. 2 
Ct Top 

Mid 
Bot 

1. TOP 
. Mid 

Bot 

TOP 
Mid 
Bot 

Exp,. 3 
Ct TOP 

Mid 
Bot 

1 T?P 
, Mld 

Bot 

24 ' TOP 
Mid 
Bot 

Exp. 4 
C t  Top 

Mid 

. , 
Bot 

. 1  - Top 
Mid 

"' Bot 

.24 . . TOP 
. . Mid 

Bot 

Exp. 5 
Ct. TOP 

Mid 

. , .  Bot 

1 . . "TOP 
. Mld 
' Bot 

Top 
Mid 
bot 



. . . . 
discussed below: 

(a) Water Analys is  

( i )  Experiment 1: 

A 5 : l  o i l  t o  d ispersant  r a t i o  was used, the  o i l  being mixed w i t h  the  
dispersant p r i o r  t o  pour ing the  mix ture  i n  the  south tank. Both n o r t h  
and south tanks were then spr.ayed with s a l t  ,water. The r e s u l t s  show t h a t  
t h e  very h i g h  concentrat ions o f  organics are . found i n  the  top  and middle 
l a y e r  a f t e r  1 hour w i t h  a s l i g h t  reduct ion  a f t e r  24 hours. The bottom 
l a y e r  has r e l a t i v e l y  1 i t t le .o : r 'gan ics  even a f t e r  24 hours. The n o r t h  tank 
shows very l i t t l e  change i n  hydrocarbon l e v e l  throughout the  experiment. 

( i i )  Experiment 2: 

The r a t i o  and amount of o i l  was maintained as i n  Experiment 1. How- 
ever, t he  d ispersant  was premixed with f resh  water and o i l  p r i o r  t o  pour- 
i n g  on the  south ' tank. Both n o r t h  and south tanks were subsequently 
sprayed. w i t h  s a l t  water. I n  the  south tank , a f t e r  1 hour a s u b s t a n t i a l  
increase i n  organics occurs i n  the  middle l a y e r  wh i l e  an almost non- 
de tec tab le  amount i s  seen. i n  the  top  l a y e r .  The bo t tom. laye r  increases 
s l i g h t l y  over t h a t  i n  the  f i r s t  experiment.' An unusual occurrence i s  
seen a f t e r  24 hours, when the  top  and middle l a y e r  increase s u b s t a n t i a l l y  
t o  l e v e l s  which occurred i n  previous experiments on ly  a f t e r  t h e  f i r s t  
hour . 

( i i i )  Experiment 3: 

The r a t i o  of o i l :d ispersant  was decreased t o ' 2 0 : l  and the  d ispersant  
was premixed w i t h  f resh  water p r i o r  t o  'spraying on the  o i l  s l i c k  i n  the  
south tank. I n  t h i s  case, t h e  l e v e l s  o f  hydrocarbons i n  t h e  south tank 
g r e a t l y  decreased wh i le  m ig ra t i on  - o f  organics was deeper i n t o  the  water 
column than previously,seen.  

( i v )  Experiment 4: 

The amount o f  o i l / d i spe rsan t  ,was premixed with f r e s h  water and t h i s  
mix ture  was sprayed on t h e  s l i c k .  ' T h i s  method o f  premixing and spraying 
seemed t o  promote deeper , p e n e t r a t i o n  o f  organics i n t o  t h e  south tank, 
with t h e  h ighest  1e.vels a t ,  t he  top, b u t  coniparative'ly h i g h  l e v e l s  through 
t o  t h e  bottom. Th is  i s  t h e  f i r s t '  experiment showing such penet ra t ion .  
A f t e r  twenty-four hours, t h e  middle and bottom l a y e r s  con ta in  the  h ighest  
organic concentrat ion.  

( v )  Experiment 5 :  ..,. 

I n  t h i s  experiment t h e  d ispersant  was 'decreased t o  y i e l d  a 20: l  
o i l  /dispersant r a t i o .  The d ispersant  was premixed w i t h  f r e s h  water and 
t h i s  mix ture  was sprayed onto t h e  s l i c k .  Overa l l  concentr.at ions i n  . the 

a water column a re  lower, b u t  t he  depth. o f  pene t ra t i on  p a r a l l e l s  the  
previous experiment. 

( v i )  Conclusions: 



The mode of  a p p l i c a t i o n  which causes  t h e  h ighes t  concen t r a t i ons  o f  
o rgan ic s  i n  t h e  o v e r a l l  water  column is t h e  one which premixes 
o i l / d i s p e r s a n t  o r  o i l /wa te r /d i spe r san t  p r i o r  t o  adding t o  t h e  water  i n  
t h e  south  tank .  Depth of p e n e t r a t i o n  of o rgan ic s  i n t o  t h e  tank  i s  
g r e a t e s t  f o r  t h e  d i s p e r s a n t  which i s  sprayed on t h e  tanks.  The c o n t r o l -  
l i n g  f a c t o r  i n  concen t r a t i on  of o rgan ic s  seems t o  be premixing o f  
o i l / d i s p e r s a n t  r a t h e r  than mode of a p p l i c a t i o n  o r  amounts of  
o i l / d i s p e r s a n t  added. 

( 0 )  S e r i e s  I V  Meso -Scale Flow-thru Experiment 

Two experiments ( r e f e r r e d  t o  a s  T r i a l  1 and T r i a l  2 )  were performed 
using t h e  meso-scale tank equipped wi th  a flow-thru system. Three tanks  
were used a s  fol lows:  

1 )  c o n t r o l  e 

2)  300 m l  of Kuwait O i l  
3) 300 m l  of  Kuwait O i l  and 30 m l  of  Corexi t  9527 

One l i t e r  water  samples were c o l l e c t e d  from t h e  t op ,  middle and 
bottom p o r t s .  

( i)  T r i a l  1: 

Q u a n t i t a t i v e  r e s u l t s  f o r  t h e  f i r s t  t r i a l  experiment . ( a b o r t e d )  a t  t h e  
meso s c a l e  tanks  a r e  given i n  Table 7.4.6 and G C t s  of  s e l e c t e d  samples 
are shown i n  F igures  7.4.24. and 7.4.28. The q u a n t i t a t i v e  r e s u l t s  i n d i -  
c a t e  (and t h i s  is supported by t h e  GC r e s u l t s )  t h a t  o i l  en t e r ed  t h e  water  
column when t h e  d i spe r san t  was used; however, a f t e r  24 hours t h e  concen- 
t r a t i o n s  dropped t o  about t h r e e  times t h a t  of  t h e  c o n t r o l .  Very l i t t l e  
chemical information was gained from an experiment o f  t h i s  s h o r t  du ra t i on .  

( i i )  T r i a l  2: 

(1) Q u a n t i t a t i v e  Analysis  

The amounts of  e x t r a c t a b l e  o rgan ic s  a s  determined by i n f r a r e d  spec- 
t roscopy  a r e  given i n  Table. 7.4.7. The va lues  f o r  t h e  c o n t r o l  t anks  a r e  
a l l  below 340 ppb except  f o r  t h e  middle and bottom sampling p o r t s  a t  350 
hours.  The va lues  f o r  t h e  o i l  t a n k . a r e  i n  t h i s  same range u n t i l  48 hours 
when a l a r g e r  amount was observed. The maximum value of 29,020 ppb was 
reached a t  192  hours .  The va lues  f o r  samples from t h e  o i l / d i s p e r s a n t  
t ank  a r e  i n i t i a l l y  high f o r  t h e  t op  and middle of  t h e  t ank ;  however, , w i t h  
time, t h e  h igher  concen t r a t i on  migra tes  t o  t h e  bottom. A t  350 hours t h e  
only s i g n i f i c a n t l y  high concent r a t i o n  i s  f o r  samples from t h e  bottom p o r t  
o f  t h e  tank.  

( 2 )  Q u a l i t a t i v e  Analysis  

Control  Tank : 

Gas chromatograms (GC) of  a l l  samples having s i g n i f i c a n t  concentra-  
t i o n s  were measured. GCt s of  samples from t h e  c o n t r o l  t ank  a r e  shown i n  
F igures  7.4.29 - 7.4.40. Most of t h e s e  chromatograms con ta in  a s e r i e s  of 
peaks a s  shown i n  Figure 7.4.31, a l though they may con ta in  a d d i t i o n a l  



Table 7.4.6 Concentration (ppb) o f  extractable Organics i n  Water Samples 
. . .fm Flow-thru Tank Experiments a t  Narragansett bay Campus ( T r i a l  1 )  

Hours 0 1 24 

( l ) C o n t r o l ,  Top 270 185 
Mid 382 239 148 
Bot 280 193 

(2)  O i l ,  
lop 414 

204 227 
Mid 230 216 
Bot 206 195 

(3)  O i l L I i sp ,  Top 2075 668 
Mid 458 3953 623 
k t  247 240 

Table 7.4.7 Concentrations (ppb) o f  extractable Organics i n  Water 
Samples from Flow-thru Tank Experiments a t  Narragansett.Bay C ~ P U S  

( T r i a l  2) 

Hours 0 1 24 48 72 192 350 

(1) Control, Top 153 178 237 190 286 110 
Mid 340 102 200 185 . 261 105 1,386 
Bot 183 186 160 211 249 3,007 

(2) o i l ,  TOP 232 1021 480 29,020 76.4 
' Mld 308 162 273 325: 309 1,851 192 

Bot 150 157 267 229 540 966 

(3) O i lA I isp ,  -Top 54,276 9,776 5,486 3,706 2,638 264 
891 402 Mid 445 44,179 13,195 3,286 5,066 

B O ~  294 265 1,516 4,006 11,939 i,033 

Figure 7.4.24 CC o f  Surface O i l  a f t e r  24 hrs. ( T r i a l  1 )  

2'4 HOUR TOP OIL 1 
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Figure 7.4.25 GC of Surface Oil/Dispersant after 1 hr. (Trial 1 )  
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" Figure 7.4: 26 GC..,of 'hiddie' ~ i . l / ~ i i ~ e r s a n f  after 1 hr. ( i r ia l  1 )  - , ... 
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. . . . 
~ i ~ u r e  7.4.27 CC of Top ~ i l / ~ i s p e r s ' a n t  after"24 hrs. (Trial 1) - ' . .  . , :  . .  . , . 
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.. . 
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. ., , -, . _ . .  ;, Figure 7.1.28 - .  GC of Middle .Oil/Dispersant after 24 nrs. (Trial 1 )  
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Figure 7.4.29 GC of Middle Control a t  0 h r .  ( T r i a l  2) 
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, '  Figure 7.4.30 GC of Top Control a f t e r  1 hr .  (Tr ia l  2) 
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Figure 7.4.32 CC of Top Control after 48 hrs. (Trial 2) 
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Figure 7.4.31 GC o f  Bottan mntrol after 1 hrs. (Trial 2) 
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Figure 7.4.33 GC of Middle Control .after 48 hrs. (Trial 2) 

Figure 7.4.34 CC of Top Control after 72 hrs. (Trial 2 )  
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- Figure 7.4.36: cc of Top Control af ter  192 hrs. (Trial 2)  ' 
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Figure 7.4.35 CC of Bottom Control after 72 hrs. (Trial 2)  
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Figure 7.4.37 GC of Bottom Control a f t e r  192 hrs .  ( ~ r i a i  2 )  
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Figure 7.4.36 CC of Top Control a f t e r  350 hrs.  rial 2 )  
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Figure 7.4.39 CC of  Middle Control a f t e r  350 h r s .  ( T r i a l  2)  
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Figure 7.4 .40 GC of Bottom Control a f t e r  350 hrs .  ( T r i a l  2 )  
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peaks. Th i s  s e r i e s  o f  peaks i s  a l s o  observed i n  a number o f  t h e  gas 
chromatograms from t h e  o i l  contaminated tanks when pet ro leum hydrocarbons 
a re  n o t  observed. These peaks appear t o  ' be due t o  chemicals o f  
b i o l o g i c a l  o r i g i n .  The l a r g e  q u a n t i t a t i v e  va lues from the  350 hour  
m idd le  and bottom samples a re  supported by t h e  l a r g e  unresolved envelope 
i n  t h e  GC's o f  t he  two samples shown i n  F igu res  7;4.29 and 7.4.40. The 
o r i g i n  o f  t h e  chemicals g i v i n g  r i s e  t o  t h e i r '  envelope a re  unknown; how- 
ever ,  a s i m i l a r l y  h i g h  q u a n t i t a t i v e  va lue and unresolved envelope were 
observed f o r  t h e  sample from the  bottom o f  t he  o i l  tank  c o l l e c t e d  a t  350 
hours (F igure  7.4.56).  

O i l  Tank: 

GC's o f  samples from t h @  o i l  contaminated tank  a re  shown i n  F igures  
'7.4.41-7.4.56. P r i o r  t o  a d d i t i o n  o f  t he  o i l ,  t he  GC o f  a sample from t h e  , 

m idd le  of  t h e  tank,  F i g u r e  7.4.41 i s  almost i d e n t i c a l  t o  t h a t  from the  
midd le  o f  t h e  c o n t r o l  tan4  (F igu re  7.4.24). Samples from the  o i l  tank  a t  
1 and 24 hours do n o t  show an apprec iab le  inc rease  i n  e x t r a c t a b l e  
o rgan i cs  over  t h e  c o n t r o l  amounts and t h e  GC'  s (F igures  7.4.32-7.4.34) 
a re  very  s i m i l a r  t o  those o f  t h e  c o n t r o l  sample. 

The. GC o f  t he  sample from the, o i l  tank  taken  from t h e  t o p  a't 48 hours 
( F i g u r e  7.4.35) sho,ws a d i s t , r i b u t i o n  a f  normal p a r a f f i n s  t h a t  a re  t y p i c a l  
o f  pet ro leum and t h e  q u a n t i t a t i v e  va lue i s  over  1,000 ppb. The GC'  i s  
i n t e r e s t i n g  i n  t h a t  o n l y  t h e  normal p a r a f f i n s  between C14 and C22 a re  
observed. Moreover, t he  amounts o f  p r i s t a n e  and phytane r e l a t i v e  t o  t he  , 

normal p a r a f f i n s  a re  much l a r g e r  than  i n  t he  neat  o i l  (see F igu re  7.4.76). 

The GC o f  t h e  sample ' taken  from t h e  t o p  ( F i g u r e  7.4.48) and bottom 
(F igu re  7.4.50) a t  72 hours a l s o  i n d i c a t e s  a d i s t r i b u t i o n  of  pet ro leum 
s i m i l a r  t o  t h a t  d iscussed above. I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t he  o i l  
seems t o  be m i g r a t i n g .  t o  t h e  bottom. A t  192 hours,  pet ro leum hydro- 
carbons appear i n  t h e  GC ( F i g u r e  7.4.51) f rom t h e  t o p  o f  t h e  tank,  b u t  
they  c o u l d  n o t  be d iscerr led i n  t he  GC o f  t he  samples from t h e  o t h e r  two 
l e v e l s .  

, .  .~ 
A t  3 5 0 .  hours,  GC o f  t h e  samples (F igures  7.4.54-7.4.56) a re  very  

s i m i l a r  t o  those o f  t h e  c o n t r o l  tanks.  As mentioned p r e v i o u s l y ,  t h e  ' G C  
of  t he  bottom sample has a l a r g e  .unresolved envelope. However, s i nce  
samples from t h e  c o n t r o l  t ank  had a very  s i m i l a r  GC, t h i s  l a r g e  envelope 
i s  p rohab ly  n o t  due t o  petroleum. 

O i l / @ i s p e r s a n t  tank :  

GC's o f  samples from t h e  o i l / d i s p e r s a n t  tank a re  shown i n  F igures  
7.4.57-7.4.75. Again, t he  GC o f  t h e  sample from t h e  midd le  o f  t h i s  tank  
p r i o r  t o  a d d i t i o n  o f  t he  o i l - d i s p e r s a n t  i s  ve ry  s i m i l a r  t o  t h a t  o f  t h e  
c o n t r o l  tank. GC's o f  t h e  t o p  and midd le  samples a t  1 hour  (F igures  
7.4.58-7.4.59) and 24, hours (F igu res  7.4.61-7.4.62) i n d i c a t e  a d i s t r i b u -  
t i o n  o f  pet ro leum hydrocarbons very s i m i l a r  t o  t h e  nea t  o i l .  I t  should 
be no ted  t h a t  t h e  GC's o f  t h e  samples from t h e  t o p  p o r t  c o n t a i n  more of  
t h e  l i g h t  components ( C ~ O - C ~ ~ )  than  those from t h e  midd le  p o r t .  
Moreover, . t h e r e  i s  an i nc rease  i n  t h e  amo'unts o f  p r i s t a n e  and phytane 
r e l a t i v e  t o  t h e  normal p a r a f f i n s  between t h e  1 and 24 hour  samples. 

< * -  , 
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Figure 7.4.45 GC of Top O i l  a f t e r  48 hrs .  
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7 Figure 7.4.46 GC o f  Middle O i l  a f t e r  48 h r s .  
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Figure 7.4.48 GC of .. Top.:Oil . % after 72 hrs,. . . 
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Figure 7.4.49 CC of Middle O i l  a f te r  72 hrs. (Contaminated Tank) 
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. . 

TIME 

- . . , - 9 .  

72 H ~ U R '  BO'TTOH 0 I L  

; ,:'. , ' .. : ,  . . ,  

!I# 70 0# C M 'I , U M l N  

. , 

. . 

. . 
. . . . 





Figure  7.0.54 GC o f  Top O i l  after 350 hrs. 
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figure 7.4.55 CC o? Middle O i l  after 350 hrs. 
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F i g u ~  7.4.56 CC of B D t t p  Oi.1 after . 350 . hrs. . 



Figure 7.4.57 CC o f  Middle of  OilDispersant Tank at 0 hrs. 
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Figure 7.4.58 CC of. Top-of Oil/Oispersah Tank at' 1. hr. '. 
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F i g u r e  7.4.59 OC of Middle of O i l / D i s p e r s a n t  Tank a t  1 hr. 
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F i g u r e  7.4.60 CC o f  Bottom o f  Oil/Dispersant Tank at 1 hr. 
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Figure  7.4.61 CC of Top of Oil/Oispersant Tank a t  24 hrs. 
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Figure  7.4.62 GC o f  Middle of Oil/Dispersant lank a t  24 hrs. 
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Figure 7.i.63 cx of Bottom of O i l / ~ i s p e r s a n t  Tank a t  24 hrs .  
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I :I ' ~ l ~ u < e  7;4..66 lk o f  Bottm o f  Oil/Dispersant Tank a t  48 hrs. 
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- Figure 7.4.67 CX of Top o f  Oil/Oispersant Tank a t  72 hrs. 
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. Figure 7.4.70 GC o f  Top o f  Oil/Dispersant Tank a t  192 hrs.  
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. . . . 
Figure 7.4.71 a: of  Middle of  Oil/Dirpcrsant T H  at  192 hrs. 
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Figure 7.4.73 CC of  Top of  Oil/Dispersant Tank a t  350 hrs. 
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A t  48 hours, petroleum hydrocarbons are observed i n  the GC1s (Figures 
7.4.64-7.4.66) of samples from a l l  three ports.  The r e l a t i v e  amounts of 
l i g h t  hydrocarbons decreases from the top t o  the bottom of the tank. 
Furthermore, the GC of the sample from the bottom o f  the tank shows a 
dramatic increase i n  the amounts o f  p r i s tane  and phytane r e l a t i v e  t o  the 
normal paraff ins. Moreover, there appears t o  be only one broad 
unresolved envelope centered a t  about the re ten t ion  time of n-C15 for  
the samples from the top and middle por ts ,  whereas there i s  a second 
maximum centered a t  about n-C22 i n  the GC o f  the sample from the bottom. 

The GC o f  samples co l lec ted  a t  72 hours (Figure 7.4.67-7.4.69) are 
very s i m i l a r  t o  those a t  48 hours; however, there i s  an increase i n  the 
amounts o f  pr is tane and phytane r e l a t i v e  t o  the normal paraf f ins  i n  the 
GC of the samples from the top and middle ports.  

P t  192 hours the GC1s o f  samples from the three por ts  (Figures 
7.4.70-7.4.72) are very s im i la r ,  and only subt le  d i f ferences can be 
detected. A l l  three GCts appear t o  have a 'doub le  unresolved envelope, 
w i t h  mxima a t  n-C15 and n-C21. The GC o f  the sample from the bottom 
p o r t  has a s l i g h t l y  greater amount o f  the l i g h t e r  pa ra f f i ns  w i t h  a maxi- 
mum of normal paraf f ins  a t  n-c lq ra ther  than a t  n-C15 as observed i n  
the o ther  two samples. 

Af ter  350 hours, the GC's o f  samples from the three por ts  have 
changed dramatical ly. The amounts of petroleum hydrocarbons r e l a t i v e  t o  
peaks found i n  the GC of con t ro l  samples i s  very low i n  samples from the 
top two po r t s  and i t  i s  d i f f i c u l t  t o  i d e n t i f y  them; the concentrat ions of 
samples from these two l eve l s  are a t  the con t ro l  l eve l .  However, the 
sample from the bottom p o r t  s t i l l  contains s i g n i f i c a n t  amounts o f  pet ro-  
leum hydrocarbons as ind icated i n  the GC shown i n  Figure 7.4.75. Again 
the double unresolved envelope and the r e l a t i v e l y  h igh concentrat ion OF 
p r i s tane  and phytane are observed. 

Fract ionat ion o f  Samples 

Ext racts  of water samples were separated i n t o  three f rac t ions  consis- 
t i n g  o f  pa ra f f i ns ,  aromatics and po la r  compounds. A GC o f  each f r a c t i o n  
was measured. The GC of the neat o i l  i s  shown i n  Figure 7.4.76 and o f  
the three f rac t ions  o f  the neat o i l  i n  Figure 7.4.77-7.4.79. The GC of 
the f i r s t  two f rac t ions contain a number of spec i f ic  peaks, whereas the 
GC o f  the t h i r d  f r a c t i o n  contains very few charac te r i s t i c  peaks. 

GC1s obtained by f rac t iona t ing  selected samples from the 
o i l /d ispersant  tank co l lec ted  a t  24, 48 and 72 hours are shown i n  Figures 
7.4.80 - 7.4.94. A t  24 hours the p a r a f f i n  f rac t ion  (Figure 7.4.80) from 
the top p o r t  i s  very s i m i l a r  t o  the pa ra f f i n  f r a c t i o n  of the neat o i l  
(Figure 7.4.77) except for  the l oss  of the more v o l a t i l e  components from 
n-C11 t o  n-C14. The aromatic f r a c t i o n  ( F i  ure 7.4.81. and 7.4.78) are P also s i m i l a r  except f o r  the loss  o f  the l i g h  e r  f rac t ions.  However, the 
GC of the po la r  f r ac t i on  from the o i l /d ispersant  tank (Figure 7.4.82) has 
no d i s t i n c t i v e  peaks suggesting t ha t  the po lars  are l o s t  i n  the flow 
system. 



Figure 7.4.75 GC of Bottom of Oil/Dispersant Tank at 350 hrs. 
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Figure 7.4.76 CC of Neat O i l  



'Figjre 7.4.77 CC of Fmraffin Fraction of Neat O i l  
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7.4.78 cc of ~romatic fraction of Neat Oil 
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j Figure 7.4.79 : GC of Pplar Fraction o f  Neat O i l  

. . . . . .  .. Figure 2.4.80 GC of p r a f f i n  fractlon From O i l  Tank at 24 hrs. 
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Figure 7.4.81 CC of  Aromatic Fraction From Old Tank at 24 hrs. 

Figure  7.4.82 GC o f  P o l a r  F r a c t i o n  From Old Tank a t  2 4  hrs. 
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The f r ac t i o ,ns  of  t h e  sample from t h e  midd le  o f  t h e  tank  (F igures  
7.4.83 and 7.4.84) a t  24 hours con ta ined  l a r g e r  r e l a t i v e  amounts o f  t he  
. isoprenoids,  p r i s t a n e  and phytane, i n  t h e  p a r a f f i n  phase, b u t  very  sma l l  
peaks i n  t h e  aromat ic  phase. Th is  suggests ( b u t  i s  n o t  conc lus i ve  e v i -  
dence) t h a t  a romat ics  a re  s t r a t i f i e d  i n  t h e  water column and remain near 
t h e  t o p  o f  t h e  tank,  i n d i c a t i n g  t h a t  t h e  d i spe rsan t  has a d i f f e r e n t  
e f f e c t  on p a r a f f i n s  and aromat ics .  

The GC of  t h e  p a r a f f i n  f r a c t i o n  a t  48 hours (F igu re  7.4.85) shows an 
odd/even e f f e c t  w i t h  t h e  even c h a i n  l eng ths  (n-C16, n-Cl8 and 
n-Czo) found a t  h i g h e r  concen t ra t i ons  than  t h e  odd c h a i n  l eng ths .  Th i s  
odd/even e f f e c t  i s  l e s s  pronounced i n  t h e  GC o f  t h e  composite sample 
(F igu re  7.4.64); however, t h e  d i s t r i b u t i o n  i n  t h e  GC o f  t he  composite i s  
a f fec ted  by t h e  l a r g e  unresolved envelope cen te red  a t  n-C15. 

The remain ing GC o f  t h e  f r a c t i o n a t e d  samples do n o t  r e v e a l  any new 
fea tu res  t h a t  a re  n o t  observed i n  t h e  GC o f  t he  composite samples. 

( 3 )  Conclusions 

I n  t h i s  exper iment,  u s e f u l  conc lus ions  can be drawn from t h e  gas 
chromatograms o f  samples from ' t h e  o i l  d i spe rsan t  tank. As shown by t he  
q u a n t i t a t i v e  r e s u l t s  from t h i s  exper iment and from p rev ious  exper iments,  
t h e  o i l  (pet ro leum hydrocarbons) appear t o  m ig ra te  w i t h  t ime  t o  t h e  
bottom of t h e  tank.  Th is  i s  'suppor ted by t h e  gas chromatograms. How- 
ever,  i n  t h i s  experiment, t h e  chromatograms show t h a t  n o t  a l l  o f  t h e  
components of  t h e  o i l  appear e q u a l l y  d i s t r i b u t e d  a t  a l l  t h r e e  sampl ing 
l e v e l s .  A t  1 and 24 hours more o f  t h e  l i g h t e r  components (C10-C12 
a r e  found i n  t h e  sample from t h e  t o p  p o r t .  The f r a c t i o n a t i o n  procedure 
i n d i c a t e s  t h a t  t h e  heav ie r  a romat ics  never reach t h e  c e n t e r  o f  t h e  tank.  

A f t e r  192 hours t h e r e  appears t o  be more o f  t h e  lower  mo lecu la r  
weight p a r a f f i n s  i n  t h e  bottom of t h e  tank  than  a t  t he  o t h e r  two l e v e l s .  
Th i s  c o u l d  r e f l e c t  g r e a t e r  degrada t ion  o f  t h e  heav ie r  p a r a f f i n s  a t  t h e  
bottom. I n  t h e  same way, t h e r e  i s  a genera l  inc rease  i n  t h e  r e l a t i v e  
amounts o f  t h e  i sopreno ids ,  p r i s t a n e  and phytane, as a f u n c t i o n  of  t ime;  
t h i s  c o u l d  a l s o  be due t o  t h e  degrada t ion  o f  t h e  normal p a r a f f i n s  w i t h  
t ime  . 
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Figure  7.4:83 * GC,of:Para,cfin Frac t ions  From Miadle o f  Old . . Tank a t  24 hrs .  

F igure  7.4.84 GZ o f  Aromatic F rac t i ons  From Middle o f  Old Tanks a t  24 
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Figure 7 :4 .85  G C  o f  ' ~ i r a , f f i n  Top ~ ; a c t i o 6 ~ t  4 8  hrs.: 

. * '  

Figure  7.4.86 GC o f  Aromatic Top F rac t ion  a t  48 h r s .  
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Figure  7.4.87 GC of Po la r  F rac t ion  Top Frac t ion  a t  48 h r s .  

T I M E  

Figure  7.4.88 GC of  P a r a f f i n  Middle F rac t ion  a t . . 4 8  h r s .  
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Figure 7.4.89 GC of Aromatic Middle Fract ion a t  48 h r s .  

Figure 7.4.90 GC of Paraf f in  Top Fract ion a t  72 hrs .  
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- 'Figure 7.4:92 GC of Aromatic Middle Fraction at .72 hrs. 



Figure 7.4.93 GC o f  Pa ra f f i n  MIddle Fract ion a t  72 hrs. ' . .  

. . ' Figure 7.4.94 GC o f  Po1a.r.. MIddle Fraction ; a t  . 72 . hrs. 
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7.5 Jerusalem Flow Thru Experiment 

7.5.1 In t roduc t ion  

The flow-thru experiment consisted o f  four 55 ga l lon  drums w i t h  sea 
water f lowing through each a t  the ra te  o f  10 gallons/hour. I n i t i a l l y ,  
the fo l lowing components were added t o  the surface of the sea water: 

1 )  Control . : 

2) Ten m l  o f  dispersant (Corexi t  9527) 

3 Two hundred m l  o i l  (Kuwait crude) 

4) Two hundred m l  o f  Kuwait crude and 10 m l  o f  Corexit  9527 

Water samples were co l lec ted  every week from the top, middle and bottom 
of each tank. Sediment samples were co l lec ted  from tanks 1, 3, and 4 a t  
week 1 ( f i r s t  day o f  the experiment) and week 4. 

7.5.2 Experimental 

(A) Quant i tat ive Analysis of  Water Samples 

One- l i ter  water samples were extracted w i t h  two 15 m l  a l i quo ts  of 
CS2. The a l iquo ts  were combined and the volume adjusted t o  25 m l .  The 
i n f r a r e d  spectrum was recorded from 3200 t o  2800 cm-1 using 6 mm AgCl 
matched c e l l s ,  and the absorbance o f  the C-H s t re tch ing  band a t  2930 
cm-1 was used to. determine the concentrat ion o f  ex t rac tab le  organics 
f r o m  p l o t s  o f  concentrat ion vs. absorbance measured using known amounts 
of the Kuwait crude o i l ,  Kuwait and Corexit ,  o r  Corex i t .  An ex t rac t ion  
e f f i c iency  o f  65% (previously determined) was used f o r  samples f r o m  tanks 
1, 3 and 4. An ex t rac t ion  e f f i c i ency  o f  22% was used f o r  tank 2 (disper- 
sant)  when i t  was found t ha t  the dispersant was present i n  the ex t rac t  by 
q u a l i t a t i v e  in f ra red  spectroscopy; however, i f  the dispersant was not  
present, a 65% e f f i c i ency  was used. ' .. 

' . , , 

(8) Qual i ta t i ve  ~ n a l y s i s  o f  Water ~ a m ~ l b s  Collected from t h e  ~anks .  

During the l s t ,  4 th  and 6 th  wekks, 3.5 l i t e r  water samples were 
co l lec ted  from the tanks. These l a rge r  samples were co l lec ted  i n  order 
t o  perform complete q u a l i t a t i v e  analyses. The samples from the fourth 
week d i d  not  contain enough hydrocarbons t o  warrant q u a l i t a t i v e  analysis; 
however, samples f r o m  the other two weeks were analyzed. 

A l l  samples were extracted w i t h  CS2 and the ex t rac ts  concentrated 
t o  1 o r  2 m l .  In f rared spectra between 1950 and 660 cm-1 were measured 
using 6 mm AgCl ce l l s .  Af ter  measuring the in f ra red  spectra, the CS2 
was completely removed from each o f  the ext rac ts  by evaporation and the 
residue was taken up i n  20111 o f  hexane. Two. 111 samples were i n j ec ted  
i n t o  a as chromatograph equipped w i t h  a glass c a p i l l a r y  column (Supelco 
SP 2100?. Three samples were a lso separated i n t o  mu l t i p l e  f rac t ions  con- 
t a i n i n g  a l ipha t i cs ,  small  and la rge  r i n g  aromatics and po la r  components 
using a column o f  alumina and e l u t i n g  w i t h  pentane, toluene and 
methanol. Each f rac t ion  was analyzed on a glass c a p i l l a r y  column GC. 



(C) Analys is  of Sediment Samples 

Sediment samples were subjected t o  a sapon i f i ca t i on -ex t rac t i on  us ing  
a KOH-toluene-methanol r e f l u x .  The organic l a y e r  was c o l l e c t e d  and 
passed through a s i l i c a  g e l  column t o  remove n a t u r a l  p o l a r  components. 
Both q u a l i t a t i v e  and q u a n t i t a t i v e  i n f r a r e d  spectra of t he  e x t r a c t s  were 
measured. The e x t r a c t s  were f u r t h e r  separated by th in - l aye r  chromato- 
graphy and a l l  o f  the  hydrocarbons running above the  standard, phenan- 
threne, were d isso lved i n  hexane and i n j e c t e d  i n t o  the  c a p i l l a r y  column 
gas chromatograph. 

7.5.3 Resul ts  

( A )  Q u a l i t a t i v e  GC o f  Water Samples 

(a) Week One 

Water samples were c o l l e c t e d  one hour a f t e r  a d d i t i o n  of t he  o i l  and 
dispersant.  
i. Contro l  Tank 

Gas chromatograms of water samples from the  top, middle and bottom o f  
the  c o n t r o l  tank a re  shown i n  Figures 7.5.1, 2 and 3. Gas chromatograms 
of t h e  top  and bottom (CT and CB) suggest the  presence o f  normal paraf-  
f i n s  from n-Cl6 t o  n-C24, which i s  i n d i c a t i v e  o f  petroleum. 

ii. Dispersant Tank. 

GC of t h e t o p ,  middle and bottom water e x t r a c t s  are  shown i n  Figures , 

(7.5.4, 5 and 6). A number of r e l a t i v e l y  in tense peaks are  observed i n  
a l l  th ree GCs; however, peaks a t  shor t  r e t e n t i o n  t imes found i n  the  GC o f  
t he  o i l / d i s p e r s a n t  (F igure 7.5:10) are  no t  observed. 

iii. 0 i i  Tank 

GC of e x t r a c t s  of water from the  top, middle and bottom of the  o i l  
tank are  shown i n  Figures 7.5.7, 8 and 9. A number of r e l a t i v e l y  in tense 
peaks are observed i n  t h e  GC o f  the  top  sample. The nonnal p a r a f f i n  
peaks a re  r e l a t i v e l y  weak compared t o  t h e  o the r  components which suggests 
t h a t  t he  more so lub le  aromatics and p o l a r  compounds are present.  Two 
prominent peaks a r e  observed i n  t h e  GC.of the  middle sample and these two 
peaks are  a l soapresen t  i n  the  GC o f  the  top  sample. 

i v .  O i l /D ispersant  Tank 

GC of the  e x t r a c t s  of water from t h e  top  and bottom o f  the  o i l / d i s -  
persant tank are  shown i n  Figures 7.5.10 and 11; t h e  e x t r a c t  o f  t he  
middle sample was acc iden ta l l y  destroyed dur ing  the  ana lys i s  procedure. 
The GC o f  t h e  top  samples i s  t y p i c a l  of weathered o i l  w i t h  t h e  a d d i t i o n  
of two peaks a t  sho r t  r e t e n t i o n  t imes and severa l  broad peaks a t  longer  
r e t e n t i o n  times; these peaks a re  undoubtedly due t o  the  d ispersant .  The 
i n t e r e s t i n g  feature i s  t h a t  t h e  d ispersant  takes most o f  t he  unweathered 
 component.^ o f  o i l  i n t o  the  water column. 







Figure 7.5.3 GC o f  the Control Tank, bottom, 1 hr. 
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GC of the Dispersant Tank, top, 1 hr. 
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Figure 7.5.5 GC o f  the Dispersant Tank, middle, 1 hr. 
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Figure 7.5.11 GC o f  the O i lB ispersan t  Tank, bottom, 1 hr .  
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Figure 715.12 GC o f  the Control Tank, top, 6 th  week. 



(b)  Week Six 

A t  the beginning of the s i x t h  week, ten m l  of dispersant were added 
t o  tanks 2, 3 and 4. Water samples were collected for qual i ta t ive anal- 
ysis one hour a f t e r  the addition of the dispersant. 

i. Control Tank 

GC of the top, middle and bottom water samples are shown i n  Figures 
7.5.12, 13 and 14. , A l l  GC are  similar and consist of a ser ies  of equally 
spaced peaks that  appear t o  correspond t o  the even-numbered normal' paraf- 
f ins .  GC of petroleum should consist of a distribution of normal paraf- 
f ins ,  whereas biologically produced paraffins are generally odd-numbered. 

ii. Dispersant Tank 

GC of the top, middle and bottom of the dispersant tank are shown i n  
Figures 7.5.15, 16 and 17, It should be noted that  peaks a t  short reten- 
t ion times are  observed a f t e r  t h i s  addition i n  the top and middle GC, 
whereas they were not observed a f t e r  the i n i t i a l  application. The GC of 
the bottom sample is very similar t o  that  of the controls. 

iii. O i l  Tank 

GC of the top, middle and bottom of the o i l  tank a f t e r  dispersant was 
added, are  shown i n  Figures 7.5.18, 19 and 20. The top and middle are  
similar, consisting o'f a number of peaks due to  the dispersant. None of 
the peaks can be definitely assigned t o  the o i l .  With the exception of 
one strong peak, the GC of the bottom i s  similar t o  those of the controls. 

i v .  Oilmispersant Tank 

GC of the top, middle and bottom samples are shown i n  Figures 7.5.21, 
22 and 23. A l l  three GCs corresbond closely t o  those of the dispersant 
and o i l  tanks a t  the same levels.  

(B) Fractionation of Water Extracts 

Extracts of the top samples from tanks 1, 3 and 4 collected a t  the 
f i r s t  hour were separated by a l iquid column into 7 to  8 fractions.  The 
GC of fractions from the control tank are  shown i n  Figures 7.5.24: to  30.' 
The heavier normal paraffins are  observed i n  fractions 1, 2 and 3; where- 
as l igh t  components (shorter retention times) are observed i n  4 thru 7 .  
GC of the fractions from the top of the o i l  tank are  shown i n  Figures 
7.5.31 t o  38. I n  t h i s  sequence, paraffins should appear i n  the f i r s t  
fraction, followed by one ring aromatics, two ring aromatics, multi-ring 
aromatics, and polar compounds. Fraction 3 (Figure 7.5.33) presents the 
most interest ing GC; the peaks are possibly due t o  substituted two o r  
three ring aromatics.. 

Due t o  the higher concentrations i n  the oil/dispersant tank, frac- 
tionation of t h i s  sample produced the strongest G C t s  as  are  shown i n  
Figures 7.5.39-46. I n  the GC of the f i r s t  fraction, paraffins,  both 
normal and isoprenoids, are  clearly separated into individual peaks. 
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Figure 7.5.17 GC o f  the Dispersant Tank, bottom, 6 th  week. 

Figure 7.5.18 GC o f  the O i l  Tank, top, 6 th  week. 
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Figure 7.5.19 GC of the O i l  Tank, middle, 6 th  week. 
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Figure 7.5.20 GC o f  the O i l  Tank, bottom, 6 th  week. 





Figure 7.5.23 GC o f  the Oi lmispersant  Tank, bottom, 6 th  week. 
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Figure 7.5.24 GC o f  the Control Tank, top, 1 hr, f r ac t i on  1. 
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Figure 7.5.25 GC o f  the Control Tank, top, 1 hr ,  f rac t ion  2. 
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Figure 7.5.26 GC o f  the Control Tank, top, 1 hr, f r a c t i o n  3. 
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Figure 7.5.31 GC of the O i l   ink, top, 1 hr, f r ic t ion  1. ' 
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a Figure 7.5.32 GC of the O i l  Tank, top, '1 hr, fraction 2. 
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GCFT 1013 

Figure  7.5.33 GC of t h e  Oil Tank, t op ,  1 h r ,  f r a c t i o n  3. 
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Figure  7.5.34 GC o f  t h e  O i l  Tank, tw, 1 h r ,  f r a c t i o n  4. 
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Figure 7.5.35 GC o f  the O i l  Tank, top, 1 hr ,  f rac t ion  5. 
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Figure 7.5.36 GC o f  the O i l  Tank, top, 1 hr, f r a c t i o n  6. 



GCFTI  OT7 

Figure 7.5.37 GC o f  the O i l  Tank, top, 1 hr., f r a c t i o n  7. 

Figure 7.5.38 GC of the O i l  Tank, top, 1 hr,  f r a c t i o n  8.  
. .  a . . .  . . .  . . . . 

< .  

W 
V) 
z 
0 
a 
V) 
W 
[L 

h: 
0 
I- 
V 
W 
I- 
W 
0 

. . . . . . . .  " '-a . _ . _  .TIHE: . .  
. . 

- 
. . . :: GCFT l  OT8 

' v. : . . . . . . . . .  , I .  , .  ; .. 98 TO W @  c nT '4 UMIN 

I ,  . . .  

! .  

. . .  
, . 

.. . . . . . . .  . ,.. : -.. I. 1 1 
. . .  . . .  . . . . . .  

..A . . . . . .  
. . . . . . .  . . .  .--: . . . . . .  ' . . . 



TIME 
. > 

. . . .  . . . . . 

Figure 7.5.39 GC o f  the Oi l lDispersant Tank, 1 hr,  f ract ion 1. 
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Figure 7.5.40 GC o f  the Oi l lD i tpersant  Tank, 1 hr, f r ac t i on  2 .  
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Figure 7.5.41 GC o f  the O i lD ispersan t  Tank, 1 hr,  f rac t ion  3. 
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Figure 7.5.42 GC o f  the O i lA ispersan t  Tank, 1 hr, f rac t ion  4. 



GCFTI  ODTS 

W TO 271 C nT 9 C/MlN 

TIME 

, ... . . 

Figure 7.5.43 GC o f  t h e  ~ i l ~ i s p e r s a n t  Tank, 1 h r ,  f r a c t i o n  5. 
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Figure 7.5.44 GC o f  t h e  Oi lAI ispersan t  Tank, 1 hr ,  f r a c t i o n  6 .  





GC's of f rac t i ons  2 through 5 suggest increas ing amounts of aromatics, 
whereas 6 through 8 go from t h e  heavier  aromatics t o  po lars .  I t  i s  
i n t e r e s t i n g  t o  compare t h e  GC o f  t h e  f i r s t  . f rac t i on  t o  t h a t  o.f t h e  t o t a l  
m a t e r i a l  i n  F igure 7.5.10; .,a number o f  d i s s i m i l a r i t i e s  a re  observed. We 
a l so  measured the  GC of the  sur face s l i c k s  a f t e r  f i v e  weeks of t he  exper- 
iment; these a re  shown i n  Figures 7.5.47 and 48. The GC of t he  f i r s t  
f r a c t i o n  i s  very s i m i l a r  t o  ,those. of the  surface s l i c k s .  

(C) Quan t i t a t i ve  Analys is  of Water Samples 

Quan t i t a t i ve  r e s u l t s  f o r  ex t rac tab le  organics i n  water samples are 
l i s t e d  i n  Table 7.5.1. As mentioned prev ious ly ,  a 22% e f f i c i e n c y  was 
used fo r  t he  d ispersant  tank when the  d ispersant  was present and a 65% 
e f f i c i e n c y  when the  d ispersant  was n o t  detected. Very l i t t l e  d ispersant  
was detected dur ing  week two; thus, t he  e x t r a c t i o n  e f f i c i e n c y  i s  some- 
where between 22 and 65%, and the  values are  lower than those i n  the  
tab le .  . . 

(D) Analys is  o f  Sediment Samples 

Sediment samples were c o l l e c t e d  from tanks 1, 3 and 4 on the  f i r s t  
day and a t  t h e  beginning of. t he  f o u r t h  week. The q u a n t i t a t i v e  r e s u l t s  
obtained 'by' IR and GC are  l i s t e d  i n  Table 7.5.2. As ' i n  previous studies,  
t h e  GC values. a re  lower . than the  I R  values; t h i s  i s .  due t o  separat ion by 
t h i n  l a y e r  chromatography between the I R  and GC measurements. A very 
i n t e r e s t i n g  f a c t  i s  t h a t  t he  sediment values are  lower i n  week f o u r  than 
i n  week one (except f o r  tank 1 by. GC). .It should a l so  be noted t h a t  the  
tank 4 (o i l / d i spe rsan t )  concent ra t ion  was tw ice  as h i g h  as t h e  o the r  two 
a t  t he  1 hour sampling by the  I R  measurement. This i s  reasonable s ince 
most o f  t h e  d ispersant  would be . inc luded  i n  the  I R  measurement, bu t  would 
be removed p r i o r  t o  the  GC ana lys is  by t h i n  l a y e r  chromatography. 

GC o f  t he  s i x  sediment sampl&s are  shown i n  Figures 7.5.49-54. The 
pristane/phytane r a t i o  i n  t h e  c o n t r o l  and the  o i l  tank a t  one hour and i n '  
t he  GC of t h e  c o n t r o l  a t  t he  fou r th  week are greater  than 1, whereas they 
are  approximately one o r  l e s s  i n  t h e  o i l / d i s p e r s a n t  a t  one hour .and the  
fou r th  week and i n  t h e  o i l  tank a f t e r  four weeks. Thus, i t  appears t h a t  . 
w i t h  t h e  d ispersant  some of t he  petroleum hydrocarbons enter  the  sedi- .. 

ments dur ing  the  f i r s t  hours. t-bwever, there  does not  appear t o  be a : 
s i g n i f i c a n t  increase i n  petroleum hydrocarbons i n  the  sediments dur ing  
t h e  th ree week per iod.  

(€1 Q u a l i t a t i v e  Analys is  of Water and S l i c k  Samples by I n f r a r e d  
Spectroscopy 

Q u a l i t a t i v e  i n f r a r e d  spe'ctra of a l l  samples were measured from 1950 
t o  650 cm-1. The IR spectra of the  s l i c k  samples c o l l e c t e d  a t  t h e  end 
o f  f i v e  weeks from . the  o i l  and d ispersant  tanks are  i d e n t i c a l ,  which i s  
i n  agreement w i t h  the  GC o f  the  same two samples. 

There are  ' several  noteworthy '.differences i n  t h e  IR o f  t h e  water 
samples. The i n f r a r e d  d i f ference spectra of the  sample from the  top  of 
t he  o i l  tank and from t h e  top  o f  t he  c o n t r o l  tank a t .  one hour i s  shown i n  
Figure 7.5.55. Only one s t rong band appears a t  1040 cm-1. Although 
exact i d e n t i f i c a t i o n  o f  t h e  compound i s  no t  poss ib le  from one band, i t  



Table 7.5.1. Cacentrat ions (ppb) o f  €?tractable Organics i n  Water m l e s  fm Flow-Thm. Tank 

Experiments a t  Experimental S ta t ion  i n  ~ e N s e l e n  

Week 1 Week 2 Week 3 Week 4 Week 6 Week 7 Week 9 
%Lz ~ a y  14 Hay 21ne 11 21ne 18 

1 )  Control, Top 89 . . 332 515 106 103 354 206 

Mid 326 342 416 76 116 369 

Bot 89 356 507 75 110 246 

2) O i l ,  TOP 230 355 415 197 1170 436 166 

Mid 44 539 406 N.O. 1639 346 

Bot 46 303 002 77 301 21 3 

3) 0 1 1 ~ 1 s ~ ~  ~ o p  k11 252 637 60 2066 318 201 

Mid 941 257 897 56 1834 330 

Bot 301r 2043 624 87 2235 333 

4 )  Oisp, Top 9598. 1215. 31 9+ 99+ 11,499. 352+ 216+ 

. 'Mid 2M)BP .3071i' ' 306+ 104+ 5,723. 306+ 

Bot 3992. 949. 515' 7 P  1,344. 351+ ' 

2 a  ex t rac t ion  e f f i c iency  used 

+ 65% ex t rac t ion  ef f ic iency used 

w.0. mn-detectable 

Table 7.5.2 

(Ibncentretions k g / g  dry weight) o f  Hydrocarbons 
i n  Sediment m l e s  

Tank - I R  Values CC Values 

Week 1 Week 4 Week 1 Week 4 

2. O i l  29 15 61 9 4.4 
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Figure  7.5.47 GC o f  t he  S l i c k  i n  the  Oi l /D ispersant  Tank, week. 6. 
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Figure7.5.48 G C o f t h e S l i c k i n t h e O i l  Tank, week6. 





Figure 7.5.51. GC o f  the Sediment i n  OilIDispersant Tank, . . .  . 1 . hr. . % 
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Figure 7.5.52 GC o f  the Sediment i n  Control Tank, 4th week. 
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Figure 7.5.53 GC o f  the Sediment i n  O i l  Tank, 4th week. 

- .TIME 

Figure 7.5.54 GC of the Sediment i n  OillDispersant Tank, 4th week. 



c o u l d  well be  a s u l f o x i d e  and t h e  band due t o  t h e  S=O group which a b s o r b s  
s t r o n g l y  a t  t h i s  f requency.  Pn o r g a n i c  s u l f o x i d e  c o u l d  account  f o r  t h e  
tendency of t h i s  o i l  t o  form mousse and act as a s e l f - d i s p e r s a n t .  Th i s  
band is  a l s o  found i n  t h e  d i f f e r e n c e  spectrum o b t a i n e d  by s u b t r a c t i n g  t h e  
o i l / d i s p e r s a n t  middle  from t h e  o i l / d i s p e r s a n t  t o p  a t  t h e  first sampling 
as is  shown i n  F i g u r e  7.5.56. 

Another i n t e r e s t i n g  f e a t u r e  is  found i n  t h e  d i f f e r e n c e  between t h e  
o i l / d i s p e r s a n t  and o i l  a t  t h e  t o p  a f t e r  a d d i t i o n  of d i s p e r s a n t  i n  t h e  
s i x t h  week a s  is  shown i n  F igure  7.5.57. The peak a t  770 a p p e a r s  on ly  i n  
t h e  o i l / d i s p e r s a n t  spectrum;  t h u s ,  i t  h a s  a  p o s i t i v e  v a l u e  ( p o i n t i n g  
down) i n  t h e  d i f f e r e n c e  spectrum. Th is  peak was a l s o  observed i n  t h e  t o p  
sample from t h e  d i s p e r s a n t  on ly  t ank .  It  may account  f o r  o t h e r  d i f f e r -  
e n c e s  observed between the t a n k s  af ter  t h e  d i s p e r s a n t  was a p p l i e d  a  
second t ime.  

F igure  7.5.55 I R  d i f f e r e n c e  spectrum;  t o p  o f  o i l  t a n k  minus t o p  of 
c o n t r o l  t a n k ,  1 h r .  
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Figure  7.5.56 I R  d i f f e r e n c e  spectrum; o i l l d i s p e r s a n t  t o p  minus o i l /  
d i s p e r s a n t  middle,  .1 hr .  
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Figure  7.5.57 I R  d i f f e r e n c e  spectrum; o i l / d i s p e r s a n t  t o p  minus o i l  ' t op ,  
6 t h  week. 



7.6 Field Studies 

7.6.1 Field Study of the Buzzard Bay S p i l l  . 

During the  l a s t  week of January 1977, 100,000 gallons of a No. 2 fuel  
were sp i l l ed  from a barge i n to  the i ce  laden entrance t o  the Cape Cod 
Canal, i . e . ,  i n  Buzzards Bay. The o i l  became trapped i n  and beneath the  
i c e :  thus t h i s  s p i l l  offered a unique opportunity t o  t e s t  our laboratory 
methodology on an actual  s p i l l .  One week a f t e r  the s p i l l ,  ,we collected 
the following samples: oi'l i n  the i ce ,  o i l  on the water, wate-r samples 
a t  3 m beneath the surface. and sediment samples w i t h  a grab sampler. 
Since the '  grab sampler had t o  be pulled through the surface water which 
possibly contained o i l ,  we returned the following week and one member of 
the group collected sediment samples by diving beneath the  ice .  On t h i s  
occasion an a i r  sample was a lso  collected on shore by pumping a i r  through 
a charcoal car t r idge for  one hour. 

A l l  of the f i e l d  samples were returned t o  the laboratory fo r  analy- 
sis. We obtained a sample of the o i l  from the barge: the o i l  was ana- 
lyzed and the r e su l t s  on the f i e ld  samples were compared t o  those on the 
cargo o i l  and t o  the  r e su l t s  of the laboratory experiments on the o i l .  

I ... ..., . 5 .  , . . - . . _  . . . .  : 

O i l  was found i n  the water' column and sediment samples.. .L.~he infrared 
spectra l  f ingerpr ints  of the  o i l  i n  the i ce  and on the water surface 
def in i te ly  matched the cargo o i l .  The spectra l  f ingerpr int  of the o i l  i n  
the  water column was ' a l so  v e r y  's imilar  t o  tha t  of,..tRe cargo; however, the  
f ingerpr int  of the sediment hydrocarbons could not be d i rec t ly  re la ted t o  
tha t  of the cargo. There a r e  two possible explanations for  t h i s  observa- 
t ion:  the composition of the  o i l  retained by the sediments could be con- 
siderably d i f fe ren t  from tha t  of the cargo, o r  the hydrocarbons in  the  
sediments could be from a d i f fe ren t  source. The l a t t e r  explanation 
appears more reasonable, s ince the same barge sp i l l ed  o i l  a t  t h i s  s i t e  i n  
1974. The amount .of * hydrocarbons._. i n . .  the sediments . was.. rela,t.ively >ow. 
However, it should be mentionedi,'th8tl:theL sediment samples were very sandy 

_, . . 
and may not re ta in  the oil"a's "el l :  a s  kfine'i~'sedim$6iits. . 

'i' . ' 

Possibly the most in te res t ing  and useful r e su l t s  are  ion the  a i r  and 
water column samples. The gas chromatograms ( G C )  of the water column, 
water surface,  and cargo samples are  compared i n  Figure (7 .6 .1) .  The GC 
of the cargo and surface samples are virtua1,ly identica),  e. g . ,  note the  
doublet a t  n-Cl7. The GC of the water' column 'sample a lso  has tnis 
doublet a t  n-C17; however, only the higher boil ing hydrocarbons can be 
oSserved in  the GC of t h i s  sample. Fi f ty  g of n-C20 were added t o  t h i s  
sample as  an in te rna l  standard: thus,  the n-C20 peak is  appropriately 
higher than those of the other n-paraffins.  The l a t t e r  GC should be com- 
pared t o  tha t  of the laboratory water sample of the same o i l  which i s  
shown in  Figure 7.6.2. Both the f i e l d  and the laboratory water samples 
show tha t  only the hydrocarbons boil ing a t  o r  higher than n-C14 enter  
the water column. 

The a i r  sample collected a t  Buzzards Bay of fe rs  even greater  support 

a t o  the laboratory resu l t s . .  The . GC of the f i e ld  and . laboratory a i r  sam- 
ples are  shown in  Figure 7.6.3. Both show tha t  the.hydrocarbons entering 
the atmosphere are  predominantly th'ose boil ing a t  or  below n-C14. 
There is  a considerable s imi la r i ty  between the r e l a t i ve  composition of - 
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the  hydrocarbons i n  t h e  two samples. The GC of t h e  f i e l d  sample does 
show some h ighe r  b o i l i n g  chemicals.  Poss ib l y  these a r e  o f  b i o l o g i c a l  
o r i g i n  and may be more p o l a r  than  pet ro leum hydrocarbons which would 
account f o r  t h e i r  l onge r  r e t e n t i o n ' t i m e  on t h e  GC column. 

7.6.2 F i e l d  Study of  t h e  Argo Merchant S p i l l  

Another s p i l l  of  o p p o r t u n i t y  occurred d u r i n g  t h e  e a r l y  morning hours 
o f  December 15, 1976, when t h e  Argo Merchant went aground i n  t h e  Nan- 
t u c k e t  shoals.  The t anke r  s p l i t  and s p i l l e d  i t s  cargo o f  7.7 m i l l i o n  
g a l l o n s  of  No. 6 o i l  i n t o  t h e  sea. A t  about t h e  same t ime,  another  
tanker ,  t h e  Grand Zen i t h ,  was l o s t  a t  sea and was a l s o  c a r r y i n g  a No. 6 
f u e l .  

Approximately 60 t o  90 days a f t e r  t h e  grounding o f  t h e  Argo Merchant, 
t a r b a l l s  began t o  wash ashore on Jamestown R .  I. , Mar tha 's  Vineyard, 
Nantucket and Cape Cod  ass. ) (from Nauset Beach t o  Provincetown).  Th is  
l a b o r a t o r y  rece ived  and analyzed 22 o f  these t a r b a l l s  rang ing  i n  weight 
from a few ounces t o  15 l b s .  

Table (7.6.1) l i s t s  t h e  i n fo rma t i on  on t h e  t a r b a l l s  which were ana- 
l yzed .  The samples, which con ta ined  aqua t i c  d e b r i s  and occluded water,  
needed t o  be p r e t r e a t e d  and cleaned up p r i o r  t o  ana l ys i s .  To do t h i s ,  
approx imate ly  5 mls. of  each sample were p laced  i n  a t e s t  tube and spun 
i n  a c e n t r i f u g e  f o r  a few minutes,  a l l o w i n g  t h e  d e b r i s  t o  separate t o  t h e  
bottom and t he  o i l  t o  r i s e  t o  t h e  t o p  o f  t h e  tube.  The o i l  l a y e r  was 
then  t r a n s f e r r e d  t o  another  t e s t  tube and 5 mls. o f  CC14 were added. 
The sample was then  shaken w e l l  and c e n t r i f u g e d  , for  f i v e  minutes. The 
t op  th ree-quar te rs  of  t h e  sample was then  t r a n s f e r r e d  t o  another  t e s t  
tube, a d r y i n g  agent,  MgS04, was added and t h e  sample was aga in  c e n t r i -  
fuged f o r  f i v e  minutes a t  3 5 O C .  Th i s  l a s t  s e r i e s  of  s teps  was repeated 
u n t i l  a l l  water was removed from t h e  sample. The CCl4 was then  removed 
by evaporat ion.  

The samples were then  p laced  i n  a demountable i n f r a r e d  c e l l  w i t h  a 
0.05 mm spacer and t he  spec t ra  were measured on a Perkin-Elmer 521 I n f r a -  
r e d  Spectrometer. The d i g i t i z e d  s p e c t r a l  da ta  were s t o r e d  i n  a computer 
da ta  f i l e  and a l l  da ta  analyses were performed on an IBM 370/60 computer. 

K i l e e n  and Chien ( 1 )  proposed a method f o r  o b t a i n i n g  t h e  p r o b a S i l i t y  
o f  matching s p i l l e d  o i l  t o  one o r  more suspects from i n f r a r e d  spec t ra  o f  
t he  samples. T h e i r  method i s  an ex tens ion  of t h e  r a t i o  method developed 
i n  ou r  l a b o r a t o r y  (Ahmadjian e t  a l .  , 2 ) .  

I n  t h e  r a t i o  method, absorbances a t  18  frequencies i n  t h e  spectrum o f  
one sample a re  r a t i o e d  w i t h  absorbances a t  t h e  same f requenc ies  i n  t h e  
spectrum of another  sample. The l o g  of  each r a t i o ,  t h e  average l o g -  
r a t i o ,  and t he  d i f f e r e n c e s  between each l o g - r a t i o  and t h e  average l o g -  
r a t i o  a re  determined. I n i t i a l l y ,  we r a t i o e d  t h e  absorbances i n  t h e  spec- 
t rum o f  each suspect t o  those i n  t h e  spectrum o f  t h e  s p i l l  sample; t h e  
bes t  match was ass igned t o  t h e  spectrum hav ing  t h e  most r a t i o s  w i t h i n  10% 
of t h e  average. L a t e r ,  t h e  method was extended t o  g i v e  a s i n g l e  va lue  

a f o r  e s t i m a t i n g  t he  d i f fe rences  between spec t ra  (2 ) .  Th is  va lue i s  
ob ta ined  from t h e  sum o f  t h e  squares o f  t h e  d i f f e r e n c e s  between t h e  



Inlormation on Tar Ball8 

Tar Ball NO. S ~ t e  , -Date . , Comment 

1 Y m a t o w n ,  R.I. 2/9/77 0.-1 Ib.. c o m ~ o s ~ t e  

2 ' Ymsstown. R.I. 2/9!77 ' a,-! ID.. nuts6de 

3 Ymestovrn. R.I. 2/9;17 a,-1 lb., inside 

4 J.mestown, 6.1. 2/9/77 b.-5 Ib.. ons~dt 
5 &msstown. R.I. 2/9/77 c.-15 Ib.. inside 

6 Martha's Vineyard 2i12'77 
7 Nanlucket ' 2/15;77 

Nantucket 
Nantucket 
Nantucket 
Nauu t  Beach 
Nauset Beach 
M&rconl Beach 
Marconi/Lccount 
Race Pt.'Beach 
R u e  PI. Light 
1000 yds. f rom 

R a e  PI. Lipht . 
Lono PI. 
P r o r i n c e l a n  

Wharf l e l  
Prov8nc~torm 

Wharf I b l  
Pilgrim B a u h  (a1 
C i l v im  B a u h  I b l  

10 
311177 
3/1/77 
3/1!77 
3/1/77 

NO. 11 m a t h .  at GS3 
3/1/71 : 
3/14/77 
2110111 stwage 
3/1/77 
3/1/77 

Table 7.6.1 ' 

Information on Tar Balls  

log-ra t ios  and the  average log-ratio,  i . e . ,  

where A i l  and Ai2 a re  the  absorbances' fb r  the  i t h  band i n  spectra 1 
and 2, respectively.  For a perfect  match, the value of s2 would be 
zero;  thus, the  magnitude of s2 r e f l ec t s  the  d i ss imi la r i ty  between 
o i l s .  . . 

We (2)  measured spectra of 198 neat and 647 weathered o i l s  (including 
several  weathered samples fo r  each of 80 neat o i l s ) .  s2 values for  a l l  
possible pa i r s  of o i l s  were calculated and placed i n  -one of two cate-  
gories:  same o i l s  (neat  and :weathered ' o i l s  from ' t he  same or ig in)  and d i f -  
ferent  o i l s  (neat  and weathered o i l s  from d i f fe ren t  o r ig ins ) .  There were 
5,534 pa i r s  w i t h .  the  two o i l s  or iginat ing from the  same source, and 
345,030 pairs  w i t h  the  two o i l s  from d i f f e r en t  sources. The pa i r s  i n  
each category were then ordered according t o  incrreasing ~2 values, and 
two histograms for  frequency of ' occurrence vs .  sL. i n  increments of 0.01 
were plotted.  

The histograms provided d i s t r ibu t ions  for  pa i r s  of o i l s  from the same 
sources and for  pa i r s  from d i f fe ren t  sources. Kileen and Chien (1) used 
these d i s t r ibu t ions  t o  determine.. the p robabi l i t i e s  o f '  g u i l t  for .  each sus- 
pect i n  a s p i l l  case and the probabil i ty t ha t  a sample from the  "true 
s p i l l e r H  was not included. Their method i s  based on Bayes Theorem and is 
described completely, i n  t h e i r  report  (1). 



I n  t h e  p r e s e n t  r e p o r t ,  i t  is i m p o r t a n t  t o  n o t e  t h a t  t h e  d i s t r i b u t i o n s  
used t o  o b t a i n  t h e  p r o b a b i l i t i e s  a r e  based on a l l  t y p e s  o f  o i l s ,  i . e . ,  
t h e y  a r e  comprised of l i g h t .  throu.gh heavy c r u d e s ,  f u e l s  and l ~ ~ h r i c a t i n g  
o i l s .  Th i s  t e n d s  t o  g i v e  s l i g h t l y  h i g h e r  p r o b a b i l i t i e s  e s p e c i a l l y  a t  t h e  
low end of t h e  0  t o  1 p r o b a b i l i t y  s c a l e .  For  example,  i n f r a r e d  f i n g e r -  
p . r i n t s  of  two No. 6 f u e l s  may. be comple te ly  d i f f e r e n t  and we would e x p e c t  
t h a t  t h e  p r o b a S i l i t y  t h a t  they  match would tie c l o s e  t o  0 . 0 ;  however, 
s i n c e  t h e y  a r e  bo th  No. 6  fue l . s ,  t h e i r  f i n g e r p r i n t s  w i l l  be more s i m i l a r  
t h a n  t h e  f i n g e r p r i n t s  o f  a  No. 6 and 'No. 2 f u e l .  Thus, i n  many c a s e s ,  
t h e  p r o h a b i l i t y  t h a t  two d i f f e r e n t  No. 6  o i l s  match w i l l  be h i g h e r  t h a n  
expec ted  because  they  a r e  t h e  same t y p e  o f  o i l .  

. . 

I n f r a r e d  s p e c t r a  o f  t h e  Argo Merchant . c a r g o  and o f  t h e  s p i l l e d  o i l  
c o l l e c t e d  two days  a f t e r  t h e  t a n k e r  b roke  a p a r t  a r e  shown i n  F i g u r e  
( 7 . 6 . 4 ) .  (These  samples  were o b t a i n e d  from :Dr. Jerome Milgram, MIT). 
When t h e  d i g i t i z e d  spect rum o f  t h e  s p i l l e d  o i l  was compared w i t h  t h a t  o f  
t h e  c a r g o ,  t h e  f o l l o w i n g  p r o b a S i l i t i e s . w e r e  o b t a i n e d :  

. - 0 . 9 8 6 .  firgo. Merchant . - 

Another Source  . 0.014 

, 

A R G O  MERCHANT . . 
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I n f r a r e d  spectra of t h e  22 t a r  b a l l s  l i s t e d  i n  Table (7.6.1) were 
measured and t h e  d i g i t i z e d  f i n g e r p r i n t s  s tored i n  a computer data f i l e .  
Many of t h e  spectra had s i m i l a r  contours and some were almost i d e n t i c a l  
as i s  shown i n  Figure (7.6.5). The spectrum of each t a r  b a l l  was 
compared w i t h  t h a t  o f  each of t he  o thers  and the  p r o b a b i l i t y  t h a t  they 
came from the same source i s  g iven i n  Table (7.6.2). The r e s u l t s  a re  
ca tegor ized according t o  magnitude i n  F igure (7.6.6). 

A l l  samples from Jamestown, Martha's Vineyard and Nantucket have 
p r o b a b i l i t i e s > 0 . 8 5  of being i d e n t i c a l  except f o r  sample 2 from James- 
town. This was a sample o f  t he  outs ide  l a y e r  o f  a t a r  b a l l ,  and the  
d i f ferences r e f l e c t  excessive weathering on the  surface. I n  a d d i t i o n  t o  
samples 1-10 being from the  same source, the  p r o b a b i l i t i e s  t h a t  samples 
12, 16, 17 and 19 came from t h i s  source are>0.5. Furthermore; t a r  b a l l s  
11 and 13 are  v i r t u a l l y  i d e n t i c a l  (P=0.99). 

It should be mentioned t h a t  t he  d i f f e rences  between many o f  t he  t a r  
b a l l s  cou ld  be due t o  weathering and t h a t  t h i s  e f f e c t  i s  more pronounced 
on' t he  surface of the  t a r  b a l l s .  Many of the  t a r  b a l l s  from Cape Cod 
were very smal l  and these cou ld  have been subjected t o  extensive 
w,eathering . 

The i n f r a r e d  spec t ra l  f i n g e r p r i n t  o f  t he  Argo Merchant o i l  i s  com- 
pared t o  t h a t  o f  t he  Martha's Vineyard t a r  b a l l  i n  F igure 7.6.7. The 
general  contours o f  t h e  spectra are e n t i r e l y  d i f f e r e n t  . We t r e a t e d  each 
o f  t h e  22 t a r  b a l l s  as a s p i l l  sample and determined the  p r o b a b i l i t y  t h a t  
each came from the  cargo. The r e s u l t s  g iven i n  Table 7.6.3 show t h a t  
on l y  sample No. 11 (Nauset Beach) had a p r o b a b i l i t y  of matching ~ 0 . 3 ;  
most were c0.2. The spectrum of the cargo and the  t a r  b a l l s  (except f o r  
sample 15) were c h a r a c t e r i s t i c  o f  No. 6 f u e l  o i l s .  Thus, these f i n i t e  
p r o b a b i l i t i e s  r e f l e c t  t he  fac t  t h a t  t he  samples are the  same type o f  o i l .  

I f  t h e  t a r  b a l l s  came from t h e  Argo Merchant, they were "weathered" 
i n  the  A t l a n t i c  f o r  almost two months; thus, we weathered some o f  t he  
cargo o i l  a t  t h e  URI aquarium f o r  one month and p e r i o d i c a l l y  analyzed the  
samples. I n  most cases, t h e  spectra of t he  t a r  b a l l s  and weathered Argo 
Merchant t a r  b a l l s  became l e s s  s i m i l a r .  The p r o b a b i l i t y  of matching f o r  
t h e  3 and 10 day samples are  a l so  g iven i n  Table 7.6.3. 

The tanker, Grand Zeni th,  disappeared somewhere o f f  t he  New . England 
coast  on the  way from Teeside, .England t o  F a l l  River ,  Masachusetts-during 
January 1977; thus, i t s  cargo was a l so  a poss ib le  source of t h e  t a r  
b a l l s .  The U.S. Coast Guard R & D Center suppl ied us w i t h  a sample of 
t h e  o i l  loaded aboard the  Grant Zenith. We measured i n f r a r e d  spectra of 
t h e  neat o i l  and of samples c o l l e c t e d  p e r i o d i c a l l y  dur ing  one month of 
weathering a t  t h e  URI aquarium. The i n f r a r e d  spectrum o f  t h e  Grand 
Zen i th  o i l  i s  compared w i t h  the  Argo Merchant cargo and the  Martha's 
Vineyard t a r  b a l l  i n  F igure 7.6.8. 

The p r o b a b i l i t i e s  obtained when comparing the  spectra o f  the  neat and 
7 weathered samples t o  the  t a r  b a l l s  a re  g iven i n  Tables 7.6.4a and b. 
The p r o b a b i l i t i e s  run  as h i g h  as 0.83 when the  neat o i l  i s  compared t o  
t a r  b a l l s  No. 3 and 4; however, t he  h ighest  p r o b a b i l i t y  (90) was obtained 
from matching t h e  14 day weathered sample w i t h  t a r  b a l l  No. 11 from 
Nauset Beach (see F igure  7.6.9 f o r  spectra) .  Other t a r  b a l l s  found i n  
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Table 7 . 6 . 3  Probab i l i t y  of Tar B a l l s  Or ig ina t ing  From Argo Merchant Cargo 

1-1 A 
pro-ililr 01 Tat MI* Orqotutinq From Gtand ~ * n , l n  C**qO 

- .  
(In % un~tsl " " 

. . 
. . . .  . .  
. . . .. . . . . . . . 
. . ~;&d ~.i!rk , ..: C ; r p  wiarh*;.~ /OIVIJ . . ' 

. , 7.1 8.11 . 0 .: !, i. , 4 

'. 1 
I ,./ . 74 : , 77 .75 51. 

. 2 , 5 . 45 , 52 55 
3 .  '.03 ' 87 , -06 66 
4 83 07 80 , 69 
,5 ;. . 02 ,. 06 06 , 63' 
0 : . 65 75, , 76 , . . 57 

. 7 ' 76 . 52 
8 . :: 01 . a! 5E 
9 . 89: 73 ' 73 44 

' - 10 . ' .  79, . 83: 0 3 55 

l 1  . 36 J0 31 
12 '30 30 42 . 41 

. . 13 32 3 3 35 . ' 30 
14 10 !e 10 10 
15 0 0 0 0 
16 . 75 78 77 40 
1'7 33 37 40 44 
'10 14 16 16 20 
19 7 1 75 74 0 1 

20 16 '6 16 15 

21 10 1'0 20 18 
22 18 . 10 18 10 
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t h i s  area (NOS. 13 and 14) have p r o b a b i l i t i e s  o f  0.85 o f  matching the  
weathered Grand Zen i th  o i l .  

According t o  the  p r o b a b i l i t i e s  g iven i n  Table 7.6.4, t he  t a r  b a l l s  
can genera l ly  be p laced i n t o  th ree  categor ies:  i )  those with h i g h  proba- 
b i l i t i e s  o f  matching the  neat o r  sho r t  term weathered samples, i i )  those 
with h i g h  p r o b a b i l i t i e s  o f  matching the  long term weathered samples, and 
i i i )  those w i t h  low p r o b a b i l i t y  matches. Samples 1,3-10, 16 and 19 f a l l  
i n  category i, samples 11-14, 21 and 22 i n  category ii, and the r e s t  i n  
iii. 

The study showed conc lus ive ly  t h a t  t he  t a r  b a l l s  found along the  New 
England coast a f t e r  t he  Argo Merchant i n c i d e n t  were not  from the  s t r i c k e n  
tanker. Many of t he  t a r  b a l l s  had s i m i l a r  i n f r a r e d  spectra and there  i s  
a h igh  p r o b a b i l i t y  t h a t  a number o f  these came from the  same source. 
F i n a l l y ,  there  i s  a reasonably h igh  p r o b a b i l i t y  t h a t  some o f  the  t a r  
b a l l s  o r i g i n a t e d  from the  s t r i c k e n  tanker, Grand Zenith. I t  should be 
noted t h a t  t he  t a r  b a l l s  were compared w i t h  o i l  loaded onto the  Grand 
Zenith, and no t  t o  the  o i l  a c t u a l l y  contained i n  t h e  tanker. The compo- 
s i t i o n  of t he  o i l  i n  the  tanker could have been s l i g h t l y  d i f f e r e n t  due t o  
residues i n  the  tanker from previous shipments. 

References. 

1. T. J. K i l een  and Y.T. Chien, Proceedings, Workshop on Pa t te rn  Recog- 
n i t i o n  Appl ied t o  O i l  I d e n t i f i c a t i o n ,  Coronado, Ca. (Nov. 1976). 

2.  M. Ahmadjian, C.D. Baer, P.F. Lynch and C.W. Brown, Environ. Sci .  & 
Techno1 . , 10,777 (1976). 

T i t l e s  and Authors 

Computer Separat ion o f  I n f r a r e d  Spectra f o r  Analys is  o f  Complex Organic 
Mixtures, P.F. Lynch* and M.M. Brady. 

P red ic t i ng  The Performance o f  Medium and Low Resolut ion I n f r a r e d  Spec- 
trometers and Analyzers, Chr is  W. Brown, P a t r i c i a  F. Lynch and Mark A. 
Mar is  and Donald S. Lavery. 

Quan t i t a t i ve  Analys is  o f  Gaseous Hydrocarbons By I n f r a r e d  Spectroscopy, 
Chr is  W. Brown, P a t r i c i a  F. Lynch and Mark A. Mar is  and Donald S. Lavery. 

Computerized I n f r a r e d  Spectroscopy as a Separat ion Technique-Analysis of 
Complex Organic Mix tures  Ext rac ted from Water, P.F. Lynch, and M.M. Brady. 

Co l lec t ion ,  Separat ion and Analysis o f  Organic Vapors by Computerized 
GC/IR,  D. Goldfarb and C.W. Brown. 

Chemical Analys is  o f  Dispersed 011 i n  the  Water Column, C.W. Brown,l 
P.F. Lynch, l  and M. Ahrnadjian.1 

C o l l e c t i o n  of Gas Chromatographic Frac t ions  on Act iva ted Charcoal and 
I d e n t i f i c a t i o n  by I n f r a r e d  Spectroscopy, Dan ie l l a  Goldfarb and Chr is  W. 
Brown. 



Computerized d i spe rs i ve  i n f r a r e d  spectroscopy g ives  r e s u l t s  canparable t o  
FTIR, as we perform "Festa o f  Magic," Dr. Chr is  W. Brown, P a t r i c i a  F. 
Lynch and Mark Ahmadjian. 

I n  the  Wake o f  t he  Argo Merchant, Center f o r  Ocean Management Studies. 



8.0 Microbiology 

Richard W .  Traxler  



TABLE OF CONTENTS 

Page 

M ic rob io l ogy  ............................................. 
............................................. I n t r o d u c t i o n  

M a t e r i a l s  and Methods .................................... 
............................................ Cu l t u re  Media 

1: Cu l t u re  Media ......................................... 
.............................................. 2 . OZR Agar 

........................ 3 . Hydrocarbon Basal  Medium (HBM) 
D isso lved  Oxygen. Azide M o d i f i c a t i o n s  f o r  BOD ............ 
. 1 S o l u t i o n s  . . .............................................. 

'.2 . ~ e t h o d  .......................... i .  .................... 
3 . Mod i f ied  BOD Method ................................... 
Rad ioac t i ve  Degradat ion Rate Determinat ions .............. 

...................................... V iab le  P l a t e  Counts 
Most Probable Number Technique ........................... 
Rep l i ca  P l a t i n g  Technique ................................ 
Laboratory  Experiment System ............................. 
Resu l ts  and Discu.ssion ................................... 

.............................................. Conclusions 

12.6 Appendix 1 . Colony Types o f  B a c t e r i a l  I s o l a t e s  
from t h e  Laboratory  Experiment 

12.6 Appendix 2 . Repl ica  P l a t i n g  



LIST OF FIGURES 

F ig .  8.1 Rep l ica te  P l a t i n g  Technique 

Fig. 8.2 Comparisons o f  Three Media f o r  A b i l i t y  t o  Support Growth of 
Marine Heterot rophic Bacter ia  

F ig.  8.3 Comparison o f  Most Probable Number (MPN) and Viable P l a t e  
Count (VPC) Methods f o r  Enumerating Marine Heterot rophic 
Bacter ia .  

F ig .  8.4 Percentage of Marine Heterot rophic Bac te r i a  Capable of 
Metabo l iz ing  Kuwait Crude O i l  Agar Compared w i t h  OZR Medium. 

F ig.  8.5 Oxygen Dep le t ion  Rates of Various Substrates us ing  a Modi f ied 
BOD Method. 

F ig.  8.6 Oxygen Dep le t ion  Rates o f  S. La Crude, Corex i t  9527 and S. La. 
Crude & Corex i t  9527. 

F ig;  8.7 Oxygen Dep le t ion  Rates o f  Zero, Four and E igh t  Day Cont ro l  
Task Samples. 

Fig. 8.8 Oxygen Dep le t ion  Rates of Zero, Four and E igh t  Day Kuwait 
Crude O i l  Tank Samples. 

F ig .  8.9 To ta l  Heterot rophic P o t e n t i a l  o f  Zero, Four and E igh t  Day 
Samples. 

F ig .  8.10 Comparison of  Oxygen Dep le t ion  Rates of  Kuwait w i t h  Peptone. 

F ig .  8.11 Viable P l a t e  Counts Va l i da t i ons  o f  Test Tanks. 

F ig .  8.12 S a l i n i t y  Concentrations i n  the  Nor th  Tank Dur ing Meso-Scale 
Experiment 1. 

Fig.  8.13 VPC Data o f  Control ,  Kuwait Crude, and Kuwait Crude and 
Dispersant i n  the  Meso-Scale Tanks. 

F ig.  8.14 Meso-Scale Experiment 3, Measured Heterot rophic B a c t e r i a l  
Growth. 

F ig .  8.15 Meso-Scale Experiment 3, Growth o f  Marine Hydrocarbon 
Degrading Bacter ia .  

F ig .  8.16 Oxygen Dep le t ion  by Kuwait (Nor th Tank) and Kuwait p l u s  
Corex i t  9527 - Zero-Day Sample. 

F ig.  8.17 Oxygen Dep le t ion  by Kuwait (Nor th Tank) and Kuwait P lus 
Corex i t  9527, One Day Sample. Top Level.  

F ig.  8.18 Oxygen dep le t i on  by Kuwait (Nor th Tank) and Kuwait P lus 

a Corex i t  9527 - Two Day Sample. Top Level.  

F ig.  8.19 Oxygen Deplet ions by Kuwait (Nor th  Tank) and Kuwait P lus 
Corex i t  9527 - Three Day Sample. Bottom Level.  



LIST OF FIGURES (con t ' d )  

F ig .  8.20 Oxygen Dep le t i on  by Kuwait (Nor th Tank) and Kuwait P lus 
Corex i t  9527 - Zero Day Sample. Bottom Level. 

F ig .  8.21 Oxygen Dep le t ion  by Kuwait (Nor th Tank) and Kuwait P lus 
Corex i t  - 9527 One Day Sample. Bottom Level  

F ig .  8.22 Oxygen Dep le t i on  by Kuwait (Nor th Tank) and Kuwait P lus 
Corex i t  - 9527 Two Day Sample. Bottom Level.  

F ig .  8.23 Oxygen Dep le t ion  by Kuwait (Nor th Tank) and Kuwait P lus 
Corex i t  - 9527 Three Day Sample. Bottom Level.  

F ig.  8.24 Laboratory Experiment, V iable P l a t e  Counts on UZR Medium from 
Surface 

8.24 A Surface Samples 
8.24 B Sediment Samples 
8.24 C Water Column Samples a t  130C Incubat ion  Temperature 
8.24 D Water Column Samples a t  400C Incubat ion  Temperature 

F ig .  8.25 Laboratory Experiment, V iable P l a t e  Counts (VPC) and Most 
Probable Numbers (MPN) w i t h  Kuwait Crude Medium. 

F ig .  8.26 Colony D i v e r s i t y  Expressed as Number o f  Colony Types over Time 

F ig .  8.27 Colony D i v e r s i t y  Expressed as Quan t i f i ca t i on  of  Dominance 

F ig .  8.28 Test System f o r  55 Gal lon Microcosm Flow Thru Experiment 



LIST OF TABLES 

Table 8.1 Rate o f  Substrate Degradation by Oxygen Deplet ion.  

Table 8.2 R e l i a b i l i t y  o f  VPC and MPN Data from Meso-Scale Tanks. 

Table 8.3 Oxygen Dep le t ion  Rates from Meso-Scale Experiment 2, O i l  and 
O i l  and Corexi t  9527, mg L-la 

Table 8.4 Hydrocarbon U t i l i z e r s  i n  Heterot rophic B a c t e r i a l  Popu la t ion  
as Determined by Repl ica P l a t i n g .  

Table 8.5 Data Input-Output, Jerusalem Flow-Thru System 5/7/79. - 7/2/79. 

Table 8.6 -Data from Jerusalem Flow-Thru System, 5/7/79 - 7/2/79, 
Computer Format. 

Table 8.7 Mean Values from the Jerusalem Flow Thru Tests. 

Table 8.8. Hydrocarbon Concentrat ion i n  Behaviora l  Test Stock So lu t ions .  

Table 8.9 Experiment 1: Hydrocarbon Content o f  Water and Sca l lop  
Samples. 

Table 8.10 Experiment 2: Hydrocarbon Content o f  Water and Sca l lop  
Samples. 

Table 8.11 Experiment 3. Hydrocarbon Content o f  Water and Sca l lop  
Samples. 

Table 8.12 Experiment 4. Hydrocarbon Content of Water and Sca l lop  
Samples. 

Table 8.13 Experiment 1. To ta l  Hydrocarbon Concentrat ion and 
Degradat ion P o t e n t i a l  o f  Small Scale Flow-Thru Experiment. 

Table 8.14 Heterot rophic Bacter ia  i n  N u t r i e n t  vs. Non-Nutrient 
Supplemented Tanks. 



8 . 0  MICROBIOLOGY 

8.1 I n t r o d u c t i o n :  

The r e p o r t  o f  a  s p e c i a l  s t u d y  group o f  t h e  N a t i o n a l  Academy of  
S c i e n c e s  on Petroleum i n  t h e  ,Marine environment ( 1 )  i n d i c a t e d  t h a t  t h e  
r a t e s  of m i c r o b i a l  d e g r a d a t i o n  o f  pet roleum hydrocarbons  vary  w i t h  t h e  
complexi ty  o f  t h e  m a t e r i a l ,  t h e  n a t u r e  o f  t h e  m i c r o b i a l  p o p u l a t i o n  and 
env i ronmenta l  c o n d i t i o n s .  The p h y s i c a l  p r o c e s s  o f  d i s p e r s i o n  o f  a  
s p i l l e d  o i l  w i l l  r educe  t h e  c o n c e n t r a t i o n  o f  o i l  i n  t h e  s p i l l  v i c i n i t y  
and g r e a t l y  i n c r e a s e s  t h e  s u r f a c e  a r e a  o f  t h e  o i l  which r e n d e r s  t h e  o i l  
more s u s c e p t i b l e  t o  b i o l o g i c a l  d e g r a d a t i o n  ( 2 ) .  

The hydrocarbon d e g r a d a t i o n  p o t e n t i a l  o f  ocean environments  h a s  n o t  
been adequa te ly  d e f i n e d  ( 3 )  h u t  is  known t o  be i n f l u e n c e d  by such  f a c t o r s  
a s  t h e  number and t y p e s  o f  hydrocarbon degrad ing  microorganisms,  t h e  
d e g r e e  o f  o i l  d i s p e r s i o n ,  t e m p e r a t u r e  and n u t r i e n t  a v a i l a b i l i t y  ( 4 ) .  
Hydrocarbon d e g r a d a t i o n  r a t e s  measured i n  t h e  l a b o r a t o r y  have been mis- 
l e a d i n g  a s  they  were found t o  be c o n s i d e r a b l y  h i g h e r  t h a n  i n  s i t u  r a t e s  
( 5 ) .  I t  h a s  been demonstra ted  ( 6 )  t h a t  d e g r a d a t i o n  r a t e s  i n  c o l d  w a t e r s  
a r e  reduced compared t o  warmer wa te r  b u t  n o t  t o  t h e  e x t e n t  p r e v i o u s l y  
t h o u g h t .  S u r f a c t a n t s  have been i n v e s t i g a t e d  a s  a  mechanism t o  i n c r e a s e  
o i l  recovery (6),(7) and microorganisms have been shown t o  a c t i v e l y  emul- 
s i f y  hydrocarbons  ( 8 ) ,  ( 9 )  and o i l s  ( 1 0 ) .  S t u d i e s  ha.ve shown t h a t  chem- 
i c a l  d i s p e r s a n t s  s t i m u l a t e  b a c t e r i a l  growth on o i l  and t h e  b i o d e g r a d a t i o n  
of t h e  o i l  (11). 

This  p r o j e c t  was des igned  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  chemical  d i s -  
p e r s a n t s  on t h e  a b i l i t y  o f  n a t u r a l  mar ine  b a c t e r i a l  p o p u l a t i o n s  t o  b io -  
degrade  c r u d e  o i l  hydrocarbon components. 

8 . 2  M a t e r i a l s  and Methods: 

8 . 2 . 1  C u l t u r e  Media 
The c u l t u r e  media used i n  t h e  p r o j e c t  were: 

1. N u t r i e n t  Seawater  Agar (%A) 

Na C l  
R i l a  S a l t s  
Polypeptone 
Yeast  E x t r a c t  
Glucose 
Succ ine  Acid 
K2HP04 
KH2P04 
Agar -Agar 
D i s t i l l e d  w a t e r  

2. OZR Agar 

Yeast  E x t r a c t  
T r y p t i c a s e  
Fe PO4 2H20 . 

Agar-Agar 



Aged Seawater *PH 7.8 1 L. 

3. Hydrocarbon Basal Medium (HBM) 

Aged Seawate; 990ml. 
Supplement B 10ml. 
Washed ~~ar-  gar*" . * 209. 
Supplement B , 

NH4 C 1  
FE PO4 2H20 
D i s t i l l ed  Water 

* Narragansett Bay water (GSO s i t e ) ,  cheesecloth f i l t e r e d  t o  remove 
par t i cu la r  matter and aged one month i n  the  dark i n , g l a s s  carboys. 

**Flaked agar was soaked and rinsed three  times a day w i t h  tap 
water f o r  three  days, and once a day fo r  the  next f i ve  days, followea 
by once a day r inses  i n  d i s t i l l e d  water f o r  six days, then a i r  dryed 
and ground t o  powder. 

The s t e r i l e  melted agar was placed i n  a s t e t i . l e  Waring Blender, the  
hydrocarbon added a t  desired concentration, blended a t  high speed fo r  
three  minutes and poured in to  s t e r i l e  p la tes .  

8 .2 .2  Oissolved Oxygen, Azide modification fo r  BOD. 

1. Solutions 

a .  Manganese Sulfa te  
MnS04 H20, 91g. i n  250 m l  d i s t i l l e d  water, f i l t e r  
and d i l u t e  t o  volume. 

b. Alkalin-iodide-azide reagent 

NaOH or  KOH 2509. 
NaI o r  KI 67.59. 
NaN3 55. 

Dissolve NaOH and NaI i n  d i s t i l l e d  water, d i l u t e  t o  500m1, then add 
NaN3 dissolved i n  20 m l  d i s t i l l e d  water. 

c .  Sulfur ic  acid 36N 
d .  Starch 
e .  Sodium th iosu l fa te  

NaS2O3 5H20 ( 0. l N ) ,  24.829. dissolved,  boiled,  cooled, then 
d i s t i l l e d  water added t o  1000m1, add . 5ml of chloroform as a 
preservative.  

2. Method 



Remove 200 m l  o f  water from t h e  BOD bottle.,,,add 2ml of  MnS04 and 3 
m l  of  a l ka l i ne - i od ide -az ide  reagent.  Shake and le't /stand f o r  a t  l e a s t  * 

two minutes, add 2 m l  of  H2S04 and shake u n t i l  t h e  p p t  i s  d i s s o l b e d . 7 .  
T i t r a t e  w i t h  sodium t h i o s u l f a t e  u n t i l  p a l e  *s t raw c o l o r ,  add 2 m l  o f  
s t a r c h  s o l u t i o n  and t i t r a t e  u n t i l  t h e  p u r p l e  c o l o r  disappears.  

3. Modi f ied BOD Method 

For  t h e  s tandard BOD method a s tandard inoculum i s  prepared f o r  add i -  
t i o n  t o  each b o t t l e  and t h e  measurement o f  02 used p rov ides  an es t imate  
of  o rgan ic  m a t t e r  i n  t h e  water. The m o d i f i c a t i o n  was t o  use t h e  n a t u r a l  
seawater m i c r o b i a l  p o p u l a t i o n  as inoculum and cha l lenge  t h i s  p o p u l a t i o n  
w i t h  a known q u a n t i t y  o f  subs t ra te .  P c o n t r o l  was used f o r  each s e r i e s  
which cons i s ted  of  t h e  seawater w i t h o u t  added n u t r i e n t .  Th is  p rov ides  an 
es t ima te  o f  oxygen d e p l e t i o n  caused by t h e  n a t u r a l  m i c r o b i a l  p o p u l a t i o n  
me tabo l i z i ng  t h e  endogenous n u t r i e n t s  p resen t  i n  t h e  seawater. Th i s  
va lue was subs t rac ted  from the  t e s t  r e s u l t s .  A l l  samples were r u n  i n  
t r i p l i c a t e , a n d  t h e  average va lue  used as t h e  da ta  p o i n t .  

The r e s u l t s  a r e  repo r ted  as r a t e s  o f  oxygen d e p l e t i o n  f o r  a 
g i ven  m i c r o b i a l  p o p u l a t i o n  a t  any t ime  d u r i n g  t h e  course o f  t h e  e x p e r i -  
ment. A s e r i e s  o f  a t -  l e a s t  21  BOD b o t t l e s  c o n t a i n i n g  t h e  same water and 
cha l lenge  subs t ra te  a r e  s e t  up f o r  each water  sample. Three b o t t l e s  a r e  
se lec ted  a t  random f o r  any measurement t i m e  d u r i n g  t h e  r a t e  de te rm ina t i on  
and measured f o r  d i sso l ved  oxygen con ten t .  

8.2.3 Rad ioac t i ve  Degradat ion Rate Dete rmina t ion  

Subs t ra tes  l a b e l e d  w i t h  14c carbon a re  used as an a u x i l i a r y  method 
t o  determine t he  r a t e  a t  which m a t e r i a l s  a r e  degraded by n a t u r a l  m ic ro -  
b i a l  popu la t ions .  Severa l  d i f f e r e n t  approaches have been used t o  e s t i -  
mate turn-over  o f  hydrocarbon com onents.  The metabo l i c  14c02 p ro -  
duced from t h e  metabol ism o f  t h e  P4C s u b s t r a t e  was t rapped a t  h o u r l y  
i n t e r v a l s  t o  c a l c u l a t e  r a t e  o f  C02 p roduc t ion .  Pnother approach was t o  
measure r a t e  o f  a12 re lease ,  and r a t e  o f  p roduc t i on  of  water s o l u b l e  
i n te rmed ia tes  and end products .  14c-~exadecane was used as a represen- 
t a t i o n  n-alkane, 14c-Naphthalene as r e p r e s e n t a t i v e  o f  low mo lecu la r  
weight aroma t i c  compounds and 1 4 c - ~ e n z o p ~ r e n e  as a r e p r e s e n t a t i v e  o f  
h i g h  mo lecu la r  weight  aromat ic  compounds. The 14~-hydrocarbons were 
used e i t h e r  a t  cons tan t  va lue  ( l u c i )  o r  added t o  samples i n  t h e  approx- 
imate  r a t i o  i n  which they occurred i n  t h e  o i l  under i n v e s t i g a t i o n .  

The r e a c t i o n  vessels  were 250 m l  f l a s k s  f i t t e d  w i t h  a C02 f r e e  a i r  
sweep t o  c a r r y  metabo l i c  C02 i n t o  t h e  methanol-ethanolaniene t r aps ,  o r  
t h e  same t ype  o f  f l a s k  f i t t e d  w i t h  a rubber  cap. I n  t h e  l a t t e r  case, t h e  
r e a c t i o n  vesse l  was incuba ted  f o r  t h r e e  hours,  a c i d i f i e d  w i t h  0.1N HCL t o  
r e l ease  a l l  b i ca rbonate  as a32 which was then  f lushed from t h e  r e a c t i o n  
vessels  i n t o  C02 t r aps .  

The f l a s k s  were e x t r a c t e d  w i t h  n-pentane a t  a c i d  pH t o  recover  a l l  
r e s i d u a l  hydrocarbon and any l i p i d s  produced d u r i n g  t h e  reac t i on .  The 
pentane e x t r a c t e d  seawater was counted t o  measure low mo lecu la r  weight,  
water  s o l u b l e  p roduc ts  l e f t  a f t e r  t h e  e x t r d c t i o n .  The pentane e x t r a c t  
was then  p a r t i t i o n e d  w i t h  a c i d i f i e d  methanol: e thano l  ( 1 : l )  t o  remove 
l i p i d s  from t h e  pentane e x t r a c t .  The pentane and a l c o h o l  were counted 



f o r  1 4 ~  a c t i v i t y .  

The s p e c i f i c  r a d i o a c t i v i t y  o f  t h e  s u b s t r a t e  is  known, t h e r e f o r e ,  i t  
is p o s s i b l e  t o  c o n v e r t  t h e  r a d i o a c t i v i t y  i n  t h e  v a r i o u s  p r o d u c t s  by c a l -  
c u l a t i o n  t o  ng. o f  s u b s t r a t e  u t i l i z e d .  I f  t h e  i n i t i a l  amount o f  hydro- 
c a r b o n  is  known, t h e  t u r n o v e r  t ime  o f  t h e  s u b s t r a t e  can  b e  c a l c u l a t e d  
u s i n g  e q u a t i o n  1. 

Equa t ion  1. 
.. .. 

T/F = Time/nq Hydrocarbon metabo l i zed  
ng Hydrocarbon added 

The d e g r a d a t i o n  t ime  o f  a  complex m i x t u r e  such a s  c r u d e  o i l  can  be 
e s t i m a t e d  u s i n g  e q u a t i o n  2. 

Equat ion 2. 

D/F = Time/nq component a  + ngb + --- 
T o t a l  Pet roleum p r e s e n t  

8 . 2 . 4  Viab le  P l a t e  Counts 

The p l a t e s  f o r  " t o t a l  h e t e r o t r o p h i c "  b a c t e r i a l  c o u n t s  (THB) and 
H y d r o c a r b a n o c l a s t i c  B a c t e r i a  c o u n t s  (HYB) were p repared  and i n c u b a t e d  a t  
l e a s t  24 h o u r s  b u t  no t  o v e r  96 hours  a t  t h e  t e m p e r a t u r e  a t  which t h e  
exper iment  would be performed. T h i s  a l lowed p r o p e r  d r y i n g  o f  t h e  a g a r  
s u r f a c e  t o  reduce s p r e a d i n g  o f  t h e  b a c t e r i a l  c o l o n i e s  a s  they  developed 
on t h e  a g a r  s u r f a c e .  P11 g l a s s w a r e  and d i l u e n t s  were h e l d  s i x  h o u r s  a t  
exper iment  t e m p e r a t u r e  t o  p r e v e n t  t e m p e r a t u r e  shock t o  t h e  b a c t e r i a .  

P l a t i n g  was performed v i a  t h e  s p r e a d  p l a t e  t e c h n i q u e  which c o n s i s t e d  
o f  s p r e a d i n g  0 .1  m l  o f  t h e  p r o p e r  d i l u t i o n  o v e r  t h e  e n t i r e  a g a r  s u r f a c e  
u s i n g  a  s t e r i l e  g l a s s  rod b e n t  i n t o  t h e  shape  o f  a  hockey s t i c k .  Samples 
were s e r i a l l y  d i l u t e d  and t h r e e  c o n s e c u t i v e  d i l u t i o n s  o f  each  sample wer$ 
chosen  f o r  s p r e a d  p l a t i n g .  Tne normal d i l u t i o n s  used were 
and b u t  h i g h e r  d i l u t i o n  v a l u e s  were used i n  some c a s e s  t o  a c h i e v e  
c o u n t a b l e  p l a t e s  (30-300 c o l o n i e s ) .  I n  most exper iments ,  two d i l u t i o n s  
were prepared  from each sample and two p l a t e s  were s p r e a d  from e a c h  d i l u -  
t i o n  which means we had f o u r  p l a t e s  f o r  c o u n t i n g  a t  each  d a t a  p o i n t .  
Th i s  method i n c r e a s e s  t h e  s t a t i s t i c a l  accuracy  o f  t h e  s p r e a d  p l a t e  coun t  
method. The v a l u e s  r e p o r t e d  a r e  t h e  numer ica l  a v e r a g e  o f  t h e  f o u r  p l a t e s .  

The p l a t e s  were counted on a  Guebec Colony .Counter w i t h  t r a n s m i t t e d  
l i g h t .  P l a t e s  w i t h  opaque media were counted on t h e  same i n s t r u m e n t  bu t  
u s i n g  a n  o b l i q u e  l i g h t  s o u r c e .  

8 . 2 . 5  .Most P robab le  Number Technique 

T h i s  method was performed w i t h  OZR and HBM meddrn w i t h o u t  a g a r .  Five  
p a r a l l e l  seriec o f  d i l u t i o n s  were made f o r  each  sample ,  u t i l i z i n g  f o u r  
decimal  d i l u t ~ , , i  s e r i e s .  One m l  o f  each d i l u t i o n  was added a s e p t i c a l l y  
t o  1 0  m l  o f  medium. F i v e  c o n t r o l  t u b e s  o f  medium were used as a  contam- 
i n a t i o n  check.  P11 work was performed i n  a  hood system t o  p r e v e n t  a i r  



contaminat ion o f  the medium. 

The tubes were incubated a t  t he  temperature chosen f o r  the  experiment 
and scored as growth o r  no growth. Growth was p o s i t i v e  if there was 
v i s i b l e  bac te r ia  on the tube bottom, throughout the  medium, o r  under ly ing 
the  hydrocarbon ( o i l )  phase. 

The number o f  p o s i t i v e  tubes i n  each d i l u t i o n  of the  f i v e  p a r a l l e l  
se r ies  was determined and the number of bac te r ia  per  m l  of sample deter-  
mined using the  MPN tab les  of Postgate (1969). 

8.2.6 Repl ica P l a t i n g  Technique 

This technique was described by Pierce, Cundell, and Trax ler  (1975). 
The b a c t e r i a l  co lon ies  from the master p l a t e  (obtained dur ing  v iab le  
p l a t e  count experiments) were t rans fer red t o  o ther  subst ra te  p l a t e s  us ing 
a ve l ve t  r e p l i c a t o r  pad (Fig.  8.1). The r e p l i c a t i o n  sequence was master 
p l a t e  t o  non-substrate basal agar, t o  hydrocarbon subst ra te  t o  OZR agar. 
Colonies growing on the  non-substrate basal  agar were no t  scored when 
growing on a hydrocarbon substrate as they were considered t o  be growing 
a t  the  expense fo r  agar-agar r a t h e r  than the  hydrocarbon. The f i n a l  OZR 
p l a t e  was used t o  insure  t h a t  inoculum was c a r r i e d  forward from each 
colony. 

8.2.7 Laboratory Experiment System 

This system consisted of 5.5 g a l l o n  aquaria conta in ing  a 5 cm sedi- 
ment base and fresh seawater over lay.  A l a r g e  g lass tube extended int 'o  
the  midpoint of the water samples so t h a t  a p i p e t  could be inse r ted  t o  
remove water wi thout  contact  w i t h  the  surface o i l .  Sediment samples wefe 
obtained w i t h  a tube w i t h i n  a tube arrangement. A l a rge  g lass tube was 
placed i n  the  water p r i o r  t o  the  a d d i t i o n  of o i l  and/or dispersant.  When 
ready t o  sample the  sediment, t h i s  tube was pushed i n t o  the  sediment zone 
and a second smal ler  s t e r i l e  tube was passed through the  f i r s t  g lass  tube 
t o  remove the  sediment sample. 

8.3 Results and Discussion 

Three general purpose media were compared fo r  use i n  t h e  enumeration 
of " t o t a l "  marine hetero t roph ic  bac te r ia  and as a base f o r  a s e l e c t i v e  
medium for  hydrocarbon u t i l i z i n g  bacter ia .  The comparison o f  the  three 
media t o  support growth of marine hetero t roph ic  bac te r ia  i s  shown i n  
(F igure 8.2). OZR medium was super io r  t o  the  o ther  two media and was 
chosen as the  basic medium for  t h i s  study. Media K and G are  both  formu- 
l a t e d  using R i l a  S a l t s  mix t o  replace the  aged seawater o f  t he  OZR 
medium. I t  i s  apparent from these data t h a t  R i l a  Sa l t s  do no t  adequately 
s u b s t i t u t e  f o r  aged seawater and t h a t  media so formulated prov ide much 
poorer p r o d u c t i v i t y  of the  hetero t roph ic  marine bacter ia .  

A comparison was made of the  v i a b l e  p l a t e  count (VPC) and most prob- 
able number (MPN) methods fo r  enumerating marine hetero t roph ic  bac te r ia  
i n  OZR medium. Both methods (Figure 8.3) were capable o f  determining 
increases i n  the  number of bac ter ia .  The MPN method d i d  y i e l d  s l i g h t l y  
h igher t o t a l  numbers, bu t  s t i l l  w i t h i n  the  range of s t a t i s t i c a !  var ia -  
t i o n .  I t  was found t h a t  much greater  l o g i s t i c a l  demands occurred w i t h  
the  MPN method t o  achieve the  same accuracy as the  VPC method. Also, i t  



Velvet Repl~cation Pod 

Fig. 8.1 Replicate  P la t ing  Technigue 

MEDIA 

Fig. 8.2 Qmparisons of Three Media f o r  P b i l i t y  t o  

-port Growth of Marine Heterotmphic Bacter ia  

TIME (hrJ 

Fig. 8.3  Cbnparison of &st Probable HJnber (MW) 

Wd Viable PleteCoun: (VPC! Methods f o r  em era tin^ 
b r i n e  Heterotrophic Bacter ia .  



was d e s i r a b l e  t o  have c o l o n i e s  on s o l i d  media f o r  o t h e r  aspects o f  t he  
p r o j e c t .  Therefore,  t he  VPC method u s i n g  OZR medium was chosen as t h e  
s tandard h e t e r o t r o p h i c  b a c t e r i a  enumerat ion method. 

The VPC was used w i t h  OZR and HBM media t o  es t ima te  t h e  r e l a t i v e  per -  
centage o f  hydrocarbon u t i l i z i n g  b a c t e r i a  i n  t h e  t o t a l  h e t e r o t r o p h i c  pop- 
u l a t i o n .  Th is  method was a p p l i e d  t o  seawater supplemented w i t h  Kuwait 
Crude o i l  d i spersed  w i t h  C o r e x i t  9527. The r e l a t i v e  percentage of  o i l  
degraders w i t h  t h e  " t o t a l "  h e t e r o t r o p h i c  p o p u l a t i o n  inc reased  w i t h  t ime  
(F igu re  8.4).  

B iodegrada t ion  of  a  s p e c i f i c  o rgan ic  compound i s  most accu ra te l y  
measured by de te rmin ing  t h e  r a t e  o f  disappearance o f  t h e  compound. When 
t h e  study i n v o l v e s  degrada t ion  o f  m u l t i p l e  subs t ra tes  o r  a  chem ica l l y  
complex m a t e r i a l  such as crude o i l ,  t h e  a n a l y t i c a l  chemis t ry  r e q u i r e d  f o r  
t he  component l o s s  approach i s  ext remely  complex and i s  d r a s t i c a l l y  
reduced i n  accuracy. The p r o j e c t  o b j e c t i v e s  d i c t a t e d  a r a p i d ,  s imp le  
system which would p rov ide  a reasonable es t ima te  o f  b i odeg rada t i on  poten- 
t i a l .  I n  an aerob ic  environment, a l l  degrada t ion  r e a c t i o n s  a r e  assoc i -  
a ted  w i t h  oxygen u t i l i z a t i o n ,  t h e r e f o r e  we u t i l i z e d  a m o d i f i e d  B i o l o g i c a l  
Oxygen Demand (BOD) procedure which p rov ided  t h e  r a t e  and e x t e n t  of  
oxygen d e p l e t i o n  by t h e  mixed sea water  p o p u l a t i o n  on va r i ous  subs t ra tes  

F i v e  tanks  were f i l l e d  w i t h  f resh  un t rea ted  seawater a t  140C. Four 
tanks  were loaded w i t h  one percen t  (weight/volume) o f  e i t h e r  n-hexa- 
decane, naphthalene, W i l l i amar  crude o r  peptone. The f i f t h  tank  served 
as a c o n t r o l .  The tanks  were. mechanica l ly  a g i t a t e d  t o  d isperse  t h e  
chemicals throughout  t h e  water  column, t hen  t he  water d i s t r i b u t e d  i n t o  
BOD b o t t l e s ,  which were incuba ted  a t  14OC. Oxygen l e v e l s  were de te r -  
mined from d u p l i c a t e  b o t t l e s  over  t h e  t ime  course o f  t h e  exper iment.  

The r e s u l t s  a re  presented i n  F igu re  8.5. The c o n t r o l  va lue  repre -  
sen ts  m i c r o b i a l  u t i l i z a t i o n  o f  t he  ind igenous n u t r i e n t s  p resen t  i n  t h e  
seawater. These n u t r i e n t s  were exhausted a f t e r  two days w i t h  a  t o t a l  
oxygen d e p l e t i o n  o f  2  mg. The r a t e s  o f  oxygen d e p l e t i o n  w i t h  t h e  sub- 
s t r a t e s  were l i n e a r  f o r  an i n i t i a l  t ime  pe r i od ,  then  decreased i n  r a t e  
f o r  a  second t ime pe r i od .  The d e p l e t i o n  r a t e s  a r e  summarized i n  Table 
8.1. Peptone (used t o  express " t o t a l 1 '  b iodegrada t ion  p o t e n t i a l )  showed 
t h e  g r e a t e s t  d e p l e t i o n  r a t e  and comple te ly  u t i l i z e d  a l l  a v a i l a b l e  oxygen 
by day s i x .  The oxygen d e p l e t i o n  r a t e s  w i t h  W i l l i m a r  crude o i l  and naph- 
t ha lene  were t he  same and i t  i s  n o t i c e d  t h a t  t h e  r a t e s  were h i g h e r  than  
f o r  hexadecane. The b reakpo in t s  i n  t h e  oxygen d e p l e t i o n  p l o t s  a l l  occur 
a t  about 2 mg 02 p e r  l i t e r  and a r e  b e l i e v e d  t o  represen t  t h e  p o i n t  o f  
oxygen l i m i t a t i o n  f o r  t h e  mixed popu la t i on .  I n  t h i s  exper iment,  mechan- ' 

i c a l l y  d ispersed  subs t ra te  was i n t r oduced  i n t o  t h e  BOD b o t t l e  a t  extreme- 
l y  h i g h  subs t ra te  concen t ra t i ons  (10,000 m g / l i t e r )  which cannot be com- 
pared t o  i n  s i t u  c o n d i t i o n s  b u t  d i d  serve t o  v a l i d a t e  t h e  m o d i f i e d  BOD 
met hod. 
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TABLE 8.1 RATE OF SUBSTRATE DEGRADATION, BY OXYGEN DEPLETION 

Substrate 07mg/l i ter/day 

Contro l  (na tu ra l )  1'. 0 
Peptone 3.5 
Wi l l imar  Crude 1.25 
Hexadecane .94 
Naphthalene 1.25 

The experimental procedure was modif ied by e l i m i n a t i n g  mechanical 
mix ing energy except f o r  a gent le  a g i t a t i o n  of t he  tanks t o  simulate wave 
ac t ion .  The tanks were f i l l e d  w i t h  seawater and overlayed w i t h  API 
reference South Louisiana crude o i l ,  the dispersant Corexi t  9527, and a 
1 0 : l  mix ture  o f  crude o i l  and dispersant.  Samples were removed from the  
center  of t he  tanks a f t e r  24 hours f o r  BOD measurements. F igure 8.6 
shows the  oxygen dep le t i on  f o r  24 hour samples from each o f  the four  
tanks. There was no oxygen u t i l i z a t i o n  i n  the  c o n t r o l  tank, which i n d i -  
cated t h a t  the  indigenous n u t r i e n t  had been depleted dur ing  the  24 hour 
incubat ion  p r i o r  t o  sampling the  tanks. There was no dep le t i on  o f  oxygen 
i n  the  South Louisiana crude tank, i n d i c a t i n g  e i t h e r  an absence o f  sub- 
s t r a t e  i n  the  water column o r  the  i n a b i l i t y  of the res ident  b a c t e r i a l  
popu la t ion  t o  u t i l i z e  s o l u b i l i z e d  hydrocarbons. The absence o f  substrate 
was ind i ca ted  from the r e s u l t s  i n  the  o i l -d i spe rsan t  tank. 

The biodegradable nature of Corexi t  9527 was ind i ca ted  by the  oxygen 
dep le t i on  study, i n  which the  oxygen was depleted a t  a - r a t e  o f  1 mg 
02 / l i t e r /day .  The oxygen dep le t i on  r a t e  was much greater  (4.25 
mg/ l i te r /day)  w i t h  the  mix ture  of crude o i l  and dispersant:  This e f f e c t  
i s  apparent when consider ing no water column a c t i v i t y  w i t h  j u s t  the crude 
o i l  and the  much lower r a t e  fo r  the  d ispersant  'a lone.  The dispersant 
a c t i o n  would ca r ry  o i l  i n t o  the  water column i n  smal l  d rop le t  form, i n  
which i t  would be more r e a d i l y  a v a i l a b l e  t o  the  b a c t e r i a l  populat ion.  

I t  i s  i n t e r e s t i n g  t o  note i n  these experiments as w e l l  as r e p l i c a -  
t i o n s  and other  s tud ies  w i t h  the  oxygen dep le t i on  method t h a t  the f i n a l  
oxygen l e v e l  i s  always about 2 mg o f  0 2 / l i t e r .  This would i n f e r  t h a t  
m ic rob ia l  a c t i o n  on o i l  does not  occur below t h i s  l e v e l  of d issolved 
oxygen. I .  

Conventional labora tory  scale experiments have' many advantages as 
they provide w e l l  c o n t r o l l e d  t e s t s  cond i t ions  and are e a s i l y  rep l i ca ted .  
However, there  are c e r t a i n  inherent  disadvantages t o  these smal l  scale 
systems when operat ing i n  e i t h e r  the batch o r  continuous mode. Microbio- 
l o g i c a l l y ,  w a l l  e f fects are  magnified by the  h i g h  w a l l  t o  water r a t i o ,  t he  
i n a b i l i t y  t o  achieve s i g n i f i c a n t  d i l u t i o n  e f f e c t s  o r  concent ra t ion  grad i -  
ents i n  smal l  volumes of water. The ocean as an environment does no t  
make poss ib le  c o n t r o l l e d  o r  e a s i l y  r e p l i c a t e d  experiments. A compromise 
meso-scale t e s t  system was designed fo r  use i n  t h i s  p r o j e c t  w i t h  raw 
seawater. 

a Experiments were performed t o  determine the  nature and v a r i a b i l i t y  of 
t he  meso-scale system. Two tanks were f i l l e d  w i t h  seawater from 



TIME IN DAYS 



Narragansett Bay and water samples removed from 1.5 meters below the  sur- 
face on days, 0, 4 and 8 fo r  use a s  inoculum fo r  oxygen depletion 
s tudies .  Three s e r i e s  were s e t  up i n  duplicate t o  define the  capacity of 
the  resident  population fo r  u t i l i z a t i o n  of endogenous nu t r i en t s  
(con t ro l ) ,  petroleum (Kuwait) and " to ta l "  heterotrophic potent ia l  
(peptone). The experiment was repeated three  times and a  composite of 
the north and south tank data used t o  perform a  polynomial regression fo r  
each subst ra te  and ' t h e  control .  From the  regression data ,  the R~ value 
was determined and the  best  f i t  of the  R~ value t o  e i t h e r  a  second or  
t h i r d  degree polynomial. T h i s  was used t o  p lo t  the x value, which i s  
time i n  days against  the estimated y value which i s  the mg of 0 2 / l i t e r  
a t  each data point.  

The s t a t i s t i c a l  evaluation of the control  values (Fig. 8.7)  indicates  
a  c lose  cor re la t ion  fo r  the estimated depletion ra tes  a t  each of the 
samples times. T h i s  is par t i cu la r ly  t rue  of the  values fo r  the 0  and 4  
day samples. The general trend is fo r  low i n i t i a l  depletion r a t e s  of 
1.25 and 1.5 mg 02/ l i ter /day,  followed by essen t ia l ly  level  values, 
then increased oxygen content i n  the t e s t  values. The data indicates  
rapid exhaustion of the  endogenous nu t r i en t s  which a r e  normally low i n  
seawater. 

The data f o r  Kuwait crude o i l  (Fig. 8.8) shows a  c lose  corre la t ion 
fo r  a l l  sampling times and a  consistent  oxygen depletion r a t e  over the 
en t i r e  time course of the t e s t .  The i n i t i a l  r a t e  i s  somewhat higher f o r  
the  0  day water than for  the other two water samples. 

A s imilar  p lot  f o r  " to ta l "  heterotrophic po ten t ia l  (Fig. 8.9)  demon- 
s t r a t e s  the highest oxygen depletion r a t e  of the  three  t e s t  s e r i e s  and an 
extremely c lose  f i t  f o r  a l l  samples during the f i r s t  day of the  deplet ion 
r a t e  measurement.' The s h i f t s  i n  r a t e  a f t e r  one day r e f l e c t  nutr ient  
depletion and toxic products a s  seen i n  the  conventional bac te r ia l  growth 
curve. 

A comparison .of  the oxygen deplet ion r a t e s  w i t h  o i l  and peptone by 0  
day water from the north and south tanks (Fig. 8.10) demonstrates the  
c lose  fit  of data from two d i f fe ren t  t e s t  tanks. The ra tes  match those 
obtained from the composite data fo r  a l l  points  on the  three experiment 
s t a t i s t i c a l  study. 

The VPC method was a l so  used t o  es tab l i sh  the  reproducibil i ty of the 
meso-scale system. T h i s  f i r s t  val idat ion was performed w i t h  only sea- 
water (no o i l  o r  dispersant  added) and compared t o  the VPC values of 
Narragansett Bay.water. Samples were taken from 1.5 foot level  and 9.5 
foot l eve l  i n  both the  north and south tanks. The r e su l t s  (Fig.  8.11) 
show excel lent  reproducibil i ty between the  two tanks and the bay water 
counts. 

Sa l i n i t y  of the tanks was measured a t  surface,  1.5, 9.5 and 18 foot 
l eve l  (Fig. 8.12). A ra in  during the  f irst  24 hours s ign i f i can t ly  
reduced the  s a l i n i t y  a t  the  tank surface,  but d i d  not a f f ec t  s a l i n i t y  a t  
the  other  l eve l s  i n  the  tank and had no e f f ec t  on bac te r ia l  numbers (Fig. 
8.11). 
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The r e l i a b i l i t y  o f  v i a b l e  p l a t e  count (VPC) and most probable number 
(MPN) data from t h e  same t e s t  s e r i e s  i s  shown i n  Table 8.2 These values 
represen t  t h e  numer ica l  average o f  t he  same da ta  p o i n t s  f o r  t h r e e  r e p l i -  
c a t e  exper iments.  There i s  a  c l o s e  c o r r e l a t i o n  between t h e  MPN and VPC 
va lues  w i t h i n  a  g i ven  tank  as w e l l  as i n t e r - t a n k  va lues f o r  t h e  same 
sample t imes. The d i f f e r e n c e s  i n  va lues do n o t  exceed one l o g  and i n  
most cases a r e  much c l o s e r .  As norma l l y  found i n  MPN and VPC, compari- 
sons o f  b a c t e r i a l  numbers t he  MPN values a r e  t h e  h i g h e r  of t h e  two. 
These r e s u l t s  were supported by c a r e f u l l y  c o n t r o l l e d  l a b o r a t o r y  expe r i -  
ments F igu re  8.2. 

TABLE 8.2 RELIABILITY OF VPC AND MPN DATA FROM MESO-SCALE TANKS 

De te rm ina t i on  Sample day No r th  Tank South Tank 

MPN 
VPC 
MPN 
VPC 
MPN 
VPC 

* One t e s t  on l y .  

The respbnse o f  t h e  t o t a l  h e t e r o t r o p h i c  p o p u l a t i o n  t o  Kuwait  c rude 
o i l  and Kuwait  d ispersed  w i t h  C o r e x i t  9527 was t e s t e d  i n  t h e  meso-scale 
system. The n o r t h  and south tanks  each rece ived  15 ppm o f  Kuwait  and 3 
ppm o f  Co rex i t  9527 was added t o  t h e  south tank.  The sur face  o f  b o t h  
tanks  rece i ved  m ix i ng  ( g l a s s  rod )  f o r  f i v e  minutes a f t e r  chemica l  add i -  
t i o n s .  Both tanks  were sampled a t  0, 24, 48 and 72 hours from t h e  1.5, 
9.5 and 18 f o o t  sample sp igo t s .  D i l u t i o n s  fro111 t h e  samples were spread 
p l a t e d  on t o  OZR medium and incuba ted  a t  tank temperature (210C) f o r  
s i x  days. 

The VPC data (F ig .  8.13) demonstrated more than  one l o g  inc rease  dur-  
i n g  t h e  f i r s t  24 hours i n  t he  d i spe rsan t  t r e a t e d  tank  ( sou th  t ank ) ,  a  
l e v e l  va lue between 24 and 48 hours,  f o l l owed  by a decrease i n  b a c t e r i a l  
numbers a t  72 hours.  I n  t h e  n o r t h  tank, which rece ived  o n l y  Kuwait  crude 
o i l ,  t h e r e  i s  an apparent t r e n d  f o r  increased b a c t e r i a l  numbers d u r i n g  
t h e  72 hour t e s t  pe r i od .  The change i n  b a c t e r i a l  number i n  t h e  n o r t h  
tank  i s  minor compared t o  t h e  sou th  tank  and may n o t  represen t  b a c t e r i a l  
growth b u t  normal v a r i a t i o n  seen i n  VPC de te rmina t ions .  There was good 
c o r r e l a t i o r i  between b a c t e r i a l  numbers i n  t h e  south tank  and e s s e n t i a l l y  
t h e  same va lues a t  a l l  t h r e e  t e s t  l e v e l s ,  suggest ing a homogeneous mix- 
t u r e  throughout  t h e  tank. 

The enhanced growth i n  t h e  d ispersed  o i l  tank  c o u l d  r e f l e c t  metabo- 
l i s m  of o i l  and/or d ispersan t .  M u l k i n s - P h i l l i p s  and Steward (11)  i n  
t h e i r  exper iments us ing  gas chromatography t o  f o l l o w  changes i n  compo- 
nen ts  found t h a t  t h e  d i spe rsan ts  were metabo l i zed  i n  preference t o  t h e  
C17 - C28 f r a c t i o n  o f  t he  Arabian crude o i l  used i n  t h e i r  expe r i -  
ments. I n  c o n t r a s t ,  A t l a s  and Bar tha  (12)  u s i n g  m i n e r a l i z a t i o n  as a 
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Fig. 8.13 VPC Data of Control, Kuwait Crude, and Kuwait Cmde an3 
Dispersant i n  the Meso-Scale Tanks. 



measure of biodegradation, showed t h a t  dispersants increased the  micro- 
b i a l  u t i l i z a t i o n  o f  Sweden crude o i l .  

The q u a n t i t a t i v e  chemical analyses o f  t he  tanks f o r  ex t rac tab le  
organics (Exp. 2 Chemistry Sect ion) demonstrated c o n t r o l  values o f  210 
and 243 ppb i n  the  seawater. The ex t rac tab le  organics i n  the  o i l  tank 
are  elevated on ly  a t  the  one hour samples taken a t  the  top  and mid zones 
o f  the tank. A f t e r  one hour they r e t u r n  t o  o r  below background l e v e l .  
This would support the  i n t e r p r e t a t i o n  o f  no b a c t e r i a l  response i n  t h i s  
tank. The quan t i t y  of ex t rac tab le  organics i n  the  d ispersant  t rea ted  
tank i s  s i g n i f i c a n t  a t  a l l  l e v e l s  and would provide s u f f i c i e n t  substrate 
fo r  increase i n  m i c r o b i a l  numbers. The l i m i t i n g  f a c t o r ,  however, would 
be the  quan t i t y  of n i t rogen  and phosphate ava i l ab le  r a t h e r  than carbon. 
The decrease i n  b a c t e r i a l  numbers between hours 48 and 72 (F ig .  8.13) are 
not  r e l a t e d  t o  carbon l i m i t a t i o n  which i n  a l l  zones o f  t he  tank are w e l l  
i n  excess of 500 ppb. 

The q u a l i t a t i v e  GLC data from the chemical s tud ies  i nd i ca tes  l o s s  o f  
components b o i l i n g  below n-C15 i n  the dispersant t rea ted  tank. The 
l o s s  of these components may r e f l e c t  biodegradation o r  evaporat ion o r  a 
combination o f  t he  two phenomenon and would support t he  observed increase 
i n  m ic rob ia l  numbers. 

TABLE 8.3 OXYGEN DEPLETION RATES FROM MESO-SCALE EXPERIMENT 2 
OIL AND OIL PLUS COREXIT 9527, mg 

DAY OIL OIL AND COREXIT 9527 - 
TOP MID BO T TOP M I D  BOT 

The oxygen dep le t i on  data from t h i s  experiment (Table 8.3) i s  h i g h l y  
confusing and apparent ly i s  of l i t t l e '  value. The r e s u l t s  were e r r a t i c  
except f o r  day 0 r e s u l t s  which were r a t h e r  constant.  A t rend does e x i s t '  
i n  the  dispersant t rea ted  tank which suggests increased a c t i v i t y  w i t h  
t i m e . a t  the lower reg ion of the  tank. 

The t h i r d  meso-scale experiment contained several  mod i f i ca t ions .  The 
t h i r d  tank was i n  place and used as a c o n t r o l  tank conta in ing  only sea- 
water. A coo l i ng  system was i n s t a l l e d  which maintained ambient bay tem- 
pera ture  + 2OC. An a g i t a t o r  was i n s t a l l e d  i n  the  upper 2 f e e t  of the 
water column and operated e i g h t  hours each day. Samples were taken from 
the  1.5, 9.5 and 18 foo t  l e v e l s  a t  24 and 48 hours. Samples were p l a t e d  
f o r  bo th  " t o t a l "  he tero t roph ic  b a c t e r i a  (THB) and t o t a l  number hydrocar- 
banoc las t ic  bac te r ia  (HYB) (F igures 8.14 and 8.15). 

The THB counts (F igure 8.14) o f  bay water .were constant over the two 
days of the experiment. The values i n  the  1.5 f o o t  zone o f  the  c o n t r o l  



Fig. 8:14 Heso-Scale Experiment 3, Measured Heterotrophic Bacterial 
Growth. 
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Fig. 8.15 &so-Scale Experiment 3, Growth o f  Marine Hydrocarbon 
Degrading Bacteria. 



tank were a l so  constant bu t  somewhat lower than the bay counts. There 
are apparent increases i n  THB o f  t he  o i l  p l u s  d ispersant  tank which 
peaked a t  24 hours a t  t he  top  zone and 48 hours i n  the mid zone. How- 
ever, the number o f  t o t a l  he tero t roph ic  b a c t e r i a  i n  the  bottom zone 
decayed over the  course of 48 hours. 

Although the  a c t u a l  number were somewhat l e s s  the  trends f o r  HYB were 
about the same as the  THB counts. There was more s t a b i l i t y  i n  the  top 
and mid zone counts which showed no s i g n i f i c a n t  change i n  HYB. 

There appears t o  be a r e l a t i o n s h i p  between the number of hydrocarbon 
u t i l i z i n g  b a c t e r i a  (HYB) and ex t rac tab le  organics i n  the  water column. 
I n  the  top and mid zones there  are increased HYB present i n  the  water 
column fo l l ow ing  the  appearance of' o i l  i n  a p a r t i c u l a r  zone of' t he  tank. 
For example, i n  the  top zone hour 1 samples (chemistry data experiment 3 )  
the  o i l  concentrat ion increased from about 450 ppb t o  near ly  2000 ppb 
between hours 1 and 24, and the  HYB popu la t ion  a l so  increased dur ing  t h i s  
per iod.  I n  the  bottom zone the  o i l  concent ra t ion  never reached 900 ppb 
and there  was no change i n  the  HYB populat ion.  I t  might be i n f e r r e d  from 
t h i s  data t h a t  a c r i t i c a l  o i l  concentrat ion i n  the  water i s  necessary f o r  
s e l e c t i o n  o f  hydrocarbon u t i l i z i n g  bac te r ia .  Unfor tunate ly ,  we cannot 
make the  same comparison from the  second experiment because we measured 
on ly  THB. 

Oxygen dep le t i on  measurements (F igures 8.16-8.23) e s s e n t i a l l y  conf irm 
the  p l a t e  count and chemistry data. The i n i t i a l  b i o l o g i c a l  a c t i v i t y  was 
h ighest  i n  the  top zone o f  the  o i l -d i spe rsan t  tank, somewhat decreased 
a f t e r  24 hours and had returned t o  basel ine ( c o n t r o l  tank) ,  ra tes  by 48 
hours. There i s  evidence o f  very l i t t l e  b i o l o g i c a l  a c t i v i t y  i n -  t he  tank 
dosed w i t h  Kuwait crude o i l .  The bottom samples demonstrated 1-10 s i g n i f i -  
cant b i o l o g i c a l  a c t i v i t y  i n  the  0 and day 1 samples of e i t h e r  the  o i l  o r  
o i l - d i spe rsan t  tank. There i s  measurable a c t i v i t y  i n  the  o i l -d i spe rsan t  
tank samples on days 2 and 3. 

I t  was apparent from these two experiments t h a t  dispersed o i l  does 
induce s l i g h t  increases i n  the  t o t a l  he tero t roph ic  b a c t e r i a l  popu la t ion  
(THB) and the  hydrocarbanoclast ic b a c t e r i a l  popu la t ion  (HYB). These 
e f fec ts  were not  as apparent as the  r e s u l t s  o f  the labora tory  experiments 
o f  o ther  i n v e s t i g a t o r s  (11,12) i n  which the  system was supplemented by 
the  a d d i t i o n  o f  n i t r o g e n  and phosphorus which are n u t r i e n t  l i m i t i n g  i n  
seawater. 

Experiments were designed t o  determine the  e f f e c t s  o f  o i l  and d i s -  
persant on b a c t e r i a l  popu la t ion  dynamics. These were smal l  tank exper i -  
ments under c o n t r o l l e d  labora tory  cond i t i ons  a t  4OC w i t h  sediment and 
seawater c o l l e c t e d  from Narragansett Bay. P11 tanks were gent ly  shaken 
a t  45 rpm and aerated t o  insure  s u f f i c i e n t  oxygen f o r  maintenance o f  b io -  
l o g i c a l  a c t i v i t y .  The t e s t  se r ies  were: c o n t r o l  seawater-sediment; 
Kuwait crude o i l  15 ppm (v /v ) ;  Kuwait crude o i l  15 ppm (v /v )  p l u s  3 ppm 
(v /v )  o f  Corex i t  9527; and Corex i t  9527 3 ppm (v /v ) .  Samples were taken 
from the  sur face o f  t he  tanks ( f i l m  area), mid water column and the  sedi-  
ments. Each sample was u i l u t e d  and p l a t e d  i n  dup l i ca te  onto OZR medium 
t o  express the  he te ro t  roph ic  b a c t e r i a l  populat ion.  Countable p l a t e s  
(30-300 co lon ies)  were selected from each sample source t o  serve as 
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master p l a t e s  f o r  r e p l i c a t i o n .  The master p l a t e s  were r e p l i c a t e d  t o  
n-hexadecane, napthalene, Kuwait and basal  agars. A l l  r e p l i c a t e  and 
master p l a t e s  were photographed i n  c o l o r  f o r  examination of colony types 
and v e r i f i c a t i o n  of v i s u a l  comparison made p r i o r  t o  photography. 

The water column ser ies  inc luded a Kuwait crude o i l  MPN se r ies  and 
dup l i ca te  sets of OZR p l a t e s  incubated a t  40C and 130C. The tempera- 
t u r e  d i f f e r e n t i a 1 , t e s t  was performed t o  see i f  the  system contained a 
mixture of psychroph i l i c  and mesophi l ic bac te r ia  which has been demon- 
s t r a t e d  t o  occur i n  Narragansett Bay (13,141. 

The VPC data fo r  the  surface f i l m s ,  sediment and water column a t  13 
and 40C are shown i n  Figures 8.24 a-d. There was an increase i n  bac- 
t e r i a l  numbers o f  the sur face f i l m  between day 1 and 2 i n  a l l  four  
tanks. The l e a s t  increase was i n  the  o i l  tank which o f  course has an o i l  
f i l m  a t  t he  a i r -water  i n t e r f a c e .  The o i l  f i l m  was expected t o  destroy 
the func t i on  o f  the  i n t e r f a c e  micro layer  which t y p i c a l l y  shows consider- 
able enrichment o f  bac te r ia  and b a c t e r i a l  n u t r i e n t s  as compared t o  the  
water column. Indeed these increases i n  b a c t e r i a l  numbers could be 
i n t e r p r e t e d  as the  forming o f  the  micro layer  r a t h e r  than growth of bac- 
t e r i a .  This hypothesis i s  supported by the  organism increase i n  the  
c o n t r o l  tank. The popu la t ion  s i ze  i n  a l l  the  sur face samples does remain 
e s s e n t i a l l y  constant through the  21 day experiment. 

There are  greater  f l u c t u a t i o n s  i n  the  sediment VPC data i n  a l l  
tanks. A general t rend i s  apparent f o r  an increase i n  the  sediment bac- 
t e r i a l  popu la t ion  through day n ine  i n  the  c o n t r o l ,  d ispersant  and o i l -  
d ispersant  tanks. There i s  l e s s  o f  a t rend  f o r  sediment enrichment i n  
the  o i l  tank. A f te r  day n ine  sediment numbers dec l ine  i n  the  c o n t r o l  and 
dispersant tanks but  remain s tab le  i n  the o i l  and o i l -d i spe rsan t  tanks. 

The water column s tud ies  a t  4 and 1 3 O ~  are i n t e r e s t i n g  i n  t h a t  they 
demonstrate evidence f o r  two d i f f e r e n t  populat ions,  each w i t h  somewhat 
d i f f e r e n t  dynamics. The i n i t i a l  130C popu la t ion  i s  l a r g e r  than the  
40C popu la t ion  i n  the water column. There i s  a s l i g h t  p o s i t i v e  t rend  
f o r  the  130C popu la t ion  through day 14 then a s i g n i f i c a n t  dec l i ne  
except i n  the  c o n t r o l  tank. On the  o ther  hand, the, i n i t i a l  40C popula- 
t i o n  i s  low i n  a l l  tanks bu t  r a p i d l y  increases by day th ree and then more 
s lowly through day seven i n  a l l  tanks. This i s  fo l lowed by a s i g n i f i c a n t  
popu la t ion  decl ine,  except i n  the  c o n t r o l  tank, through day 14. 

The numbers of HYB i n  the  water column were determined by the  VPC and 
MPN methods (Figure 8.25). As normally found i n  comparison o f  the  two 
methods, the  MPN . values are h igher  than VPC values. This i s  p a r t i a l l y  
explained by the  f a c t  t h a t  t he  two methods se lec t  f o r  d i f f e r e n t  hetero- 
t roph ic  populat ions (15).  

I n  a l l  the  tanks using both  the  hydrocarbanoclast ic MPN and VPC 
methods, there  was a r a p i d  increase i n  the  number o f  HYB i n  a l l  tanks 
u n t i l  about day 7 a f t e r  which the  numbers dec l ined t o  i n i t i a l  numbers 
found i n  the  var ious tanks. The dec l i ne  i s  l e s s  r a p i d  by t h e  MPN method 
but  probably would have returned t o  base l ine  by days 18-20. We be l i eve  
the  dec l i ne  i s  r e l a t e d  t o  exhausti011 o f  t he  N, P and Fe content o f  t h i s  
c losed system. 
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Fig. 8.24 Laboratory Experiment, V iab le P l a t e  Counts on OZR Medium from 
Surface 

( A ) ,  sediment ( B ) ,  and water c o l m  samples ( C i .  
Water colwm samples were incubated a t  13OC and 
4 ' ~  (Dl. s h p Z e s  were taken from four aquaria 
wi th  Narragansett Bay water plus:  (1) control ,  
( 2 )  Kuwait crude o i l  15 pprn ( v / v ) ,  ( 3 )  Kuwait 
crude o i l  15 pprn ( v /v l  plus 3 pprn ( v /v l  o f  d i s -  
persant Corexit 9527, m d  ( 4 )  Corexit 9527 3 pprn ( v / v )  



I t  shou ld  be p o i n t e d  o u t  t h a t  t h i s  sys tem r e c e i v e d  mechanical  a g i t a -  
t i o n  which p r o v i d e s  a  r a t h e r  uniform d i s t r i b u t i o n  o f  m a t e r i a l  th roughout  
t h e  wa te r  column a s  compared t o  t h e  meso-scale t a n k s .  Also  t h e  ambient 
t e m p e r a t u r e  of t h e  bay w a t e r  and sediment  used i n  t h i s  exper iment  was 
1°C s o  t h a t  t h e  ~ O C  i n c u b a t i o n s  more n e a r l y  t r a c k  bay c o n d i t i o n s .  I t  
is s i g n i f i c a n t  t h a t  a  s i z e a b l e  p o p u l a t i o n  c a n  be o b t a i n e d  . a t  . 1 3 O C  
i n c u b a t i o n .  

The d i v e r s i t y  of t h e  h e t e r o t r o p h i c  b a c t e r i a l  p o p u l a t i o n  was t a b u l a t e d  
by c o i ~ n t i n g  t h e  number o f  each  t y p e  o f  co lony  on e a c h  o f  t h e  OZR mas te r  
p l a t e s  from t h e  s u r f a c e  f i l m ,  w a t e r  column and sediment  samples .  Colony 
morphology t y p e s  and d e s c r i p t i o n s  a r e  g i v e n  i n  Appendix I .  The d a t a  
i n d i c a t e  t h a t  t h e  colony d i v e r s i t y  dec reased  d u r i n g  t h e  c o u r s e  o f  t h e  
exper iment ,  w i t h  2  o r  3 colony t y p e s  becoming predominant o v e r  t h e  21 day 
time frame of t h i s  exper iment .  The d e c r e a s e  i n  colony d i v e r s i t y  o c c u r r e d  
t o  a  g r e a t e r  e x t e n t  i n  t h e  w a t e r  column and s u r f a c e  f i l m  t h a n  i n  
sed iments .  

I n  o r d e r  t o  s i m p l i f y  t h e  e x p r e s s i o n  o f  colony d i v e r s i t y  two methods 
were employed i n  a n a l y z i n g  t h e  d a t a  from Appendix 2. I n  F ig .  8 .26 colony 
d i v e r s i t y  was expressed  a s  t h e  change i n  t h e  number o f  colony t y p e s  
o c c u r r i n g  on OZR mas te r  p l a t e s  o v e r  t ime .  The d a t a  d e p i c t s  t h e  d e c l i n e  
i n  t h e  number o f  colony t y p e s  w i t h  t ime  i n  t h e  aquarium system.  The 
o t h e r  method o f  s i m p l i f y i n g  t h e  e x p r e s s i o n  o f  colony d i v e r s i t y  was t o  
q u a n t i f y  t h e  degree  o f  dominance w i t h i n  t h e  t o t a l  h e t e r o t r o p h i c  popula- 
t i o n  of each OZR mas te r  p l a t e .  

Dominance was q u a n t i f i e d  by t h e  e q u a t i o n  c  = ( n i / ~ ) 2  where c  t h e  
dominance f a c t o r  i s  e q u a l  t o  t h e  s q u a r e  o f  t h e  r a t i o  n i  t h e  number o f  
c o l o n i e s  o f  each colony t y p e  d i v i d e d  by N t h e  number o f  colony t y p e s  
(100) .  The l a r g e r  t h e  v a l u e  o f  c t h e  g r e a t e r  i s  t h e  predominance o f  bac- 
t e r i a l  s p e c i e s  w i t h i n  t h e  g iven  p o p u l a t i o n .  The r e s u l t s  a r e  g iven  i n  
F ig .  8.27.  The r e l a t i o n s h i p  between F i g .  8 . 2 6 ,  t h e  degree  o f  dominance, 
and F i g .  8 .24,  t h e  change i n  t o t a l  h e t e r o t r o p h i c  b a c t e r i a l  numbers, sug- 
g e s t s  t h a t  t h e  i n c r e a s e  i n  b a c t e r i a l  numbers i n  a l l  f o u r  a q u a r i a  was 
accomplished by a  few b a c t e r i a l  s p e c i e s  t h a t  predominated i n  t h e  s t r e s s e d  
environment of t h e  a q u a r i a  system. 

The degree  of change i n  t h e  h e t e r o t r o p h i c . b a c t e r i a 1  p o p u l a t i o n  demon- 
s t r a t e d  a  s i m i l a r  t r e n d  i n  a l l  f o u r  a q u a r i a .  The d a t a  i n d i c a t e s  t h a t  t h e  
a q u a r i a  system used was r e s p o n s i b l e  f o r  t h e  changes  i n  t h e  b a c t e r i a l  pop- 
u l a t i o n s  and t h a t  t h e  system used e x e r t e d  a  g r e a t e r  stress on t h e  h e t e r o -  
t r o p h i c  p o p u l a t i o n  than  d i d  t h e  Kuwait c r u d e  o i l  and /o r  C o r e x i t  9527. 
These f i n d i n g s  a r e  i n  concur rence  w i t h  r e s u l t s  p u b l i s h e d  by K a s t e r  and 
Van Auken ( 7 5 ) .  K a s t e r  and Van Auken examined b a c t e r i a l  p o p u l a t i o n s  from 
t h e  s u r f a c e  w a t e r s  o f  t h e  Gulf of  Mexico o v e r  a n  e i g h t  week p e r i o d .  I n  
t h e i r  exper iment  South L o u i s i a n a  Crude o i l  (0.5%) was added t o  one f l a s k  
system and a n o t h e r  f l a s k  s e r v e d  a s  a  c o n t r o l .  Over t h e  e i g h t  week p e r i o d  
t h e r e  was an  i n c r e a s e  i n  b a c t e r i a l  numbers b u t  a  d e c r e a s e  i n  t h e  b a c t e -  
r i a l  d i v e r s i t y  i n  bo th  f l a s k s .  No s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  h e t e r o -  
t r o p h i c  b a c t e r i a l  p o p u l a t i o n  was d e t e c t a b l e  between t h e  o i l e d  f l a s k  and 
t h e  c o n t r o l  f l a s k .  

The r e p l i c a  p l a t i n g  d a t a  i n  Appendix 2 was i n c o r p o r a t e d  w i t h  t h e  d a t a  
on t h e  d i v e r s i t y  o f  t h e  h e t e r o t r o p h i c  b a c t e r i a l  p o p u l a t i o n  because  t h e  
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o i l  degrading bac te r ia  grew on both the  OZR master p l a t e s  and the  hydro- 
carbon r e p l i c a  p la tes .  The data suggests . t h a t  no enrichment fo r  hydro- 
carbon degraders occurred i n  the  aquarium system as was, o r i g i n a l l y  a n t i c -  
ipated.  Table 8.4 exempl i f ies  the  data on the  presence of hydrocarbon 
degraders dur ing  the  t ime o f  the  labora tory  experiment. I n  Table 8.4 the  
number and type of hydrocarbon degraders are  g iven from the  Kuwait crude 
aquarium. The data exempl i f ies  the  low numbers and random nature of t he  
presence of o i l  degraders i n  the  aquarium system. The l a c k  of enrichment 
may have been due i n  p a r t  t c  the  s t ress  o f  the  aquarium system as men- 
t i oned  prev ious ly  and the  c o l d  temperature (40C) o f  the  seawater. The 
hydrocarbon metabol iz ing b a c t e r i a l  i s o l a t e s  usua l l y  metabolized only one 
of the  hydrocarbon substrates with only a few being able t o  metabol ize 
two o r  three substrates.  The l a c k  o f  predominance by any b a c t e r i a l  
hydrocarbon u t i l i z i n g  species, as determined by colony d i v e r s i t y  suggests 
t h a t  t he  d i f f e r e n t  f r a c t i o n s  o f  t he  Kuwait crude were simultaneously 
metabolized. Simultaneous metabolism i s  f u r t h e r  substant iated by t h e  
even d i s t r i b u t i o n  o f  b a c t e r i a l  co lon ies  growing on the  d i f f e r e n t  hydro- 
carbon substrates. Zobe l l  (145) suggested t h a t  simultaneous metabolism 
of o i l  would occur under low subst ra te  cond i t ions .  The aquarium system 
w i t h  15 ppm (v /v )  o f  Kuwait crude o i l  . a t  40C would have very l i t t l e  o i l  
i n  the  water column due t o  the  low s o l u b i l i t y  o f  Kuwait crude a t  t h i s  low 
temperature. The d ispersant  was probably i n e f f i c i e n t  i n  d ispers ing  t h e  
o i l  i n  the  aquarium system because o f  t he  low volumes appl ied, t he  d i f f i -  
c u l t i e s  of p roper ly  apply ing the smal l  volume o f  dispersant,  and because 
the  o i l  o f ten  became stuck t o  the  s ides o f  the  aquarium and the glassware 
making i t  unava i lab le  f o r  mix ing w i t h  the  seawater and d ispersant .  

Table 8.4 Hydrocarbon u t i l i z e r s  i n  he tero t roph ic  
b a c t e r i a l  popu la t ion  as determined by r e p l i c a  p l a t i n g .  

'Samples were taken from the Kuwait crude aquarium i n  the  
labora tory  experiment. Colony types are g iven i n  Appendix 1. , .  

Hydrocarbon U t i l i z e r s  

Day Kuwait Crude Hexadecane Naphthalene . . Tota l  

colony type - I Colony type - /I Colony type , 

0 .  19 4 16 2 

A l ong term experiment was designed t o  develop an approach f o r  
conversion t o  a f low- thru  t e s t  system. The t e s t  system u t i l i z e d  four  55 



g a l l o n  microcosms s t ruc tu red  as diagrammed i n  Figure 8.28. Fregh sea- 
water from the Jerusalem s t a t i o n ,  where the  t e s t s  were performed, was 
int roduced t o  the  microcosms v i a  a j e t  system which es tab l ished a c i r -  
c u l a r  subsurface flow p a t t e r n  i n  the top p o r t i o n  of the  microcosms. The 
water was removed from the bottom zone so t h a t  flow was from the top  
r e a c t i o n  zone t o  the  tank bottom where the  t e s t  sca l lops  were located. 
these systems a l l  contained a sediment base obtained from the  water adja- 
cent  t o  the Jerusalem t e s t  f a c i l i t y .  

The Data Input-Output o f  t h i s  experiment i s  summarized i n  Table 8.5. 

Table 8.5 Data Input-Output, Jerusalem Flow-Thru System, 
5/7/79 - 7/2/79 

Contro l  O i l  Dispersant O i l -D ispersant  
TMB TMB TMB TMB 

INPUT Output 

THB p l a t e  counts 
HYB p l a t e  counts 
To ta l  Hydrocarbons 
Hexadecane m i n e r a l i z a t i o n  
Hexadecane Turnover Time 
Naphthalene m i n e r a l i z a t i o n  
Naphthalene Turnover Time 
Hydrocarbon Degradation Time 
Temperature 
S a l i n i t y  
Phosphate 
Ammonia 
GL C 
Scal lop M o r t a l i t y  
Scal lop Behavior Responses 

no m l - 1  
no m l - 1  
PPb 
ng h r - l  
weeks 
ng h r - I  
weeks 
hours 
0 c 
PP t 
ug m l - 1  
uM 
Recorder p l o t  
No. dead 
No. Swimming Claps 

The data c o l l e c t e d  i n  the  experiment i s  presented i n  computer en t ry  
format (Table 8.6).  This data was analyzed by m u l t i p l e  regression and 
o the r  techniques. 

M u l t i p l e  step-wise regression ana lys is  o f  the  data on t h i s  long term 
(5/7/79 - 6/25/80) experiment i nd i ca ted  no s i g n i f i c a n t  c o r r e l a t i o n s  
between a number of t he  experimental parameters. P 0.5000 s ign i f i cance 
l e v e l  was es tab l ished f o r  en t r y  i n t o  the  model. 

There were no s i g n i f i c a n t  c o r r e l a t i o n s  between t o t a l  hydrocarbon con- 
c e n t r a t i o n  and day of sampling o r  samples from top,  middle, o r  bottom por- 
t i o n s  of the f low-thru tanks. The tank temperatures increased from a low 
of 10.60C t o  a h igh  of 18.7OC over the  course o f  the  50 day exper i -  
ment bu t  showed us c o r r e l a t i o n  t o  t o t a l  he tero t roph ic  bac ter ia ,  t o t a l  
hydrocarbanoclast ic bac ter ia ,  o r  hydrocarbon m i n e r a l i z a t i o n  rates.  A 
p o s i t i v e  c o r r e l a t i o n  was not  found between t o t a l  hydrocarbon concentra- 
t i o n  i n  the water column .and e i t h e r  hexadecane o r  naphthalene minera.:iza- 
t i o n  rates.  There was, however, a negat ive r e l a t i o n s h i p  when mean values 
(Table 8.7) were examined i n d i c a t i n g  i n h i b i t i o n  o f  m i n e r a l i z a t i o n  ra tes  



Table 8.6.. Data from Jerusalem F l a r  - Thru System. 5/7/79 - 7/2/79, Computer Format 8-27 

Tanka T H B ~  HYB Hexadec M i n e r a l i z a t i o n  T / f  C-16 
ng/hr .  

2.2 9. 16.7 1.9 
3. 2. 1.3 1.4 
5.3 1 1.6 1.1 

10.6 10.1 4.3 13.9 
5.6 27.3 30.3 4.8 

28.5 .97 11.2 7.7 
4.3 9.3 3.5 5.6 
4.7 6 .3  9 .3  5.2 
5.8 3.7 4.4 6.6 
2.3 12.7 21 27 

19.7 I 5  19 2.1 
71.3 23 6.5 35 

17 10.9 16 10.7 
.1 2.8 6.2 5 

8 .9  11.7 7.7 1.2 
10.6 11.3 11.6 7.4 
9.6 9.1 15.7 7.4 
9.8 10.8 11.3 9.8 

42.7 34 11.6 6 
38 7.2 15.7 2.3 
4.3 3.2 11.3 12.5 

11.7 10.6 9 24.6 
3.7 8.2 4.8 9.1 

15.4 11.1 4.7 17 

x lo2 
14 14 20 81  
67 67 33 48 
2.7 2.7 13 31 
2.3 2.3 9.4 9.0 
5.5 5.5 3.1 1.7 
1.4 1.4 4.9 2.2 
3.5 3.5 1.9 8.2 
9.7 9.7 2.0 13 
5.5 5.5 4.0 3.8 

.63 6.7 1.2 5.3 
.26 1.4 2.1 .4 
.2 .7 1.6 1.8 
.13 5.0 3.0 6.0 
.4 1.1 .63 3.3 
. 5 7 4 . 3  .7 1.3 

1.8 4.4 6.8 4.0 
.8 .7 2 . 6 6 . 5  
.233 .2  8 3.4 

1.7 2.6 4.'7 9.3 
2.7 2.7 .5 4.8 
1.0 5.1 2.2 4.3 

Date - 
5/7/79 (1 )  
5/7/79 (1 )  
5/7/79 (1 )  

5/14/79 (8)  
5/14/79 ( 8 )  
5/14/79 ( 8 )  
5/21/79 (15) 
5/21/79 (15)  
5/21/79 (15) 
5/29/79 (23) 
5/29/79 (23) 
5/29/79 (23)  
6/4/79 (29) 
6/4/79 (29)  
6/4/79 (29) 

6/11/79 (36)  
6/11/79 (36)  
6/11/79 (36)  
6/18/79 (43)  
6/18/79 (13) 
6/18/79 (43) 
6/25/79 (50)  
6/25/79 (50)  
6/25/79 (50) 

weeks 

1109 271 146 1262 
813 1220 1927 1743 
460 2440 1494 2287 
230 241 196 176 
433 89 81 505 

29 2525 219 318 
568 263 697 436 
516 385 263 160 
418 666 555 371 

1046 193 116 90 
124 163 128 1181 
32 106 377 70 

144 225 153 227 
2440 872 392 485 
273 209 316 2034 
230 215 210 331 
254 267 156 328 
250 227 215 250 
57 72 210 405 
64 339 156 1061 

572 763 183 195 
140 231 272 99 
666 299 505 266 
158 220 519 144 

a :  1 = top;  2 = Mid; 3 = B o t t m  b : c o l m  I=contl-01; colunn 2 = O i l ;  c o l u m  +Dispersant;  column 4=o i l - d i spe rsan t ,  
t h i s  sequence i s  used f o r  a l l  f o l l o w i n g  data e n t r i e s .  

Naphthalene M i n e r a l i z a t i o n  T/f  Naph. To ta l  Hydrocarbon i m p .  Sa l i n i t , y  

LOC. 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

l o 3  
3.9 3.9 6.1 76 
66 66 17 16 
2.2 2.2 6.2 5.8 
1.4 1.4 4.2 7.7 
6.4 6.4 3.4 5.6 
2.1 2.1 4.5 2.7 
3.6 3.6 5.1 7.5 
8.3 8.3 7.2 2.4 
4.6 4.6 5.9 5.4 

.9  1.7 1.3 3.3 

.76 3.2 1.1 9.3 

.33 5.6 1.2 1.4 

.33 .6 1:7 1.8 

.53 .6 1.3 .3 

.5 1.2 1.3 .53 
1.3 5.4 2.2 4.1 

.87 3.8 1.2 3.5 
.8 2.5 .93 .15 

1.6 4.7 .81 2.2 
2.1 .7 .17 11 
3.0 1.4 .6 6 

pp t 
31 
31 
31 
28 
2b 
28 

30.5 
30.5 

m e  
(1 )  
( 1 )  
(1 )  
( 8 )  
(8 )  
( 8 )  

(15) 
(15)  

nq/hr .  

20.3 20.3 22 3.3 
.77 1.3 39.6 21.7 

59.7 25. 43.3 34.8 
20.6 4.1 8.6 15.1 

1.7 15.3 33.9 1.4 
22.1 4.2 1.5 9.6 
73.3 4.3 13.1 8.6 

2.8 18 39.3 13.7 

w e k s  , ppb C 

70 70 65 437 89 230 9596 3611 1 Ti- 

(15) 
(23) 
(23)  
(23) 
(29)  
(29) 
(29! 
(361 
(36 
(361 
(43) 
(43)  
(43) 
(50)  
(50) 
(50) 

1863 1099 36 66 
24 57 33 41 
70 351 167 95 

857 94 42 997 
65 344 974 149 
13 330 109 167 

20.3 14.8 2 1.8 
25 16.5 1.2 69.7 

68.5 30.7 36.7 34.7 
235 43.7 5.4 81.3 
15.7 2 11.6 9.4 

.7 2.4 2 .3  5. 
7.3 6.2 39 1.7 

17.3 17.6 150.5 4.2 
19 28.6 196.5 3.4 
3.5 6.8 4 1 
2 . 8  12.7 11.1 
4 1 .7 12.2 
7 6.2 .8 18 

70 97 714 816 507 402 515 624 
57 87 1224 21 (106 197 99 60 
21 47 39 41 76 104 56 
6 33 266 1 8 ' 7 5  77 79 87 

91 726 124 152 1 
2198 595 612 284 i 

195 229 37 840 
1103 1170 11,499 2066 
1116 1639 5.723 1834 
i l l 0  301 1,344 2235 

82 81 10 340 :354 436 352 316 
75 50 7 424 1369 346 306 330 

414 209 362 1429 :246 213 351 333 
726 1863 . I 2  129 1206 166 216 201 
360 1478 2040 117 1 
205 230 1863 80 j 

326 44 20082 941 10.6 
89 46 3992 304 1 10.6 

332 355 1215 252 i 11.9 

P04 nn4+ 

342 539 3071 257 
356 303 949 2043 
515 415 319 637 

504 79. 36 105 1416 406 306 897 
13.7 30.5 
14.8 / 

11.9 
11.9 
13.7 
13.7 

14.8 
14.8 
16.6 
16.6 
16.6 
18.7 
18.7 
18.7 

17.2 

l t l  

32 30 47 60 
30 30 30 

40 24 54 30 60 
30 30 25 55 
22 65 30 77 
29 50 100 65 
65 66 40 45 
60 43 43 60 
60 33 40 28 
17 5 8 9 
11 3 7 20 8 
2 7 42 17 27 
11 12 11 10 
I 5  20 11 11 
24 11 22 12 
2 7 27 29 2 3 
18 33 27 19 
20 37 32 3 3 
26 2 1 13 26 
26 21 27 27 
28 17 35 26 

Date - 
(1)  
(1 )  
(1 )  
(8 )  
(8)  . 
( 8 )  
(15) 
(15) 
(15) 
(23) 
(23) 
(23) 
(29) 
(29)  
(29) 

1% 
(36) 
(43)  
(43) 
(43) 
(50) 
(50)  
(50) 

2 7 
27 
27 
29 
29 
29 

30 

ug/ml 
.3 . I 7  .3 .19 
.3 .3 . 1  . .3 
. I 1  .ll .I .ll 
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 .12 . I 4  0 
0 0 0 0  

.39 0 .69 .17 

.71 .43 .46 0 

.52 .57 .68 0 

.64 .43 .47 -1  

.9 .4 .4 I.z 

.5 .5 .6 0 

.6 .4 .4 .4 
0 1.2 1.5 .3 
0 .2 1.4 . 3  
0 .3 2.9 
0 1 0 .4  
0 .5 0 
0 . 3  0 

17.2 30 
17.2 1 30 



Table 8.7 Mean Values the Jerusalem Flow Thru Tests 

Tank No bazt x 103 kxadec* ~ x a d e c *  +ph* ~ a p h *  Total Total D/f, hrs .  
Hetero Hydrocarb T /  f mlneral T/f lfydrocar mineral, Total hydro- 

weeks nq/hr. weeks pp O -  r a t e  carbon 

Control 5 .3  2.8 1 1 1 . 9 9  373 19.58 205 107 (31.48) 3.4 

Oil 6 .2  4.1 1 1 0 . 2 5  342 8.34 253 , 279 (18.59) 15.0 , . 

Dispersant 3.5 2.5 \ 9.84 275 16.72 261 1534 (26.50) 57.8 

Oil ano 8.2 34 4 11.09 193 475 . (19.71) 9.8 
Dispersant 

I 
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i n  t he  presence of h i ghe r  concen t ra t i ons  o f  hydrocarbon o r  d ispersan t .  
Th is  obse rva t i on  cannot be exp la ined  w i t h  t h e  e x i s t i n g  data.  

There was a s i g n i f i c a n t  c o r r e l a t i o n  between t h e  number of t o t a l  
h e t e r o t r o p h i c  and t o t a l  hydrocarbanoclast . ic  b a c t e r i a  i n  t h e  var ious  t e s t  
tanks.  The numbers o f  hydrocarbanoc las t i c  . b a c t e r i a  were always lower  
than  t o t a l  h e t e r o t r o p h i c  b a c t e r i a ,  b u t  approach u n i t y  i n  t h e  o i l  and d i s -  
persan t  t r e a t e d  tanks (1 .3 )  and a re  f u r t h e r  from u n i t y  i n  t he  seawater 
c o n t r o l  tank  (1 .8 ) .  These data do i n d i c a t e  s e l e c t i o n  f o r  hydrocarbano- 
c l a s t i c  b a c t e r i a  i n  tanks c o n t a i n i n g  o i l  and/or d ispersan t .  

There was a decrease i n  hydrocarbon t u rnove r  t ime  i n  t h e  o i l  and/or 
d i spe rsan t  tanks which is most apparent f o r  t u r n  over  o f  a l i p h a t i c  hydro- 
carbons whereas t he  e f f e c t  i s  l e s s  apparent f o r  aromat ic  hydrocarbons. 
Genera l l y ,  however, aromat ic  hydrocarbons a re  m ine ra l i zed  more e f fec -  
t i v e l y  than  t h e  a l i p h a t i c  c o n s t i t u e n t s .  I t  must be noted, however, t h a t  
t h e  aromat ic  hydrocarbons t u rned  over  i n  t h i s  s e r i e s  represen t  lower  
mo lecu la r  m a t e r i a l  than  t h e  t u rned  over  a l i p h a t i c  m a t e r i a l  t h a t  was 
t u rned  over.  

S ince t h e  a c t u a l  m i n e r a l i z a t i o n  r a t e s  show l i t t l e  v a r i a t i o n  t h e  
degrada t ion  t ime  i n  a p a r t i c u l a r  s i t u a t i o n  becomes p r i m a r i l y  a f u n c t i o n  
of hydrocarbon concent ra t ion .  I t  now becomes apparent t h a t  degrada t ion  
p o t e n t i a l  i s  a f a i r l y  cons tan t  va lue  i n  t he  marine environment. The 
changes i n  temperature,  s a l i n i t y  phosphate .and ammonia n i t r o g e n  a re  more 
apparent than  r e a l .  For  example, t h e  h i ghes t  phosphate and ammonia 
va lues a re  l i m i t i n g  f o r  t h e  amount o f  carbon i n  t h e  environment and hence 
do n o t  man i fes t  a measurable e f f e c t  upon t h e  t e s t  parameters. The tem- 
pe ra tu re  span was o n l y  8. loC which i s  s i g n i f i c a n t l y  below t h e  10oC 
span f o r  a Q10 va lue of 2 norma l l y  expected. However, i t  has been 
shown p r e v i o u s l y  ( T r a x l e r  and Cundel l ,  1975) t h a t  t he  Q10 va lues f o r  
hyarocarbon u t i l i z a t i o n  i n  marine systems vary between 1 .  and 1.8.  
Therefore w i t h  t he  8 . loC span we would n o t  expect t o  measure a s i g n i f i -  
can t  temperature e f f e c t .  S a l i n i t y  changes were n o t  s i g n i f i c a n t  f o r  bac- 
t e r i a l  a c t i v i t y .  

Four meso-scale tank  exper iments were performed i n  May, June and J u l y  
1980 t o  compare two d ispersan ts ,  Co rex i t  9527 and BP 1100WD. I n  expe r i -  
ment 1 (5119 - 5/23) t h e  two t e s t  tanks (N and S) were dosed w i t h  120 m l  
o f  Kuwait  crude o i l  and 6 m l  o f  C o r e x i t  9527. The o i l  and d i spe rsan t  
were premixed a t '  t h e  t e s t  s i t e  and a p p l i e d  t o  t he  t o p  of  t h e  water  
column. The a g i t a t o r s  were r u n  f o r  an 8 hour on, 16  hour o f f  c y c l e  f o r  
t he  5 day t e s t  pe r i od .  Experiments 2, 3 and 4 were conducted as a d i r e c t  
comparison o f  t he  two d ispersan ts .  The n o r t h  tank  con ta ined  120 m l  of  
Kuwait  c rude o i l  p l u s  6 m l  o f  Co rex i t  9527 w h i l e  t h e  south tank  was dosed 
w i t h  120 m l  o f  Kuwai t  crude o i l  and 6 m l  o f  BP 1100WD. Water samples 
were c o l l e c t e d  from t h e  t o p  p o r t  l o c a t e d  i n  t he  m ix i ng  zone and from t h e  
o u t l e t  p o r t  f o r  bottom samples. 

Hydrocarbon analyses were performed us ing  a q u a n t i t a t i v e  gas chroma- 
tography method ( B u t l e r  and Levy, 1978) which i n v o l v e d  12 hour cont inuous 

a l i q u i d - l i q u i d  e x t r a c t i o n  o f  t he  samples w i t h  n-pentane f o l l owed  by a 12  
hour  e x t r a c t i o n  w i t h  benzene. These e x t r a c t s  were desu l f u red  by pass ing 
th rough copper shavings, concen t ra ted  by f l a s h  evapora t ion  and p laced on 
a s i l i c a  g e l  over  alumina column. The alkanes were e l u t e d  w i t h  n-pentane 



and the aromatics w i t h  benzene. Both f ract ions  were concentrated to  0.5 
m l  and 2 u l  in jected onto the proper column w i t h  a predetermined tempera- 
ture  program for  chromatography. Samples were spiked w i t h  a known quan- 
t i t y  of pr is tane and anthracene pr io r  t o  extraction ( in te rna l  standards) 
and a l l  determinations were computer integrated against the in ternal  
standards. External standards were determined using the same quantity of 
pr is tane and anthracene for calcula t ion of extraction efficiency.  T h i s  
method provided the concentration of t o t a l  a l ipha t ics  i n  ppb and t o t a l  
aromatics i n  ppb. Addition of these two values provided t o t a l  hydro- 
carbon i n  ppb. 

Quant i ta t ive  gas chromatography was used t o  determine the t o t a l  peak 
area of Corexit 9527 i n  the water stock solut ions  used i n  the scallop 
experiments presented i n  Section 9 of t h i s  report .  T h i s  value was then 
converted t o  mg 1-I a s  o i l  and s u b t r a c t e d  from the integrated t o t a l  
hydrocarbon i n  the o i l  dispersant mixture. The r e su l t s  of these quanti- 
t a t i v e  determinations a re  shown in  Table 8.8. These resu l t s  show r a t i o s  
of o i l  to dispersant  iden t ica l  t o  those determined by the infra-red 
method (Table 4.5.4 t h i s  repor t ) .  

Microhiological a c t i v i t y  was measured i n  the,mixing zone of a l l  tanks 
and degradative ac t i v i t y  determined as  mineralization ra te  fo r  t o t a l  
hydrocarbon using hexadecane, naphthalens and benzo ( a )  pyrene as  repre- 
senta t ive  hydrocarbons. These were used t o  spike 50 u l  of Kuwait crude 
o i l  i n  t he i r  r a t i o  present i n  the o i l  (1.0:0.5:0.1). The challenge was 
against  the t e s t  tank microflora i n  3 hour determinations. 

The quant i ta t ive  data for  hydrocarbon concentration i n  the meso-scale 
tanks are  summarized i n  Tables 8.9-8.12. The amount of o i l  i n  the 
untreated seawater ranged from 103-121 ppb except for one determination 
thought to be contaminated i n  the laboratory extraction process. Disper- 
sant  carr ied considerable o i l  in to  the water a t  the mixing zone during 
day one. Elevated leve l s  of o i l  remained i n  the mixing zone during the 
course of a l l  experiments. The values varied from experiment t o  experi- 
ment b u t  generally were found to  be i n  thousands of ppb. The r a t i o  of 
a l i pha t i c  to  aromatic hydrocarbon a l so  varied i n  the various samples and 
d i f fe ren t  experiments. 

In these experiments, there was l i t t l e  o i l  carr ied t o  the bottom of 
the t e s t  tanks, the values being 2 t o  3 times the control  water values 
but manyfold l e s s  than the  mixing zone values. These experiments con- 
firm e a r l i e r  data which suggest essen t ia l ly  the same phenomenon of dilu- 
t ion  through the water column. Both dispersants (Corexit and BP) respond 
a l i ke  i n  the entrainment of o i l  i n  the  mixing zone and d i lu t ion  through 
the  water column. The tox ic i ty  t e s t s  t o  scallops a re  discussed i n  the 
biology section and indicate  no e f f ec t  a t  these measured concentrations 
of o i l .  The scallops from the control  tank were combined and extracted 
a s  a uni t  then analyzed for  hydrocarbon content. The composite of the 
t e s t  scallops were a lso  analyzed in  the same fashion. 

The resu l t  of o i l  analyses on the scal lops  (Table 8.9-8.12) show 
iden t ica l  low values (6ppb) in  experiment 1, s l i gh t l y  elevated leve l s  i n  
the  BP l l O O W O  t reated scallops i n  experiment 2 and 3 but s t i l l  well below 
anticipated tox ic i ty  values. These animals were exposed to  o i l  levels  
well above those detected i n  the  animals. The data suggests that  the 
scal lops  do not accumulate o i l .  



Table 8.8 Hydrocarbon Concentration i n  Behavioral 
Test 'Stock Solutions 

Hydrocarbon mg/Liter 

Stock Solution Promatic Aliphatic Total 

Kuwait Crude O i l  26.34 18.28 44.62 

Corexit 9527 19.54 13.88 33.42 

Kuwait Crude O i l  39.14 20.78 59.92 
P l u s  Corexit 9527 

O i l  i n  Mixture 19; 60 6.9 26.5 

Table 8.9 Experiment 1: 
Hydrocarbon Content o f  Water and Scal lop Samples 

Date Tank ppb N i p h a t i c  ppb Aromatic ppb Hydrocarbon 

SB 173 

5/22 ST 1647 

SB - 

5/19 NT 1009 

NB 69 

5/21 NT 633 

NB . - 

5/22 NT GC Abort 

NEi - 

5/19 CT 64 

c0 1 

5/23 Cont: Scal lops 2 

5/23 Test Scal lops 4 

148 

126 

- 

429 

l o s t  

533 

- 
40 

- 

52 

5 

4 

2 

321 

1773 

- 

1438 

l o s t  

1166 

- 

N and 5 tanks were dosed w i t h  120 m l  o i l  and 6 ml Corex i t  9527 
(1:20) premixed. A g i t a t o r  used. E x t r a c t i o n  e f f i c i e n c y  91%. 



 able 8.10 
Experiment 2. Hydrocarbon Content . . o f  Water and Scal lop Samples 

Date Tank ppb A l i pha t i c  ppb Aromatic ppb Hydrocarbon 

6 / 9  Cont Scallops 5 

S Scal lops 6 

N Scallops 2 

. . 

N Tank dosed 120'rnl o i l  and 6 r n l  Corexi t  9527 
S Tank dosed 120 rnl o i l  and 6 m l  BP 1100'WD 
O i l  and dispersants premixed. Ag i ta to r  used. Ex t rac t ion  e f f i c i ency  
96%. 



Table 8.11 
8 - 3 3  

Experiment 3: Hydrocarbon Content o f  Water and Scallop Samples 

DATE Tank ppb A l iphat ic  ppb ,Aromatic ppb Hydrocarbon 

CB 8 113 121 
, . 

6/14 Scallops Con 8 89 97 
. . 

Scallops N 9 1 10 

Scallops S . . 4 : 82 , : .  86 , 

N tank doskd 120 m l  Kuwait and 6 m l  Corexit 9527. S tank dosed 120 m l  
Kuwait.and 6 m l  BP 1100 wD. 

Table 8.12 
Experiment 4. Hydrocarbon Content o f  Water and Scallop Samples 

ppb A l iphat ic  ppb Aromatic'  ppb Hydrocarbon .Date Tank 

7/8 ST 60 

" NT 40 

CT 60 

7/9 ., .  ST - 
S B '  - 
NT 40 

7/11 '. ST 60 

NT - 
te 1.25 

7/11 Scallops N ' ' . 1 

Scallops S - 
Scallops Cont 88 

N Tank dosed 120 m l  Kuwait and 6 m l  Corexit 9527 
S Tank dosed 120 al K w a i t  end 6 ml BP 1100 WD. 



The b i o d e g r a d a t i o n  d a t a  is  summarized i n  Table 8.13. C a l c u l a t i o n  o f  
t u r n o v e r  time was based on recovered  r a d i o a c t i v i t y  and is  e x p r e s s e d  a s  
T/f  O R  i n  hours .  I n  t h e s e  exper iments ,  we measured no t  on ly  m i n e r a l i z a -  
t i o n  b u t  a l s o  t h e  hydrocarbon c o n v e r t e d  t o  low molecu la r  weight  wa te r  
s o l u b l e  p r o d u c t s  and a l c o h o l  s o l u b l e  p r o d u c t s .  Th i s  i s  a  more a c c u r a t e  
measurement o f  d e g r a d a t i v e  p o t e n t i a l  t h a n  m i n e r a l i z a t i o n  a l o n e .  We c h a l -  
l enged  t h e  m i c r o b i a l  p o p u l a t i o n s  w i t h  a  c o n s t a n t  q u a n t i t y  of s u b s t r a t e  
o i l  ( 5 0  u1) which e l i m i n a t e s  t h e  t a n k  v a r i a b l e  o f  o i l  c o n c e n t r a t i o n  and 
a l l o w s  f u l l  e x p r e s s i o n  o f  t h e  p o t e n t i a l .  The organisms i n  t h e  c o n t r o l  
t a n k  y i e l d  c o n s t a n t  T/faR v a l u e s  o f  approx imate ly  7 hours .  T h i s  i s  t h e  
t i m e  r e q u i r e d  t o  comple te ly  t u r n o v e r  a  s t a n d a r d  amount ( 5 5 . 8  ng) of t h e  
c h a l l e n g e  1 4 ~  hydrocarbon mix tu re .  Th i s  f a c t o r  is  t h e r e f o r e  a  measure 
of b i o l o q i c a l  a c t i v i t y  a g a i n s t  a  f i x e d  amount o f  s u b s t r a t e  and c a n  be 
used t o  e s t i m a t e  t h e  d e g r a d a t i o n  p o t e n t i a l  o r  time r e q u i r e d  t o  degrade 
t h e  amount of' o i l  i n  t h e  sample. We f i n d  by i n s p e c t i o n  of' t h e  d a t a  t h a t  
t h e r e  is  no t  much v a r i a t i o n  i n  t h e  o i l  c o n c e n t r a t i o n s  i n  t h e  d i f f e r e n t  
samples .  

The r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  i n t r o d u c t i o n  o f  
o i l  o r  d i s p e r s e d  o i l  i n t o  s e a w a t e r  does  no t  invoke a  s i g n i f i c a n t  change 
i n  t h e  s i z e  of t h e  h e t e r o t r o p h i c  b a c t e r i a l  p o p u l a t i o n  i n  s e a w a t e r .  There 
is  a  change i n  t h e  p e r c e n t a g e  of h y d r o c a r b a n o c l a s t i c  b a c t e r i a  w i t h i n  t h e  
h e t e r o t r o p h i c  p o p u l a t i o n  i n d i c a t i v e  of a  n a t u r a l  s e l e c t i o n  f o r  organisms 
a b l e  t o  m e t a b o l i z e  hydrocarbon components. T h i s  modif ied  p o p u l a t i o n  does  
have a  s l i g h t l y  g r e a t e r  p o t e n t i a l  f o r  hydrocarbon u t i l i z a t i o n ,  hu t  i n  
t e rms  of  t h e  v a s t l y  i n c r e a s e d  h y d r o c ~ r b o n  c o n t e n t ,  l i t t l e  o v e r a l l  
enhanced s i g n i f i c a n c e  i n  r e l a t i o n  t o  d e g r a d a t i o n  t ime .  The reason  f o r  
t h i s  l i m i t e d  m i c r o b i a l  r e sponse  t o  o i l  i n  t h e  wa te r  column i s ,  o f  c o u r s e ,  
t h e  n u t r i e n t  l i m i t e d  n a t u r e  of s e a w a t e r  i n  t e rms  o f  i ts n i t r o g e n ,  phos- 
phorus  and i r o n  c o n t e n t .  Ac t ive  c e l l  growth and maximum r a t e s  o f  n u t r i -  
e n t  t u r n o v e r  (hydrocarbon i n  t h i s  c a s e )  w i l l  n o t  occur  i n  a n u t r i e n t  
l i m i t e d  sys tem.  Th i s  s t u d y  has  demons t ra ted  t h a t  t h e  modest i n c r e a s e  i n  
t h e  s i z e  of t h e  h y d r o c a r b a n o c l a s t i c  b a c t e r i a l  p o p u l a t i o n ,  a s  a  r e s u l t  uf 
o i l  e n t r a i n m e n t  i n  t h e  wa te r  column, does  n o t  have a  profound e f f e c t  on 
d e g r a d a t i o n  p o t e n t i a l .  

An e x p l a n a t i o n  f o r  t h e  above o b s e r v a t i o n s  i s  t h e  r e c e n t l y  proposed 
h y p o t h e s i s  f o r  b a c t e r i a l  dormancy i n  a q u a t i c  sys tems (S tevenson ,  1 9 7 8 ) .  
I t  is proposed t h a t  dormancy is an i m p o r t a n t  p h y s i o l o g i c a l  a d a p t a t i o n  f o r  
t h e  s u r v i v a l  o f  b a c t e r i a l  suspended i n  t h e  wa te r  column and f o r  t h i s  
c a s e ,  i s  termed exogenous dormancy i n  which development i s  de layed  due t o  
some unfavoraS le  chemical  o r  p h y s i c a l  c o n d i t i o n  o f  t h e  environment .  The 
"dormant c e l l s "  a r e  g e n e r a l l y  s m a l l  and ovoid  a s  demonstra ted  by Anderson 
and Hefferman (165)  and Wright (1973)  and f u n c t i o n a l l y  t u r n e d - o f f .  Th i s  
need not imply no a c t i v i t y  b u t  a  s t a t e  below maximum p o t e n t i a l  i n  a  
s a t i s f a c t o r y  environment .  I t  a p p e a r s  t h a t  t h i s  phenomenon c o u l a  f u n c t i o n  
i n  t h e  wa te r  column t o  a  g r e a t e r  e x t e n t  t h a n  i n  sed iments  o r  t h e  micro- 
l a y e r  where n u t r i e n t  enr ichment  o c c u r s .  

An obv ious  approach t o  i n c r e a s e d  d e g r a d a t i o n  p o t e n t i a l  is  n u t r i e n t  
supp lementa t ion .  O l e o p h i l i c  n i t r o g e n ,  phosphorus and i r o n  supplements  
have been proposed t o  s t i m u l a t e  b a c t e r i a l  growth i n  marine wa te r  column 
p o p u l a t i o n s .  P  t a n k  exper iment  was performed t o  t e s t  t h e  response  of 
b a c t e r i a l  p o p u l a t i o n s  t o  supplemented vs .  non-supplemented Kuwait-Corexit 
m i x t u r e s  i n  s e a w a t e r .  The r e s u l t s  a r e  summarized i n  Tab le  8.14.  The 
b a c t e r i a l  p o p u l a t i o n  s i z e  d e t e r i o r a t e d  wi th  t ime  i n  t h e  s e a w a t e r  c o n t r o l  



Tlble 8.13 
Experiment 1 .  Total HydrocarSon Concentration an@ 

Degradation Potent ial  of Heso-kale  Experime-ts 

Test Tank Test T/f R Total !4ydrocarbon ' Degradation 
Time (Hrs) PPb Potent ial  
Hrs. ( H T s )  

Contml 24 6.93 116 14.4 
b w a t e r  

Kuwait 
and Corexit 24 16.66 1024 305 

Cont rol 
Seawater 72 7.22 116 . 15 

Kuwait 
and Corexit 
9527 72 7.84 

Experimen: 2 

t e s t  Tank Test T / f  R Hydroca3on Degra~at ior :  
Time (Hrs) PP: Potenti21 nrs. 
Hrs 

Co.\tnl @ 6.53 103 l 2 . b  
Seawater 

Kuwait an@ 
Corexit 9527 48 6.17 9003 

Kuwait and 
BP 1100 K: 166 27u.7 2216 10,905 

b a i t  and 
Corexit 9527 166 126.3 2400 5432 

Eqeriment 3 . 
Test Tank 

Control Seawater IS 6.93 105 13.5 

Kwai t  Corexit 48 9.68 579 100 
9527 

Kwai t  + BP 1100 68 1 2 . a  1660 355 

Kuwait + Corexit 120 10.28 68C 125 
9527 

Kuwait BP 1100 wD 12C 9.27 lob0 ' ,172 

Experiment 4 

Control Seawater 48 6.9: 105 13 .5  

. . Kuwait Corexit (N) 48 6.86 1680 206 

Kwai t  BP 1100 W t l  48 8.52 6k0 97 

Kuwait Corexit - 120 13.72 . 60 14 .8  

. Kwai t  + BP 1M 13.42 86 19.2 

*T/f.R deternine@ for  a t o t a l  of 55.8 pph of l ag-nyomamons .  

T a l e  8.14 ) t t e m t m p h l c  Bacteria i n  b t r i e n t  vs. 
Nm-btr ient  SLpDlsnented Tmks 

T h e  (hs) seawater Vlst~plemented ' N  6 P Supplemented 
Control Kwai t  6 Corexit K w a i t  6 Corexit 



and unsupplemented test t a n k s .  I n  . t h e  n i t r o g e n  and phosphate  supp le -  
mented t ank  t h e r e  was a d e f i n i t e  i n c r e a s e  i n .  t o t a l  h e t e r o t r o p h i c  bac- 
t e r i a .  Examination of colony t y p e s  f u r t h e r  demonstra ted  a d e f i n i t e  
s e l e c t i o n  f o r  h y d r o c a r b a n o c l a s t i c  b a c t e r i a  i n  t h e  enhanced p o p u l a t i o n  of  
t h e  n u t r i e n t  supplemented t a n k .  S i g n i f i c a n t l y  i n c r e a s i n g  t h e  s i z e  o f  t h e  
h y d r o c a r b a n o c l a s t i c  p o p u l a t i o n  v i a  an  a c t i v e  growth response  would be 
expec ted  t o  a l s o  i n c r e a s e  t h e  . hydrocarbon t u r n o v e r  r a t e  and e x p e d i t e  
d e g r a d a t i o n .  

I t  is i m p o r t a n t  t o  sound a warning which needs  t o  be t e s t e d  under 
env i ronmenta l  c o n d i t i o n s .  The p r o c e s s  o f  d i s e a s e  is  a q u a n t i t a t i v e  
i n t e r - r e l a t i o n s h i p  between.  t h e  number of b a c t e r i a ,  v i r u l e n c e  of t h e  bac- 
t e r i a  and h o s t  r e s i s t a n c e  a s  e x p r e s s e d  by t h e  formula:  

I n  t h e  normal mar ine  environment t h e  s e a  c r e a t u r e s  e v o l v e  t o  a d e l i -  
c a t e  b a l a n c e  between t h e s e  thre,e f a c t o r s .  If we u p s e t  t h i s  b a l a n c e ,  
d i s e a s e  cou ld  r e s u l t  w i t h  f a r  more damaging consequences  t o  t h e  marine 
fauna  than  t h e  d e s c r i b e d  t o x i c i t y  of o i l  and /o r  d i s p e r s a n t .  T h i s  is  
s t r o n g l y  suppor ted  by t h e  work of  S t i n s o n  and T a l b u r t  (1978) who showed a 
3-log i n c r e a s e  i n  v i r u l e n c e  of hydrocarbon grown Pseudomonas a e r u g i n o s a  
o v e r  t h a t  of t h e  same * s t r a i n  grown on g l u c o s e .  T h i s  v i r u l e n c e  was l i n k e d  
w i t h  t h e  development of a new l i p o - p r o t e i n  i n  t h e  o u t e r  membrane o f  t h e  
hexadecane grown cells.  T h e r e f o r e ,  we must conc lude  t h a t  a s  t empt ing  a s  
f e r t i l i z a t i o n  might be a s  a mechanism t o  i n c r e a s e  d e g r a d a t i o n  p o t e n t i a l ,  
it must be t e s t e d  under c o n t r o l l e d  c o n d i t i o n s  t o  de te rmine  whether o r  n o t  
p a t h o g e n i c i t y  does  r e s u l t  from t h e  i n c r e a s e d  b a c t e r i a l  numbers. 

8 . 4  Conclus ions  

Both t h e  v i a b l e  p l a t e  coun t  (VPC) and most p robab le  number (MPN) 
methods were s u i t a b l e  f o r  enumerat ion o f  mar ine  h e t e r o t r o p h i c  b a c t e r i a  
and h y d r o c a r b a n o c l a s t i c  b a c t e r i a .  

The MPN method whi le  y i e l d i n g  s l i g h t l y  h i g h e r  t o t a l  numbers t h a n  t h e  
VPC method had no g r e a t e r  accuracy  t h a n  t h e  VPC method, imposed g r e a t e r  
l o g i s t i c a l  demands and d i d  no t  y i e l d  c o l o n i e s  which were r e q u i r e d  f o r  
o t h e r  a p s e c t s  of  t h e  p r o j e c t .  . . . . 

Use of t h e s e  methods demonstra ted  t h a t  t h e  p e r c e n t a g e  o f  o i l  
d e g r a d e r s  w i t h i n  t h e  " t o t a l  h e t e r o t r o p h i c  p o p u l a t i o n t 1  . i n c r e a s e d  w i t h  
exposure  time of t h e  " t o t a l  p o p u l a t i o n "  t o  o i l  and /o r  d i s p e r s a n t .  

Oxygen d e p l e t i o n  by t h e  modi f i ed  BOD method i s  a v a l u a b l e  t o o l  which 
p r o v i d e s  a g e n e r a l  p i c t u r e  o f  b i o l o g i c a l  r e sponse  t o - m a t e r i a l s  suspended 
i n  t h e  wa te r  column. . The p rocedure  was used t o  demons t ra te  t h e  b iode-  
g r a d a b l e  n a t u r e  o f  C o r e x i t  9527 and p r o v i d e  a rough index o f  d e g r a d a t i o n  
p o t e n t i a l .  T h i s  method conf i rmed VPC and c h e m i s t r y  d a t a  i n  t h e  meso- 
s c a l e  t ank  exper iments .  E s s e n t i a l l y ,  t h e r e  is l i t t l e  w a t e r  column a c t i v -  
i t y  i n  o i l  t r e a t e d  t a n k s  b u t  b i o l o g i c a l  a c t i v i t y  i n  t h e  t a n k  zones  
c o n t a i n i n g  e l e v a t e d  hydrocarbon c o n c e n t r a t i o n s .  
.. 1 

. . 



Oxygen d e p l e t i o n  has c e r t a i n  l i m i t a t i o n s ,  t he  g r e a t e s t  be ing  t h a t  i t  
cannot be d i r e c t l y  c o r r e l a t e d  w i t h  a c t u a l  o i l  degrada t ion  r a t e  o r  t h e  
r i t e  of degrada t ion  ,of s p e c i f i c  o i l  components. An a l t e r n a t e  approach i s  
chemical  a n a l y s i s  by gas chromatography which has been used i n  t h i s  p r o j -  
ec t .  The use of  t h i s  techn ique  f o r  water column samples, w h i l e  q u a n t i t a -  
t i v e  f o r  b u l k  o i l  has , c e r t a i n  l i m i t a t i o n s  f o r  component ana l ys i s .  I t  i s  
p o s s i b l e  t o  demonstrate l o s s  of  c lasses  of  compounds by t h i s  method b u t  
i s  t oo  expensive and t ime  consuming f o r  r o u t i n e  degrada t ion  r a t e  de te r -  
m ina t ions .  The use of  14c l a b e l e d  hydrocarbons a l l ows  a r a p i d  and 
f a i r l y .  s imple method " f o r  measuring m i n e r a l i z a t i o n  (convers ion  o f  o rgan ic  
carbon  t o  carbon d i o x i d e  by metabolism) as an index of  b iodegradat ion.  
Represen ta t i ve  hydrocarbons p rov ide  an es t imate  f o r  t h e  ra te .  a t  which t h e  
mixed n a t u r a l  p o p u l a t i o n  achieve m i n e r a l i z a t i o n  o f  a l i p h a t i c  and aromat ic  
hydrocarbons. The m i n e r a l i z a t i o n  r a t e  s t u d i e s  demonstrate t u rnove r  r a t e s  
rang ing  from approx imate ly  20 t o  90 mg o f  subs t ra te  p e r  hour.  These 
values compare w i t h  r e s u l t s  by o t h e r  i n v e s t i g a t o r s  i n  s i m i l a r  systems. 

A more ,accurate approach u s i n g  14t. methodology i s  t o  measure n o t  
on l y  m i n e r a l i z a t i o n ,  b u t  a l s o  t h e  .p roduc t ion  of  water s o l u b l e  i n te rmed i -  
a tes  which c a r r y  t h e  14c; l a b e l  and t he  amount .of 14c i nco rpo ra ted  
i n t o  c e l l  biomass.. The importance of  t h i s  approach i s  apparent f rom t h e  
data from one t y p i c a l  experiment. The average d i s i n t e g r a t i o n  per,  minute 
(DPM). i n  t h e  C02 t r a p s  were .4:3 x. l o3 ,  3.2 x l o 4  'DPlvl f o r  t h e  c e l l  
bound a c t i v i t y  and 7.1 x l o 4  DPM fo r  t h e  water s o l u b l e  p roduc ts .  Th is  
da ta  shows c l e a r l y  t h a t . . m i n e r a l i z a t i o n .  i s  an , index  o f  b i o l o g i c a l  a c t i v i t y  
b u t  no t .  a r e l i a b l e  q u a n t i t a t i v e  t o o l  f o r  hydrocarbon t u rnove r  o r  degrada- 
t i o n  t ime. 

S tud ies  by t he  VPC method f o r  t h e  sur, face'  f i l m ,  water  column an0 
sediment were performed as 13 and 4°C. The b a c t e r i a l  numbers inc reased  
i n  t he  sur face f i l m  d u r i n g  day 1 and 2 then  remained e s s e n t i a l l y  cons tan t  
throughout  t he  21 day exper iment.  We i n t e r p r e t  t h i s  inc rease  n o t  as bac- 
t e r i a l .  growth pe r  se b u t  r a t h e r  t he  format ion o f  t h e  m ic ro l aye r .  , . 

. . 

The sediment b a c t e r i a l  p o p u l a t i o n  inc reased  th rough day 9 i n  t he  
c o n t r o l ,  d ispersan t  and o i l - d i s p e r s a n t  tanks  b u t  n o t  i n  t h e  o i l  tank.  
The numbers .remain. cons tan t -  i n  the, .sediment  of  t he  o i l - d i s p e r s a n t  tank  
a f t e r  day 9 . b u t  d e c l i n e  i n  t h e  c o n t r o l  and d i spe rsan t  tanks:'  

. . . . 
O i l  des t roys  t h e  sur face m i c r o l a y e r  as such because - t h e  o i l  i s  

imposed between t he  water and a i r  i n t e r f a c e ,  and we b e l i e v e  t h a t  hydro- 
carbon degrading. b a c t e r i a  tend  t o  ' b e  c a r r i e d  i n t o  t he  o i l  f i l m  and thus  
removing.them from an a c t i v e  r o l e  a t  t h e  o i l - w a t e r  i n t e r f a c e .  

The water column s t u d i e s  a t  4O and l3oC p rov ide  evidence f o r  two 
d i f f e r e n t  b a c t e r i a l  popu la t i ons  i n  t h e  n a t u r a l  seawater which was a t  
1 0 C .  The t o t a l . h e t e r o t r o p h i c  popu la t i ons  s h i f t  somewhat b u t  t he  most 
s i g n i f i c a n t  observa t ions  i s  a r a p i d  i nc rease  i n  t h e  number o f  hydrocar-  
b a n o c l a s t i c  b a c t e r i a  through day 7 fo l lowed by a d e c l i n e  t o  o r i g i n a l  num- 
bers ,  due, we conclude, t o  exhaus t ion  o f  t h e  n i t r o g e n ,  phosphorus .and 
i r o n  con ten t  of t he  seawater. 

@ Stud ies  showed a d e c l i n e  i n  co lony d i v e r s i t y  w i t h  t ime  i n  t he  tank 
system suggest ing enr ichment f o r  s p e c i f i c  organisms which i s  supported by 



t h e  s t u d i e s  on t h e  r a t i o  of h y d r o c a r b a n o c l a s t i c  t o  h e t e r o t r o p h i c  bac- 
t e r i a .  Popu la t ion  dominance i s  more s i g n i f i c a n t  t h a n  p o p u l a t i o n  s i z e  
which is  a f a i r l y  c o n s t a n t  v a l u e .  

The long term f low-through exper iment  showed no s i g n i f i c a n t  c o r r e l a -  
t i o n  between t h e  number o f  t o t a l  h e t e r o t r o p h i c  b a c t e r i a  and hydrocarbon 
c o n c e n t r a t i o n ,  b u t  a s i g n i f i c a n t  c o r r e l a t i o n  was found between t o t a l  
h e t e r o t r o p h i c  and t o t a l  h y d r o c a r b a n o c l a s t i c  b a c t e r i a  which i n d i c a t e d  
s e l e c t i o n  f o r  h y d r o c a r b o n - u t i l i z i n g  b a c t e r i a .  

A n e g a t i v e  r e l a t i o n s h i p  was found between t~ydrocarhun  c o n t e n t  ana 
hexadecane o r  naph tha lene  m i n e r a l i z a t i o n  r a t e s ,  s u g g e s t i n g  i n h i b i t i o n  o f  
m i n e r a l i z a t i o n  a t  h igh hydrocarburl and /o r  d i s p e r s a n t  v a l u e s .  However, 
t h e r e  was a d e c r e a s e  i n  hydrocarbon t u r n o v e r  t i m e  ( T / f )  i n  t h e  o i l  and /o r  
d i s p e r s a n t  t a n k s .  Th i s  d e c r e a s e  i n  T/f is more a p p a r e n t  f o r  a l i p h a t i c  
hydrocarbons  t h a n  f o r  a r o m a t i c  hydrocarbons .  

The v a r i a t i o n  i n  m i n e r a l i z a t i o n  r a t e s  i s  minimal r ang ing  from 8.6 t o  
1 1 . 9  ng /h r  f o r  hexadecane and 8.3 t o  17 .6  ng /h r  f u r  naph tha lene .  Thus, 
i n  t h e  d e t e r m i n a t i o n  of d e g r a d a t i o n  t ime  t h e  most i m p o r t a n t  f u n c t i o n  is  
hydrocarbon c o n c e n t r a t i o n .  

I n v e s t i g a t i o n  o f  phosphate  and n i t r o g e n  i n  t h e  t e s t  sys tems r e v e a l  
v a l u e s  which were a lways  n u t r i e n t  l i m i t i n g  f o r  t h e  amount o f  degradab le  
ca rbon  a v a i l a b l e .  

I t  i s  o u r  c o n c l u s i o n  t h a t  hydrocarbon d e g r a d a t i o n  p o t e n t i a l  i n  n u t r i -  
e n t  l i m i t e d  s e a w a t e r  is  a r e l a t i v e l y  c o n s t a n t  v a l u e  independent  o f  t h e  
p r e s e n c e  o r  absence of o i l  i n  t h e  wa te r  column. There i s  s e l e c t i o n  f o r  
h y d r o c a r b a n o c l a s t i c  b a c t e r i a  w i t h  t ime  b u t  t h e i r  o v e r a l l  d e g r a d a t i o n  
a c t i v i t y  a s  a mixed p o p u l a t i o n  is  no t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
enr ichment  p r o c e s s .  P r e l i m i n a r y  ev idence  i n d i c a t e s  thaL n u t r i e n t  supp le -  
ments ( n i t r o g e n ,  phosphorus and i r o n )  do have a s i g n i f i c a n t  e f f e c t  on t h e  
s i z e  o f  t h e  s e a w a t e r  m i c r o b i a l  p o p u l a t i o n  and y i e l d  a r a t h e r  homogenous 
p o p u l a t i o n  o f  hydrocarbon u t i l i z i n g  b a c t e r i a  i n  t h e  p resence  of' o i l .  

P b r i e f  d i s c u s s i o n  o f  n u t r i e n t  s e e d i n g  s u g g e s t s  t h i s  i s  n o t  a v i a b l e  
approach  t o  i n c r e a s e d  hydrocarbon d e g r a d a t i o n  p o t e n t i a l .  The danger  of  
i n c r e a s e d  p a t h o g e n i c i t y  i n  n u t r i e n t  e n r i c h e d  o i l - w a t e r  sys tems i s  a r e a l  
p o s s i b i l i t y  which must be more f u l l y  i n v e s t i g a t e d .  

Na tu ra l  m i c r o b i a l  hydrocarbon d e g r a d a t i v e  p r o c e s s e s  a r e  a c t i v e  i n  t h e  
w a t e r  column of dispersed o r  non-dispersed o i l .  These p r o c e s s e s  w i l l  
e v e n t u a l l y  l e a d  t o  t h e  t u r n o v e r  o f  t h e  b i o d e g r a d a b l e  o i l  components. The 
r a t e  a t  which o i l  d e g r a d a t i o n  o c c u r s  i s  n o t  m a t e r i a l l y  enhanced by t h e  
d i s p e r s i o n  p r o c e s s  b u t  d i s p e r s i o n  o f  t h e  o i l  i n t o  s m a l l  m i c e l l e s  i l - 2  pm) 
suspended i n  t h e  wa te r  column does  make t h e  o i l  a v a i l a b l e  t o  m i c r o b i a l  
a c t i o n  i n  t h e  w a t e r  column. Due t o  t h e  p h y s i c a l  i n a c c e s s i b i l i t y  of 
microorganisms t o  t h e  bulk  o f  t h e  o i l  i n  a heavy s l i c k ,  d i s p e r s i o n  o f  t h e  
o i l  is  an a d j u n c t  t o  t h e  hydrocarbon d e g r a d a t i v e  c a p a c i t y  o f  a mixed 
n a t u r a l  mar ine  wa te r  column p o p u l a t i o n .  

T h i s  p r o j e c t  n a s  no t  shed much l i g h t  on t h e  a f f e c t  o f  m i c r o b i a l  popu- 
l a t i o n s  on d i s p e r s e d  o i l  e n t r a i n e d  i n t o  sed iments  o r  o i l  s o l u b i l i z e d  o r  
suspended a s  sub-micron m i c e l l e s  i n  s u r f a c e  micro1ayer.s. Limited d a t a  



from t h i s  p r o j e c t  i n d i c a t e s  t h a t  hydrocarbon d e g r a d a t i v e  p o t e n t i a l s  i n  
sed iments  and t h e  s u r f a c e  m i c r o l a y e r  may be s i g n i f i c a n t l y  h i g h e r  t h a n  
d e g r a d a t i v e  p o t e n t i a l s  i n  t h e  wa te r  column. 

I t  is  o u r  c o n c l u s i o n  t h a t  f u t u r e  s t u d i e s  of hydrocarbon d e g r a d a t i o n  
of ' d i s p e r s e d  vs .  non-dispersed o i l s  i n  t h e  marine environment shou ld  
c e n t e r  on L l w  fo l lowing  t o p i c s  l i s t e d  i n  a g e n e r a l  o r d e r  o f  p r i o r i t y :  

1. Oegrada t ive  p o t e n t i a l s  i n  sed iments .  

2 .  O e g r a d a t i v e  p o t e n t i a l s  i n  s u r f a c e  m i c r o l a y e r s .  

3.  The p o s s i b l e  enhanced p a t h o g e n i c i t y  of  n u t r i e n t  e n r i c h e d  o i l .  

4. The d e g r a d a t i v e  p o t e n t i a l s  a t  wa te r - i ce  and sed iment - i ce  
i n t e r f a c e s .  
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PREFACE 

The information from our research e f f o r t s  i s  presented i n  three  major 
sect ions ,  each dealing w i t h  and answering questions about re la ted  but 
d i f fe ren t  aspects  of the scal lop predator-prey system and the impact of 
o i l  and dispersant  on t h i s  system. 

I n  Section 9 . 1 ,  the ac tual  bioassay experiments a r e  described. 
Sections (9.2) and ( 9 . 3 )  present our biological  invest igat ions  and 
techniques which form a foundation fo r  a l l  of the sublethal  bioassay 
work. I n  Section 9.4, the response of a simple predator-prey community 
t o  o i l ,  dispersant ,  and oil-dispersant  mixtures. Instead of redescribing 
methods in  Section I ,  reference is  made t o  e i t h e r  Section I1 or  111 where 
techniques are  described in  f u l l .  



9.1 Sect ion I Letha l  and Sublethal  e f f e c t s  o f  shor t  term acute doses o f  
Kuwait Crude . O i l  and a d ispersant  Corexi t  9527 on Bay Scallops, 
Argopecten i r r a d i a n s  (Lamarck) and two predators a t  d i f f e r e n t  
temperatures 

ABSTRACT 

Inves t iga t i ons  of shor t  term acute exposure of bay scal lops,  
Argopecten i r r a d i a n s  and two sca l l op  predators, t he  oys ter  d r i l l  
Urosalpinx c inerea and the  common s t a r f i s h  Aster ias  fo rbes i ,  t o  o i l ,  
d ispersant ,  and o i l -d i spe rsan t  mixtures (Kuwait Crude O i l  and C0rexi.t. 
9527) suggested t h a t  predator  and prey have d i f f e r e n t  l e t h a l  
s u s c e p t i b i l i t i e s .  Scal lops were most s e n s i t i v e  t o  d ispersant  and 
d ispersant  mixed w i t h  o i l ,  s t a r f i s h  were only s e n s i t i v e  t o  d' ispersant 
wh i le  the oys ter  d r i l l  seemed unaffected even though a l l  were exposed t o  
d i l u t i o n s .  o f  i d e n t i c a l l y  prepared stock so lu t i ons .  Scal lops were l e a s t  
suscept ib le  dur ing  w in te r  months and most suscept ib le  a t  summer 
temperatures. Treatment had l e s s  e f fec t  on predators than on sca l lops  a t  
summer temperatures. Sublethal  concentrat ions of d ispersant  and 
o i l -d i spe rsan t  mixtures diminished the behaviora l  a b i l i t y  o f  sca l lops  t o  
recognize d r i l l s  and s t a r f i s h .  The degree of e f f e c t  increased w i t h  
teniperature. Predator de tec t i on  o f  prey a t  t he  same concentrat ions was 
more complex. The feeding response o r  pos tur ing  r e f l e x  o f  s t a r f i s h  was 
s i g n i f i c a n t l y  slowed by a l l  treatments. I n  cont ras t ,  d r i l l s  were 
unaffected i n  t h e i r  recogn i t i on  of sca l l op  e f f l u e n t  i n  a choice chamber 
a f t e r  treatment. 

INTRODUCTION 

There have been many recent i n v e s t i g a t i o n s  o f  l e t h a l  (Anderson e t  
a l . ,  1974; G r i f f i n  & Calder, 1977; Lee e t  a l . ,  1977), as w e l l  as 
sub le tha l  (Dicks, 1976; Percy, 1977; Percy & M u l l i n ,  1977) e f f e c t s  o f  
o i l s  on marine inver tebra tes .  S i m i l a r l y ,  much a t t e n t i o n  has been g iven 
t o  the  l e t h a l  (Portmann & Connor, 1968; Baker & Crapp, 1974; Wilson, 
1977) and sub le tha l  (Swedmark e t  . a l . ,  1971 ; Hagstrom & Lonning, 1977) 
e f fec ts  of d ispersants alone. I n  cont ras t ,  the  comparative e f f e c t s  o f  
o i l ,  d ispersant ,  and o i l -d i spe rsan t  treatments have received l e s s  
a t t e n t i o n  (Hargrave & Newcombe, 1973; A v o l i z i  & Nuwayhid, 1974). 

This study was concerned w i t h  assessment o f  l e t h a l  and sub le tha l  
e f fec ts  of API standard Kuwait Crude O i l  and a d ispersant ,  Corex i t  9527 
on the  bay sca l l op  Argopecten i r r a d i a n s  (Lamarck) and two sca l l op  preda- 
t o r s ;  the  s t a r f i s h  Aster ias  fo rbes i  (Desor), and the  oys ter  d r i l l  
Urosalpinx c inerea ( ~ a y ) . a l l o p s  were chosen because they are a com- 
m e r c i a l l y  important  marine species. Young of the  year were used because 
of t h e i r  h igh  reproduct ive p o t e n t i a l ,  which makes them important  t o  the  
cont inued s u r v i v a l  o f  sca l l op  populat ions (Russel l ,  1973). Scal lops have 
a w e l l  documented, predator  spec i f i c ,  stereotyped escape response 
(Cur t i s ,  1966; Mackie, 1970; Moore & Trueman, 1971; Thomas & Gruffydd, 
1971; Ordzie & Garofalo, 1980a, see a l so  sec t ion  11) which we used t o  
assess sub le tha l  e f fec ts  of o i l  and d ispersant  because i t  i s  e a s i l y  quan- 
t i f i e d  and i s  important  t o  sca l l op  s u r v i v a l .  The oys ter  d r i l l  Urosalpinx 
c inerea has recen t l y  been found t o  be an ac t i be  predator  o f  sca l lops  
(Ordzle & Garofalo, 1980b, see a l so  sec t i on  111) and sca l lops  show a 
vigorous escape response when confronted w i t h  t h i s  predatory d r i l l .  



S t a r f i s h  a r e  w e l l  known p r e d a t o r s  of s c a l l o p s  ( G a l t s o f f  & Loosanoff ,  
1939). Both p r e d a t o r s  a r e  found i n  t h e  c o a s t a l  ponds o f  Rhode I s l a n d  
where l a r g e  bay s c a l l o p  beds  a r e  abundant .  

I t  is  o u r  d e s i g n  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  o i l ,  d i s p e r s a n t ,  and 
o i l - d i s p e r s a n t  m i x t u r e s  on t h e  bay s c a l l o p  and two p r e d a t o r s  a t  l e t h a l  
and s u b l e t h a l  l e v e l s  a t  v a r i o u s  t e m p e r a t u r e s .  Such a  s t u d y  w i l l  p rov ide  
i n f o r m a t i o n  on t h e  s u s c e p t i b i l i t y  o f  a n  e c o l o g i c a l l y  impor tan t  
p reda to r -p rey  system. 

9 .1 .2  METHODS & RESULTS 

L e t h a l  E f f e c t s  

Methods 

Bay s c a l l o p s ,  Argopecten i r r a d i a n s ,  o y s t e r  d r i l l s ,  Urosa lp inx  
c i n e r e a  s t a r f i s h ,  A s t e r i a s  f o r b e s i ,  p e r i w i n k l e s ,  L i t t o r i n a  l i t t o r e a  
(~amarcl*) and p u r p l e  s e a  u r c h i n s ,  Arbacia  p u n c t u l a t e  (~amarc- 
c o l l e c t e d  from P o i n t  J u d i t h  Pond o r  N i n i g r e t  Pond, Rhode I s l a n d ,  by 
d redg ing  o r  d i v i n g .  A l l  t e s t  an imals  were main ta ined  i n  t h e  l a b o r a t o r y  
w i t h  running,  u n f i l t e r e d ,  ambient t e m p e r a t u r e  s e a  wa te r  from P o i n t  J u d i t h  
Pond. Temperatures  ranged from -1.50 t o  24.20C and s a l i n i t y  ranged 
from 27 t o  32 O/00 d u r i n g  t h i s  s t u d y .  

Bay s c a l l o p ,  and two s c a l l o p  p r e d a t o r s ,  t h e  s t a r f i s h  and t h e  o y s t e r  
d r i l l ,  were exposed t o  v a r i o u s  c o n c e n t r a t i o n s  of s t o c k  s o l u t i o n s  o f  o i l ,  
d i s p e r s a n t ,  and a n  o i l - d i s p e r s a n t  mix tu re .  S tock  s o l u t i o n s  were p r e p a r e d  
i n  t h r e e  55 l i t e r  a l l  g l a s s  a q u a r i a  a c c o r d i n g  t o  t h e  schedu le  i n  Table  
I. The a p p r o p r i a t e  amount o f  o i l  was poured o n t o  49.5 l i t e r  o f  ambient  
t e m p e r a t u r e  s e a  w a t e r .  The d i s p e r s a n t  was sp rayed  o n t o  t h e  a p p r o p r i a t e  
mixing t a n k s  a f t e r  f o u r  hours  l a t e r  t o  a l l o w  weather ing o f  t h e  o i l .  
These mixing t a n k s  were s e t  i n  a n  ambient  t e m p e r a t u r e ,  running s e a  w a t e r  
b a t h  f o r  t e m p e r a t u r e  c o n t r o l  a t  t h e  beg inn ing  o f  t h e  mixing p e r i o d .  Each 
s o l u t i o n  was a e r a t e d  w i t h  a  S i l e n t  Gian t  diaphragm pump f o r  t h e  first 20 
h o u r s  and a l lowed  t o  s e t t l e  f o r  t h e  l a s t  s i x  hours .  S o l u t i o n s  were t h e n  
withdrawn from below t h e  s l i c k  w i t h  a  PVC s i p h o n  i n s e r t e d  p r i o r  t o  a d d i -  
t i o n  o f  o i l  o r  d i s p e r s a n t .  

Dosing s o l u t i o n s  were t h e n  p repared  by mixing t h e  a p p r o p r i a t e  volume 
o f  s t o c k  s o l u t i o n  wi th  ambient t e m p e r a t u r e  sea w a t e r  t o  make a  volume of 
20 l i ters .  The c o n c e n t r a t i o n s  used f o r  t h e  s c a l l o p ,  s t a r f i s h ,  and d r i l l  
b i o a s s a y s  a r e  shown i n  Table  11. Each d o s i n g  t a n k  was p l a c e d  i n t o  a  
common, ambient  t empera tu re  w a t e r  b a t h .  A t  t h i s  p o i n t ,  a n i m a l s  were 
added t o  d o s i n g  t a n k s  f o r  s i x  hours .  A e r a t i o n  was provided f o r  t h e  
e n t i r e  d o s i n g  p e r i o d .  F i v e  c o n t r o l  t a n k s ,  each  'with 20 l i t e r s  o f  s e a  
w a t e r ,  were a l s o  p l a c e d  i n  t h e  w a t e r  b a t h .  I n  bo th  s c a l l o p  and d r i l l  
b i o a s s a y s ,  20 a n i m a l s  were used i n  each  o f  t h e  dos ing  and c o n t r o l  t a n k s .  
Because o f  t h e i r  tendency t o  c r a w l  o u t  o f  t a n k s ,  it was n e c e s s a r y  t o  c a g e  
t h e  d r i l l s  i n  a mesh ban t o  keep them i n  t h e  dos ing  s o l u t i o n .  Due t o  t h e  
l a r g e  s i z e  o f  s t a r f i s h ,  t e n  i n d i v i d u a l s  were p l a c e d  i n  each  dos ing  t a n k .  
T e s t  a n i m a l s  o f  approx imate ly  e q u a l  s i z e  were used f o r  each  r e p l i c a t e  t o  
e l i m i n a t e  presumed d i f f e r e n c e s  due t o  s i z e .  



Table I. Proportions ( l i t e r s )  of sea water, o i l ,  and dispersant  used t o  
make the  treatment stock solutions.  

Solution Proportion ( l i t e r s )  of :  Air mix S e t t l e  
W 0 D 

C 50.0 : --- : --- 20 hours 6 hours 

0 49.5 : 0.5 : --- 20 hours 6 hours 

D 49.5 : --- : 0.1" 20 hours 6 hours 

OD 49.5 : 0.5 : 0.1+ 20 hours 6 hours 

"Dispersant was added four hours a f t e r  the beginning of mixing. 

W - Sea water 

0 - Kuwait Crude O i l  

D - Corexit 9527 Dispersant 
............................................................................. 

Table 11. Volumes of stock solutions mixed w i t h  sea water t o  make the  
a o ~ r o ~ r i a t e  d i lu t ions  of stock solut ion used fo r  a l l  bioassay 
experiments. 

Concentration Amount of stock solut ion Sea water 
% of stock solut ion '  (L i t e r s )  (L i t e r s )  



A f t e r  t h e  s i x  hour  dos ing  p e r i o d ,  test  a n i m a l s  from each t r e a t m e n t  
and c o n c e n t r a t i o n  were s e p a r a t e l y  p l a c e d  i n t o  r e s p e c t i v e  40 l i t e r  a q u a r i a  
each  independen t ly  s u p p l i e d  w i t h  running s e a  w a t e r  a t  a  f low r a t e  o f  30 
ml / sec  f o r  a  d e p u r a t i o n  p e r i o d  o f  f i v e  days .  The number o f  s u r v i v o r s  i n  
each  t r e a t m e n t  and c o n c e n t r a t i o n  and c o n t r o l  were coun ted  a t  t h e  end o f  
t h e  f i v e  day p e r i o d .  The number o f  r e p l i c a t e s  a t  each  t empera tu re  f o r  
each  organism a r e  p r e s e n t e d  i n  Table  111. 

2. R e s u l t s  

S c a l l o p  s u s c e p t i b i l i t y  t o  o i l  d u r i n g  t h e  s i x  hour  dos ing  regime was. 
n o t  e v i d e n t  even a t  t h e  h i g h e s t  c o n c e n t r a t i o n  ( l om s t o c k  s o l u t i o n ) .  
Indeed,  a t  a l l  t h r e e  t e m p e r a t u r e s  ( 2 0 ,  100, and 200C) s u r v i v o r s h i p  
i n  c o n t r o l  and o i l  t r e a t m e n t s  was h igh  and e s s e n t i a l l y  i d e n t i c a l  a t  100% 
( F i g u r e  1). Measurement o f  t o t a l  e x t r a c t a b l e  hydrocarbon u s i n g  t h e  
i n f r a r e d  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  w i t h  ca rbon  t e t r a c h l o r i d e  a s  t h e  
e x t r a c t i n g  s o l v e n t ,  gave v a l u e s  o f  1-4 ppm f o r  t h e  w a t e r  below t h e  s l i c k  
o f  t h e  o i l  s t o c k  s o l u t i o n .  S o l u t i o n s  c o n t a i n i n g  d i s p e r s a n t  c o u l d  n o t  be 
r e l i a b l y  measured a t  t h e  c o n c e n t r a t i o n s  u s e d ,  s o  a l l  v a l u e s  f o r  t h e s e  
s o l u t i o n s  were d e s i g n a t e d  a s  nominal c o n c e n t r a t i o n s .  S c a l l o p  s u r v i v o r -  
s h i p  was s i g n i f i c a n t l y  d e c r e a s e d  i n  a l l  t r e a t m e n t s  i n v o l v i n g  d i s p e r s a n t .  
As t h e  c o n c e n t r a t i o n  o f  d i s p e r s a n t  and o i l - d i s p e r s a n t  s t o c k  s o l u t i o n  
i n c r e a s e d ,  s c a l l o p  s u r v i v o r s h i p  d e c r e a s e d  a t  a 1 1  t e m p e r a t u r e s .  

S c a l l o p  s u r v i v o r s h i p  was t e m p e r a t u r e  r e l a t e d  i n  d i s p e r s a n t  and 
o i l - d i s p e r s a n t  t r e a t m e n t s .  As t e m p e r a t u r e  i n c r e a s e d ,  s c a l l o p  
s u r v i v o r s h i p  d e c r e a s e d  ( F i g u r e  2 & 3 ) .  There was no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  e f f e c t  of  t h e  d i s p e r s a n t  and o i l - d i s p e r s a n t  t r e a t m e n t s  
on bay s c a l l o p s .  P r o b i t  a n a l y s i s  ( F i g u r e  4)  used t o  e s t i m a t e  LO50 
v a l u e s  and 95% f u d i c i a l  limits f o r  s c a l l o p s  a l s o  r e v e a l e d  t h a t  t h e r e  was 
no s i g n i f i c a n t  d i f f e r e n c e  between LO50 v a l u e s  f o r  d i s p e r s a n t  and 
o i l - d i s p e r s a n t  t r e a t m e n t s  a t  any t e m p e r a t u r e .  There was, however, a  
s t r o n g  c o n c e n t r a t i o n - t e m p e r a t u r e  i n t e r a c t i o n .  A s  t e m p e r a t u r e  i n c r e a s e d ,  
t h e  c o n c e n t r a t i o n  o f  C o r e x i t  9527 r e q u i r e d  t o  k i l l  50% o f  t h e  s c a l l o p s  
d e c r e a s e d .  The LO50 was lowes t  a t  summer t e m p e r a t u r e s .  

S t a r f i s h  showed no a p p r e c i a b l e  change i n  s u r v i v o r s h i p  i n  any e x c e p t  
d i s p e r s a n t  t r e a t m e n t s  f o r  tests conducted a t  150 and 200C ( F i g u r e  
5 ) .  Even when exposed t o  f u l l  s t r e n g t h  s t o c k  s o l u t i o n  a t  t h e s e  h igh  
t e m p e r a t u r e s ,  s u r v i v o r s h i p  o f  s t a r f i s h  was a lways  b e t t e r  t h a n  50 p e r c e n t .  

I t  shou ld  be no ted  t h a t  s t a r f i s h  i n  t h e  o i l  d o s i n g  t a n k s  spawned 
d u r i n g  exposure  a t  150C. S t a r f i s h  i n  c o n t r o l  t a n k s  spawned a  few d a y s  
l a t e r .  No spawning was observed d u r i n g  t h e  200C exper iment .  A f u r t h e r  
o b s e r v a t i o n  on t h e  c o n d i t i o n  o f  s t a r f i s h  s u g g e s t s  t h a t  an imals  exposed t o  
d i s p e r s a n t  and o i l - d i s p e r s a n t  were p h y s i c a l l y  s t r e s s e d .  Many s t a r f i s h  
from t h e s e  t r e a t m e n t s  had e v e r t e d  stomachs.  No o t h e r  s t a r f i s h  from o t h e r  
t r e a t m e n t s  were found w i t h  t h i s  c o n d i t i o n .  

There were no t r e a t m e n t  r e l a t e d  o y s t e r  d r i l l  d e a t h s  obse rved  d u r i n g  
exper iments  run a t  200C ( F i g u r e  6). O f  480 . d r i l l s  t e s t e d ,  on ly  two 
d i e d  d u r i n g ' t h e  exper iment .  During d o s i n g ,  d r i l l s  i n  t h e  c o n t r o l s  and 
a l l  c o n c e n t r a t i o n s  o f  t h e  o i l  t r e a t m e n t  appeared t o  e x h i b i t  normal 
c r a w l i n g  b e h a v i o r  w h i l e  d r i l l s  i n  a l l  c o n c e n t r a t i o n s  o f  t h e  d i s p e r s a n t  
and o i l - d i s p e r s a n t  t r e a t m e n t s  were r e t r a c t e d  i n t o  t h e i r  s h e l l s .  
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,Fig.  1. Scallop survivorship for  f ive  concentrations of four treatments 
a t  three temperatures, 20, 100, and 200C: C-Control, 0-Kuwait 
Crude O i l ,  0-Corexit 9527 Dispersant, O D - O i l  and Dispersant. 
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Table 111. Temperatures, dates ,  and organisms used fo r  l e t ha l  bioassay. 

Temperature OC 
Scallops 
( Argopecten i r rad ians )  

20 
20 
20 
20 

Date Replicate Number 

S t a r f i sh  
(Asterias forbesi )  150 5 /29 /79 1 

Snai ls  
(Urosalpinx c inerea)  
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Fig.  4. Prob i t  e s t ima te s  of 6 hour LC50 f o r  bay s c a l l o p s  a t  nomlnsi 
d i spe r san t  a n l  o i i -o i spe r san t  concen t r a t ions  f o r  20, 10o, ano 
2 ( P C .  Ver t i ca l  l i n e s  represent  95% f u o i c i a l  l i m i t s :  0-Corexit 95?7 
Dispersant ,  OD-Kuwait C ~ o e  O i l  and   or exit 9527 Oispersant .  

Fig. 6 .  Oyster D r i l l  su rv ivo r sh ip  a t  X P C  rhen exposeo t o  four 
experimental t r ea tmen t s  a t  var ious  concen t r a t ions  of s tock  s o l u t i o n :  
C-Control, O-Uuwait Crude O i l ,  D-Corexit 9527 Di spe r san t ,  OD-Oii anc 
Dispersant .  
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Fig. 5 .  Canbined r e s u l t s  of s t a r f i s h  su rv ivo r sh ip  a t  150 m a  2D3C 2 
when exposeo t o  fou r  experimental t r ea tmen t s  a t  var ious  concent r a t i o n s  o f  
s tock so lu t ion :  C-Control, O-Kuwait Cruoe O i l ,  0-Corexit 9527 
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Dispersant ,  DD-Oil and Dispersant .  
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9.1.4 Sublethal Effects  

1. Scallop Detection of Predators 

a. Methods 

Scallops from the  12.5% concentration of each treatment and a control  
were tes ted  fo r  t h e i r  behavioral recognition of molluscan and echinoderm 
predators during the  f ive  day depuration period which followed dosing. 
The behavioral escape response and apparatus used were described 
previously (Ordzie & Garofalo, 1980a, see a l so  section 11). Scallops were 
t e s t ed  fo r  t h e i r  behavioral discrimination between a non-predatory 
gastropod, L i t to r ina  l i t t o r e a  and a predatory gastropod, Urosal inx 
c inerea .  Also, scal lop discrimination between a non-predatory ec -li+7 lno e m  
Arbacia punctulata and a predatory echinoderm, Asterias forbes i  was 
t es ted .  In each case.  the non- reda at or was presented f i r s t  t o  avoid 
sens i t i z ing  scal lops .  

Scallop st imulation was accomplished by touching the  test animal t o  
the  scal lop mantle margin a t  the  an t e r i o r  wing. Two aspects of the  
sca l lop  escape response, response time and swimming c laps ,  were 
quantif ied.  Response time, defined a s  the  time from beginning of 
st imulation u n t i l  f i r s t  valve movement, was measured i n  seconds w i t h  a 
stopwatch. Swimming c laps  were simply counts of the  number of valve 
adductions of c losures  during a response. I t  was previously determined 
t h a t  bay scal lops  respond t o  predators w i t h  a shor t  response time and a 
high number of swimming claps (Ordzie & Garofalo, 1980a, see  a l so  Section 
11). In con t ras t ,  sca l lops  respond t o  non-predators w i t h  long response 
times and l e s s  than one swimming c lap.  In t h i s  way scal lops  behaviorally 
discriminate between predators and non-predators. We then studied the  
e f f e c t s  of o i l ,  d ispersant ,  and oi l -d ispersant  treatments on t h i s  
s ens i t i ve  escape response which is so e s sen t i a l  t o  scal lop survival .  

A l l  20 scal lops  from each treatment were tes ted  w i t h  non-predator and 
predator.  Each individual  scal lop was t es ted  f ive  times during the  
depuration period. Temperatures, r ep l i ca tes ,  and t e s t  species used i n  
suble thal  s tud ies  a r e  shown i n  Table I V .  

An index was employed t o  allow simultaneous considerat ion of scal lop 
responses t o  predator and non-predator . Response t o  predator was 
subtracted from response t o  non-predator, was divided by t h e i r  sum, and 
was then mult ipl ied by 100 a s  follows: 

Non-predator - Predator Response Index = Non-predator + Predator 

Response time and number of swimming c laps  were independently analyzed 
using t h i s  index. The index value changes w i t h  changes i n  behavioral 
discrimination.  A s  behavioral discrimination increases ,  the  index values 
move away from zero and conversely, a s  behavioral discrimination 
decreases, the  index values approach zero. Indices fo r  response time and 
swimming claps were independently analyzed using a two-way analys is  of 
variance t e s t  w i t h  treatment and temperature a s  main e f f ec t s .  Data from 
t e s t s  w i t h  gastropods and echinoderms were considered separately.  



Table I V .  Temperatures, dates, and organisms used t o  t e s t  t he  escape 
response o f  t r e a t e d  and unt rea ted  sca l lops .  

Tested w i t h  L. l i t t o r e a  and U. c i ne res  

~empera ture  Date Rep l ica te  Number 

1 00 5/17/78 1 

100. 11/14/78 2 

150 6/7 /78 1 

. .. . .  . 

Tested wi th.A.  punc tu la ta  and A. f o r b e s i  

Temperature Date Rep l i ca te  Number 

l o o  5 /7 /79 1 



b. Results 

Scal lop d i s c r i m i n a t i o n  o f  Urosalpinx c inerea from L i t t o r i n a  l i t t o r e a  
as measured by the  t ime index was s i g n i f i c a n t l y  decreased by d ispersant  
and o i l -d i spe rsan t  treatments a t  12.5% o f  the  stock s o l u t i o n  (Figure 
7).  As temperature increased from l o 0  t o  200C, d i sc r im ina t ion  
increased i n  a l l  t reatments (ANOVA, F=66.5, d.f.=2,468, P < . 0 0 1 ) .  
Compared t o  con t ro l s ,  the  o i l  treatment appeared t o  have no e f f e c t  on the  
sca l l op  response t ime index. However, d ispersant  and o i l -d ispersant  
treatments bo th  s i g n i f i c a n t l y  lowered the  response t ime index and thus 
d i s c r i m i n a t i o n  (ANOVA, F-26.4, d.f.=3,468, P<.001).  There was a lso  a  
s i g n i f i c a n t  temperature-treatment i n t e r a c t i o n  evidenced by the  greater  
e f fec t  on d i s c r i m i n a t i o n  a t  h igher  temperatures (ANOVA, F=2.5, 
d. f. =6,468, P C .  02). Scal lop behaviora l  d i s c r i m i n a t i o n  between the  two 
s n a i l s  as measured by c laps was unaf fected by treatment a t  l o 0  and 
20°C (Figure 8).  A l l  values were s i m i l a r  t o  those f o r  con t ro l s .  The 
on ly  temperature (ANOVA, F=20.8, d. f. =2,468, P<  .001) and treatment 
e f fec ts  (PNOVA, F-5.7, d.f.= 3,468, P< .0009) were found a t  150C where 
a l l  th ree treatments d i f f e r e d  s i g n i f i c a n t l y  from the  c o n t r o l .  There was 
no s i g n i f i c a n t  temperature-treatment i n t e r a c t i o n .  

The same ind i ces  were used t o  t e s t  sca l l op  d i sc r im ina t ion  between the  
s t a r f i s h ,  Ps te r ias  fo rbes i  and the  sea urch in ,  Arbacia punctu lata.  D is -  
persant and o i l -d i spe rsan t  were found t o  s i g n i f i c a n t l y  a f f e c t  the  sca l l op  
response t ime index a t  both 100 and 200C (PNOVA, F=24.7, d. f .= 3,312, 
P<.0001). Scal lops were l e s s  able t o  behav io ra l l y  d i sc r im ina te  the  pred- 
a to ry  s t a r f i s h  from the non-predatory sea u rch in  a f t e r  exposure t o  e i t h e r  
treatment (F igure  9) .  There was no temperature e f f e c t  on d i sc r im ina t ion ,  
however, there  was a  temperature-treatment i n t e r a c t i o n  (ANOVA, F=2.9, 
d. f. = 3,312, P  <.04) demonstrated by the  greater  i n te r fe rence  w i t h  d i s -  
c r im ina t ion  a t  h igher  temperatures. 

The swimming c lap  index was only af fected by the  o i l  treatment a t  
200C and i n  t h i s  case d i sc r im ina t ion  increased compared t o  c o n t r o l s  
(ANOVA, F=3.79, d. f .=  3,312, P< .01) (F igure  10) .  No temperature e f fec t  
was found, bu t  there was a  temperature-treatment i n t e r a c t i o n  (ANOVA, 
F=3.08, d. f . =3,312, P  <. 03) owing t o  increased d i s c r i m i n a t i o n  o f  sca l lops  
exposed t o  o i l  a t  200C. 

2. Predator Detec t ion  of Scal lops 

S t a r f i s h  (Ps te r ias  fo rbes i )  

a. Methods 

S t a r f i s h  were tes ted  fo r  sub le tha l  behav iora l  e f f e c t s  us ing p a r t  of 
the  feeding response described as the  "postur ing r e f l e x "  (Heeb, 1973). 
S t a r f i s h  llposturefl over t h e i r  prey p r i o r  t o  feeding by e leva t ing  t h e i r  
aboral  surface which leaves them i n  a  humped posture. 

To examine t h i s  reponse an epoxy coated plywood box (30 cm long x  27 
cm wide x  13.5 cm deep) f i t t e d  w i t h  a  d r a i n  and a  g lass f a l s e  bottom was 
f i l l e d  w i t h  sea water a t  ambient temperature. A s t a r f i s h  was placed on 
the  g lass p l a t e  then the  water l e v e l  was adjusted so the  water surface 
j u s t  touched the h ighest  p a r t  o f  the  abora l  sur face o f  the  s t a r f i s h  a t  





r e s t .  Scal lop homogenate was made by l i q u i f y i n  t i ssues  from f i v e  whole B sca l l ops  w i t h  15 m l  of  sea water i n  a b len  er.  H a l f  a m l  o f  t h i s  
homogenate was then presented by p i p e t t e  under the  o r a l  sur face t o  
s t imu la te  the  pos tu r ing  r e f l e x .  The t ime from i n i t i a l  s t i m u l a t i o n  t o  the  
f i r s t  upward movement, noted when the  aboral  sur face broke t h e  water -a i r  
i n t e r f a c e ,  was measured i n  seconds up t o  a 60 second c u t o f f  t ime. The 
box was f lushed w i t h  sea water a f t e r  each t e s t .  ~ a c h  s t a r f i s h  from the  
12.5% concentrat ion o f  a l l  t reatments and c o n t r o l  were tes ted  i n  t h i s  
manner e igh t  t imes dur ing  the  f i v e  day depurat ion per iod.  , P l a i n  sea 
water was a l s o  presented by p i p e t t e  t o  c o n t r o l  f o r  mechanical s t i m u l a t i o n  
of t he  o r a l  sur face i n  20 s t a r f i s h .  This experiment was performed a t  
15OC (5/29/79) and 200C (8/6/79). Data were analyzed w i t h  a one-way 
ar ia lys is  o f  variance t e s t .  . 

b. Resul ts  

Combined data from r e p l i c a t e s  1 and 2 (150 and 200C) 
respec t i ve l y  (Table V), showed t h a t  response times f o r . i n i t i a t i o n  of t h e  
pos tu r ing  r e f l e x  i n  a l l  t r ea ted  s t a r f i s h  were s i g n i f i c a n t l y  slower than 
response times o f  c o n t r o l s  (ANOVA, F=9.53, ,d.f.=3,615, P<.001; LSD=4.26, 
d.f.=615, P=.05). Thus a t  sub le tha l  exposures o f  j u s t  s i x  hours t o  a l l  
t reatments, s t a r f i s h  were ' a f f e c t e d  i n  response - t o  and poss ib ly  
recogn i t i on  of f o o d  presented as a homogenate. . S t a r f i s h  showed no 
response'to t h e  mechanical s t i m u l a t i o n  o f , p l a i n  sea water. 

Table V: S t a r f i s h  response t ime (sec) f o r  pos tur ing  r e f l e x  
fo r  t r e a t e d  and untreated s ta r f i s ,h  a t  ,150 and 200C.. 

. . Treatment. 

- 
X (sec) 13.5 20.5 22.2 24.2 

S.E. 1.1 1.6 1.7 1.7 

N 160 155 160 144 

0 - Kuwait Crude O i l  

0 - Corex i t  9527 Dispersant 

OD - O i l  and Dispersant 



3. Oyster Drill (Urosalpinx cinerea) 

a.  Methods 
Oyster d r i l l s  were tes ted fo r  behavioral recognition of scal lop 

eff luent  using the plywood choice chamber described i n  a  previous paper 
(Ordzie & Garofalo, 1980b, see a l so  section 111). T h i s  chamber is  used 
t o  demonstrate the a b i l i t y  of the  d r i l l s  t o  choose between scal lop 
e f f luen t  and plain sea water. A l l  twenty d r i l l s  from the  12.5% 
concentration of each treatment and a control  were t es ted  i n  the  
apparatus. Animals from the  four d i f fe ren t  treatments were tes ted i n  a  
random order each day. 

Three U .  c inerea,  marked w i t h  na i l  polish fo r  i den t i f i c a t i on ,  were 
s t a r t ed  i n t h e  center of the  apparatus w i t h  t h e i r  long axis  perpendicular 
t o  the long axis  of the chamber. Each d r i l l  was allowed an hour to. 
respond. Distance moved i n  cm was recorded a f t e r  an hour. If  a d r i l l .  
reached the  end of the  ramp in  l e s s  than one hour, distance and time i~ 
minutes were recorded. The distance moved was designated posi t ive  if 
d r i l l s  moved toward the  scal lop e f f luen t ,  and negative i f  they moved 
toward plain sea water. Daily t e s t i ng  was done four times during the  
depuration period and t h i s  experiment was replicated twice a t  200C 
(7/23/79) and 7/30/79). Distances traveled by d r i l l s  from each treatment 
were analyzed w i t h  a  one-way analysis  of variance t e s t .  Rates (cm/min) 
traveled toward both scallop e f f luen t  and plain sea water were determined 
for  each animal tes ted.  A one-way analysis  of variance t e s t  was used t o  
determine treatment e f f ec t  on r a t e  of t rave l .  

Previously we (Ordzie & Garofalo, 1980b, see a l so  sect ion 111) 
performed blank t e s t s  i n  which untreated d r i l l s  were t es ted  fo r  any 
l e f t - r i gh t  b ias  i n  the choice chamber. To do t h i s ,  we presented pla in  sea 
water on both s ides .  Results showed no detectable bias a t  the  behavioral 
l eve l  studied and it was then concluded unlikely t ha t  the  apparatus would 
i n t e r f e r e  w i t h  the  observed resu l t s .  

b. Results 

Because there was no s ign i f ican t  difference between rep l ica tes ,  
r e su l t s  of both were combined. The net posi t ive  distance moved by 
t reated dr i l ls  was not s ign i f ican t ly  d i f fe ren t  ( A N O V A )  from distances 
moved by controls  (Table V I ) .  Compared t o  the net distance moved i n  
blank t e s t s ,  t reated and control  d r i l l s  exhibi t  a  l a rge  net  posi t ive  
movement toward scallop e f f luen t .  Similarly,  there  was no s ign i f ican t  
difference between t reated and control  dr i l ls  fo r  ra tes  of t r ave l  toward 
scallop e f f luen t  ( A N O V A ) .  



Table V I .  Distance t rave led  (cm) by t rea ted  and untreated 
d r i l l s  toward sca l l op  e f f l u e n t  i n  a choice 

'chamber a t  200C. 

x (cm) 5.1 5.0 5 .1  4.6 

S.E. .9 1. U 1.0 .Y 

N 145 149 151 146 

C - Contru l  

0 - Kuwait Crude O i l  

D - Corex i t  9527 Dispersant 

OD - O i l  and Dispersant 

The goal  o f  t h i s  study was t o  examine e f f e c t s  o f  o i l  and d ispersant  
on a predator-prey system dur ing  selected ambient water temperatures. It 
was not  the  purpose here t o  evaluate the  r e l a t i v e  t o x i c  dangers o f  e i t h e r  
substance t o  n a t u r a l  populat ions,  bu t  ra ther ,  t o  study how t h i s  
predator-prey system responds, and t o  examine the  mer i t s  o f  us ing such an 
eco log ica l  system i n  bioassay work. 

A t  h igh  concentrat ions o f  treatment so lu t ions ,  each member of the  
sca l l op  predator-prey system was a f fec ted  d i f f e r e n t l y .  Scal lop 
surv ivorsh ip  was decreased by any treatment s o l u t i o n  which contained 
dispersant.  S t a r f i s h  were l e s s  a f fec ted ,  bu t  when they were, they were 
suscept ib le  on ly  t o  the  d ispersant  treatment wh i le  surv ivorsh ip  of t he  
oys te r  d r i l l  was unaffected by any treatment. This d i f f e r e n t i a l  
s u s c e p t i b i l i t y  t o  h igh  concentrat ions o f  so lu t i ons  prepared i n  i d e n t i c a l  
ways p o i n t s  t o  a problem b i o l o g i s t s  face when dea l ing  w i t h  bioassay. 
Because not  a l l  animals are a f fec ted by the  same chemicals a t  t he  same 
concentrat ion and t h a t  animals have eco log ica l  r e l a t i o n s h i p s  which should 
a l so  be considered, knowing the  response o f  one species t o  a number of 
p o l l u t a n t s  i s  no t  always s u f f i c i e n t  f o r  eco log ica l  assessment. 

The sequence fo r  s u s c e p t i b i l i t y  a t  sub le tha l  l e v e l s  i s  somewhat 
d i f f e r e n t  fo r  each species tested.  Scal lops su f fe red  decreased predator  
recogn i t i on  when exposed t o  any treatment w i t h  dispersant,  s t a r f i s h  were 
hindered i n  t h e i r  recogn i t i on  o f  sca l l ops  as food when exposed t o  any 
treatment, wh i le  d r i l l s  showed no measureable e f f e c t  o f  any treatment on 
t h e i r  a b i l i t y  t o  de tec t  and move toward scal lops.  U l t ima te l y ,  i n  a 



disrupted system, scal lop populations may suf fe r  more than the  d i r ec t  
impact of a pollutant  which se lect ively  a f f ec t s  scal lops  but not a l l  of 
the scal lop predators. 

T h i s  i s  a p a r t i a l  p ic ture  of what t o  expect from d i f f e r en t i a l  
su scep t ib i l i t i e s  i n  a predator-prey system because information on long 
term consequences is a lso  needed. E is le r  (1973) noticed lower predation 
r a t e s  for  Iranian Crude O i l  and dispersant t reated bivalve prey, a s  well 
a s  fecundity i n  predatory d r i l l s  which fed on contaminated prey. In the  
future ,  s tudies  which consider animals i n  more complete ecological 
context w i l l  provide be t t e r  information about the  impact of o i l  
pol lutants .  

In l i g h t  of the  d i f f e r en t i a l  suscep t ib i l i ty  demonstrated i n  t h i s  
simple three  animal system, the  concept of an indicator  species i s  
d i f f i c u l t  t o  defend. I t  would seem tha t  because each organism can have 
its own array of chemical compound and concentration response, t ha t  there 
is  no logical  reason t o  assume tha t  one animal could possibly be used t o  
accurately judge suscep t ib i l i ty  arrays  for  other species. 

One major reason dr i l ls  survived dosing i s  tha t  they withdrew in to  
t h e i r  s h e l l s  upon exposure, e f fec t ive ly  i so la t ing  themselves from the  
environment. Dicks (1976) has suggested t ha t  withdrawn s n a i l s  may s u f f e r  
higher mortal i ty i n  areas w i t h  high mechanical energy due t o  sur f  
action.  However, i n  areas w i t h  no violent mechanical action where 
scallops a re  found (coasta l  ponds) the  survival  of d r i l l s  could be much 
higher than on the  exposed coast .  

In order t o  accurately assess biological  e f f ec t s  of a pollutant  
event, we need t o  know suscep t ib i l i t i e s  of animals fo r  d i f f e r en t  
seasons. Seasonal s ens i t i v i t y  can be qui te  dramatic. Dispersant 
concentrations which a r e  not l e t h a l  t o  scal lops  during winter 
temperatures cause greater  than 50% mortal i ty a t  summer temperatures. 
Although temperature of ambient water could be a s ign i f ican t  predictor of 
scal lop suscep t ib i l i ty  t o  dispersant  exposure, one should not generalize 
t o  other organisms. T h i s  i ssue  becomes more complex because e i t he r  the 
"pollutant  tox ic i ty"  o r  Itanimal sens i t iv i ty"  can be affected by 
temperature (Rice e t  a l . ,  1977). Accordingly, the temperature re la ted 
suscep t ib i l i ty  can be d i f fe ren t  f o r  each organism, making broad 
generalizations dangerous. 



9.2 Section I1  

Behavioral Recognition of Mollusc and Echinoderm 
Predators by the Bay Scallop, Argopecten i r radians  

(Lamarck) a t  two temperatures 

Abstract 

In an invest igat ion of predator stimulated responses, bay scal lops  
Argopecten i r radians  (Lamarck) were l e a s t  sens i t ive  on the dorsal s ide  of 
t h e i r  she l l  periphery. Scallops discriminated predatory from non- 
predatory qastropod molluscs and. echinoderms based' on s c a i l o ~  response - - 
times and swimming claps.  Predatory t e s t  species 
(Say) Asterias forbesi  (Desor), Eu leura caudata 
L .  , and Busycon canaliculatum % provoked stereotypic escape 
responses. Although temperature had l i t t l e  e f f ec t  on predator recogni- 
t ion ,  scallops required more time t o  respond t o  predators a t  120C than 
a t  20°C. Once i n i t i a t e d ,  escape responses appeared t o  be temperature 
independent. I t  would seem predator recognition contributes t o  an e f f i -  
c ien t  time-energy budget. 

9.2.1 Introduction 

Predatory s t a r f i s h  have been shown t o  evoke dramatic, predictable,  
escape responses from a variety of marine invertebrates (Bullock, 1953; 
Feder, 1967; Mackie, 1970; Ansell, 1969) including scallops (Thomas & 
Gruffydd, 1971; Feder, 1972; Stephens, 1978). Several molluscs (Bullock, 
1953) and the  scallop Pecten maximus (Thomas & Gruffydd, 1971) have been 
shown t o  d i f f e r en t i a t e ,  by touch, predatory from non-predatory s t a r f i s h .  
They demonstrated t ha t ,  although not a s  e f fec t ive  as  contact ,  crude 
ex t r ac t s  of s t a r f i s h  were su f f i c i en t  s t imul i  fu r  provoking escape 
responses from P. maximus. Work on s t a r f i s h  substances responsible fo r  
evoking escape responses has shown tha t  they come from tube fee t  (Feder & 
Lasker, 1964) and tha t  they are  surface act ive  agents iden t i f i ed  as  
"saponin-like" (Mackie e t  &. , 1968) o r  s te ro id  glycosides (Mackie, 
1970). Pmong the echinoderms examined by Yasumoto e t  &. (1966), 
saponins were only present i n  s t a r f i s h  and were found t o  v a r y  seasonally. 

Although reports  of s t a r f i s h  evoked escape responses a re  common i n  
the  l i t e r a t u r e ,  reports  of predatory molluscs which e l i c i t  escape 
behavior are l e s s  frequent (Ansell,  1969; Gore, 1966). In t h i s  DaDer. we . m 

quantify and examine bay s c a l l o i ,  ~ r ~ b ~ e c t e h  i r rad ians  (Broom. 1976) 
responses t o  predatory and non-predatory echinoderms and qastropod - 
molluscs a t  two temperatures. 

9.2.2 Materials and Methods 

A.  Test S ~ e c i e s  

Bay scal lops ,  A. i r rad ians ,  were dredged o r  collected by diving i n  
Point Judith pond,-~hode Island. Scallop she l l  height averaged 50.1 + 
4.4 mm (mean + s . e . ) .  Scallops were maintained i n  a laboratory witE 
running, unf i lGred  sea water from Point Judith Pond where the s a l i n i t y  
averaged 31.7 - + .4 ppt. Predatory sna i l s ,  Busycon canaliculatum, 



Eupleura caudata Urosalpinx cinerea,  non-predatory s n a i l s  L i t to r ina  
l i t t o r e a  m l y a n a s s a  o h s o l e t a s a y ) ,  and a  predatory s t a r f i s h  
Asterias forbes i  . .were collected from Point Judith Pond. Another 
predatory s n a i l ,  Thais l a p i l l u s  and a  non-predatory sea urchin Arbacia 
punctulata (~amar-were col lec ted from an exposed i n t e r t i d a l  j e t t y  
outside the ~ o n d .  A 1 1  t e s t  inver tebra tes  were maintained e i t h e r  i n  
unf i l t e red ,  running sea water a t  ambient (100 - 200C) temperature o r  
i n  a  30 l i t e r  a l l  g lass  aquarium, f i t t e d  w i t h  aera t ion and temperature 
control .  Water was changed every three  days i n  the  aquarium. 

B. Scallop Behavior 

Stimul.ation was accomplished by allowing the .foot  .of  a  res t ra ined 
sna i l  t o  contact the mantle margin of an unrestrained scal lop.  The s n a i l  
was held s ta t ionary by pressing the  she l l  apex i n to  a  f l ex ib l e  tube, 
attached t o  the end of a  r ig id  tube, which was suspended by an adjus table  
cross  bar over the observation t ray .  A s na i l  so s t ab i l i zed  could be 
positioned a t  any desired location and sti l l  have f u l l  foot mobility f o r  
st imulation.  

Two aspects of scal lop behavioral responses were measured. Response 
time, defined as  the time from i n i t i a l  s t imulation t o  f i r s t  valve adduc- 
t ion ,  was measured i n  seconds w i t h  a  stopwatch. If  no response occurred 
w i t h i n  one minute, the observation was terminated and the scal lop 
credi ted  w i t h  a  60 second response time. The number of swimming c laps  
was measured by counting valve adductions during a  response. 

It was necessary t o  f i r s t  determine r e l a t i ve  s ens i t i v i t y  of d i f f e r en t  
s i t e s  on the sca l lop~mant le  margin before fu r the r  t e s t ing .  A p r i o r i  four 
peripheral  areas ; dorsal ,  ventra l ,  an te r io r  wing, and poste'rTor wing were 
chosen t o  t e s t  s ens i t i v i t y  t o  st imulation w i t h  a  predator, U. cinerea 
(Fig. 1). Scallops were kept i n  a  50 . l i t e r  a l l  g lass  aquayium,. w i t h  
aera t ion and temperature a t  12OC for  seven days p r io r  t o  t e s t i ng .  
Aquarium water was replaced daily w i t h  f resh  sea water throughout the 
experiment. 

Each of four,  epoxy coated, plywood observation t rays  contained f ive  
separate compartments (each compartment measured 27.5 cm long x 10.5 cm 
wide x 5 cm deep) t o  i so l a t e  individual  scal lops  and el iminate presumed 
chemical communication. A l l  sca l lops  were allowed a t  l e a s t  two minutes 
a f t e r  handling t o  acclimate i n  the observation t rays  a t  12OC before 
st imulation.  

. . 

Twenty scal lops  were stimulated f i r s t  a t  one area of the  mantle 
margin, then the same twenty scal lops  were stimulated a t  another s i t e ,  
u n t i l  a l l  four areas had been t es ted .  T h i s  procedure was replicated s i x  
times. The sequence fo r  t e s t i ng  the  four areas  was changed f o r  each 
rep l ica te .  Water i n  observation t rays  was replaced a f t e r  each t r i a l .  

Scallop responses t o  a l l  t e s t  species were measured a t  ambient 
temperatures of 20°C (August 1978) and 12OC . (October 1978). Test 

a species were brougt,t i n  contact  with the scal lop mantle margiInlat the  
an te r io r  wing. A l l  s na i l s ,  except B. - canaliculatum, were presented using 
the  p l a s t i c  tube and crossbar .  apparatus described above. , B. 
canaliculatum, because of its bulk, was hand held during st imulation as 
were s t a r f i s h  and sea urchins. Stimulation began when e i t h e r  sna i l  foot 



o r  echinoderm tube fee t  touched the  sca l lop .  

V E N T R A L  
L 

t 
D O R S A L  

Fig .  1. Diagram o f  the  bay sca l l op  Argopecten i r rad ians ,  w i t h  t h e  four 
pe r iphe ra l  areas selected f o r  s t i m u l a t i o n  as viewed from outs ide  
o f  l e f t  valve. 

Twenty sca l lops  were exposed t o  each t e s t  species. I n  a l l ,  e i g h t  
d i f f e r e n t  groups o f  twenty sca l lops  were exposed t o  e i g h t  species. This 
was r e p l i c a t e d  th ree times. Presentat ion o f  t e s t  organisms was changed 
f o r  each r e p l i c a t e  so t h a t  no group o f  sca l lops  was s t imu la ted more than 
once by the same species. Both sca l lops  and t e s t  species were maintained 
i n  running sea water a t  ambient temperatures. Sea water i n  observat ion 
t r a y s  was replaced a f t e r  each t e s t .  

Data f o r  both experiments, cons is t i ng  o f  means o f  response times and 
swimming c laps  f o r  groups o f  f i v e  scal lops,  were analyzed using the  
ana lys i s  of variance t e s t  (ANOVA). To examine e f fec ts  o f  s t i m u l a t i o n  on 
fou r  pe r iphe ra l  areas, a one-way ANOVA and the  l e a s t  s i g n i f i c a n t  
d i f ference (LSD) t e s t s  (Snedecor & Cochran, 1967; Sokal & Rohl f ,  1969) 
were employed t o  i d e n t i f y  d i f f e rences  among means. A two-way ANOVA and 
t - t e s t  were used t o  i d e n t i f y  s i g n i f i c a n t  e f f e c t s  of t e s t  species and 
temperatures on sca l l op  responses. 

Results 

A. P e r i ~ h e r a l  S e n s i t i v i t v  

Scal lops showed vary ing s e n s i t i v i t y  t o  s t i m u l a t i o n  w i t h  the  predatory 
gastropod, U. c inerea, a t  se lected s i t e s  on the  mantle margin (Table I ) .  
s t imula t ion-  a t  e i t h e r  p o s t e r i o r  o r  a n t e r i o r  wing r e s u l t e d  i n  
s i g n i f i c a n t l y  lower response times compared t o  r e s u l t s  f o r  dorsa l  o r  
v e n t r a l  s i t e s  and do rsa l  and v e n t r a l  s i t e s  were d i f f e r e n t  (ANOVA, F = 
137.7, df = 3, 69, p .01; LSD = 4.5, d f  = 92 p = .05). While sca l lops  
s t imu la ted a t  the  dorsa l  s i t e  responded w i t h  s i g n i f i c a n t l y  fewer swimming 
c laps  than fo r  any o the r  s i t e ,  sca l lops  s t imu la ted a t  t he  a n t e r i o r  wing 
responded w i t h  the  h ighest  mean number o f  swimming c laps (ANOVA, F = 
47.7, df = 3, 69, p .01; LSD = 1.1, d f  = 92, p = .05). Based on these 
r e s u l t s ,  t h e  a n t e r i o r  wing was selected as the  s i t e  f o r  a l l  subsequent 
s t i m u l a t i o n  because sca l lops  exh ib i ted  t h e  most vigorous, l e a s t  va r iab le  
response a t  t h i s  l o c a t i o n  on the  mantle per iphery (Table I). 

We observed predator  p rox im i t y  was not  s u f f i c i e n t  t o  cons is ten t l y  
e l i c i t  escape behavior, there fore ,  a l l  t r i a l s  were performed w i t h  t e s t  
organisms i n  phys ica l  contact  w i t h  scal lops.  



Table I: &an response time and mean nunber of  
swirmino clans from scal loos stimulated - 
with Urosal inx cinetea a t '  four selecteo 
sites&eT@Tp~ery. 

Peripheral Stimulation S i t e s  

ventral  dorsal  poster ior  a n t e r i o r  

Response Time 
- 
X 25.9 55.1 . 16.4 14.6 

2 s . e .  4.6 3 .2  4.2 3.2 

Swimming Claps 
- 
X 5.6 0.8 5.6 7.1 

Table 11: Yea? sca l lop  RsDonse t h s  t c  eight t e s t  w e c i e s  a t  1- 
anc 2CD;. (+iniicr:es preaa ' .~rs ;  

Test =ies  

wrosalp inr  cinerea 

1 

T a l e  111: Year.nmber of s c a i l s c  srimlin; c l w r  i n  response t c  
eignt t e s t  w i e s  a1 12G a r c  2CP:. 
( 0  i m i i a t e s  0reoa:o:s) 

I B N D r 6 : 4 T t  
121: 205; 

l e s t  5De:ies 

L i t t o r i n i  i i t t c r e z  

f 1.4  1 :'2 

Dmacic p u r c t u l a t i  

i 

, *Dsterias f o m e s i  

x ' 4 . 3  3 . 8  



6. Response t o  Test Species 

Quant i f ied  behav iora l  responses showed t h a t  scal lops d is t ingu ished 
the  predatory sna i l s ,  & cinerea, E. caudata,, T. l a p i l l u s  and 6. 
canal icu latum and the  predatory s t a r f i s h  A. fo rbes i ,  from tFe 
non-predatory sna i l s ,  L. l i t t o r e a  and I. o b s o l e t a  and the  non-predatory 
sea urchin,  - A. punctu laTa -11 a n n b 1 1 7  

There was a d i s t i n c t  d i f f e rence  among sca l l op  responses t o  t e s t  
species. When response t ime was p l o t t e d  against  number o f  c laps (Fig. 
21, two separate groups represent ing sca l l op  responses t o  predators and 
non-predators became evident.  C h a r a c t e r i s t i c a l l y ,  scal lops responded t o  
predators q u i c k l y  and v igorously as evidenced by lower mean response 
t imes and h igher  mean number o f  swimming claps. Fur ther ,  sca l lops  were 
ab le  t o  c a r r y  ou t  t h i s  d i s c r i m i n a t i o n  and cons is ten t l y  d i s t i n g u i s h  
predators from non-predators a t  both 120 and 20°C. 

When respcnses t o  non-predators alone were examined, there  was a 
s i g n i f i c a n t  e f f e c t  on sca l l op  behavior (Table IV) .  Mean response times 
were h iaher and mean number o f  swimminq c laps  were lower when sca l lops  
were s t imu la ted w i t h  A. unc tu la ta  compared t o  responses t o  e i t h e r  I. 

%r- - 
obsoleta o r  - .  L. l i t t o r e a W ( f i g  . 

Responses t o  predators as a group were a l so  s i g n i f i c a n t l y  in f luenced 
by .  the  t e s t ' .  species used (Table IV )  b u t  were more var ied  (Fig.  2) .  
Scal lops responded t o  the  s t a r f i s h  A. f o r b e s i  w i t h  fewer swimming c laps 
than t o  any o ther  t e s t  predator  ( t - t e r ~ o w e v e r ,  response t imes t o  
t h i s  s t a r f i s h  were s i m i l a r  t o  those f o r  most predatory s n a i l s  w i t h  t h e  
except ion o f  h igher  response times t o  E. caudata ( a t  12OC) and - 6. 
canal icu latum ( t - t e s t ) .  Scal lops e x h i b r e d t h e h i g h e s t  number o f  
swimming - claps when st imulated w i t h  - T. . l a p i l l u s  and - U. cinerea. - 

The s i g n i f i c a n t  temperature e f f e c t  (Table I V )  was evidenced by 
cons is ten t l y  lower mean response t imes t o  predators a t .  200C (Table 
11). ,NO s i g n i f i c a n t  i n t e r a c t i o n s  between the  e f f e c t s  o f  t e s t  species and 
temperature were observed. 

Discussion 

S e n s i t i v i t y  of four selected pe r iphe ra l  regions o f  t he  bay sca l lop ,  
P .  i r r a d i a n s ,  was' va r iab le  and suggested t h a t  U. cinerea, a t  l e a s t ,  can - 

----. - -. successfu l ly  a t tack  sca l lops  from the  do rsa l  T i n g e  wi thout  evoking an 
escape response. I n  t h i s  region, the  mantle i s  behind the  hinge w i t h  no 
ten tac les  t o  contac t  an i n t rude r .  Responses t o  U. c inerea touching the  
do rsa l  hinge appeared t o  be due mainly t o  mechanical s t imu la t i on ,  
evidenced by long response times and l e s s  than one swimming c lap.  
Typ ica l  escape behavior which r e s u l t e d  from s t i m u l a t i o n  a t  th ree o ther  
areas, suggested scal lops mechanically and chemical ly recognize U. 
c inerea p r i m a r i l y  through t e n t a c l e  contac t  w i t h  t h e  s n a i l  ra the r  thzn 
from chemical in format ion i n  the  water column. Others have found t h a t  
p h y s i c a l  contact  w i t h  a predator  provokes more r e l i a b l e  responses from 
var ious molluscs (Gore, 1966: Thomas & Gruf fydd, 1971 ; Bul lock,  1953; 
Turner, 1955) . 



NUMBER OF C L A P S  , 

F ig.  2. Scattergram o f  mean sca l l op  response t ime vs. mean number o f i  
swimming. c laps when st imulated '  w i t h  var ious t e s t  species a t  12 and 
200C: A r .  Arbacia punculata: . L. L i t t o r i n a  l i t t o r e a ;  ' I. Ilyaoassa 
obsoleta; As*. As ter ias  fo rbes i :  B*. Busycon canal iculatum: E*. Eupleura. 
caudata; U*. Urosalpinx c inerea;  T*, Thais ' l a p i l l u s ;  *, predators. 

Table IV: ' A summary of F' values and .degrees o f  freedom. ( i n  
. . pa.renthesis).. f o r  s i x  ana lys is  of variance tes ts .  

(* ind i ca tes  p < .  .05) 

RESPONSE TIME 

A l l  Data Non-Predators Predators 

Test Species (S) w75.05 (7,165) "26.31 (2,55). 
. . "11.35 (4,991 

, . 

Temperature (T) 3.29 (1,165) 0.33 (1,55) "12.31 (1.99) 

I n t e r a c t i o n  (SxT) 1.08 (7,165) 0.37 (2,55) 0.55 (4,991 

SWIMMING CLAPS 

A 1 1  Data ' Non-Predators Predators 

T e s t ~ p e c i e s , ( S )  *82.20 (7,165) "13.71 (2,55) s13.75 (4,991 

Temperature ( T) 2.37 (1,165) 0.02 (1,55) 3.06 (1,99) 

• I n t e r a c t i o n  (SxT) 0.91 (7,165) 0.43 (2,55) 0.79 (4,99) 



The feeding h a b i t s  o f  the t e s t  species are q u i t e  var ied.  We observed 
U. cinerea, E. caudata and A. f o rbes i  a c t i v e l y  feeding on sca l lops  dur ing  - .  - 
dives i n  Po in t  Jud i th  Tond. Although we d i d  no t  observe B. 
canal iculatum, a known predator  o f  sca l lops  (Magalhaes, 19481, feedint ,  
we captured a s i n g l e  i n d i v i d u a l  near the  sca l l op  beds. Thais l a p i l l u s ,  
however, i s  an u n l i k e l y  predator  o f  scal lops because they are - .  
predominantly found i n  exposed, rocky i n t e r t i d a l  h a b i t a t s  where they 
p r e f e r e n t i a l l y  feed on barnacles (Connell, 1961). We never observed I. 
l a ~ i l l u s  i n  o r  near the  es tuar ine  s c a l l o ~  beds i n  Po in t  Jud i th  Pond. - - - - - - 

~ 0 t h  non-predatory s n a i l s  L. l i t t o r e a ,  whose food preference i s  Ulva, 
Enteromorpha, and diatoms, T ~ e w e l l ,  1958) and I .  obsoleta, which feeds 
mainlv on m i c r o f l o r a  on the sediment on i n t e T t i d a 1  f l a t s  (Scheltema, 
1964)' were found on the sca l l op  beds, wh i le  the sea u rch in  P. punctu la ta  , 
which feeds p r i m a r i l y  on Laminaria and Fucus (Lawrence, 1975T was not .  

The a b i l i t y  o f  bay scal lops t o  recognize predators through escape 
responses has been demonstrated here. While Thomas & Gruffydd (1971) 
have shown the  sca l l op  P. maximus capable o f  d i s t i n g u i s h i n g  predatory 
from non-predatory s t a r f i F h ,  our r e s u l t s  demonst ra ted  bay sca l lops  were 
capable o f  d i sc r im ina t ing  predatory from non-predatory gastropod 
molluscs. Fur ther ,  bay scal lops appeared equipped t o  recognize and 
escape from T. l a p i l l u s ,  even though t h i s  gastropod feeds i n  a d i f f e r e n t  
h a b i t a t .  Ppzarance o f  escape responses then was genera l ly  co r re la ted  . 
w i t h  feeding h a b i t s  o f  the  s t imu la t i ng  species and not  w i t h  p r o b a b i l i t y  
o f  encounter. Ya rna l l  (1964) came t o  a s i m i l a r  conclus ion f o r  t he  escape 
response o f  Tegula funebra l is .  

Plthough sca l lops  d iscr iminated a s t a r f i s h  from a sea urchin,  
responses t o  these echinoderms were l e s s  v i g o r o u s  compared w i t h  sca l l op  
responses t o  gastropod molluscs. P p a r t i a l  explanat ion may be t h a t  
echinoderms and gastropods provide sca l lops  w i t h  very d i f f e r e n t  chemical 
and mechanical s t i m u l i  f o r  d i sc r im ina t ion .  

Eco log ica l l y ,  i t  i s  not  s u r p r i s i n g  t h a t  bay sca l lops  recognized 
predators a t  both 120 and 200C because sca l l op  predators a c t i v e l y  
feed a t  these temperatures (Car r i ke r  & Van Zandt, 1972; Manzi, 1970; 
MacKenzie, 1969; Hanks, 1957). However, temperature d i d  i n f l uence  
sca l l op  response t ime t o  predators. Scal lops took longer t o  respond a t  
120C. P t  low temperatures, chemical s e n s i t i v i t y  o f  the  ten tac les  may 
decrease, o r  the amount o f  a c t i v e  substance from predators may be lower 
(Yasumoto, - -  e t  a l .  1966) o r  both. Whereas the  number o f  swimming c laps,  
caused by rhythmic a c t i v i t y  i n  the  adductor muscle and maintained by 
motor output from a s t re tche r  receptor  feedback system (Stephens, 19781, 
seemed temperature independent, once i n i t i a t e d .  

Predator d i sc r im ina t ion ,  besides a l lowing prey t o  escape predators 
(Feder, 1963), could a lso  reduce t ime and energy wasted on needless 
escape responses. F i l t e r  feeders are usua l l y  food l i m i t e d  and, as a 
consequence, t h e i r  time-energy budget i s  such t h a t  they need t o  i nves t  
most of t h e i r  t ime feeding (Wilson, 1975). Predator recogn i t ion  could be 
used by sca l lops  t o  minimize feeding i n t e r r u p t i o n s .  Thomas & Gruffydd 
(1971) have fu r the r  reasoned tha t ,  s ince the  sca l lop ,  P. maximus, of ten 
l i v e s  i n  depressions i n  the  substrate,  unnecessary escape responses could 
e a s i l y  ca r ry  i t  out  o f  a depression, fo rc ing  the  sca l l op  t o  i nves t  e x t r a  
time and energy i n  cons t ruc t i on  o f  a new depression. A s i m i l a r  case can 
be made f o r  bay sca l lops  which are o f t e n  found i n  shallow depressions. 



9.3 Section 111. 

Predation, a t tack success, and a t t r ac t i on  t o  the  Bay 
Scallop,  Arqopecten i r radians  by the  Oyster Drill 

Urosalpinx cinerea 

Abstract 

Investigation of the  in tens i ty  of predation by the  oyster  d r i l l ,  
Urosalpinx cinerea (Say), on the  bay scal lop,  Argopecten i r rad ians  
(Lamarck), was ca r r ied  out i n  f i e l d  and laboratory s tudies .  Field 
measurements of dens i t i es  of the oyster  d r i l l  and the bay scallop were 
respectively,  3.6 m-2, and 21.1 m-2 on a scallop bed i n  ~ i n i ~ r e t  
Pond, Charlestown, Rhode Island. The mean density of s n a i l s  a t tacking 
scal lops  was 1 .7  m-2. I n  a  laboratory study of a t tack success, an 
average of 72.3 percent of d r i l l  a t tacks  led t o  death of the scal lop.  
Snai ls  were a l so  shown t o  be strongly a t t rac ted  t o  scallop e f f luen t  i n  a  
choice chamber. 

9.3. Introduction 

Barnacles, oysters ,  and mussels a re  often l i s t e d  a s  primary prey fo r  
the oyster  d r i l l ,  Urosalpinx cinerea (Say) (Wood, 1968; Carriker & Van 
Zandt, 1972). It  is  a l so  known tha t  dr i l ls  a re  guided by olfactory cues 
t o  t h e i r  common prey (Wood, 1968; P ra t t ,  1974) but evidence t ha t  dr i l ls  
at tack scal lops  is scarce although Marshall (1960) found t ha t  many U. 
cinerea were a t t rac ted  t o  caged bay scal lops  i n  a Connecticut e s t u a r y  
v r p o s e  was t o  determine the importance of U.  cinerea a s  a predator 
of the bay scal lop Argopecten i r rad ians  (LamarckT, on a natural  scal lop 
bed, t o  study d r i l l  a t tack success, and to examine the  e f f ec t  of scal lop 
eff luent  on oyster  d r i l l s  i n  a choice chamber. 

9.3.2 Methods & Results 

9.3.3 Field Study 

1. Methods 

Field s tud ies  were carr ied out using SCUBA during July 1979 on a 
natural  scallop bed i n  Ninigret Pond, Charlestown, Rhode Island. Square 
meter quadrats were randomly placed t o  measure scallop and oyster  d r i l l  
dens i t i es  a s  well a s  the densitv of d r i l l  a t tacks .  Attacks were defined 
as  s ingle  o r  multiple occurrences of Urosalpinx cinerea attached t o  a 
l i v e  scallop.  Densities were measured by r e m o v m l  scal lops  and 
oyster  d r i l l s  from a m2 uadrat a f t e r  -noting the  number of .  d r i l l  
a t tacks .  Counts fo r  each m y  were made a t  the  surface. finimals touch- 
ing the square meter frame were considered t o  be w i t h i n  the  quadrat. 
Mean dens i t i es  were estimated from 21 m2 quadrats. Temperature 
measurements ranged from 230 - 260C while s a l i n i t y  was constant a t  28 
0/00. Scallops and d r i l l s  collected during t h i s  phase were held i n  
ambient running sea water f o r  subsequent laboratory s tudies .  



2. Results 

The mean (+  2 s.e.  ) scallop density on a scallop bed i n  Ninigret Pond 
was 21.2 2 2.3 per m 2 ,  while the density of oyster  dr i l ls  was 3.6 2 
1.2 per m2. No other major predators, including the  s t a r f i s h  Asterias 
forbesi  (Desor) , were observed during data col lect ion.  Although one blue 
crab,  Call inectes sapidus (Rathbun), was found eating scallop remains, 
there  was no evidence t o  show tha t  the  crab actually k i l l ed  the  scallop.  
The mean (+  2 s.e.1 density of a t tacks  by Urosalpinx cinerea was 1 .7  2 
0.6 per m q  Our calcula t ions  show tha t  7.9 percent of the scal lops  on 
t h i s  bed were being attacked by 47.0 percent of the d r i l l  population and 
t h a t  6.8 percent of these scallops were at tacked by more than one d r i l l .  

9.3.4 Laboratory Assessment of Oyster D r i l l  Attack success 

1. Methods 

To examine at tack success, d r i l l s  and scallops collected f rum 
Ninigret Pond, were placed in  a tank (118 x 240 x 27 cm), w i t h  a bottom 
area of 2.8 m2. Only d r i l l s  measuring 1 .5  - 2 cm from apex t o  siphon 
were used. Pr ior  t o  t es t ing ,  a l l  d r i l l s  were provided w i t h  l i b e r a l  num- 
bers of l i ve  scallops on which t o  feed. After 24 hours, each scallop 
w i t h  a d r i l l  on its she l l  was isola ted i n  a 40 l i t e r  tank w i t h  running 
sea water where the f a t e  of each scallop could be monitored. Attacks 
were considered unsuccessful when a sna i l  was found off of the scallop 
and successful if examination of a dead scallop revealed a completed 
borehole. Dead scal lops  w i t h  boreholes were assumed t o  have died 
d i r ec t l y  or ind i rec t ly  as  a resu l t  of a sna i l  at tack.  T h i s  procedure was 
repl icated three  times w i t h  d i f fe ren t  s n a i l s  a t  a mean (2 2 s . e . )  water 
temperature of 19.9 + . 8 0 C  and a mean (2 2 s . e . )  s a l i n i t y  of 
30.02 .4 0/00 during August and September 1979. 

2. Results 

Of the at tacking oyster  d r i l l s ,  an average ( j i  2 2 s . e . )  of 72.3 2 
9.8 percent succeeded w i t h  t h e i r  a t t acks  culminating i n  scallop death 
while only an average (x' t 2 s .e .  ) of 25.9 2 12.2 percent of scallops 
survived a t tacks .  Results of the three rep l ica tes  a re  displayed i n  Table 
I .  Although both rep l ica tes  performed a t  20°C appear t o  be the same, 
a t t ack  success of sna i l s  a t  17.70C tends t o  be lower even though i t  is  
not s ign i f ican t ly  d i f fe ren t  (chi-square). The mean time for  success is 
s imi la r  a t  a l l  temperatures, averaging 6.1 days (range: 2 - 15 days) w i t h  
t he  majority of successful a t t acks  occurring between day 4 and day 7. 

9.3.5 Oyster Drill Response t o  Scallop Effluent 

1. Methods 

Scallop and oyster  dr i l ls  collected as  previously described from 
Ninigret Pond were held i n  ambient temperature, unf i l t e red ,  running sea 
water for  two weeks p r io r  t o  experimentation. Oyster d r i l l s  were sup- 
pl ied w i t h  l i v e  scal lops  for  food. During the  experiments, temperatures 
and s a l i n i t i e s  averaged ( 2 s . e . )  21.3 + 2.0oC and 30.0 2 .4  
0/00 respectively. 



TABLE I 

~ a b o r a t d r ~  assessment o f  the  percentage of successful a t tacks  by the  

oys ter  d r i l l ,  . Uiosalp inx cinerea, on the,  bay scal lop,  Prgopecten i r rad ians ,  and mean 

t ime requ i red  t o  complete the  a t tack .  

- - 
n % successful % unsuccessful X - + 2 see.  X - + 2 s.e. 

at tacks a t tacks  days u n t i l  temp. OC 

sca l lop  death 

Rep l ica te  1 18 77.8 16.7 . 6.1 - + 1.5 20.9 - + 0.8 

Rep l ica te  2 

8/29 - 9/4 

Rep l ica te  3 



Tr ia l s  were carr ied out w i t h  epoxy coated plywood choice chambers 
designed by P ra t t  (1974). Continuously running sea water was first fed 
in to  two reservoirs  (21 x 19 x 22 cm) from ,which the water was gravity 
fed i n to  wells on both s ides  of the choice chamber. During t e s t s ,  
scal lop e f f luen t  was introduced in to  sea water by placing t h i r t y  l i ve  
scal lops  in to  one of the reservoirs.  Water from the wells overflowed 
down both ramps a distance of 19.5 cm t o  e x i t  through holes i n  a drain 
p la te  a t  the center of the apparatus. Flow ra tes  t o  the wells were s e t  
w i t h  valves a t  250 m l  per minute. Dye experiments showed tha t  mixing 
occurred only i n  a limited area over the drain pla te  holes. To eliminate 
possible d i rec t iona l  b ias ,  scallop eff luent  was presented on d i f fe ren t  
s ides  of the choice chamber a f t e r  s i x  d r i l l s  were tes ted.  

T r i a l s  were perfonrled by s t a r t i ng  three marked sna i l s  d i rec t ly  i n  the 
center  of the drain p la te  w i t h  t h e i r  long axes perpendicular t o  the 
chamber length. After one hour, the  distance i n  cm each d r i l l  t raveled 
away from the s t a r t  was measured from the center of the chamber t o  the 
t i p  of the d r i l l  siphon. D r i l l s  were replaced w i t h  new sna i l s  a f t e r  they 
responded or i f  they fa i l ed  t o  move from the s t a r t i ng  posit ion a f t e r  an 
hour. Although Wood (1968) focrnd t ha t  Urosalpinx cinerea do not follow 
each others t r a i l s ,  a s  a precautionary measure, ramps were scrubbed a f t e r  
every s i x  d r i l l s  tes ted w i t h  sea water during each t r i a l .  I f  a s n a i l .  
reached the well i n  l e s s  than an hour, both distance and time i n  minutes 
were recorded. During the f i r s t  of two t r i a l s ,  88 d i f fe ren t  dr i l ls  were 
presented w i t h  plain sea water on both s ides  of the chamber t o  t e s t  fo r  
chamber bias.  In the  second t r i a l ,  100 d i f fe ren t  d r i l l s  were presented 
w i t h  a  choice between scallop eff luent  and plain sea water t o  measure 
d r i l l  response t o  scallops.  Data were analyzed using the chi-square and 
t - t e s t .  

2. Results 

When presented w i t h  a  choice between plain sea water versus plain sea 
water i n  t r i a l  1 (Table 111, the number of Urosal inx cinerea responding 
and moving greater  than halfway up the ramp T--f 10 cm was the  same for  both 
s ides  of the chamber (chi-square). Measurements of the distance traveled 
and the r a t e  tha t  d r i l l s  moved up e i t he r  ramp showed no difference 
between s ides ,  fu r ther  indicating t ha t  there was no s ign i f ican t  apparatus 

- b ia s  ( t - t e s t )  . 
7 , ! , I  
', ' .). 

. 3- Responses of d r i l l s  presented w i t h  a  choice between sea water con- 
ta ining scallop eff luent  and plain sea water i n  t r i a l  2 (Table 11) showed 
a s ign i f ican t  number of sna i l s  responded t o  scallop e f f luen t  compared t o  
those responding t o  plain sea water (chi-square). The number of sna i l s  
moving more than 10 cm was a l so  greater  i n  water containing scallop 
e f f luen t  (chi-square). Further, d r i l l s  traveled twice the  distance and 
speed i n  scal lop e f f luen t  compared t o  distances traveled i n  plain sea 
water. 

9.3.6 Discussion 

Urosalpinx - cinerea i s  an act ive  predator of Arqopecten i r radians  i n  
Niniqret Pond, Rhode Island and was ihe only predator found during our 
observations. Although other predators have been l i s t e d  a s  preying on 
scal lops  (Marshall, 1960) we have no data on t h e i r  ac tual  o r  potent ia l  



Responses of Umsalpinx cinerea t o  bay scallop eff luent  

and plain sea water i n  the choice chamber 

Water Resented Significance 

Trial  1 n = 88 

Plain Sea Plain Sea r2 t - tes t  d.f. - -  - 
Water Water -- 

nunber responding 44 44 

m b e r  moving 

2 10 cm 

2 2 s.e. 

an traveled 2.6 2 1.4 3.8 2 1.8 -- 1.04 86 >0 .2  

- 
X 2 2 s.e. 

r a t e  of 

movement 

(crnhin) 0.W 5 0.07 0.09 2 0.05 -- 0.22 ti6 > 0 . 5 '  

Trial  2 n : 100 

Scallop Plain Sea 

Effluent Water - - 
nmber responding 65 35 9.0 -- 1 <0.005 

Ti 2 2 s.e. 

an traveled 10.8 L 2.0 5.4 2 2.2 -- 3.36 98 (0.001 

E L 2 5.e. 

r a t e  of 

movement 

( a n h i n )  0.35 2 0.1 0.17 2 0.11 -- 2.19 98 (0.05 

Trial  2 n = 100 

Scallop Plain Sea 

Effluent Water - - 
nunber responding 65 35 

nunber moving 

10 cm 33 .7 16.7 -- 1 0.005 

X 2 2 s.e. 

cm traveled 10.8 2 2.0 5.4 2 2.2 -- 3.36 98 0.001 

X 2 2 s.e. 

ra te  of 

movement 

(cmlrnin) 



impact i n  N i n i g r e t  Pond. During the spr ing,  when water temperatures were 
10°C, we observed Aster ias  f o r b e s i  p rey ing  on sca l lops  i n  the  study 
area. However, s t a r f i s h  were  conspicuously absent from our summer obser- 
vat ions,  poss ib l y  owing t o  t h e i r  i n a b i l i t y  t o  cope w i t h  temperatures 
above 25OC (Mackenzie, 1969). Fur ther ,  our observat ions on l abo ra to ry  
h e l d  s t a r f i s h  c o n f i n  t h a t  m o r t a l i t i e s  were unusual ly  h igh  when ambient 
water temperature was above 200C. U. c inerea,  u n l i k e  s t a r f i s h ,  feeds 
a t  a maximum r a t e  (Hanks, 1957; ~ a n z i ,  1970) a t  the  s a l i n i t i e s  and 
temperatures encountered dur ing  our observat ions. 

Our l abo ra to ry  s tud ies  show t h a t  no t  a l l  d r i l l  a t tacks  reach a suc- 
cess fu l  conclusiori. More than one quar te r  of  a l l  d r i l l  a t t acks  on 
sca l l ops  are no t  successfu l  and may be a d i r e c t  r e s u l t  o f  the  vigorous 
escape response (Ordzie and Garofalo, 1980) whictl bay sca l lops  employ 
when attacked. Our observat ions i n d i c a t e  t h a t  the  r a p i d  movements o f  the  
s c a l l o p  valves du r ing  t h i s  response were s u f f i c i e n t  t o  shake o f f  an 
at tached d r i l l .  Fur ther ,  we have observed l i v e  sca l lops  i n  the f i e l d  
w i t h  complete and incomplete boreholes. Ca lcu la t ions  o f  p redat ion  by U. 
c inerea on sca l l ops  based only  on observed a t tacks  w i thout  c o r r e c t i o n  fE 
unsuccessful a t t acks  would lead t o  an overest imat ion o f  p redat ion  
i n t e n s i t y .  

Our measurements of t ime requ i red  t o  success fu l l y  d r i l l  sca l l ops  i s  
an agreement w i t h  ra tes  f o r  U. c inerea t o  d r i l l  oys ters ,  (Ca r r i ke r  and' 
Van Zandt, 1972) and are s i m i l a r  t o  those found f o r  Ocinebra japonica 
( Chew, 1.960). 

Environmental parameters have such s t rong in f luences on feeding ra tes  
of  predatory s n a i l s  (Menge, 1978) t h a t  p reda t i on  ra tes  d i f f e r  between 
h a b i t a t s  and even between i n d i v i d u a l s .  Such observat ions make i t  d i f f i -  
c u l t  t o  genera l i ze  about p redat ion  ra tes .  The impact o f  p reda t i on  i s  
very s p e c i f i c  f o r  h a b i t a t  l o c a t i o n  and environmental cond i t ions .  

We have a l so  shown t h a t  U. c inerea move toward water con ta in ing  
s c a l l o p  e f f l uen t .  This s t rong-a t t rac t ion  was here to fore  on ly  observed 
when d r i l l s  were presented w i t h  barnacle e f f l u e n t  and i s  unusual ly  s t r o n g  
compared t o  o ther  b i v a l v e  species tes ted ,  i n c l u d i n g  oys ters  (Wood, 1968; 
P r a t t  , 1974). Fur ther ,  once s t imu la ted ,  oys te r  d r i l l s  proceed t o  double 
t h e i r  r a t e  of locomotion toward the sca l lops .  Moving f a s t e r  toward prey 
e f f l uen t  increases the  p r o b a b i l i t y  o f  prey encounter i n  a sho r te r  t ime 
.period. By decreasing the t ime between r e c o g n i t i o n  o f  prey e f f l u e n t  and 
contac t  w i t h  mobi le  prey, d r i l l s  a l so  increase the  p r o b a b i l i t y  o f  being 
ab le  t o  execute an a t tack  before the  prey changed l o c a t i o n .  



Introduction 

Investigations of community type responses were stimulated by r e su l t s  
from previous work (Section 9.1) which suggested tha t  sublethal  
concentrations of dispersants had adverse e f f ec t s  on scallop behavioral 
escape responses and s t a r f i s h  posturing ref lex.  These r e su l t s  led us t o  
create  a simple community and ask what would happen i f  both predator and 
prey were dosed and placed together i n  large  laboratory tanks. How many 
scallops would survive in  each treatment? Can we detect  changes i n  
individual spacing w i t h  treatment? The purpose here was t o  study a 
scal lop-s tarf ish  community in teract ion a f t e r  dosing under laboratory 
conditions. 

9.4.2 Methods and Materials 

Preparation of dosing stock solutions was iden t ica l  t o  the method 
already described (Section 9 .1) .  Stock solutions of each treatment, o i l ,  
dispersant!  and oil-dispersant  were di lu ted t o  make dosing mixtures of 
12.5% stock solution and 87.5% sea water. T h i s  concentration was 
previously determi-ned t o  I sublethal  a t  l oo t  f o r  scallops (Section 
9 .1) .  Forty scallops and s i x  s t a r f i s h  were s t a t i c a l l y  dosed together i n  
20 l i t e r s  of treatment solution for six hours w i t h  aeration.  After 
dosing, a l l  animals from each treatment, plus a control  with s t a r f i s h  anb 
a control  without s t a r f i s h  were removod and randomly placed in to  
respective 2.8m2 epoxy coated plywood tanks f i l l e d  t o  a height of 18 
cm. A constant flow of ambient temperature sea water (20 l i ters /min)  was 
provided t o  each of the f ive  tanks representing each treatment. T h i s  
experiment was replicated twice w i t h  temperatures and s a l i n i t i e s  
averaging ( X  + 2 s .e .1  12.1 - + l . Z ° C  and 30.5 - + .40/00 respectively 
during the expgriments. 

Scallops i n  the 2.8 m 2  tanks were a t  a  density of 15 per m 2 ,  well 
w i t h i n  the natural  dens i t i es  we found on a scallop bed (sect ion 9 .3) .  
Sinc? no data was avai lable  for s t a r f i s h  dens i t i es ,  we chose t o  use s i x .  

After dosing, the number of l iv ing scal lops  i n  each tank was recorded 
for 15 days. Survivorship resu l t s  were analyzed using the chi-square 
s t a t i s t i c a l  t e s t .  Additionally, nearest neighbor distance (cm) of 
scallops was recorded for  each treatment tank during the 15 days. The 
analysis  of variance t e s t  was used to  analyze the  nearest neighbor data.  
Dead scallops were not removed u n t i l  the end of the experiment t o  
approximate f i e l d  conditions. 

I 
9.4.3 Results 

I A.  Survivorship 

Data from both repl icates  was combined since no s ign i f ican t  rep l ica te  
difference was found. Scallop survivorship a t  day f ive  fo r  the  community 
experiment was compared t o  a f ive  day survivorship experiment previously 
completed (Section 9.1) a t  10°C for  scal lops  exposed t o  12.5% stock 
solution without s t a r f i s h  (Table 1). lOoC was chosen since the average 
temperature fo r  the  community experiment was 13. 1°C. Each treatment, 
o i l ,  dispersant and oi l -dispersant ,  was independently compared t o  the 
control  for the experiment. There was no s ign i f ican t  difference 



TABLE 1 Scallop Survivorship (Percent Surviving) for the 12.5% Concentration 
of the Four Experimental Treatments; Without Starfish at Day Five and 
with Starfish at Day Five. 

C - Control, ) - Kuwait C ~ d e  Oil, D - Corexit 9527 
Dispersant, OD - Oil and Dispersant, ', P<0.05 

Five Dav Survivorshio Sionificance Five Dav Survivorshio Sioni f icance 
~ - without'starfish ' with'starfish ' 

n = 80 x2 d.f. P n = 80 x2 d.f. P 

Treatments 

C 100 

99 

D 87.5 

00 92.5 

in survivorship between the control  and the treatments when s t a r f i s h  were 
absent (100C) (x2 ) .  However, w i t h  s t a r f i s h  present ,  survivorship i n  
the  dispersant  and oil-dispersant  treatments was s ign i f i can t ly  lower than 
fo r  controls  ( x 2 ) .  A t  day 15 a f t e r  dosing, w i t h  s t a r f i s h  present ,  
sca l lop survivorship i n  the dispersant  and oil-dispersant  treatments was 
a l s o  s ign i f i can t ly  lower than controls  ( x 2 )  (Table 2 ) .  

There were no s t a r f i s h  mor ta l i t i e s  i n  any treatment during the e n t i r e  
community experiment. 

TABLE 2 Scallop Survivorship a t  (Percent. Surviving) a t  15 Days for  the 
12.5% concentration of the Four Experimental Treatments w i t h  
S t a r f i sh .  C - Control, 0 - Oil ,  D - Dispersant, OD - 
Oil-Dispersant, +, Signif icant ly  DiPferer-it from control  

Percent Surviving Significance 
w i t h  S t a r f i sh  ~2 d . f .  P 

TREATMENT 0 74.1 1.54 1 < . S  

9.44 Spacing 

Scallop spacing was found t o  b e  s ign i f i can t ly  d i f fe ren t  i n  the 
oi l-dispersant  t r ea ted  scal lops  (ANNOVA Table 3 ) .  The mean distance t o  
nearest  neighbor in  the oil-dispersant  tank was s ign i f i can t ly  higher than 
both the  control  without s t a r f i s h  and the control  w i t h  s t a r f i s h  (ANOVA, F 
= 7.11, d . f .  = 4, 50, P .0001; LST = 6.75, d . f .  = 50, P = ,051. Nearest 

neighbor distance fo r  the  o i l  t r ea ted  and the dispersant  t r ea ted  scal lops  
was not d i f fe ren t  from the controls .  



TABLE 3 Spacing of  sca l l ops  i n  2 cm t o  Nearest Neighbor f o r  F i v e  
Exper imenta l  Treatments: C - c o n t r o l  w i t hou t  s t a r f i s h ,  C 
s t a r f i s h  - Cont ro l  w i t h  s t a r f i s h ,  ) - o i l ,  0  - Dispersant ,  OD 
- O i l  and Dispersant .  *P .05 <.05 ANOVA 

C C S t a r f i s h  0 0 OD 
- 
X cm 12.7 10 .2  10.4 16.1 25.5* 

2 S.E. .95 1.64 1.44 3.62 9.7 

9.4.5 D iscuss ion  

The goa l  of  t h i s  study was t o  determine how a s imple predator -prey 
community would be a f fec ted  by o i l ,  d i spe rsan t  and an o i l - d i s p e r s a n t  
t reatment .  Sca l l ops  and s t a r f i s h  had p r e v i o u s l y  been t e s t e d  separa te ly  
w i t h  these same t rea tments  and t h e  b e k a v i o r a l  changes (Sec t i on  9.1) 
suggested a community t ype  exper iment.  

I n  our  p rev ious  s tudy,  s c a l l o p s  were found t o  have d im in ished  
d i s c r i m i n a t i o n  between p reda to rs  and non-predators when t r e a t e d  w i t h  
d ispersan t  and o i l - d i s p e r s a n t ,  b u t  t h a t  o i l  t r e a t e d  animals were n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from t h e  c o n t r o l  animals.  Response t o  food by 
s t a r f i s h  was s i g n i f i c a n t l y  slowed by a l l  t reatments .  When b o t h  p reda to r  
and prey were t r e a t e d  as a community, s c a l l o p  s u r v i v o r s h i p  was 
s i g n i f i c a n t l y  reduced i n  t h e  d i spe rsan t  and o i l - d i s p e r s a n t  t rea tments  
beyond t h a t  expected because o f  hydrocarbon t rea tment  o r  s t a r f i s h  
p r e d a t i o n  alone. Since s c a l l o p  s u r v i v o r s h i p  i n  t h e  o i l  t rea tment  was n o t  
d i f f e r e n t  from c o n t r o l s ,  t he  slowed a b i l i t y  of  t h e  s t a r f ' i s h  t o  respond t o  
food d i d  no t  appear t o  a f f ec t  t h e i r  a b i l i t y  t o  feed on sca l l ops .  Th is  
again shows t h e  d i f f e r e n t i a l  s u s c e p t i b i l i t y  of  the  t e s t  animals t o  
p o l l u t a n t s  ( s e c t i o n  9.1).  

Sca l lops  were s i g n i f i c a n t l y  f a r t h e r  a p a r t  i n  t h e  o i l - d i s p e r s a n t  
t rea tment .  Perhaps i t  i s  a  behav io ra l  advantage a t  t h i s  t ime  o f  year  f o r  
s c a l l o p s  no t  a f fec ted  by t reatment  t o  be c l o s e r  t oge the r  d u r i n g  spawning 
(persona l  communication, John Kar lsson)  . 

The two measured aspects of  t h i s  exper iment,  s u r v i v o r s h i p  and 
spacing, appeared t o  be af fected,  b u t  n o t  always by t he  same t reatments .  
Only a d d i t i o n a l  s t u d i e s  cou ld  beg in  t o  un rave l  t h e  d e t a i l s  o f  t he  va r i ous  
community responses repor ted .  One o v e r r i d i n g  obse rva t i on  remains: a t  
concen t ra t i ons  f a r  below t h e  LD 50, d i spe rsan t  t r e a t e d  s c a l l o p s  s u f f e r  
g r e a t e r  than 50 percen t  m o r t a l i t y  i n  t h e  presence of  s t a r f i s h .  These 
r e s u l t s  a re  n o t  p r e d i c t e d  by c l a s s i c a l  bioassay methods. Community 
s t u d i e s  a re  r a r e  t o  non-ex is ten t  i n  b ioassay work b u t  c o u l d  prove 
ext remely  use fu l  i n  t h e  p r e d i c t i o n  of  e c o l o g i c a l  impacts  by d ispersan ts .  



CIODENOUM 

Analysis of Hydrocarbons i n  Stock Solutions 

O i l  (Kuwait Crude) 
Aromatic 
26.34 mg/li ter  
Pliphat i c  
18.28 mg/li ter  
Total Hydrocarbons 
44.62 mg/li ter  

O i l  & Disoersant 
Aromatic 
39.14 mg/li ter  
Aliphatic 
20.78 mg/li ter  

, Total Hydrocarbons 
59.92 mg/li ter  

Seawater Control 

Aromatic 
0.46 mg/li ter  
Aliphat i c  
0.024 mg/li ter  

Total Hydrocarbons 
.484 mg/li ter  

Disoersant 
Aromatic 
19.54 mg/li ter  
Aliphatic 
13.88 mg/li ter  
Total Hydrocarbons 
33.42 %/ l i te r  

O i l  i n  mixture by difference 
Aromatic 
19.6 mg/li ter  
Aliphatic 
6.9 mg/l i ter  
Total Hydrocarbons 
26.5 mg/li ter  
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Section 2. Appendix A - Error Analysis 

The e r ro r  i n  the measurement or  calcula t ion tha t  appears i n  any quan- 
t i t y  i n  an investigation is the net r e su l t  of d i f fe ren t  e r ro rs  i n  the  
measurements or  calculat ions preceding it .  Thus the average drop-size, 
hold-up and i n t e r f ac i a l  area ca r r i e s  e r ro rs  i n  them tha t  depend on the  
experimental technique involved i n  measuring them or  the  use of quanti- 
t i e s  tha t  have e r rors  i n  calculating them. 

The drop-size was measured using a microscope, and the s i z e  could be 
measured up t o  0.25 microns. Thus the maximum possible e r ro r  t ha t  could 
have ar isen i n  the measurement of drop-size was - +0.25 microns. 

The hold-up was measured using an Infra-red Spectrometer and w i t h i n  
the range of measurement, the maximum e r ro r  possible was +1 ppm. 

Thus due t o  an e r ror  i n  the measurement of drop-size the Sauter mean 
was i n  e r ro r  as  follows. 

In te r fac ia l  area was given by 

Due t o  an e r ror  i n  the measurement of hold-up and Sauter mean, the in te r -  
fac ia l  area could have an e r ro r  up t o  

The experiments a t  room temperature varied over a range of about 
2.5 C. The var ia t ion i n  viscosity over such a small range of temperature 
is  l e s s  than 5 percent (45). The i n t e r f ac i a l  tension over the same range 
of temperature is  estimated t o  vary by about 1 dyne/cm. The e f fec t  of 
temperature on the drop-size can be estimated by the  corre la t ion of 
Shinnar (32) .  The e r ror  i n  the average drop-size due t o  temperature i s  
found t o  be 

constant x ( U  + E ~ )  5/8 = o (0.25 microns) 

From the above discussion, it  can be seen t ha t  the maximum er ror  t ha t  
could be expected i n  the measurement of the drop-size is of the order of 

a + 0.5 microns. ' The hold-up is  estimated t o  be accurate t o  within 21 ppm - 
and the i n t e r f ac i a l  area accurate t o  within 0.4 m2/m3. 



S e c t i o n  2. Appendix B - Measurement o f  I n t e r f a c i a l  Tension 

I n t e r f a c i a l  t e n s i o n  o f  Kuwait c r u d e  o i l - s e a  water  system was i n v e s t i -  
g a t e d  i n  t h e  p resence  of a d i s p e r s a n t .  The i n t e r f a c i a l  t e n s i o n  is  a n  
i m p o r t a n t  parameter  when s t u d y i n g  t h e  s t a b i l i t y  o f  l i q u i d - l i q u i d  s y s -  
tems. A lower  v a l u e  of i n t e r f a c i a l  t e n s i o n  means t h a t  t h e  energy neces-  
s a r y  t o  break up t h e  d i s p e r s e d  phase  w i l l  be p r o p o r t i o n a l l y  lower  and t h e  
d i s p e r s i o n  w i l l  be s t a b l e .  

Molecules i n  t h e  bulk l i q u i d  phase  e x p e r i e n c e  t h e  same average  f o r c e  
i n  a l l  d i r e c t i o n s .  But a t  t h e  i n t e r f a c e  t h i s  is no t  t h e  c a s e .  S i n c e  t h e  
molecu les  a c r o s s  t h e  i n t e r f a c e  a r e  of a  d i f f e r e n t  s p e c i e s  t h e  f o r c e s  a r e  
no t  even ly  ba lanced .  T h i s  r e s u l t s  i n  a  c o n d i t i o n  i n  which t h e  i n t e r f a c e  
is  i n  a  s t a t e  of t e n s i o n .  The name "Sur face  Tension" is used when t h e  
i n t e r f a c e  is between a  l i q u i d  and a  vapor ,  and " I n t e r f a c i a l  Tension" when 
t h e  i n t e r f a c e  is  between two l i q u i d s  o r  a  l i q u i d  and a  s o l i d .  

When it is  d e s i r e d  t o  s e p a r a t e  two l i q u i d  phases  a f t e r  they  have been 
brought  i n t o  i n t i m a t e  c o n t a c t  (e. g .  , i n  l i q u i d - l i q u i d  e x t r a c t i o n )  t h e  
i n t e r f a c i a l  t e n s i o n  shou ld  be h i g h  s o  t h a t  t h e  c o a l e s c e n c e .  is r a p i d .  On 
t h e  o t h e r  hand, when one l i q u i d  is t o  be d i s p e r s e d  i n  a n o t h e r  l i q u i d ,  t h e  
i n t e r f a c i a l  t e n s i o n  shou ld  be low s o  t h a t  t h e  b reak  up is r a p i d .  and t h e  
d i s p e r s i o n  is s t a b l e .  

With few e x c e p t i o n s ,  a  t h i r d  component t e n d s  t o  reduce t h e  i n t e r -  
f a c i a l  t e n s i o n  between two pure  components. The reduc ing  e f f e c t  i s  more 
pronounced if t h e  t h i r d  component- is  more c o n c e n t r a t e d  a t  t h e  i n t e r f a c e  
t h a n  i n  t h e  bulk .  Th i s  is  t h e  c a s e  when s u r f a c t a n t s  and d i s p e r s a n t s  a r e  
used.  The i n t e r f a c i a l  t e n s i o n s  between two l i q u i d s  is h i g h e s t  when p u r e ,  
and f a l l s  o f f  t o  z e r o  a t  p l a i t  p o i n t .  

When a  l i q u i d  s u r f a c e  ( o r  l i q u i d - l i q u i d  i n t e r f a c e )  is newly formed, a  
f i n i t e  t ime i s  needed f o r  e s t a b l i s h i n g  t h e  s t a t e  o f  e q u i l i b r i u m .  During 
t h i s  p e r i o d  s u r f a c e  t e n s i o n  ( o r  i n t e r f a c i a l  t e n s i o n )  is  time . dependent .  
I n  t h e  c a s e  o f  t h e  fo rmat ion  o f  pure  l i q u i d  i n t e r f a c e s ,  i t  h a s  n o t  y e t  
been p o s s i b l e  t o  measure t e n s i o n  b e f o r e  t h e  f i n a l  v a l u e  h a s  been 
ach ieved ,  because  t h e  time invo lved  is very  small. However, when d e a l i n g  
w i t h  s o l u t i o n s  t h e  t ime  f a c t o r s  i n v o l v e d  are q u i t e  l a r g e  and i t  i s  pos- 
s i b l e  t o  measure t h e  i n t e r f a c i a l  t e n s i o n  i n  t h e  t r a n s i e n t  s t a t e .  S u r f a c e  
t e n s i o n  o r  i n t e r f a c i a l  t e n s i o n  b e f o r e  e q u i l i b r i u m  h a s  been e s t a b l i s h e d  i s  
c a l l e d  14dynamic11 t o  d i s t i n g u i s h  it from t h e  e q u i l i b r i u m  o r  " s t a t i c "  va lue .  



Methods o f  Measurement 

1 )  Cap i l l a ry  height-method. This i s  probably the simplest method 
ava i lab le .  When a c a p i l l a r y  i s  i nse r ted  below the i n t e r f a c e  of a two 
l i q u i d  system, due t o  the  excess f ree  energy o f  the i n te r face ,  the l i q u i d  
i n  the lower l a y e r  r i s e s  t o  a h igher  l e v e l  w i t h i n  the  c a p i l l a r y .  

But fo r  the  crude o i l  water system under study, t h i s  method could no t  
be used as the darker upper l a y e r  o f  the  crude prevents observat ion of 
the c a p i l l a r y  he ight  which should be known t o  c o r r e l a t e  the  i n t e r f a c i a l  
tension. 

2) Drop Weight Method. I n  t h i s  method drops are allowed t o  form a t  
the top o f  a c a p i l l a r y  immersed i n  another l i q u i d .  From a knowledge of 
the dimensions of the  drop and i t s  weight i t  i s  poss ib le  t o  c a l c u l a t e  the  
i n t e r f a c i a l  tension. Since drops have t o  be formed a t  a f i n i t e  s i t e  t h i s  
method i s  not app l icab le  i n  systems where a sur factant  i s  present.  

3) Ring Method. A p lat inum r i n g  i s  p u l l e d  up from the i n t e r f a c e  of 
the l i q u i d s  whose i n t e r f a c i a l  tens ion i s  t o  be measured. The fo rce  t h a t  
i s  necessary i s  measured by a t o r s i o n  balance. Again t h i s  method i s  
i napp l i cab le  as t h i s  i s  a dynamic method, f o r  the reasons g iven above. 

4)  Bubble .Pressure Method. The pressure d i f f e rence  across a bubble 
o r  drop i n  another, l i q u i d  i s  p ropor t i ona l  t o  the . i n t e r f a c i a l  tensions. 
Therefore, i f  i t  i s  poss ib le  t o  measure t,he pres,sure d i f f e rence  across 
the bubble we should be able t o  c a l c u l a t e  the i n t e r f a c i a l  tension.  Being 
a dynamic method t h i s  had t o  be discarded i n  favor  of a semi-stat ic  
method. 

5 )  Pendant Drop Method. Pendant d r i p  method ' c o n s i i t s  o f  making a drop 
form a t  the  t i p  o f  a c a p i l l a r y ,  tube. and l e t  i t  hang i n  . the second f l u i d .  
If the dens i ty  di f ference i s  not , .appropr iate,  the  drop., can be made . t o  
r i s e  up 'from the t i p  o f  the c a p i l l a r y  .rather.- . than l e t  i t .  hang. The shape 
of the drop r e f l e c t s  a balance between i n t e r f a c i a l  tension', and the g rav i -  
t a t i o n a l  forces and can be used t o  measure the i n t e r f a c i a l '  tension. The 
s t a t i c  nature . o f  . the method makes it-. s u i t a b l e  f o r  use where d i f f us iona l  
ef fects are . involved.  . ' 

. \ 
The shape of the  pendant drop is determined by the  fac t  t h a t  the  

change i n  the hyd ros ta t i c  pressure i n  the v e r t i c a l  d i r e c t i o n  i s  balanced 
by an equivalent  change i n  the  Laplace pressure \ 

\ 

a 
where b i s  the rad ius  o f  curvature a t  the  apex o f  the  drop. 



A t  p o i n t  P, a d i s t ance  z below t h e  apex, t h e  p ressure  drop i s  g i ven  

where R1 and R a r e  t h e  r a d i i  o f  cu rva tu re .  The above equat ion  i s  
rear ranged i n t o  ?he f o l l o w i n g  dimensionless form: 

1 - + Sin e = 2 + Apqb2 
b 

( 2 1 ~ )  = 2 + 9 e 
Y 

where t3 = Apab 
2 - 

Y 

Bash fo r t h  and Pdams c a r r i e d  o u t  t h e  numer ica l  i n t e g r a t i o n  o f  t h e  above 
equat ion  f o r  a number o f  va lues o f  B. As t h e  r a d i u s  b i s  d i f f i c u l t  t o  
determine expe r imen ta l l y ,  Bash fo r t h  and Adams presented a t a b l e  of  xe/h 
as a f unc t i on  o f  B, where xe i s  t h e  equat ion  rad ius .  i . e . ,  

xe b = f ( 6 )  so t h a t  

For  l a r g e r  drops on l y ,  t h e  r a d i u s  o f  cu rva tu re  i n  t h e  p l ane  o f  t h e  paper 
need be considered. I n  t h i s  case, t h e  equat ion  f o r  Y becomes 

and t h i s  represented a l i m i t i n g  case where h i s  t h e  d i s tance  from t h e  
apex t o  t he  e q u a t o r i a l  l i n e  o f  t h e  drop. 

P o r t e r  made use o f  t h e  t a b l e s  o f  Bash fo r t h  and Adams t o  show t h a t  t h e  



d i f f e r e n c e s  i n  h2'2rz and a2'2xz i s  a c c u r a t e l y  r e p r e s e n t e d  
b  Y 

where 

Th i s  p e n n i t s  t h e  d i r e c t  c a l c u l a t i o n  o f  t h e  s u r f a c e  t e n s i o n  from 
knowledge of h  and xe, bo th  o f  which a r e  a c c u r a t e l y  measurable  
q u a n t i t i e s .  

B c a n  a l s o  be w r i t t e n  a s  

The Bashfor th  and Adams t a b l e s  were re-worked by s e v e r a l  a u t h o r s  i n t o  
a  form g i v i n g  1 / H  a s  a  f u n c t i o n  o f  S = ds/de.  

I t  shou ld  n o t  be  though t  t h a t  t h e ,  r a t i o  S is unique.  Any o t h e r  
we l l -de f ined  dimensions  o f  t h e  d r o p  can  be employed. Winkel h a s  sug- 
g e s t e d  t h a t  dmin/de can  be  used ,  where d m i n  i s  t h e  s m a l l e s t  diam- 
e t e r  which is  observed above t h e  de p l a n e  f o r  a  c e r t a i n  range o f  s h a p e s  
( 2 6 ) .  However, such  a  c h o i c e  seems t o  be  d i sadvan tageous  because  t h e  
minimum d i a m e t e r  is  o f t e n  n e a r  t h e  t i p  o f  t h e  c a p i l l a r y  and i t  may be  
a f f e c t e d  by t h e  i r r e g u l a r i t i e s  i n  i t s  shape .  I n  o r d e r  t o  a l l e v i a t e  t h i s  
problem, Roc, Bacche t t a  and Wong d e f i n e d  a  s e r i e s  o f  d i a m e t e r s  a s  g i v e n  
by: 

where n  = 8. .......... 1 2  and t h e  c h a r a c t e r i s t i c  s h a p e  f a c t o r  i s  g i v e n  by: 

A series o f  t a b l e s  g i v i n g  l/h a s  a  f u n c t i o n  o f  S, h a s  been computed by 
t h e  i n t e g r a t i o n  of t h e  fundamental  d i f f e r e n t i a l  e q u a t i o n  by a  d i g i t a l  
computer.  

@ r a t u s  and Measurement Method 

The a p p a r a t u s  c o n s i s t s  o f  a  c a p i l l a r y  t u b e  o f  approx imate ly  0.1 cm 
d i a m e t e r  a s  shown i n  F i g u r e  1. The t u b e  was b e n t  i n t o  t h e  shape  o f  ' ' 
and connected t o  a  s m a l l  r e s e r v o i r .  The r e s e r v o i r  h a s  a n  over f low p o r t  

_,- . 
./-- 

. - -- _.-- 
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FIGURE 1. 



and the crude o i l  i s  admitted t o  the  r e s e r v o i r  i n  drops. The overf low 
p o r t  a l lows any excess crude t o  over f low thereby main ta in ing  a constant  
head. The c a p i l l a r y  tube i s  kept  immersed i n  sea water. 

Photographs were taken by a Mamiya Sekor camera prov ided w i t h  exten- 
s ion  tubes fo r  g rea ter  magn i f i ca t ion .  Magn i f i ca t ion  was i n d i r e c t l y  
determined by simultaneously photographing a s t e e l  r u l e r  marked i n  1/32" 
d i v i s i o o s .  

Constant temperature cou ld  be maintained by a Haake E K l l  r e f r i g e r a -  
t i o n  and coo l i ng  system of 200W capaci ty .  A Versa T h e n  temperature 
probe and e l e c t r o n i c  r e l a y  ( s e n s i t i v i t y  0.005 F) ensured t h a t  temperature 
was maintained under c lose  c o n t r o l .  

The tube and the rese rvo i r  were cleaned using a powerfu l  l abo ra to ry  
c leaner "Micro," and' then they were repeatedly r i nsed  i n  ho t  water t o  
ensure t h a t  no t races  of the cleaner remained on the  c a p i l l a r y  and the 
rese rvo i r .  The apparatus was then p e r f e c t l y  d r i e d  i n  an oven a t  110 C. 
A f te r  each experiment, the  apparatus was f i r s t  washed us ing  carbon 
t e t r a c h l o r i d e  and then the above procedure fo r  c leaning was repeated. 

A known volume of Corexi t  9527 was added t o  the sea water ( o r  t o  
crude o i l )  and drops were al lowed t o  form a t  the t i p  o f  the c a p i l l a r y  a t  
the r a t e  of approximately one per  minute. For each concent ra t ion  l e v e l ,  
20 photographs were taken. 

The ~ h o t o ~ r a . p h s  were p ro jec ted  on a screen and the l a r g e s t  diameter 
of each drop de was determined; dS was measured a t  a d is tance of de 
from the ver tex o f  the drop. The shape f a c t o r  was determined and the  
corresponding value of 1/H was read from tables.  I n t e r f a c i a l  tensions 
were ca l cu la ted  us ing  the  formula: 

I t  i s  seen tha t ,  as shown, i n  F igure  2, the  i n t e r f a c i a l  tens ion  f a l l s  
o f f  r a p i d l y  as the concent ra t ion  of the d ispersant  i s  increased. The 
decrease was most pronounced f o r  the a d d i t i o n  o f  the f i r s t  0.01%. of  the 
d ispersant .  Thereafter, the decrease i n  the i n t e r f a c i a l  tens ion  i s  l e s s  
r a p i d  and i t  l e v e l s  o f f  a t  around 0.04% by volume o f  d ispersant .  

Resul ts  and Discussion 

The i n t e r f a c i a l  tens ion  data on the range 5 ' ~  t o  22Oc, as shown i n  
Figures 2 an 4, shows the usua l  t rends t h a t  would be expected w i t h  var ia -  
t i o n s  i n  temperature and concent ra t ion  o f  the d ispersant .  The h ighest  
observed i n t e r f a c i a l  tens ion  was 27.5 x 10-3 Newtons/Meter a t  5 C and 
w i thout  d ispersant ,  and the lowest was 2.75 x 10-3 Newtons/Meter a t  22 
C and 0.1 vo l .  % Corexi t .  Although 0.1 vo l .  % o f  Corex i t  4 s  low when 
compared w i t h  usual  dosages of sur fac tan ts ,  h igher  concentrat ions have 
no t  been used. A t  h igher  concentrat ions,  the  water becomes cloudy as the 
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concentration increases beyond the  Cr i t i c a l  Micelli  Concentration and 
Tyndall e f f e c t  becomes pronounced. lhder these condit ions,  i t  is  not 
possible t o  use the  photographic method. 

In analyzing the  data ,  i t  was found t h a t  c e r t a i n  trends a r e  unmis- 
takable. It i s  seen t ha t  the  l a rges t  drop i n  the i n t e r f a c i a l  tension i s  
during the addit ion of the  f i r s t  0 - 0.01 vol. % of Corexit. Thereafter 
the decrease i s  l e s s  w i t h  each incremental addit ion of Corexit and a p lo t  
of i n t e r f ac i a l  tension decreased by about 8.0 x 10-3 NewtonsMeter f o r  
the  addit ion of the  f i r s t  0.01 vol. % of Corexit. I t  should be possible 
t o  get  lower values of i n t e r f a c i a l  tension by using a l a rger  proportion 
of the  dispersant .  It has been observed i n  the past t ha t  concentrations 
as  high as  1% (10 times the amount used i n  the  present experiment) has 
been used. 

Another f a c t  which stands out i s  t ha t  i t  i s  immaterial i n  which phase 
the  Corexit is added, a s  shown i n  Figures 2 and 4. Wi th in  limits of 
experimental e r r o r ,  i t  is seen t ha t  the i n t e r f a c i a l  tension observed a r e  
nearly equal. T h i s  is  encouraging, a s  it is  f a r  e a s i e r  t o  apply the  d i s -  
persant on the o i l ,  which is  the top l ayer ,  than t o  apply i t  i n  water. 
Moreover, i n  the  ocean, l a rger  quan t i t i e s  of dispersant  would be neces- 
sary ,  if the dispersant  were t o  be applied on water. 

The var ia t ion of i n t e r f a c i a l  tension w i t h  temperature, a s  shown i n  
Figures 5 and 6 ,  i s  what would normally be expected. There i s  a steady 
decrease i n  i n t e r f a c i a l  tension w i t h  increase i n  temperature. T h i s  i s  
because the cohesion forces between the  molecules f a l l s  off  rapidly w i t h  
increase i n  temperature and the i n t e r f a c i a l  tension i s  due t o  the  a t t r a c -  
t i on - fo r ce  between the  molecules a t  the in te r face .  Unlike the var ia t i an  
of i n t e r f ac i a l  tension w i t h  concentration, which is rapid w i t h  the f i r s t  
increase i n  concentration, the decrease i n  i n t e r f a c i a l  tension w i t h  tem- 
perature i s  more o r  l e s s  uniform. On an average, the  i n t e r f ac i a l  tension 
decreased by about 1 X 10-3 Newtonsmeter. 

I t  was observed t ha t  a t  a given concentration l eve l  of Corexit and 
temperature, it d i d  not matter t o  which phase Corexit was added. T h i s  
could be because the intermolecular forces a r e  reduced t o  the  same degree 
i n  e i t h e r  phase a t  the same concentration l eve l  of Corexit and tempera- 
tu re  (and i n t e r f a c i a l  tension is  due t o  the net intermolecular forces a t  
the in te r face) .  However, from a purely economical point of view, i t  
might be advantageous t o  add Corexit t o  the  o i l  phase, a s  i n  the  ocean, 
because it takes a much l a rge r  quanti ty of Corexit i n  the  aqueous phase 
t o  maintain the  same concentration l eve l .  
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INTERFACIAL 'TENSION 
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Section 2. Appendix C 

Run NO: RRV1 Rate of Power 

Input 
(Joules)  

52.31 

52.31 

99.30 

99.30 

11.30 

11.30 

Work Input 
f o r  Inter-  
f a c i a l  Area 
(Joules)  

33.90 

161.82 

52.05 

196.79 

43.13 

156.46 

Percent 
Energy 

Utilized 

4.32 

9.24 

6.63 

25.08 

5.50 

19.93 



12.2  Section 4 . 0  Appendic?~ 

12.1.1 Appendix A: Computer Program 
12.1.2 Appendix B: D i s t i n c t i o n  '~etween Crude O i l  and 

Dispersant by Means o f  In f rared 
Spectrophotometry 

12.1.3 Appendix C: The Evaporation Tests 





Program name : STREAM 

I FNU(y+) computes u+ when y+ i s  known from 

FNG(Rex) computes 5 when Rex i s  g iven from 

5 

Rex =' J G ( ~  )dz 
0 

I FNF(5) computes G ( S )  

The program s t a r t s  by asking f o r  Rex(=X). I t  then computes 

S =  5 
which i s  p r i n t e d  

YO = y+ 

I t  a lso  computes the maximum permiss ib le value fo r  Rey (based on the  
cond i t i on  t h a t  y+ < y;) s ince the  a lgebra ic  r e l a t i o n s  cease t o  be 
v a l i d  when y+>y;. 

For Re,, = Y 1  t o  Rey = Y8 i n  steps o f  Y3 w i l l  the program compute the  
following quan t i t i es :  

I Program name : GSTREAM 

The program operates a t  one spec i f i c  value o f  y which i s  more o r  l e s s  
determined by the i n p u t  value C O .  From t h i s  i n p u t  the  p o s i t i o n  Rexo 
and the value - of y:,, are computed. 2The program then proceeds t o  
compute 3uo,  v/Uo, and -r/pU, f o r  increas ing values of 
Re, (de f ined through increas ing values of 5) whereby y i s  kept  constant.  

FNR(5) computes Rex w i t h  5 as i n p u t  Par t  4.2: Eq. (2.10) 
(See program : STREAM) 

FNY(u+) computes y+ w i t h  u+ as i n p u t  

FNF(S) computes G(C) w i t h  5 as i n p u t  Par t  4.3: Eq.(2.5) 

FNU(y+) computes u+ w i t h  y+ as i n p u t  (See program: STREAM) 



- -- 

PROGRAM NAME: STREAM - 

:>:>OLD : STREAH 
>:>LIST 

001 00 DEF FNF(T) 
001 10 A = 0.1108 
001 20 K = 0.4 
001 30 TI = T*K 
001 50 GI = 2+11**3*(113+T1*(1/4+Tl*(l/lO+T1/36))) 
001 60 G = T**3/3+A*(EXP(Tt)r(Tl*rZ-2:T1+2)-G1)/fK*K) 
001 70 F N F  = G 
001 80 F N E N D  
00360 DEF FNU(S) 
00370 K = 0.4 
00380 A = 0.1108 
00390 Z = 30 
00400 21 = Z*K 
00410 S 1  = Z+A*(EXP(Zl)-1-ZI-Z1**2/2-Z1**3/6-I1**4124~ 
00420 D2 = t+A*K*(EXP(Zl)-1-21-21**2/2-21,*3/6) 
00430 D3 = S1-S 
00440 Dl = ABS(D3) 
00450 IF Dl < 0.001 THEN GO T O  490 
00460 Z = Z-D1/D2 
00470 PAUSE 
00480 IF Dl > 0.001 THEN GO TO 400 
00490 F N U  = Z 
00500 F N E N D  
00550 DEF FNG(S)  
00560 K = 0.4 
00570 A = 0.1108 
00580 Z = 30 
00590 N = O  
00600 71 = Z*K 
0061 0 S4 = 6+2*Z1+Z1**4*(1/12+Z1*~1/2OtZ1:~1/6O+Z1/252~~~ 
00620 S3 = EXP(Zl)*(Z1**2-4*Zl+6)-S4 
00630 S 1  = 2**4/12tA*S3/(K**3 
00640 D4 = 2+21**3*(1/3+Z1*(1/4+Z1:~1/1OtZ1/36))) 
00650 D3 = EXP(Zl)*(Z1**2-2*21+2)-D4 
00660 D2 = Z**3/3tA*D3/(K**?) 
00670 D3 = Sl-S 
00680 Dl = ABS(D3) 
00690 IF Dl < 0.001 THEN 6 0  TO 750 
00700 Z = Z-Dl/D2 
0071 0 N N+l 
00??0 IF  N ) 20 THEN 60 10 750 
00730 PAUSE 
00740 IF Dl > 0.001 THEN GO TO 600 
00750 FNG = Z 
OOitO FNEHB 
00800 A = 0.1108 
0081 0 K = 0.4 
00820 PRINT 'PARTICLE SIZE P2=?' 
00830 INPUT P2 
00840 PRIHT 'REX=?' 
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0001 0 DEF F#R(L)  
00020 A = 0.1108 
00030 K = 0.4 
00040 S1 = L*K 
00050 R4 = 6+2*S1+S1**4*~1/12+Slr(1/20+S1*~1/60*S1/252~~~ 
00060 R3 = EXP(Sl)*(S1**2-4*S1+6)-R4 
00070 R = ~**4'/12tA*R3/(K**3) 
00080 FNR = R 
00090 FNEND I .  ' 

001 00 DEF FIIY(J) 
00110 A = 0.1108 
00120 K = 0.4 
001 30 JI = J*K 
001 40 Y = ~ + ~ * ~ ~ ~ ~ ~ J 1 ) - 1 - ~ 1 * ~ 1 + ~ 1 * ~ 1 / 2 + ~ 1 * ( 1 / 6 * ~ 1 / 2 4 ~ ~ ~ ~  
00150 F N Y  = Y 
001 40 FNEWD 
001 70 DEF FNF(T) 
001 80 A = 0.1108 
001 90 K = 0.4 
00200 TI = T*K 
0021 0 61 = 2tTlt*3*(1/3+Tl*~1/4+Tl*(1/10+Tl/36))) 
00220 G = T**3/3+A*(EXP(Tl)*(Tlr*2-2*T1+2)-61)/(K*K) 
00230 FNF = G 
00240 FNEND 
00250 DEF FNU(F) 
00260 K = P.4 
00270 A = 0.1108 
00280 Z = 30 
00290 21 = Z*K 
00300 F1 + Z+A*(EXP(Zl)-I-ZI-21*r2/2-Zl**3/6-Z1**4/24) 
0031.0 D2 = l*A*K*(EXP(Zl)-l-Zl-Z1**2/2-Z1**3/6) 
00320 D3 = F1-F 
00330 Dl = ABS(D3) 
00340 IF Dl < 0.001 THEN 60 10 380 
00350 Z = Z-Dl /D2 
00360 PAUSE 
00370 IF Dl > 0.001 THEN 60 TO 290 
00380 FNU = Z 
00390 FNEND 
00400 DEF FNG(H) 
004 10 K = 0.4 
00420 A = 0.1108 
00430 Z = 30 
00440 N = O  
00450 21 = Z*K 
00460 H4 = 6+2*Zl+Zl~*4*(1/12+Z1*(1/?0~~Z1*(1/60+21/25?))) 
00470' H 3 ~ E X P ( Z l ) * ( Z l * * 2 - 4 * 2 1 + ~ ) - H 4  
00480 HI = Z**4/12*A*H3/(K**3) 
00490 D4 = 2+21**3*(1/3+Z1*(1/4+Z1*(1/1O+ZI/36))) 
00500 D3 = EXP(Zl)*(Z1**2-2*Zl*2)-D4 
00510 D2 = 2*+3/3+A*D3/(K**2) 
00520 D3 = HI-H 
00530 Dl = ABS(D3) 
00540 1F Dl < 0.001 THEM 60 TO 600 
00550 Z = 2-Dl/D2 
00560 N = Nt1 
00570 IF N > 20 THEN GO 10'600 
00580 PAUSE 
00590 IF Dl > 0.001 THEM 60 TO 450 
00600 FNG = 7 
00610 FNENB 



00620 
00630 
00640 
00650 
00660 
00670 
00675 
00676 
00677 
00680 
00690 
00700 
0071.0 
00720 

. 0 0 7 3 0  
00740 
00750 
0075 I 
00752 
00753 
00760 
00764 
08765 
00770 
00775 
00780 
00790 
ooeoo 

A = 0.1108 
K = 0.4 
PRINT 'KSINULL =?' 
INPUT SO 
S1 = SO*K 
Y O  = FNYISO) 
80 = FNR(S0) 
VO = YO*FNU(YO)/(SO*FNF(SO)) 
PRINT 'VNULL='UO 
PRINT 'KSIIULL='SO, 'YlULL='YO,'RLYNULL='RO 
PRIHT 'END VALUE KSI=?'  
INPUT S9 
PRINT 'STEP KSI=?'  
INP'UT s 5  
FOR S = SO 10 S9 STEP S5 
Y = YO*SO/S 
U = FNU(Y)/S 
P I  = U*S 
P2 = FNf (P I ) /FNF(S)  
P = (1-P2)/(S*S) 
V l  = S*FNF(S) 
Y9 = FNY(S) 
V9 = Y9*FNU(YP)/(Vl:VO) 
V = Y*FHU(YI/(Vt*VO) 
R = FNR(S)-RO 
PRINT S,P,U,V,R 
NEXT S 
END 

P r i n t - o u t  for  F i g .  3 

KSINULL =? 
C :>I5 
VNULL= .00703263 
KSINULL= 15 YNULL= 46.957908 
END VALUE KSI=? 
C >20 
STEP KSI=? 
C >0.5 

15 0 1 
15.5 .00115406 .96158019 
16 .00186?84 ,9257 1 15? 
16.5 .002??983 .a921 5284 
I ?  .00250648 ,860691 93 
17.5 .00260981 .831 141?1 
18 .00263406 .go333643 
18.5 .00260838 .7771?8?8 
19 
19.5 

.002552 .7523874 

.00247752 .72899485 
20 .00239319 .70684572 



PRINT OUT FOR FIG. 4 

KSlNULL =? 
t :>I8 
W L L =  .00422 125 
KSINULLr 18 YMULL= 143.32901 
END VALUE KSI=? 
C >25 

'STET'ASI=? ' 

C 0.5 
> 1 8  -1.894839E-08 1.0000006 

18.5 ,00076668 .96918672 
19 .00125915 .94008651 
19.5 . .00156637 .91256516 
2 0 .00174857 .88649923 
20.5 .0018466 .86 177837 
2 1 ,001 88823 .83830301 
21.5 .00189237 .81598306 
22 .00187191 .79473688 
22.5 .00183567 .77449024 
2 3 .OO 178965 . .755 17554 
23.5 ,001 73792 .73673112 
24 .00168326 .71910054 
24.5 .OO 162752 .70223214 
2 5 ,001571 96 ,68607848 

PRINT OUT FOR FIG. 5 

KSIMULL =? 
C :>26 
UNULL= .00178863 
KSINULL= 26 ,. YNULL= 3584.8098 
Ell11 VALUE KSI=?, 
C >30 ' 1. 

STEP KSI=?  
C :>0.5 

26 0 1 
26.5 .00033301 ,9793503 
23 .0005654 .9594982 
27.5 .000725 12 .94039904 
28 . 0 0 0 8 3 2 3 j  ,9220 1 132 
28.5 .00090164 .90429662 . 
29 .00094362 .88721917 
29.5 .00096596 .87074568 
30 .00097423 .85484512 



-- 

FNG(Rex) computes 5 with Rex as i npu t  Par t  4.2: Eq. (2.10) 

With S(= ) as va r iab le  from S = SO t o  S = S9 i n  steps of S5 the  program 
computes. 

I 
- 
u/Lf0 = i' Par t  4.2: Eq.(2.3) 
- - 7 :  v/Uo - Par t  4.2: Eq.(2.9) 

- - ., 
,?Q - ,i&* - - .  

I 
3.- 

Par t  4.2: Eq.(2.10) 
-0 

T/OO: = Par t  4.2: Eq.(2.16) 
- 
. JJL: ,  = If,O Par t  4.2: Eq.(2.9) 

I Program name: OIL2 

The program operates a t  one spec i f i c  value of X ( = S )  which i t  asks f o r  
as i n p u t  t o  s t a r t  the computations. I t  computes the  v e l o c i t y  components - 
u and 7, the stream funct ion Y and the  path- funct ion O and runs a t a b l e  
f o r  running argument y/A. 

FNF ( Q ) COMPUTES : 

F N F ( ~ )  = f ( n )  = erp(-q2)-2~n2/ffi(~2+n2)2) Par t  4.2: ~ q .  (4.3) 

FNE (Q ) COMPUTES : 

FNE(n) = '., GjrJ"(17) 

With Z 1  as the i npu t  va r iab le  from Z1 ZO t o  Zl=Z9 i n  steps o f  Z3 the 
fo l l ow ing  q u a n t i t i e s  are computed: 

9 1.4 ZZ = Y / A  ( i n p u t  variable) 

r7 2 = ~ ( ~ + ~ 2 ) - . :  Par t  4.2: Eq. (4.2) 
'4 

Pa r t  4.2: Eq.(4.1) 

7 . -  q,/F /f{ T~) .fr; :,5 = + [ - 3TC ] Par t  4.2: Eq.(4.>, 
2 + ( r;,!3 ) 

Vl = 2q+Y(q) - /f(z)dz 
I - 

v / ; ' ~  ?' = (2qf(q) - If(x:dz] (l+c2) -x, 
I Par t  4.2: Eq.(4.1) 

Y* . - ! Par t  4.2: Eq.(4.7) 

Par t  4.3: Eq.(2.22) 



PROGRAM NAME: OIL2 8 

DEF FNFIA) 
B = 5 
C1 = EXP(-I**2) 
C2 = 2*B*A**2 
C3 = (B**2+A**2)**2 
C4 = ATN(1)*4 
C5 = C4**O.S 
F N F  Cl-C2/(CS*C3) 
FNEND 
DEF FNE(D) 
IF D > 3.0 GO TO 165 
B = 5 
N = 0 
03 = D 
D2 = D - 
D2 = -D2*D**2*(2*Nt1)1((2*N+3)t(Ntl)) 

D3 = D3+DZ 
84 = DZ/D3 
N = N+1 
D5 = ABS(D4) 

IF D5 > 0.00001 THEN GO TO 110 
IF 05 < 0.00001 THEN GO TO 1'70 
D3 = 0.08623 

FNE = D3 
F N E N D  
PRINT 'PARTICLE SIZE P2=?' 
INPUT P2 
PRINT 'ZO=?', 
INPUT ZO 
PRINT 'Z9=?' 
INPUT Z9 
PRINT 'Z3=?' 
INPUT 23 
PRINT 'X=?' 
INPUT X 
FOR Z1 = ZO TO 29 STEP 73 
N1 = 0.5 
Z = Z1/((X**2+1)**0,5*2tN1) 
U = FNF(Z)/((X**2+1)**0.25) 
V2 = (ATN(1)*4)**0.5 
V3 = Z/B 
V4 = V3/(1+V3**2)-ATW(V3) 
V5 = FNE(Z)tV4/V? 
Vl = 2*Z*FNF (Z)-V5 
P = V5* ( 1 +X**2) **0.?5 
V = Vl*X*Nl/((l+X**2)**0.75) 
PI = PtP2*X 
PRINT Zl,U,V,P,Pl 
NEXT Z1 
END 
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D i s t i n c t i o n  between Crude O i l  and D ispersan t  
by Means o f  I n f r a r e d  Spectrophotometry 

Mathew Cherian, Ted Kawazoe and L e i f  N. Persen 



Distinction between Crude O i l  and Dispersant 
by means of Infrared Spectrophotometry 

by 
Mathew Cherian, Ted Kawazoe and Leif N .  Persen 

I n  investigations involving the  use of a dispersant t o  influence 

t he  f a t e  of an o i l  s p i l l  at sea (or on lakes) samples are, usually 

taken f m  the  water colunm. The hydrocarbons i n  the  samples a r e  

extracted by sane standard mthod and the  concenWation of hydro- 

carbons can be determined. I f  gas c h r o ~ t o g r a p h y  is  used it i s  cam- 

pmatively  easy t o  determine how much of the  hydrocarbons in the  I 

sample or iginates  frcsn the  crude o i l  and how much f m  the  dispersant,  

even though the  process m y  be sonewhat time consuming and requires 

expensive equipment. Apart frcan the  obvious i n t e r e s t  such d i s t inc t ion  

between o i l  and dispersant has when judging the  e f f ec t  of t he  disper- . 
sant the possible difference in tox i c i t y  of t he  two compounds makes 

t h i s  d i s t inc t ion  important. 

a 
, Fig. 1. The peaks a t  3600 ~ r n - ~ ]  and a t  2930 [&'I of Corexit 9527. 



When a large number of samples a .  t o  be handled within a cer ta in  

time l i m i t  a quick mthod which.allows a d i s t inc t ion  t o  be made between 

dispersant and crude o i l   covered in the  water samples is desirable.  

The following is  a presentation of a method developed fo r  infrared 

spectmphotanetry , 

The dispersant t o  be used is  Corexit 9527 and the  o i l  i s  standard 

Kuwait Crude. The extract ion is  supposed t o  u t i l i z e  carbontetrachloride 

(.CC14Z and a l l  samples ih t h i s  investigation are prepared with t h i s  

sc lvent .  If Kuwait Crude Is scanned in the  infrared specbmphotorneter 

one f inds  the usual peak a t  a wave number of 2930 [,F~]. If however 

Corexit 9527 i s  scanned one find.s an addit ional peak a t  a wave number 

of 3600 c~-'I a s  s h a ~ n  in Fig. 1. b s t  dispersants available c o m w i a l l y  

should give a peak a t  3600 [on-']. This peak is  due t o  the  OH s t re tching,  

while t he  peak a t  2930 i s  due t o  CH s t re tching.  Since no peak i s  yresen-r: 
. . . . 

f o r  Kuwait Crude a t  the  latterwave number, one has a possible basis f o r  

es tabl ishing t h e  desired rrrethod. 

Fig. 2.  Calibration curve f o r  Kuwait Ovde scanned at  2930 ~ n n - ~ l  
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F i r s t ,  the cal ibrat ion curve f u r  Kuwait Crude i s  established a s  

shown in Fig. 2.  Samples with d i f f e r en t  concentrations co of o i l  in 

CC14 prepared and scanned a t  a wave number of 2 9 30 [ cm-']. Ftmn the 
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11 
I 

The r e su l t s  are shown in Fig. 2 which indicate a linear rela t ionship 

between a and c. A linear regression based on the  data obtained 

gives 

a = 0.01179 c, - 0.00299 2 0.00316 

This is  a standard result and the  only c m n t  one might add is t h a t  

t he  accuracy i s  sat isfying f o r  c o n c e n t ~ t i o n s  down t o  3-5 Cmg t ' o i l " / ~  CC141 

0 -2 .4 
Absorbance a 

Fig. 3. Calibration curve f o r  Corexit 9527 scanned a t  2930. ~crn-'~ 

The next s tep  i s  t o  prep= samples with Corexit 9527 in different  

concentrations cC in C C 1 4  Scanning these a t  a wave number of 2930 ICK-'J 

a d  computing the  absorbance one obtained the r e s u l t s  shown in Fig. 3. 

Again a l i nea r  re la t ionship between the concentration and t h e  absorbance 

i s  evident and a l i nea r  regression applied t o  the  data gives 

a = 0.00665 cC - 0,01516 + 0,00314 ( 3) 

Again this i s  a result which could be expected, the  only obvious re- 

m k  being that the sens i t i v i t y  t o  concentrations of Corexit 9527 i s  

lower than t o '  K-it Crude. 

If samples with Copexit alone i s  scanned at  a wave nmber of 3600 

] a ca l ib ra t ion  curve as shown in Fig. 4A is found: 



Absorbance a 

Fig. 4 .  Calibrat ion c-e f o r  Corexit 9527 alone a t  3600 I&'] @ 
Mixtures co-d with the c a l i b r a t i o n  curve @ 

Attention i s  here drawn t o  t h e  fact t h a t  very h igh 'values  of 

concentrat ion i s  needed t o  give t h e  des i red  c a l i b r a t i o n  curve, and 

t h a t  t h i s  limits t h e  usefulness of t h e  present approach t o  cases 

where t h e  concentrat ion of Corexit in t h e  solvent  CC14 i s  high.  

This however i s  t h e  case in t h e  inves t iga t ions  where t h e  present  

method is t o  be applied.  

Now, mixtures are prepared, i , e .  a mixture of hown r a t i o  

Corexit/Kuwait Crude is  dissolved in CC14 in d i f f e r e n t  concentrat ions.  

When these  samples a r e  scanned at  3600 [m-'] values f o r  t h e  absorbance 

is  obtained and since t h e  concentrat ion of Corexit in t h e  mixture i s  

lmown, the  r e s u l t s  can be canpared with t h e  straight l i n e  c a l i b r a t i o n  

curve obtained in Fig ,  4A. This i s  done in Fig. 4B. ,The accuracy 

with d i c h  t h e  amount of Corexit in the mixtures i s  predic ted  by t h e  

c a l i b r a t i o n  curve shows that t h e  in f ra red  s p e c t m p h o t m t e r  "sees" 

only the Corexit at  t h e  wave number 3600 [em-'] One has  thus a 

~ t l i o d  of determining c in a mixture of  unknown r a t i o .  
C 



A s e r i e s  of d i f fe rvn t  inixtures are now prepared and scanned at  

29.30 [rn-'] The r e s u l t s  are shown in Fig. 5 where t h e  slope of t h e  

s-traight l i n e  ca l ib ra t ion  curves depend on t h e  r a t i o  Corexit/Kuwait 

Crude. 

Fig,  5 .  

"0 .2 -4 .6. 
Absorbance a 

+. 
Calibrat ion curves a t  2930 [em-'] f o r  d i f f e r e n t  mixtures 

Figure 5 a lsoshowsthe  previously es tabl ished c a l i b r a t i o n  curves f o r  

Corexit alone and K u w a i t  Crude alone.  

One may.nm1 gather  t h e  i n f o m t i o n  obtained. The concen-tration 

c of a m i x t u r e  of r a t i o  r = mg Corexit/mg K u w a i t  Crude m y  be given as 
m 

and the r a t i o  w i l l  be 
r = ec / co (6)  

The r e s u l t  of t h e  scannLg a t  2930 [em-'] m y  be given as 

where t h e  slope A of t h e  c a l i b r a t i o n  curve is  a funct ion of r. 

This r e la t ionsh ip  i s  shown in Fig. 6 



Fig. 6 .  The slope of the calibration c w e  as  function of 
the ra t io  r of the mixture 

where 

X o  = slope for o i l  alone 

= slope for Corexit alone 

X = slope for a mixture of ra t io  r 

This i s  the end result of the investigation, and it i s  emphasized 

that  eq. (8) i s  a curve f i t  only and that no theomtical basis is  

used. It may be that it can be improved and that another expression 

in other circumstances my  be preferable. This however does not 

change the fact that t h i s  investigation gives a method whereby the 

content of hydrocarbons in  a sample can be split-up into one m 
originating from the dispersant and one part originating f m  the 

o i l .  The data used t o  obtain this my  now be used as  examples.. 

I n  TaNe I the measured values of c c c a and rmeas, are 
ma C, 0, m 

given, Each. one of these samples m y  be m t e d  as an original case 



TABLE I. 

&ere only c C a d  am are knm. The value o f  cc is supposedly bm 

from scanning a t  3600 ~cm-'] and a, is the absorbance found fm 

scanning a t  2930 ~ c m - ' ~ .  W i t h  these two as  only input data the 

following procedure is followed: 

1. ) An i n i t i a l  r a t io  r=rl is assured 

2. )  Then the corresponding A=X1 is canputed f x m  eq. (8) 

3 . )  ?he comspmding csncen~a t ion  of the mixture c is m, 1 
found h: 

C = % / X I  
m, 1 

4 .  The cmrespanding concentration of o i l  is found from: 



5.) The correspmding r a t i o  r2 = cc / co, I is ecwputed 

6.) ?he value r2 i s  canpared with rl. I f  the  difference is too 

great one repeats steps 2.) . . . 6.) un t i l  the r a t i o  intxduced 

is close t o  the one obtained. 

Tnis grocedure is used t o  obtain the values r eomp in Table I. 

The pmcedure wks  very well provided: 

a. the mcent ra t i cn  c s s  not too low 

b.) the r a t i o  0 5  r 5 I 

How the procedure breaks down when this is  not the case is well brought 

out by the data in Table I. The break dawn of the method for large values 

of r is  of course due t o  the assymptotic behavior of the curve in Fig. 6. 
The application of the method presented here m y  m e t  with diff icult ies.  

?he use of CC14 as a solvent for  the ernact ion s h m  that  the peak a t  3600 

[cm-'] is  highly influenced by water. This crm be extracted, using say 

anhydrous Sodim Sulfate (Na2S04) t o  "dry" the aliquot, i .e.  t o  extract the 

water without seriously affecting the peaks a t  3600 ~ c m - ~ ]  and a t  2930 [ern-'] 

as sham by the example displayed in Fig. 7. This is hcwever a rather time 

fig. 7. The influence of water on the peak a t  600 [on-'] @ 
and *t influence ramed by %so4 6 
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cmsuming procedure, and another procedure i s  t o  be suggested whereby 

the canplications a t  the  wave number 3600 ~ c r n - ~ ]  may be avoided. 

If the hydrocarbons in a sample is e m a c t e d  by applying al iquots  

(CC19) of a fixed mgnitude, t o  the sample, shaking the sample and 

draining off the  a l iquot ,  successive a l iquots  w i l l  show a decreasing 

concentration of hydrocarbons. It turns out tha t  when the  hydrocar- 

bons originate f r o m  crude o i l ,  a rapid decrease in the cuncentration 

of each subsequent aliquot i s  observed, a s i tuat ion which has been 

investigated in 111. I f  on the other hand the  hydrocarbon originates 

fram Corexit 9527 the  conca~eation decreases much ngw slowly. This 

i s  exhibited in Fig. 8 where the concentration of Corexit in the water 

ALIQUOT NO. 

Fig. 8 Concentration c 
C, i as indicated by subsequent a l iquots  



sample as i n d i c a t e d  by each  a l i q u o t  i s  shown. The c o n c e n t r a t i o n  cC,i 

i n d i c a t e d  by a l i q u o t  no.  i i s  found by means of t h e  c a l i b r a t i o n  c u r v e  

in Fig .  3. For  v a l u e s  less t h a n  1 [mg/Z ~ ~ 0 1  the d e t e r m i n a t i o n  be- 

C ~ S  s o w w h a t  u n c e r t a i n .  It i s . s e e n  t h a t  t h e  d a t a  p o i n t s  i n d i c a t e  

a r e l a t i o n s h i p  g iven  by t h e  s t r a i g h t  l i n e s .  

F o r  t h e  c a s e s  s h a m  in Fig .  8 t h e  d a t a  are given in Table  I11 

where m is  t h e  s t a n d a r d  d e v i a t i o n  o b t a i n e d  th rough  linear r e g r e s s i o n  

a p p l i e d  t o  the  data p o i n t s .  

Tab le  111 

To t h i s  one m y  add t h a t  t h e  first a l i q u o t s  d o  n o t  follow t h e  r e g u l a r  

k h a v i o r .  i n d i c a t e d  by eq. (3). F i g .  9 r e v e a l s  in Case I V  that t h e  

f o l l o w i n g  r e l a t i o n  t h e n  seems t o  a p p l y :  

Znc = a i + f 3  
C, i ( 1 3 )  

. . 

where t h e  r e s p e c t i v e  v a l u e s  of a  and 6  are g iven  in Table  I V .  

A l i q u o t s  used 
t o  de te rmine  
line 

a 11 
4.5.6 .7  

4 .5 .6 .7 .8  

3.4.5.6 

c 
C[mg/lH20J 

49.7 

51.2 

72.8 

25.0 

m 

- + 9% 

- + 2.0% 

- + 1 .2% 

- + 8.3% 

t 
Legend 

Table  I V  

N o .  

I 

I I 

I11 

IV 

e c s .  (11 ,  1 2 ,  1 3 ) ~  

c 
C 

50.3 

48.0 

75.9 

21.6 

Computed f rom 

X 

-2.349 

-2.200 

-2.334 

-2.402 

k 

.646 

.631 

.669 

.637 

b 

4.493 

4.235 

5.012 

3.593 

e a + B  

12.99 

12 .93  

'18.36 

5.72 

No 

I 

I1 
I I 111 

I IV j 

a  

- . 4 3 6 8  

- .4604 

- .4026 

- . 4 5 3 8  

8 

3.001 

3.020 

3.313'. 

2.195 

m 

+ 7 . 0 %  - 
+ 3.6% - 
- + 7.0% 

- + 5 . 5 %  



It reveals furthermore t h a t  eq. ( 1 0 )  can be applied with confidence 

a l s o  t o  the subsequent a l iquots  provided one ddes not go t o  t oo  low 

concentrations. 

The following addit ional in formt ion  is important : The samples 

I and I V  were prepared with Corexit alone, whereas samples I1 and I11 

were prepared with a mixture of Corexit and Kuwait Crude in a r a t i o  

r~~ = 1.04 and rIII = 1 . 2 4  respectively. Tables I11 and I V  reveal 

through the values of A and o t h a t  

1.) The concentrations cC,; of subsequent a l iquots  follows a 
"universaltt l a w  under the  conditions used. This law is 

nei ther  given by eq. (9  1 nor by eq. (10 1 b u t  these equations 

, good approximations . . in two different  regions. 

1 3 5 7 9 11 

ALIQUOT NO. 

Fig. 9. Cmcentrations cC,; of subsequent a l iquots  



. . .: 0 .  : .  . 

- 2 . )  .The extraction- of., Corexit according t o  the ".law" appears 
- - 

, t o  be . . uninfluenced by., the presence. of. ,o i l  *. .the , sample. 

. .  . This last observation r i s e  t o  the followkg l ine of 
. . 

reasoning: ' 

A. 'It Is assumed that ' the three'  f i r s t  aliquots (in the cases . . 

used here) cmtains both o i l  and dispersant, but that  the 

' . s&seqt&t a i iq iots  - contain dispersant ' dtirie : This i s  die' 

t o  the. .different way in which.oil ans Core'xit apparent 19. - ' 

: . .  , 

are 'extract&. . . 
' .  . . . . . . .  

B. 1, 'he nnc '  aliq"ots (No,. 4 , s  &d 6 )  ought then t o  follow ', , . . I . . , 

.the law of eq. (10). . . 

C. :,This law applies also t o  the f i r s t  aliquot? i f  t h e  extraction 
. . . . . ' ! . 

takes place uninfluenced by the presense of o i l .  .. . 

D.) Since the curve according t o  which the extraction takes 

place i s  assumed t o  be "universal", it is possible t o  com- 

pute the original concentration of Corexit in the sample 

based on the information obtained from aliquots No. 4 ,  5 and 6.  

. Now, if eq. (10)  can be applied, it means that : 

If th i s  was true for  all aliquots, one would f ind the to ta l  

concentration of Corexit in the sample as 



Since a d i f fe ren t  " law" app l i es  f o r  l a t e r  a l i q u o t s  eq. .(I31 w i l l  

u n d e r e s t h t e  the  t o t a l  cmcen t ra t ion .  One'rrray however assume t h a t  
because of t h e  "universal i ty" of t h e  decay, t h e  deviat ion measured in -. - 

percentage i s  a constant .  If t h i s  constant  i s  put equal t o  0.73 one 

wil1,with t h e  values of  a and B determined in Table I V  obtain t h e  con- . 

centra t ions  computed in. t h e  same . table. .  This shows t h a t  t h e  method 

seems t o  work. 

One f i n a l  comnent may be advanced. When using the  method enough 

a l iquo t s  must be applied t o  secure. t h a t  t h e  o i l  has  been removed and 

t h a t  one has reached t h a t  part of t h e  ex t rac t ion  procedure where sub- 

sequent a l i q u o t s  l i e  on a line with a = -0.45 when exhibited as done 

in Fig. 9. In t h e  cases on which t h e  present  method was inves t igated  

t h e  sample s i z e  was always 500 m l  and the a l iquo t  s i z e  30 0. This 

method i s  used in t h e  evaluation of  t h e  drop size as well as t h e  r a i n  

drop experiments. 
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Appendix C: The Evapora t ion  Tests  



THE EVAPORATION TESTS 

The ent ra inment  process i s  t o  be s t u d i e d  expe r imen ta l l y  by p r o p e r l y  chosen 

exper iments.  A major  fea tu re  o f  such exper iments  i s  t h e  de te rm ina t i on  o f  con- 

c e n t r a t i o n s  o f  o i l  i n  samples f rom t h e  wate r  column. It has, however, been 

no ted  t h a t  a  c e r t a i n  pe rcen tage .o f  t h e  o i l  w i l l  evaporate  and n o t  be e n t r a i n e d  .. 

i n  t h e  wa te r  column over  a  l o n g e r  pe r i od .  Th i s  has l e d  t o  t h e  s tudy o f  t h e  

evapora t ion  process. Both Kuwait  Crude and C o r e x i t  9527 have been t e s t e d  by 

l e t t i n g  an open su r f ace  o f  t h e  two f l u i d s  be exposed t o  w ind  i n  a  wind tunne l  

where t h e  v e l o c i t y  f i e l d  c o u l d  be moni tored.  I n  a d d i t i o n  t o  t h e  t e s t s  w i t h  

t h e  two f l u i d s  alone, t e s t s  were made t o  i n v e s t i g a t e  t h e  m i x tu res  of Kuwait  

Crude and C o r e x i t  9527 i n  t h e  r a t i o s  20:1, 10:1, 7 : l  and 5 : l .  Both f o r  t h e  

case o f  Kuwait  Crude alone, as w e l l  as f o r  m i x tu res  o f  Crude and C o r e x i t  9527, 

t h e  i n f l u e n c e  o f  an unde r l y i ng  waterbed was examin.ed. 

It should  be r e a l i z e d  t h a t  crude o i l  i n  genera l  c o n s i s t s  o f  components which 

evaporate d i f f e r e n t l y .  Thus, under g iven  c o n d i t i o n s  o n l y  a  p o r t i o n  o f  t h e  crude 

o i l  w i l l  evaporate,  whereas C o r e x i t  9527 resembles wa te r  i n  t h e  sense t h a t  i t  

almost evaporates e n t i r e l y  under t h e  same c o n d i t i o n s .  The r e s u l t s  may thus n o t  

be expected t o  be comparable. 

The phys i ca l  q u a n t i t i e s  i n v o l v e d  i n  t h e  t e s t s  a re  t h e  f o l l o w i n g :  

m  = mass o f  t h e  evaporated p o r t i o n  o f  t he  f l u i d  e  

m = t o t a l  mass o f  t h e  f l u i d  used i n  t h e  exper iment 

t = t ime  

Us = s l i p  v e l o c i t y  i n  t h e  a i r  a t  t h e  i n t e r p h a s e ' ( F i g .  1)  

I 
I d ~ / d y l ~ = ~  = v e l o c i t y  g r a d i e n t  i n  t h e  a i r  a t  t h e  i n t e rphase  ( F i g .  1)  

P = d e n s i t y  o f  t h e  o i l  



F i g u r e  1 .  V e l o c i t y  p r o f i  l e  above t h e  f l u i d  

h  = depth o f  t h e  o i l  ( o i l  s l i c k  t h i c kness )  

Buckingham's Il - theorem i n d i c a t e s  t h e  outcome of t h e  exper iment t o  be e x p r e s s i b l e  

i n  terms o f  t h e  f o l l o w i n g  v a r i a b l e s :  

m p  = e  = (percentage evapo ra t i on )  
m  

"st T = -  
h  = dimensionless t ime 

m  
. - .  " 

Th i s  means t h a t  t h e  r e s u l t  o f  t h e  exper iments ought t o  be exp ress i b l e  as:  

Table  I shows t h e  va lue of t he  parameters f o r  s i x  d i f f e r e n t  t e s t s  performed 

w i t h  Kuwait  Crude O i l .  The r e s u l t s  f rom these t e s t s  a re  shown i n  F i g .  2 where p  

i s  p l o t t e d  as f u n c t i o n  o f  T .  They show t h a t  p  i s  o n l y  s l i g h t l y  dependent on Ill 

and Ilz which r e f l e c t s  t h e  f a c t  t h a t  t he  exposed su r f ace  as w e l l  as t h e  depth of 

t h e  f l u i d . ( o i l  s l i c k  t h i c kness )  was kep t  almost cons tan t .  I n  o r d e r  t o  ge t  an 



Figure 2. Evaporation data p versus U s t / h  

TABLE 1 ( K I M I T  CRUDE OIL)  

I' 



- 4 - 

i n d i c a t i o n  o f  t h e  asymptot ic value o f  p , t h e  f o l l o w i n g  curve was f i t t e d  t o  

the  data: 

2 where K = 0.75 and T, = 26.78.10 . The asymptotic value A = 26.00 i s  found 

from the  data and the  way i n  which t h e  curve represents t h e  data i s  e x h i b i t e d  

i n  F ig .  3. This  r e s u l t  should be considered i n  t h e  l i g h t  o f  an evaporat ion 

t e s t  performed i n  a ROTOVAP a t  4 0 ' ~  over a per iod  o f  24 hours which l e d  t o  a 

weight l oss  o f  32.3%. I n  view of t h e  fac t  t h a t  t h e  present  r e s u l t s  were obta ined 

a t  a temperature of  20 - 22'~, t h e  agreement between t h e  experimental r e s u l t s  seems 

reasonable. 

The evaporat ion data obta ined for  Corex i t  9527 alone and f o r  d i f f e r e n t  

mix tures  of o i l  and Corex i t  a re  shown i n  F igs.  4 and 5. For Corex i t  alone, the  

data have been obta ined w i t h  a greater  v a r i a t i o n  i n  t h e  f l u i d  th ickness as i s  

e a s i l y  seen from Table 11. The data do, however, n o t  c o r r e l a t e  as w e l l  w i t h  

on l y  non-dimensional iz ing t h e  t ime and i n t roduc ing  T as i s  seen from F ig .  4. 

This may p a r t l y  be due t o  t h e  fac t  t h a t  d i f f e r e n t  t r a y s  were used and 

c e r t a i n  cases where t h e  sur face area chanoed due t o  evaporat ion. For the  mixtures,  

however, t h i s  d i d  n o t  happen, and t h e  data c o r r e l a t e  w e l l  apain. 

The importance o f  these t e s t s  does n o t  l i e  so much i n  t h e  ac tua l  r e s u l t s  

which, f o r  Kuwait Crude, show t h a t  Q 75% o f  the  t o t a l  evaporat ion caused by 



wind under t h e  circumstances i nves t i ga ted  has taken place when 

i.e., f o r  circumstances i nves t i qa ted  here approximately a f t e r  two hours. I t  

i s  far  more important  f o r  t h e  study o f  the  entrainment process t o  r e a l i z e  t h a t  

t h e  composit ion o f  the  en t ra ined o i l  d i f f e r s  due t o  weathering. 

Figure 3. Evaporation data p for Kuwait Crude exhibiting 
the asymptotic value p = A = 26.0 I 

Table 111 (hit Crud.: Cor rx l t  95271 



Figure  4. Evaporation data  p versus T 
f o r  Corex i t  9527 

Figure 5 .  Evaporation data  p  versus T f o r  mixtures o f  Kuwait Crude and Cgrexit 9527 
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CHAPTER I INTRODUCTION 

This manual i s  a guide t o  Version 2 o f  the URI O i l s p i l l  Model. The 
model, al though i t  t r e a t s  most o f  the known processes invo lved i n  the 
fa te  of s p i l l e d  o i l ,  has been designed p r i m a r i l y  t o  study cleanup and 
treatment a l t e r n a t i v e s  f o r  a given s p i l l  cond i t ion .  This requ i res  t h a t  
i npu t  be e a s i l y  entered and output e a s i l y  obtained i n  the  shortest  amount 
o f  time. The model has a l so  been designed t o  a l low fo r  the r a p i d  imple- 
mentation of new modules r e f l e c t i n g  advances i n  the  state-of-the a r t .  

The computer code i s  c u r r e n t l y  implemented on an I t e l  Advanced 
System/5 which i s  func t i ona l l y  compatible w i t h  an IBM System 370. I t  i s  
w r i t t e n  i n  Fo r t ran  I V  and i s  run  as a batch job.  The main program, as 
present ly  configured, requ i res  about 465 k i l o b y t e s  of memory t o  run and a 
t y p i c a l  job  us ing  2000 marker p a r t i c l e s ,  30 s p i l l e t s  and a t ime step of 
one day, consumes about 16 CPU minutes f o r  a 72 day s imulat ion.  

I n  the  next sec t ion  o f  t h i s  chapter, an overview o f  the  var ious steps 
requ i red  f o r  a complete s imula t ion  are b r i e f l y  described. 

Chapter I1  i s  devoted t o  the  i npu t  programs used t o  format environ- 
mental data fo r  i npu t  t o  the  preview and f u l l  scale s imulat ion.  The 
func t i on  o f  the preview run i s  discussed i n  Chapter I11 whi le  the  general 
operat ion of the  complete s imula t ion  i s  o u t l i n e d  i n  Chapter I V .  Chapter 
V provides a b r i e f  summary of the output  programs used t o  p l o t  the  
resu l t s .  The d e t a i l s  of the  various programs as w e l l  as how t o  set  up a 
complete s imula t ion  i s  covered i n  the  appendices. I n  p a r t i c u l a r ,  Appen- 
d i x  I covers i n p u t  t o  the  preview and complete s imula t ion  model; Appendix 
11, the  output a v a i l a b l e  from these models; Appendix I11 a desc r ip t i on  of 
a l l  var iab les  contained i n  common i n  the  s imula t ion  model; Appendix I V ,  a 
d e t a i l e d  desc r ip t i on  o f  the  operat ion o f  each subrout ine of t he  model; 
Appendix V a s i m i l a r  desc r ip t i on  f o r  the  i npu t  programs; Appendix V I  a 
d e t a i l e d  desc r ip t i on  o f  t he  output  programs; Appendix V I I  a l i s t i n g  of 
a l l  programs; Appendix V I I I  output from a sample run; and Appendix I X  a 
summary o f  o i l  p roper t i es  required fo r  input .  

OVERVIEW 

The s imula t ion  of an o i l  s p i l l  i s  d iv ided i n t o  fou r  steps. Formation 
a t  i npu t ,  data, s p i l l  preview, main s imula t ion  and output.  The f low 
char t  showing t h i s  process i s  presented i n  F igure 1. 

As ind i ca ted  i n  F igure 1, the  user may e l e c t  t o  prepare a l l  i npu t  
data w i t h  o r  w i thout  the  use of t h e  i n p u t  programs. These programs 
manipulate only the  most complicated inpu t  data, t h e  environmental v a r i -  
ables (bathymetry, wind, cur rent ,  etc., see Chapter 111, one o f  the  f i v e  
major i n p u t  groups. The remaining four groups are discussed i n  greater  
d e t a i l  i n  Appendix I. There are  two c h a r a c t e r i s t i c s  o f  the  environmental 
data which render them more complicated than the  o ther  i n p u t  data. 
F i r s t ,  they read i n t o  the  main program on g r i d s  defined by: 

1. The g r i d  o r i g i n  i n  long i tude and l a t i t u d e .  
2. The spacing o f  g r i d  elements. 
3. The number of elements i n  x and y. 
4. The angle the  g r i d  makes w i t h  l i n e s  of constant l a t i t u d e .  
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Second, the spacing of grid elements may be i n  meters o r  degrees lon- 
gitude and la t i tude .  These a l t e rna te  grid spacings permit the  model t o  
operate on one of two s i ze  scales  but a lso  increases the complexity of 
defining the values of the variables and the grids.  In the  small scale 
mode, horizontal distance calculations are  performed in  meters while i n  
the  large scale  mode, the calculations a re  performed i n  degrees. This 
allows environmental data t o  be obtained from s a t e l l i t e s ,  where the  data 
locations cover a spa t ia l ly  large grid requiring spherical  coordinates 
such as  longitude and l a t i t ude ,  o r  from smaller scale  data collection 
programs such a s  might be located nearshore w i t h  recording instruments 
located only a few kilometers apar t .  

The input programs may be used t o  format the environmental variables 
t o  input the simulation model and/or t o  check the environmental data 
s e t s .  Even if the user prepares the  environmental data s e t s ,  the use of 
the input program tha t  ve r i f i e s  the format is  suggested. P small e r ro r  
in  the location o r  format of an environmental grid may resu l t  i n  a cost ly  
but useless run. 

In order t o  understand the second s tep i n  the simulation process, the 
preview run, i t  i s  important t o  first understand the difference i n  the 
concentration i n  the model of o i l  on the surface of the water compared t o  
tha t  of o i l  entrained i n to  the water column. The surface o i l  is  t reated 
as a col lect ion of l l sp i l l e t s . l l  These are  c i r cu l a r  puddles of o i l  which 
spread, d r i f t ,  evaporate, e t c . ,  independently of a l l  other " sp i l l e t s . "  
If they overlap by more than predefined f ract ion,  they are  combined i n to  
one larger  " sp i l l e t . "  The parameters describing t h i s  l a rger  " sp i l l e t "  
are determined e i t he r  by the sum of the corresponding parameters of the 
small " sp i l l e t s "  (such as  the t o t a l  volume of o i l )  or  by the  weighted sum 
of those parameters (such a s  the  center of the " sp i l l e t " ) .  I n  the 
present configuration, up t o  one hundred " sp i l l e t s "  a re  allowed a t  any 
one time. O i l  i s  added t o  a s p i l l e t  e i t he r  from a source or  by adding 
s p i l l e t s  together when they overlap. Table 1 gives a description of the  
variables used t o  define a " sp i l l e t . "  

The subsurface o i l  is  t reated as  a col lect ion of droplets  each of 
which represents a large  number of droplets  w i t h  s imilar  propert ies.  The 
drople ts  i n  the model are ,  therefore ,  par t  of a s t a t i s t i c a l  representa- 
t ion  of the actual  dispersion. Each droplet is  described by a s e t  of 
parameters such a s  the  droplet  radius,  entrained mass associated w i t h  the 
drople t ,  i ts location,  e tc .  These parameters are  l i s t e d  i n  Table 2. Up 
t o  two hundred categories of droplets  a r e  currently allowed. There may 
be many droplets  i n  each category, but the t o t a l  number of droplets  i s  
l imited by memory requirements ( t o  2000 a t  present)  and by execution 
time. A neutral ly buoyant droplet  may be used t o  represent the  dissolved 
portion of the sp i l l ed  o i l .  

Those subroutines t ha t  deal w i t h  the  surface o i l  a r e  formally 
separated from those dealing w i t h  the subsurface o i l  everywhere except i n  
the  determination of the volume of entrained o i l ,  as  thernumber of 
entrained marker par t i c les .  The preview run executes only the surface 
routines and keeps a running t a l l y  on the mass balance. I t  i s  used 
primarily t o  determine the  mass t o  be associated w i t h  each subsurface 
par t i c le .  Such a determination is extremely d i f f i c u l t  without t h i s  
intermediate s tep because the  t o t a l  entrained mass depends on the wind 



TABLE 1 

"SPILLET VARIABLES" 

Prea of s p i l l e t  t r ea ted  thus f a r  (meters2). 

Density of o i l  currently i n  s p i l l e t  (gm/cc). 

Fraction of each of up t o  eight  c lasses .  

Radius of S p i l l e t  (meters).  

I n t e r f ac i a l  tension of o i l  p r io r  t o  treatment (Dynes/cm). 

I n t e r f ac i a l  tension of o i l  a f t e r  chemical treatment (Dynes/cm). 

Kinematic viscosity of the o i l  (Centistokes).  

Mass of o i l  remaining i n  S p i l l e t  (metric tons) .  

Longitude and l a t i t ude  a t  the center  of the s p i l l e t .  

TPBLE 2 

PPRPMETERS OF DISPERSED O I L  DROPLETS 

-- Radius of the droplet  ( m m ) .  

-- Density (gm/cc). 

- - Fraction of each of up t o  eight  c lasses  of hydrocarbons. 

-- Mass of entrained o i l  represented by the  given drople t .  

-- Longitude, l a t i t ude  and depth i n  the water column ( m )  of the droplet .  



speed as a func t i on  o f  t ime, the  age o f  the  o i l ,  s p i l l  surface area, 
e tc .  If the number of p a r t i c l e s  i s  t o  be f i xed,  say a t  2000, a good 
est imate o f  the  t o t a l  entra ined mass i s  required t o  a l l o c a t e  the  co r rec t  
amount of mass t o  each entra ined p a r t i c l e .  

I n  a d d i t i o n  t o  p rov id ing  the  user with an appropr iate est imate of the 
mass associated w i t h  each entra ined p a r t i c l e ,  the  preview run i s  a lso 
u s e f u l  i n  p rov id ing  a preview o f  the  surface behavior of t he  s p i l l .  
Memory requirements may be less  than fo r  the  f u l l  s imula t ion  and the t ime 
o f  execut ion i s  g r e a t l y  reduced. 

The main program in teg ra tes  the subsurface p o r t i o n  o f  the  s imula t ion  
i n t o  the  model. . . 

The surface processes inc luded are d r i f t i n g ,  spreading and deposi- 
t i o n .  The o i l  enters the  water column by d i s s o l u t i o n  and entrainment. 
The a lgor i thm f o r  the  subsurface d i f f us ion  and advect ion makes use o f  t he  
p a r t i c l e - i n - c e l l  method and i s  described i n  d e t a i l  i n  Pavish ( 1 9 7 7 )  and 
Spaulding (1976). 

The output of the main program inc ludes s p i l l e t  s i ze  and loca t ion ,  
subsurface concentrat ions, p a r t i c l e  pos i t i ons  and a mass balance. I n  the  
f i n a l  step of the s imulat ion,  t h i s  output i s  presented i n  graphical  form 
by the  var ious p l o t t i n g  mu tes .  S p e c i f i c a l l y ,  mass balance, a rea l  extent  
of the o i l  and a v e r t i c a l  view o f  the s p i l l  area are p l o t t e d .  



CHAPTER I1 ENVIRONMENTAL GRIDS AND INPUT PROGRAMS 

I n  u t  pa ramete r s  r e q u i r e d  by t h e  preview and t h e  main s i m u l a t i o n  a r e  e l o g i c a  l y  d i v i d e d  i n t o  f i v e  main c a t e g o r i e s  : e n v i r o m e n t a l ,  o i l s p i l l ,  
t r e a t m e n t ,  run  c o n t r o l ,  and r e s t a r t .  Each o f  t h e s e  c a t e g o r i e s  h a s  asso-  
c i a t e d  wi th  it  a wel l -def ined format o r  s e t  o f  fo rmats .  The u s e r  i s  
r e q u i r e d  t o  d e t e r m i n e  and p r o p e r l y  format  v a r i a b l e s  i n  t h e '  f i rst  f o u r  
g roups .  The r e s t a r t  d a t a  s e t  is g e n e r a t e d  by t h e  main s i m u l a t i o n  and 
i n t e n d e d  t o  b e  t r a n s p a r e n t  t o  t h e  u s e r ;  hence,  o n l y  its f u n c t i o n  is  
d e s c r i b e d  i n  t h i s  c h a p t e r .  

The most complex s e t  o f  i n p u t  pa ramete r s  is  t h e  environmental  d a t a  
set .  I n  l i g h t  o f  t h i s ,  a p a i r  o f  programs was w r i t t e n  t h a t  w i l l  p l a c e  
env i ronmenta l  d a t a  i n t o  t h e  p r o p e r  format  f o r  i n p u t  t o  t h e  s i m u l a t i o n  
model o r  check t h e  env i ronmenta l  g r i d s  t h a t  may have been g e n e r a t e d  by 
t h e  u s e r .  I n  t h i s  c h a p t e r ,  t h e s e  programs a r e  b r i e f l y  d e s c r i b e d .  P r i o r  
t o  t h i s  d e s c r i p t i o n ,  however, i t  i s  necessa ry  t o  i n t r o d u c e  t h e  c o n c e p t s  
a s s o c i a t e d  w i t h  t h e  environmental  g r i d s .  T h i s  i s  done i n  t h e  f i rs t  s e c -  
t i o n ,  t h e  second s e c t i o n  be ing  r e s e r v e d  f o r  t h e  program d e s c r i p t i o n .  

The o t h e r  i n p u t  pa ramete r s  and fo rmats  a r e  d i s c u s s e d  i n  d e t a i l  i n  
Appendix I a l o n g  w i t h  a l i s t  showing t h e  o r d e r  o f  e n t r y  of  - a l l  i n p u t  d a t a .  

A.  Environmental  Coord ina te  System 

The env i ronmenta l  d a t a  a r e  e n t e r e d  on a set of r e c t a n g u l a r  g r i d s .  
The p o s i t i o n  o f  t h e  (1,l) element  is  used t o  l o c a t e  t h e  g r i d  w i t h  r e s p e c t  
t o  l o n g i t u d e  and l a t i t u d e .  The spac ing  between v a l u e s  is  c o n s t a n t  b u t  
n o t  n e c e s s a r i l y  t h e  same i n  bo th  d i r e c t i o n s .  The a n g l e  o f  t h e  g r i d  w i t h  
r e s p e c t  t o  l i n e s  o f  c o n s t a n t  l a t i t u d e  i s  a v a r i a b l e ,  d e f i n e d  by an i n p u t  
pa ramete r  and measured coun te rc lockwise  t o  t h e  X a x i s .  The model c o o r d i -  
n a t e  system is  r i g h t  handed w i t h ,  f o r  t h e  z e r o  r o t a t i o n  c a s e ,  p o s i t i v e  x 
e a s t w a r d ,  and p o s i t i v e  y northward.  A g r i d  may c o n s i s t  of  from one 
e lement ,  i n  which c a s e  t h e  v a r i a b l e  d e f i n e d  is  assumed t o  be s p a t i a l l y  
homogeneous o v e r  t h e  e n t i r e  ocean,  o r  a s  many a s  30 x 15 e lements .  The 
env i ronmenta l  d a t a  can  be  d e f i n e d  by e i t h e r  one o r  two g r i d s .  F o r  
example, wind v e l o c i t y  h a s  x and y components and,  t h e r e f o r e ,  needs  two 
g r i d s .  Table  3 o u t l i n e s  t h e  env i ronmenta l  g r i d  v a r i a b l e s  and u n i t s .  

The u s e r  h a s  t h e  o p t i o n  of spac ing  t h e  env i ronmenta l  g r i d s  e i t h e r  i n  
a s p h e r i c a l  c o o r d i n a t e  system o r  i n  a r e c t a n g u l a r  c o o r d i n a t e  sys tem.  
S p h e r i c a l  c o o r d i n a t e s  a r e  used when t h e  s p a t i a l  s c a l e  o f  t h e  problem i s  
l a r g e ,  i.e. d u r i n g  t h e  c o u r s e  o f  t h e  s i m u l a t i o n ,  t h e  s p i l l  i s  expec ted  t o  
d r i f t  and s p r e a d  o v e r  a d i s t a n c e  cover ing  s e v e r a l  d e g r e e s  l a t i t u d e  o r  
l o n g i t u d e .  T h i s  is  r e f e r r e d  t o  a s  t h e  " l a r g e  s c a l e  mode." Rec tangu la r  
c o o r d i n a t e s  a r e  used when t h e  s c a l e  o f  t h e  problem i s  s m a l l ,  l e s s  than  a 
d e g r e e  o r  s o  o f  l a t i t u d e .  Th i s  is  r e f e r r e d  t o  a s  t h e  I1small s c a l e  
mode." The p a r a m e t e r  ISCAL is  used t o  s p e c i f y  t h e  s c a l e  mode and a p p l i e s  
t o  a l l  env i ronmenta l  g r i d s  f o r  a g iven  s i m u l a t i o n .  - 

- 
The u n i t s  of  t h e  s p a c i n g  between g r i d  e lements  a r e  dependent on t h e  

s c a l e  mode chosen.  Environmental  g r i d s  i n  t h e  l a r g e  s c a l e  mode may not  
be  r o t a t e d .  The s p a c i n g  f o r  t h e  l a r g e  s c a l e  mode must be  i n  t e g r e e s  of 
l o n g i t u d e  and l a t i t u d e  f o r  t h e  x and y d i r e c t i o n s  r e s p e c t i v e l y ,  t h e  u n i t s  
f o r  t h e  t i d a l  c u r r e n t s  must be  d e g r e e s / s e c  f o r  t h e  l a r g e  s c a l e  mode 
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because  o f  t h e  l i n e a r  i n t e r p o l a t i o n  t e c h n i q u e s  which a r e  used i n  t h e  sub- 
s u r f a c e  p o r t i o n  of '  t h e  model. The u n i t s  of  t h e  s p a c i n g  f o r  t h e  smal l  
s c a l e  mode is  mete r s .  

A l l  of  t h e  g r i d s  a r e  s e l f - e x p l a n a t o r y  w i t h  t h e  e x c e p t i o n  o f  t h e  com- 
p u t a t i o n  c e l l  g r i d .  T h i s  g r i d  a s s i g n s  a n  i n t e g e r  v a l u e  t o  each  element 
which when t a k e n  t o g e t h e r ,  d e s c r i b e  t h e  a r e a  o f  i n t e r e s t  ( s e e  Table 4 )  i n  
b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  The program assumes t h e  
w a t e r  s u r f a c e  c e l l  r e f l e c t s  t h e  p a r t i c l e  downward and t h e  bottom c e l l  
d e p o s i t s  t h e  p a r t i c l e .  

The uses  must change 2 l i n e s  i n  t h e  s u b r o u t i n e  BOUNV ( s e e  Appendix 
IV) i f  a n o t h e r  v a l u e  is  p r e f e r r e d .  

The g r i d d i n g  sys tem i s  a  semispace-s taggered system i n  tl-\at t h e  com- 
p u t a t i o n a l  cel ls  a r e  d e f i n e d  i n  t h e  c e n t e r  o f  a  c e l l  w h i l e  t h e  remaining 
g r i d s  a r e  d e f i n e d  a t  c e l l  c o r n e r s .  There a r e  no v a l u e s  at: any o f  t h e  
z e r o  l o c a t i o n s  ( i . e . ,  ( 0 , 0 ) ,  ( 0 , l ) .  . .)  f o r  any o f  t h e  g r i d s .  The d e p t h  
g r i d  and computa t iona l  c e l l  g r i d  a r e  not  t o  be moved o r  changed d u r i n g  a  
run because  t h e  program u s e s  t h e s e  g r i d s  a s  r e f e r e n c e s .  A l l  o t h e r  e n v i -  
ronmental  g r i d s  may be rrloved o r  changed i n  any t ime  s t e p .  

B. Inpu t  Programs f o r  Environmental  Data G r i d s  

As i s  a p p a r e n t  from t h e  d e s c r i p t i o n  above,  t h e r e  i s  a  g r e a t  d e a l  of  
f l e x i b i l i t y  i n  t h e  n a t u r e  o f  t h e  env i ronmenta l  g r i d s ,  t h e  i n p u t  format  
r e q u i r e d  of  t h e s e  v a r i a b l e s  by t h e  i n p u t  s u b r o u t i n e  A R A Y I N  i n  bo th  t h e  
preview and main s i m u l a t i o n  models is ,  however, q u i t e  p r e c i s e .  For t h i s  
r e a s o n ,  a  p a i r  of  programs (GRIDS and READATA) have been w r i t t e n  t o  a i d  
i n  t h e  p r e p a r a t i o n  o f  env i ronmenta l  d a t a  and t o  check t h e  d a t a  s e t s  once 
p r e p a r e d  p r i o r  t o  s u b m i t t i n g  a  l e n g t h y  s i m u l a t i o n .  As i n d i c a t e d  i n  
F i g u r e  1, t h i s  s t e p  i s  n o t  mandatory b u t  r a t h e r  i n c l u d e d  a s  a n  a i d  i n  
d a t a  p r e p a r a t i o n  f o r  t h e  u s e r .  I t  shou ld  be s t r e s s e d  t h a t  t h e s e  programs 
o p e r a t e  only  on env i ronmenta l  v a r i a b l e s .  I t  is  a l s o  impor tan t  t o  n o t e  
tha t .  a l t h o u g h  a  u s e r  may e l e c t  n o t  t o  u s e  t h e  f o r m a t t i n g  program, GRIDS, 
s / h e  is s t i l l  a d v i s e d  t o  u s e  t h e  program, READATA, which r e a d s  and d i s -  
p l a y s  t h e  " c o r r e c t l y  format ted1 '  v a r i a b l e s ,  i . e . ,  t o  check t h e  d a t a  s e t s  
no m a t t e r  how t h e y  a r e  p repared .  An e r r o r  on t h e  i n p u t  environmental  
d a t a  sets may r e s u l t  i n  a  s i g n i f i c a n t  l o s s  o f  t ime  and money. Flow 
c h a r t s  f o r  bo th  programs a r e  shown i n  F i g u r e  2. The f i r s t  program, 
GRIDS, p l a c e s  t h e  env i ronmenta l  d a t a  i n t o  t h e  power format f o r  use  by t h e  
main program. I t  f i r s t  r e a d s  t h e  g r i d  d e f i n i t i o n  v a r i a b l e s  such  a s  a n g l e  
and g r i d  s p a c i n g .  The program t h e n  c a l l s  a  s u b r o u t i n e  s u p p l i e d  by t h e  
u s e r .  Th i s  r o u t i n e  must r e a d  t h e  env i ronmenta l  d a t a  and t h e n  perform any 
n e c e s s a r y  i n t e r p o l a t i o n s  o r  c o n v e r s i o n s  t o  p u t  i t  i n t o  a  r e c t a n g u l a r  g r i d  
which w i l l  be  used by t h e  main program. The program t h e n  u s e s  t h e  sub- 
r o u t i n e  PRAYOT which i s  b a s i c a l l y  a copy o f  t h e  s u b r o u t i n e  PRPYIN i n  t h e  
main program which r e a d s  t h e  d a t a ,  t h e  on ly  change b e i n g  t h a t  t h i s  sub- 
r o u t i n e  writes i n s t e a d  of r e a d s  t h e  d a t a .  GRIDS may a l s o  .be used t o  
p r i n t  t h e  d a t a  if d e s i r e d .  I t  r e q u i r e s  200 k i l o b y t e s  o f  memory and t a k e s  
approx imate ly  1.5 e q u i v a l e n t  CPU minu tes  t o  w r i t e  135  environmental  
g r i d s .  These s t o r a g e  and run  v a l u e s  w i l l  vary  a s  a  f u n c t i o n  o f  t h e  
amount o f  m a n i p u l a t i o n  r e q u i r e d .  
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The second program, READPTA, reads envirorrnental g r i d s  as fom'a t ted  
f o r  i n p u t  t o  the  s imu la t i on  program exact ly  .as the  main program w i l l  read 
them and then p r i n t s  out  these arays. This program needs only 128 k i l o -  
by tes  o f  memory and takes approximately t e n  seconds o f  execut ion t ime t o  
read and w r i t e  75 steps. 

TABLE 4 
COMPUTATIONAL CELL DEFINITION 

DEFINITION COMMENTS 

Land c e l l ;  
More than h a l f  
the c e l l  is l and 

A water c e l l ;  
Surrounded on a ' l l  
s ides by o ther  
water c e l l s  

lmportant f o r  
Shorel ine I n t e r -  
a c t i o n  Processes 

2 Open Boundary c e l l ;  . . ' Important f o r  i n t e r -  
A t  l e a s t  one s ide i s  p o l a t i o n  when o i l  
a t  the edge o f  the t racks  near the 
g r i d  boundary. 

Adjacent Water Ce l l ;  
A t  l e a s t  one s ide i s  
connected t o  an open 
boundary c e l l  on a land 
c e l l  

Same as above 

3 R e f l e c t i o n  c e l l ;  
Ref lects d rop le ts  away 
from bottom o r  surface i n  
v e r t i c a l  d i r e c t i o n  

Bottom Depos i t iona l  C e l l ;  
absorbs any o i l  which moves 
t o  wit'hin 1/2 g r i d  spacing 
of bottom 



PREVIEW RUN 

I n  e a r l y  a p p l i c a t i o n s  of t h e  model, it was found t h a t  p r i o r  t o  a  f u l l  
s c a l e  s i m u l a t i o n ,  i t  was o f t e n  u s e f u l  t o  perform a  q u i c k  s i m u l a t i o n ,  
s k i p p i n g  t h e  d e t a i l e d  modeling of t h e  s u b s u r f a c e  p o r t i o n  o f  t h e  s p i l l .  
These r u n s  were performed f o r  one o f  two reasons :  

1. The d i s t r i b u t i o n  of t h e  s u b s u r f a c e  p o r t i o n  of t h e  s p i l l  was o f  
l i t t l e  o r  no i n t e r e s t  f o r  t h e  c a s e  under  s t u d y .  

2.  Such a  run was u s e f u l  i n  de te rmin ing  t h e  mass, XMSPPR, t o  be 
a s s i g n e d  t o  t h e  marker p a r t i c l e s ,  i n  t h e  f u l l  s c a l e  s i m u l a t i o n .  Ps i n d i -  
c a t e d  i n  Chapter  I ,  t h e  t o t a l  volume of o i l  e n t r a i n e d  depends on a  number 
o f  pa ramete r s  t h a t  a r e  c o n t i n u o u s l y  changing d u r i n g  a  s i m u l a t i o n ;  hence,  
t h i s  i s  a  very d i f f i c u l t  pa ramete r  t o  p r e d i c t  p r i o r  t o  t h e  s i m u l a t i o n .  
To make f u l l  use  o f  t h e  r e s o l u t i o n  o f f e r e d  by t h e  s u b s u r f a c e  p o r t i o n  o f  
t h e  model, t h e  u s e r  g e n e r a l l y  wants  t o  u s e  a s  many marker p a r t i c l e s  a s  
a l lowed ,  2000 a s  p r e s e n t l y  c o n f i g u r e d .  To do t h i s ,  t h e  c o r r e c t  mass p e r  
p a r t i c l e ,  XMSPAK, t o  a c h i e v e  f u l l  u t i l i z a t i o n ,  must be determined p r i o r  
t o  t h e  s i m u l a t i o n .  I f  t h e  mass p e r  p a r t i c l e  i s  t o o  l a r g e ,  then  l e s s  t h a 3  
t h e  p e r m i s s i b l e  number o f  marker p a r t i c l e s  w i l l  be r e l e a s e d .  I f  XMSPAF? 
is t o o  s m a l l ,  t h e  e n t r a i n m e n t  o f  o i l  i n t o  t h e  wa te r  column w i l l  t e r m i n a t e  
p remature ly  because  t h e r e  w i l l  be no p a r t i c l e  l o c a t i o n s  a v a i l a S l e  i n  t h e  
model t o  a l l o w  f o r  t h e  e n t r a i n m e n t  o f  new p a r t i c l e s .  

Because of t h e  a p p a r e n t  need f o r  such r u n s  and t h e  s u b s t a n t i a l  sav- 
i n g s  i n  e x e c u t i o n  t ime  t h a t  r e s u l t e d  from s k i p p i n g  t h e  s o p h i s t i c a t e d  su5- 
s u r f a c e  p o r t i o n s  of t h e  model, t h e  Preview run was i n t r o d u c e d .  The 
Preview run is  invoked by s e t t i n g  t h e  run c o n t r o l  pa ramete r ,  NRUN, t o  1. 
The preview flow c h a r t  i s  shown i n  F i g u r e  3 and a  comparison wi th  t h e  
f low c h a r t  f o r  t h e  f u l l  s c a l e  s i m u l a t i o n  shown i n  F i g u r e  4 i n d i c a t e s  t h a t  
t h e  on ly  d i f f e r e n c e  between t h e  two r u n s  is  omiss ion o f  t h e  s u b s u r f a c e  
p o r t i o n  o f  t h e  s p i l l  i n  t h e  preview.  

The o u t p u t  of  a  preview run may be used a s  i n p u t  t o  t h e  p l o t t i n g  pro-  
grams e x a c t l y  a s  t h e  o u t p u t  from a  f u l l  s c a l e  s i m u l a t i o n ,  w i t h  t h e  s i n g l e  
e x c e p t i o n  t h a t  t h e  s u b s u r f a c e  d i s t r i b u t i o n  o f  t h e  s p i l l  no t  be  s p e c i -  
f i e d .  The s u r f a c e  d i s t r i b u t i o n  i s  c o r r e c t ,  i d e n t i c a l  w i t h  t h a t  r e s u l t i n g  
from a  f u l l  s c a l e  s i m u l a t i o n .  The mass b a l a n c e  i s  c o r r e c t  excep t  t h a t  
d r o p l e t s  a r e  no t  removed from t h e  w a t e r  column, s o  t h a t  t h e  f r a c t i o n  o f  
d r o p l e t s  t h a t  a r e  d e p o s i t e d  on t h e  bottom o r  t h a t  e scape  th rough  an open 
boundary,  i . e . ,  t h a t  l e a v e  t h e  wa te r  column a r e  n o t  c u r r e n t l y  s p e c i f i e d .  

For a  more d e t a i l e d  d e s c r i p t i o n  o f  a l g o r i t h m s  used i n  t h e  s u r f a c e  
r e l a t e d  p o r t i o n  o f  t h e  s p i l l ,  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  d i s c u s s i o n  of 
t h e  f u l l  s i m u l a t i o n  i n  Chapter  4. 
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CHAPTER I V .  M A I N  SIMULATION 

A.  I n t r o d u c t i o n  

Th i s  s e c t i o n  is concerned wi th  t h e  d e s c r i p t i o n  o f  t h e  o i l  s p i l l  s imu- 
l a t i o n  model. The t h e o r e t i c a l  background i s  b r i e f l y  d i s c u s s e d ,  followed 
by a d e s c r i p t i o n  o f  program f u n c t i o n s .  

The o b j e c t i v e  o f  t h e  model is  t o  perform a n  env i ronmenta l  assessment  
o f  t h e  t r e a t m e n t ,  w i t h  chemica l  d i s p e r s a n t s ,  o f  s p i l l e d  o i l .  T h i s  model, 
t h e r e f o r e ,  i s  d i r e c t e d  p r i m a r i l y  a t  t h e  o p e r a t i o n a l  c a t e g o r y  of models 
d e a l i n g  wi th  c l e a n u p  and t r e a t m e n t  a l t e r n a t i v e s .  The model emphasizes 
t h e  s u b s u r f a c e  t r a n s p o r t  o f  s p i l l e d  o i l  i n  much g r e a t e r  d e t a i l  t h a n  t h o s e  
p r e v i o u s l y  c o n s t r u c t e d  because  t h e  major r e s u l t  o f  chemical  t r e a t m e n t  i s  
t o  d i s p e r s e  t h e  s p i l l e d  o i l  i n t o  t h e  wa te r  column. The flow c h a r t  f o r  
t h e  model is shown i n  F i g u r e  4. Most p r o c e s s e s  a r e  handled i n  i n d i v i d u a l  
s u b r o u t i n e s  s o  t h a t  new a l g o r i t h m s  can  be e a s i l y  i n c o r p o r a t e d .  A more 
d e t a i l e d  d e s c r i p t i o n  of t h e  program, i ts  s u b r o u t i n e s  and v a r i a b l e s ,  a r e  
i n c l u d e d  i n  t h e  Appendices I11 and I V .  

B. I n i t i a l i z a t i o n  

The f i r s t  f u n c t i o n  performed i n  a s i m u l a t i o n  i s  t o  i n i t i a l i z e .  T h i s  
c o n s i s t s  of z e r o i n g  a number of c o u n t e r  and v a r i a b l e s ,  such  a s  mass 
b a l a n c e ,  i n  a d d i t i o n  t o  e n t e r i n g  a l l  f i x e d  run c o n t r o l  i n p u t  which t o  a 
l a r g e  ex tend  w i l l  d e f i n e  t h e  c o u r s e  o f  t h e  s i m u l a t i o n .  The d i s t i n c t i o n  
" f i x e d "  used above d e s i g n a t e s  run c o n t r o l  pa ramete r s  t h a t  a r e  e n t e r e d  
once and remain unchanged f o r  t h e  r e s t  of  t h e  s i m u l a t i o n .  They comprise  
two groups  of v a r i a b l e s ,  t h o s e  e n t e r e d  i n  t h e  main program which c o n t r o l  
t h e  o v e r a l l  s i m u l a t i o n  (number of t i m e  s t e p s ,  d e v i c e  numbers from which  
env i ronmenta l  d a t a  i s  t o  be r e a d ,  e t c . )  a s  w e l l  a s  t h e  p a r a m e t e r i z a t i o n  
o f  a l l  s u r f a c e  r e l a t e d  phenomena and t h o s e  which de te rmine  t h e  parameter-  
i z a t i o n  of  t h e  s u b s u r f a c e  phenomena. A l l  i n p u t  p a r a m e t e r s ,  a s s o c i a t e d  
fo rmats  and t h e  o r d e r  i n  which they  a r e  i n p u t  a r e  d e s c r i b e d  i n  d e t a i l  i n  
Appendix I. 

If  t h i s  run is  t o  c o n t i n u e  a s i m u l a t i o n  begun i n  a p r e v i o u s  r u n ,  t h e  
n e x t  s t e p  is t o  read  t h e  r e s t a r t  d a t a  s e t .  The pa ramete r  NSTRT i s  used 
t o  s p e c i f y  a r e s t a r t ,  b e i n g  1 if i t  is  a c o n t i n u a t i o n  and 0 i f  t h e  run is  
t o  b e g i n  from s c r a t c h .  NSTRT e q u a l  t o  1 r e q u i r e s  t h a t  a p r e v i o u s  run 
o u t p u t  a l l  of  t h e  r e s t a r t  v a r i a b l e s  t o  d i s k .  The r e s t a r t  d a t a  s e t  con- 
t a i n s  t h e  v a r i a b l e s  which d e f i n e  t h e  s p i l l  a t  a n  i n s t a n t  i n  t ime  w i t h  
such  a s  t h e  s p i l l e t  s i z e  and l o c a t i o n ,  d r o p l e t  p r o p e r t i e s  and l o c a t i o n ,  
mass b a l a n c e  and any ongoing c l e a n u p  o r  t r e a t m e n t  e f f o r t s  a t  t h a t  s t e p .  
I t  a l s o  r e t a i n s  t h e  p r i n t  pa ramete r s  which c o n t r o l  t h e  o u t p u t  d a t a  
s t r e a m ,  how much o u t p u t  and where i t  i s  t o  be w r i t t e n .  For  a r e s t a r t e d  
run ,  t h e  program w i l l  a l s o  r e a d  a l l  o f  t h e  s t o r e d  o u t p u t  d a t a  s e t s  up t o  
t h e  r e s t a r t  s t e p .  T h i s  p e r m i t s  t h e  u s e  of t h e  o r i g i n a l  o u t p u t  d a t a  sets. 

The .program t h e n  r e a d s  t h e  bathymetry and computa t iona l  Fell g r i d s  a s  
w e l l  a s  t h e  s h o r e l i n e  d a t a  p o i n t s .  Because t h e  d r o p l e t  p o s i t i o n s  a r e  
d e f i n e d  wi th  r e s p e c t  t o  t h e  b a t h y m e t r i c  g r i d ,  t h i s  g r i d  canno t  be changed 
i n  t h e  middle  o f  a rcm. T h i s  i s  why t h e s e  g r i d s  a r e  r e a d  p r i o r  t o  t h e  
commencement o f  t h e  i t e r a t i o n  i n  t ime.  



The i t e r a t i o n  i n  t ime  now beg ins .  The f i r s t  f u n c t i o n  performed a t  
each  t ime  s t e p  is  t o  read i n  t h e  s t e p  c o n t r o l  pa ramete r s .  These par'am- 
e t e r s  i n d i c a t e  whether o r  no t  new env i ronmenta l ,  s p i l l  o r  c l eanup  
response  d a t a  a r e  t o  be i n p u t  i n  t h i s  t ime  s t e p .  Any o f  t h e  environmen- 
t a l  o r  s p i l l  c o n t r o l  d a t a  s e t s  excep t  t h e  d e f i n i t i o n  of computa t iona i  
c e l l s ,  . t h e  bathymetry and t h e  s h o r e l i n e ,  wind, t e m p e r a t u r e ,  s e a  s t a t e ,  
t i d a l  v e l o c i t y ,  mechanical  c l eanup  e f f o r t s ,  chemical  t r e a t m e n t  e f f o r t s  
and newly s p i l l e d  o i l  may be read  i n  a t  any t ime  s t e p .  Cleanup and 
t r e a t m e n t  e f f o r t s  c a n  o v e r l a p  i n  t i m e .  and space  and g r i d s  can  change 
o r i e n t a t i o n  and s p a c i n g  from one t ime  s t e p  t o  t h e  n e x t .  Th i s  a l l o w s  f o r  
easy  i n s e r t i o n  o f  d i f f e r e n t  r e s o l u t i o n  d a t a  such a s  from two s a t e l l i t e s  
w i t h  d i f f e r e n t  s p a t i a l  r e s o l u t i o n s  o r  d i f f e r e n t  o r b i t a l  i n c l i n a t i o n s .  

I f  t h i s  is  a  r e s t a r t e d  ..run,- and t h e  p r e v i o u s  run ended on an e r r o r ,  
t h e  program e n t e r s  a t  t h i s  po in t .  a  l o o p  which r e a d s  a l l  o f  the '  c o n t r o l  
p a r a m e t e r s ,  environmental  g r i d s  and c l e a n u p l t r e a t m e n t  e f f o r t s  up t o  t h e  
p o i n t  where t h e  p r e v i o u s  run s t o p p e d .  . Normal t e r m i n a t i o n  a t  a  run  a l s o  
r e s u l t s  i n  t h e  a p p r o p r i a t e  d a t a  be ing  w r i t t e n  t o  t h e  r e s t a r t  d a t a  s e t .  
The u s e r  must s p e c i f y  i f  t h e  r e s t a r t e d  . r u n  i s  t o  use  t h e  p r e v i o u s  o u t p u t  
d a t a  s e t s  o r  u s e  a  new group of d a t a  s e t s .  Th i s  i s  done by t h e  use  o f  
t h e  pa ramete r  NSTFN. Th i s  pa ramete r  i n d i c a t e s  whether t o  u s e  t n ?  
p r e v i o u s  d a t a  s e t s  (NSTFN=l) o r  t o  use  new d a t a  s e t s  (NSTFN=O). The u s e r  
must ,  howeve'r, i n  t h i s  c a s e . s u p p l y  new i n p u t  and o u t p u t  d a t a  s e t s .  

C. S u r f a c e  Processes  

The program t h e n  e x e c u t e s  t h e  a l g o r i t h m s  d e a l i n g  wi th  t h e  s u r f a c e  
r e l a t e d  p r o c e s s e s  ( s e e  F i g u r e  5 ) .  Each p r o c e s s  i s  d e a l t  wi th  by a  d i f -  
f e r e n t  s u b r o u t i n e  and a l l  a r e  . c a l l e d  from one s u b r o u t i n e .  T h i s  suhrou- 
t i n e  l o o p s  o v e r  a l l  s p i l l e t s  performing a l l  . s u r f a c e  r e l a t e d  computat ion 
on one b e f o r e  moving on t o  t h e  nex t .  I f  a  s p i l l e t  moves t o  t h e  edge of  
t h e  s t u d y  a r e a , ,  i t  is  taken  o u t  o f  t h e  l o o p  s o  t h a t  no f u r t h e r  p r o c e s s e s  
w i l l  a f f e c t  i t .  The f i r s t  s u r f a c e  p r o c e s s e s  d e a l t  wi th  a r e  t h o s e  r e l a t e d  
t o  c l e a n u p  o r  chemical  t r e a t m e n t  e f f o r t s  on t h e  s p i l l e t .  The v a r i a b l e s  
used f o r  t h i s ,  such a s  e f f i c i e n c y ,  d i s p e r s a n t  r a t e ,  e t c . ,  have been 
o b t a i n e d  th rough  i n p u t  and a r e  d e s c r i b e d  i n  Appendix I .  These e f f o r t s  
a r e  execu ted  i n  t h e  s u b r o u t i n e s  TREAT and CLNUP ( s e e  Appendix I V  f o r  a  
d e s c r i p t i o n ) .  

The s p i l l e t  i s  then  l o c a t e d  w i t h i n  each  o f  t h e  environmental  g r i d s .  
T h i s  is done f o r  two r e a s o n s .  F i r s t ,  i t  d e t e r m i n e s  i f  t h e  s p i l l e t  i s  
w i t h i n  t h e  g r i d .  If  t h e  s p i l l e t  is  o u t s i d e  of one g r i d ,  it i s  c o n s i d e r e o  
t o  be  o u t  o f  t h e  s t u d y  a r e a  and i t  is  removed from t h e  loop .  I f  t h e  g r i a  
is a  s i n g l e  p o i n t ,  it c o v e r s  t h e  e n t i r e  two d imens iona l  p l a n e  and t h e  
s p i l l e t  w i l l  never  l e a v e  t h i s  g r i d .  Second, t h e  environmental  v a r i a b l e s  
a r e  averaged o v e r  t h e  s p i l l e t .  Th i s  is  done by averag ing  t h e  v a l u e s  a t  
a l l  o f  t h e  g r i d  l o c a t i o n s  t h a t  t h e  s p i l l e t  c o v e r s .  Some v a l u e s  such a s  
d e p t h  a r e  n o t  used c u r r e n t l y  b u t  t h e  average  wind v e l o c i t y  i s  used f o r  
e v a p o r a t i o n ,  en t ra inment  and d r i f t i n g  and t h e  average  c u r r e n t  2s used f o r  
d r i f t i n g .  See  s u b r o u t i n e  LOC8 i n  Appendix I11 f o r  a  d e t a i l e d - d e s c r i p t i o n  
o f  t h e  l o c a t i o n  procedure .  

The n a t u r a l  en t ra inment  of mass and t h e  c r e a t i o n  o f  marker p a r t i c l e s ,  
is  performed n e x t .  The amount o f  n a t u r a l l y  e n t r a i n e d  o i l  i s  determine0 
from t h e  Audunson e t  a l .  (1979) f o r m u l a t i o n .  An e x p o n e n t i a l  decay i s  
added t o  Audunson's model t o  s i m u l a t e  t h e  d e c r e a s e  i n  t h e  amount o f  o i l  
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e n t r a i n e d  due t o  wea the r ing .  See  s u b r o u t i n e  ENTMPS, i n  Pppendix IV, f o r  
a  d e t a i l e d  d i s c u s s i o n  o f  t h i s  c a l c u l a t i o n .  The amount o f  mass n a t u r a l l y  
e n t r a i n e d  is  combined w i t h  t h e  mass d i s p e r s e d  i n t o  t h e  w a t e r  column dur-  
i n g  chemical  t r e a t m e n t  and t h e  number o f  p a r t i c l e s  c r e a t e d  i s  determined 
by d i v i d i n g  t h e  e n t r a i n e d  mass by XMSPPR, t h e  mass p e r  p a r t i c l e ,  a  u s e r  
s u p p l i e d  pa ramete r  ( s e e  Pppendix I ) .  The p a r t i c l e s  a r e  t h e n  d i s t r i b u t e 0  
i n  an  ad  hoc manner ( d e s c r i b e d  i n  t h e  Pppendix IV) by s u b r o u t i n e s  E N T R N  
and INJECT. Gross ly  they  a r e  d i s t r i b u t e d  a t  random benea th  t h e  s p i l l e t .  

The n e x t  p r o c e s s  addressed  i s  s p r e a d i n g .  Th i s  i s  done u s i n g  t h e  
s imple  t h r e e  regime mechanism proposed by FAY (1969) .  There is  a  , s l i g h t  
m o d i f i c a t i o n  t o  t h e  Fay procedure  i n  t h a t  t h e  e f f e c t i v e  r e l e a s e  t ime  f o r  
a  g i v e n  s p i l l e t  i s  a  v a r i a b l e  t h a t  c a n  change d u r i n g  t h e  e v a l u a t i o n  . of 
t h e  s p i l l e t .  T h i s  is  d e s c r i b e d  i n  t h e  Appendix IV f o r  s u b r o u t i n e  SPREAD 
and is  n e c e s s i t a t e d  by t h e  requirement  t h a t  o i l  may be  added t o  o r  
removed from a  s p i l l e t  o r  i t s  i n t e r f a c i a l  t e n s i o n  may be changed w i t h  
t ime  . 

O i l  i s  t h e n  evapora ted  from t h e  s p i l l e t  u s i n g  t h e  method developed by 
Wang, Yang and Hwang (1976) .  (See  Pppendix I11 s u b r o u t i n e  EVPPOR 8) .  
The Wang, e t .  a l .  f o r m u l a t i o n  r e q u i r e s  t h a t  t h e  o i l  be d i v i d e d  i n t o  e i g h t  
components, t h e  f r a c t i o n  by weight o f  each component be ing  s u p p l i e d  by 
t h e  u s e r .  These f r a c t i o n s  a r e  g iven  f o r  s e v e r a l  c rude  o i l s ,  a  No. 2 f u e l  
and Bunker C o i l  i n  Pppendix IX. 

Fol lowing t h e  e v a p o r a t i o n ,  t h e  s u r f a c e  s l i c k s  a r e  a a v e c t e d .  T h i s  i s  
done u s i n g  t h e  t i d a l  c u r r e n t s  p l u s  ( v e c t o r i a l l y )  3.5 p e r c e n t  o f  t h e  wind 
speed ( s e e  S u b r o u t i n e  SURDFT). 

D. S u b s u r f a c e  P r o c e s s  

The s u b s u r f a c e  p r o c e s s e s  (which a r e  a g a i n  c a l l e d  from one s u b r o u t i n e )  
a r e  now performed (See  F i g u r e  6 ) .  The impor tan t  f e a t u r e  o f  t h e  subsur -  
f a c e  p o r t i o n  of  t h e  model i s  t h e  mixed Eu le r i an-Lagrang ian  c o o r d i n a t e  
sys tem.  The E u l e r i a n  c o o r d i n a t e  sys tem i s  t h e  one on which t h e  t i d a l  
c u r r e n t s ,  t h e  bathymetry and t h e  . c o m p u t a t i o n a l  c e l l s  a r e  d e f i n e d .  The 
Lagrangian c o o r d i n a t e  system i s  t h e  one on which t h e  o i l  d r o p l e t  concen- 
t r a t i o n  i s  d e f i n e d  and is  p a r a l l e l  t o  and c o n t a i n e d  w i t h i n  t h e  E u l e r i a n  
bathymetry sys tem.  Th i s  system expands and t r a n s l a t e s  s o  a s  t o  a lways  
i n c l u d e  a l l  p a r t i c l e s .  V a r i a b l e s  d e f i n e d  on t h e  E u l e r i a n  sys tem a r e  
i n t e r p o l a t e d  t o  t h e  Lagrangian system. The Lagrangian sys tem a l s o  a l l o w s  
f o r  a  c o o r d i n a t e  t r a n s f o r m a t i o n  on z,  t h e  v e r t i c a l  v a r i a b l e ,  such  t h a t  
t h e  wa te r  column a t  eve ry  h o r i z o n t a l  node is  d i v i d e d  i n t o  t h e  same number 
o f  e q u a l l y  spaced l a y e r s .  T h i s  means t h a t  a s  t h e  wa te r  becomes shal low- 
er ,  t h e  v e r t i c a l  g r i d  s p a c i n g  becomes s m a l l e r ,  t h u s  keeping t h e  same 
r e l a t i v e  v e r t i c a l  r e s o l u t i o n .  

P r i o r  t o  d i f f u s i n g  and a d v e c t i n g  t h e  marker p a r t i c l e s  i n  t h e  wa te r  
column, t h e  Lagrangian sys tem must be  e s t a b l i s h e d .  T h i s  is  done by 
l o c a t i n g  t h e  ext remes i n  x and y of  t h e  p a r t i c l e  p o s i t i o n s  and t h e n  add- 
i n g  a  b u f f e r  t o  t h e s e  ext remes.  T h i s  d e f i n e s  t h e  edges  o f  t h e  Lagrangian 
g r i d .  The g r i d  spac ing  is determined by d i v i d i n g  t h e  d i s t a n c e  between 

a t h e  edges  o f  t h e  g r i d  by t h e  number of g r i d  e l e m e n t s .  ( s e e  s u b r o u t i n e  
GRIDEX). Th i s  p r o c e s s  i s  r e p e a t e d  each  t ime  s t e p  s o  t h a t  t h e  d r o p l e t s  
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never leave  t h i s  g r i d .  The program then checks t h e  l o c a t i o n  o f  the  drop- 
l e t s  w i t h  respect  t o  t h e  computat ional  c e l l  g r i d  (see subrou t ine  BOUNV) 
and performs any necessary opera t ions  (e.g. depos i t s  d r o p l e t s  on bottom 
o r  on shore) .  The concen t ra t i ons  a re  c a l c u l a t e d  a t  each of  t h e  f l o a t i n g  
g r i d  l o c a t i o n s  (see subrou t ine  CONC). Because t h e  number o f  p a r t i c l e s  
e n t r a i n e d  i n  t he  f i r s t  few t ime s teps may be very sma l l  (say 100) and the  
concen t ra t i on  d i s t r i b u t i o n  c a l c u l a t e d  under such circumstances might be 
s t a t i s t i c a l l y  uns tab le ,  t h i s  subrou t ine  (COW) is on l y  c a l l e d  if a min i -  
mum number of p a r t i c l e s  ( s e t  by i n p u t  parameter NCRIT) i s  exceeded. The 
nex t  s tep  i s  t o  i n t e r p o l a t e  t h e  f i x e d  g r i d s  vs lues  o f  t i d a l  h e i g h t ,  depth 
and c u r r e n t s  on to  t h e  f l o a t i n g  g r i d  (see subrou t ine  VELCT). Then, the  
d i f f u s i o n  v e l o c i t i e s  a t  each Lagrangian g r i d  l o c a t i o n  a r e  c a l c u l a t e d  and 
added t o  t he  advec t i ve  terms. The p a r t i c l e s  a re  moved accord ing t o  these 
v e l o c i t i e s  (see sub rou t i ne  DISPV). The l a s t  s t ep  i n  t h e  subsurface sec- 
t i o n  i s  t o  ou tpu t  a l l  requested subsurface i n fo rma t i on  (see subrou t ine  
PRINT and ou tpu t  parameters KPRTU, KPRTC, KPFITP, NPRU, NPRC and NPRP i n  
Appendix I ) .  The ou tpu t  may go t o  paper and/or d i s k  data se ts ,  t he  
l a t t e r  be ing  used as i n p u t  t o  t h e  p l o t t i n g  program. The s tep  i n t e r v a l s  
f o r  such ou tpu t  i s  c o n t r o l l e d  by a group of  parameters i n p u t  a t  t h e  
beg inn ing  o f  t h e  run.  The da ta  ou tpu t  i n  PRINT a re  t h e  concen t ra t i on  
g r i d ,  t he  p a r t i c l e  p o s i t i o n  a r ray  and t h e  advec t i ve  p l u s  d i f f u s i v e  ve loc-  
i t y  Lagrangian g r i d .  If t h e  concen t ra t i on  was n o t  c a l c u l a t e d  p r e v i o u s l y  
( i . e . ,  if the  number o f  p a r t i c l e s  i s  l e s s  than  NCRIT), a new Lagrangian 
g r i d  i s  created,  t h e  boundaries a re  checked and t h e  concen t ra t i on  i s  
c a l c u l a t e d  f o r  p r i n t o u t .  Th is  te rmina tes  t h e  subsurface p o r t i o n  o f  t he  
s i m u l a t i o n  f o r  t h e  c u r r e n t  t ime s tep.  

E. S p i l l  Over lap, Mass Balance and Res ta r t  Output 

The nex t  f u n c t i o n  o f  t h e  main program i s  t o  add any s p i l l e t s  which 
over lap  by a c e r t a i n  percentage ( I n p u t  parameter COMB) and a l s o  w r i t e  t h e  
mass balance t o  paper and/or d i s k .  The f i n a l  s tep  i s  t o  save the  r e s t a r t , .  
v a r i a b l e s  i f  t h i s  s t e p  i s  an even, m u l t i p l e  o f  NSUMM, t h e  ou tpu t  i n t e r v a l  
f o r  t he  r e s t a r t  da ta  s e t .  



CHAPTER V REFORMATTING AND PLOTTING PROGRAMS 

P series of programs c a p a b l e  of r e f o r m a t t i n g  and p l o t t i n g  t h e  r e s u l t s  
of  a  s i m u l a t e d  s p i l l  have been w r i t t e n  t o  accompany t h e  o i l  s p i l l  model. 
The r e l a t i o n s h i p  between each o f  t h e  programs i n  t h e  o u t p u t  and t h e  d a t a  
o u t p u t  from t h e  model is  shown i n  F i g u r e  7. There a r e  t h r e e  p o s s i b l e  
p l o t t e d  o u t p u t s  o f  d a t a  r e s u l t i n g  from a  s i m u l a t i o n .  

i. Mass b a l a n c e  v e r s u s  t i m e  (program PLOTMASS) 

ii. The a r e a l  e x t e n t  of  t h e  s u b s u r f a c e  o i l  exceeding a  g iven  concen- 
t r a t i o n  and t h e  a r e a l  e x t e n t  of  t h e  s u r f a c e  s l i c k  g r e a t e r  t h a n  a  
g iven  t h i c k n e s s ,  bo th  a s  a  f u n c t i o n  o f  t ime  (program PLOTAREA) 

iii. The s p a t i a l  d i s t r i b u t i o n  of bo th  s u b s u r f a c e  and s u r f a c e  o i l  a t  a  
g iven  i n s t a n t  i n  t ime  (program PLOTMPP). 

Ps  i n d i c a t e d  i n  F i g u r e  7 ,  t h e  d a t a  o u t p u t  t o  d i s k  by t h e  s i m u l a t i o n  model 
i s  i n  t h e  c o r r e c t  format  f o r  d i r e c t  i n p u t  t o  t h e  mass b a l a n c e  p l o t t i n g  
program. Both o f  t h e  o t h e r  p l o t s ,  on t h e  o t h e r  hand, r e q u i r e  a t  l e a s t  
one  i n t e r m e d i a t e  program t o  work t h e  model o u t p u t  d a t a  i n t o  an a p p r o p r i -  
a t e  form f o r  i n p u t  t o  t h e  p l o t t i n g  r o u t i n e s .  I n  p a r t i c u l a r ,  a l though  t h e  
c o n c e n t r a t i o n  d i s t r i b u t i o n  i s  o u t p u t  a l o n g  w i t h  t h e  o t h e r  o u t p u t  param- 
e t e r s ,  i t  may be d e s i r a b l e  t o  r e c a l c u l a t e  t h e  c o n c e n t r a t i o n  d i s t r i b u t i o n  
on a  g r i d  d i f f e r e n t  t h a n  t h e  Lagrangian g r i d  o f  t h e  model. Th i s  i s  done 
by t h e  program PARTICLE f o r  t h o s e  t i m e s  i n  which sub-sur face  p a r t i c l e  
p o s i t i o n s  were o u t p u t  t o  d i s k .  P r i o r  t o  i n p u t  i n t o  e i t h e r  PLOTAREL, 
PLOTMPP o r  CHECCIATA, t h e  c o n c e n t r a t i o n  g r i d  d a t a ,  a s  w e l l  a s  t h e  s p i l l e t  
d a t a ,  must be passed  th rough  t h e  r e f o r m a t t i n g  program DATAOUT. Th i s  s t e p  
i s  execu ted  a f t e r  r e c a l c u l a t i o n  of t h e  c o n c e n t r a t i o n  g r i d  ( i f  performed) 
a s  i n d i c a t e d  i n  F i g u r e  7. 

Once t h e  d a t a  h a s  been r e f o r m a t t e d ,  i t  may be v e r i f i e d  by t h e  program 
CHECOATA o r  p l o t t e d  by PLOTAREA o r  PLOTMAP. 

Each o f  t h e  programs o u t l i n e d  i n  F i g u r e  7  a r e  b r i e f l y  d e s c r i b e d  
below. A l l  p l o t t i n g  programs make u s e  o f  a  CALCOMP P l o t t e r  w i t h  s t a n d a r d  
Calcomp s u b r o u t i n e  c a l l s .  The d e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  programs 
a r e  i n c l u d e d  i n  Appendix V I . '  

A .  PLOTMASS 

The flow c h a r t  f o r  t h e  program PLOTMASS is  i n c l u d e d  i n  F i g u r e  8. 
There  a r e  two s e t s  of  i n p u t  t o  t h i s  program; mass d a t a  o u t p u t  by t h e  
s i m u l a t i o n  model and p l o t  c o n t r o l  pa ramete r s  d e f i n e d  by t h e  u s e r .  These 
a r e  i n p u t  a s  shown i n  F i g u r e  8. As i n d i c a t e d  i n  t h e  F i g u r e ,  t h e  u s e r  may 
p l o t  t h e  o u t p u t  o f  s e v e r a l  d i f f e r e n t  s i m u l a t i o n s  i n  one run o f  PLOTMASS, 
o r  s / h e  may p l o t  s e v e r a l  d i f f e r e n t  mass b a l a n c e  p l o t s  f o r  t h e  same simu- 
l a t e d  s p i l l .  The p l o t  c o n t r o l  pa ramete r s  s p e c i f y ,  among o t h e r  t h i n g s ,  
t h e  v a r i o u s  mass q u a n t i t i e s  (a tmosphere ,  s u r f a c e ,  e t c . - )  t o  -be p l o t t e d .  
F i n a l l y ,  t h e  program a l l o w s  t h e  d a t a  from two s e p a r a t e  s i m u l a t i o n s  t o  be 
p l o t t e d  on t h e  same graph f o r  comparison.  



F i g u r e  7 .  Overv iew o f  Ou tpu t  Program Sequence 

Output  f o r  S i m u l a t i o n  

1 

R e g r i d  C o n c e n t r a t i o n  
(PARTICLE) 

J A . 
P l o t  mass ve rsus  t i m e  

( PLOTMASS) 
-c 

v 
Reformat Data 

( DATAOUT ) 

7 \' 

- 

L' V v 
Check d a t a  I (CHICDATA) I P l o t  a r e a l  e x t e n t  P l o t  a  map o f  t h e  1 v e r i u s  t i m e  / a r e a l  d i s t r i b u t i o n  / 

(PLOTAREA) ( PLOTMAP) 



P LOTMASS 

1 I n i t i a l i z e  I 

Read i n  Mass - 
fRead  P l o t  Control  "Parameters  I 

I I 

Figure 8. F1 ow C h a r t  ' f o r  Program PLOTMASS 



8. PARTICLE 

As i n d i c a t e d  above, t h i s  program i s  used t o  c a l c u l a t e  t h e  concentra- 
t i o n  d i s t r i b u t i o n  on a  g r i d  d i f f e r e n t  from t h e  Lagrangian g r i d  s e t  up-by 
t h e  model. I t  requ i res ,  as i n p u t ,  t h e  p a r t i c l e  p o s i t i o n s  ou tpu t  by the  
s i m u l a t i o n  model, as w e l l  as those parameters r e q u i r e d  t o  de f ine  t h e  ned 
g r i d .  The user  supp l i es  t he  l a t t e r .  The f l ow  c h a r t  f o r  t h e  p r o g r m  
PARTICLE, i s  shown i n  F igu re  9. The r o u t i n e s  i n  t h i s  program t h a t  per-  
form the  r e q u i r e d  c a l c u l a t i o n s  have been ex t rac ted  d i r e c t l y  from t h e  main 
program, hence, perform the  c a l c u l a t i o n s  i n  e x a c t l y  t he  same fashion. 

C. DATAOUT 

Th is  program serves four  func t ions .  F i r s t ,  i t  compresses t h e  data 
ou tpu t  by t h e  o i l  s p i l l  model. Second, i t  i n t e g r a t e s  t he  sur face anci 
subsurface data se t s  i n t o  one da ta  s e t  f o r  i n p u t  t o  t he  p l o t t i n g  p ro -  
grams. Th i rd ,  i t  performs c u t s  on b o t h  t ne  sur face  a i s t r i b u t i o n ,  by 
th ickness ,  ana on t he  subsurface d i s t r i b u t i o n ,  by concen t ra t ion .  Four th ,  
i t  reads p a r t i c l e  p o s i t i o n  data,  ( i f  requested) t o  be used by t he  program 
CHECDATA i n  v e r i f y i n g  t h e  ou tpu t  of  t he  s imu la t i on .  The o v e r a l l  opera- 
t i o n  of  t h i s  program i s  o u t l i n e d , i n  t h e  f l o w  c h a r t  shown i n  F igu re  10. 

0 .  CHECDATA 

This  program s imply  reads t h e  ou tpu t  o f  DATAOUT and p r i n t s  i t  i n  an 
easy t o  read fash ion f o r  qu ick  v e r i f i c a t i o n .  ,The execu t ion  o f  t h i s  p ro -  
gram i s  - n o t  r e q u i r e d  t o  . p l o t  t he  data.  ' 

. . . , 

. . 
E. PLOTAREA 

The program PLOTAREA, see F igu re  11 f o r  i t s  f l ow  c h a r t ,  i s  used t o  
p l o t  t he  a r e a l  ex ten t  o f  the ,  sur face and suSsurface d i s t r i b u t i o n .  I t  
reads t he  data ou tpu t  by DPTAOLJT from which the  a r e a l  q u e ~ t i t i e s  a re  
c a l c u l a t e d .  I n  t h e  c a l c u l a t i o n  f o r  t h e  area covered by t he  s p i l l e t s ,  no 
at tempt  i s  made t o  account f o r  t h e  ove r l ap  o f  s p i l l e t s ,  hence, t h e  a r e a l  
ex ten t  of  sur face o i l  w i l l  be overest imated if t h e r e  i s  o v e r l a p . '  The 
user  may e l e c t  t o  p l o t  f o r  one s i m u l a t i o n  on ly  t he  sur face arld/or t h e  
subsurface. O r ,  s/he may e l e c t  t o  p l o t  t h e  ou tpu t  o f  two d i f f e r e n t  simu- 
l a t i o n s  on t h e  same p l o t  f o r  comparison. 

F. PLOTMAP 

The program, PLOTMAP, shown i n  t h e  f l ow  c h a r t  o f  F i g u r e  12, a l l ows  
t h e  user  t o  p l o t  a  map o f  t he  s p i l l ,  showing b o t h  t h e  su r f ace  and subsur- 
face d i s t r i b u t i o n  o f  o i l .  Using t he  surface/subsurface da ta  s e t  ou tpu t  
by DATAOUT. I n  a d d i t i o n ,  t h i s  program r e q u i r e s  a  s e t  o f  c o n t r o l  param- 
e t e r s  t h a t  de f ine  t he  p l o t s  t o  be performed. There i s  a  t h i r d  o p t i o n a l  
i n p u t  da ta  s e t  and t h a t  i s  t h e  sho re l i ne .  The 'user  may e l e c t  t o  p l o t  the  
sur face and/or t he  subsurface on a  s i n g l e  pl'ot a t  a ' g i v e n  i n s a n t  i n  t ime 
o r  s/he may e l e c t  t o  p l o t  on a  s i n g l e  p l o t  these q u a n t i t i e s  a t  a  number 
of d i f f e r e n t  t imes.  The user  may a l s o  spec i f y  t h e  t imes  a t  which such 
p l o t s  a re  t o  be performed, as l o n g  as sur face and/or sub-surface da ta  was 
ou tpu t  by t h e  main s i m u l a t i o n  a t  these t imes.  The r e a l  use o f  t h i s  
parameter i s  i n  l i m i t i n g  t he  p l o t t i n g  o u t p d  i n  t h e  case where, say maps 
f o r  t h e  10, 20 and 30 day o f  a  30 day s p i l l  a re  des i red ,  b u t  t he  model 
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Figure 9 .  Flow Chart f o r  Program P A R T I C L E  
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F i q u r e  12. Flow Char t  f o r  Program PLOTMAP 
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outputs  s u f f i c i e n t  data t o  generate maps every day. Pgain, the  user must 
remember t h a t  on ly  t h e  . s p i l l e t s  exceeding the  th ickness def ined i n  
DPTPOUT and t h e  reg ion i n  which the  concentrat ion exceeds the  l e v e l  a l so  
defined i n  DPTPOUT, w i l l  be p lo t ted .  To ob ta in  maps o f  lower concentra- 
t i o n  values, DPTAOUT must be rerun. As i n  the  case of PLOTPREP and 
PLOTMPSS, two s imu la t i on  runs may be compared on one map. 

. . 
. . 

. . 



APPENDIX I :  I n p u t  Pa ramete r s  and Formats f o r  t h e  Preview Run and t h e  Main 
S i m u l a t i o n  

A .  Environmental  V a r i a b l e s  

I n p u t  Data Format 

I n  Chapter  11 GRIDS, a  program t h a t  w i l l  format environmental  d s t a  
f o r  i n p u t  t o  t h e  main programs is  d e s c r i b e d .  For  t h e  u s e r  who e l e c t s  no t  
t o  use  t h i s  program, t h e  format s t r u c t u r e  o f  t h e  environmental  d a t a  i s  
d e s c r i b e d  h e r e .  F i r s t ,  t h e  g r i d  name and d e f i n i t i o n  is  i n p u t .  S p e c i f i -  
c a l l y ,  t h e  v a r i a b l e s  NAM, V A R 1 ,  UNITS1, VAR2, and UNITS2 a r e  r ead  unfor -  
mat ted  o r  w i t h  t h e  format (13A4). See  Table  1-1 f o r  a  d e s c r i p t i o n  o f  
each v a r i a b l e .  The name of t h e  g r i d  e n t e r e d  i n  NAM must be e x a c t l y  a s  
g i v e n  i n  Table  3 (Chap te r  2 )  and must be l e f t  j u s t i f i e d .  The n e x t  log-  
i c a l  i n p u t  r ecord  c o n t a i n s  I M A X ,  B A X ,  A N G L E ,  XL, YL, XS, YS, UNITS3, 
a g a i n  e i t h e r  unformat ted  o r  wi th  format :  

F i n a l l y . t h e  g r i d  i t s e l f  i s  read i n .  Again t h e  o p t i o n  is e i t h e r  unfor -  
mat ted  o r  fo rmat ted .  I n  t h e  unformat ted  c a s e ,  t h e  e n t i r e  g r i d  is  read i n  
a s  one l o g i c a l  r e c o r d ,  t h e  impl ied  do l o o p  on X ( e a s t  t o  w e s t )  t h e n  on Y 
( s o u t h  t o  n o r t h ) .  If  t h e  g r i d  c o n t a i n s  two pa ramete r s ,  e . g . ,  u  and v ,  
two l o g i c a l  r e c o r d s  a r e  r e q u i r e d ,  one f o r  each pa ramete r .  Some g r i d s  a r s  
r e a l  and some i n t e g e r .  (See  Table 3, Chapter  2 ,  f o r  a  d e f i n i t i o n  o f  
which a r e  r e a l  and which a r e  i n t e g e r ,  a s  w e l l  a s  which a r e  two pa ramete r s  
and which a r e  on ly  one) .  For t h e  c a s e  i n  which t h e  g r i d  i s  r e a l  ana  i s  
t o  be f o r m a t t e d ,  t h e  format i s :  

Each row b e g i n s  a  new l o g i c a l  r e c o r d  and i s  read from l e f t  t o  r i g h t  (west  
t o  e a s t )  s t a r t i n g  a t  t h e  lowes t  y  o r  southernmost  row of  t h e  g r i a  and 
moving up. For two parameter'  a r r a y s ,  f i r s t  t h e  e n t i r e  a r r a y  f o r  one 
pa ramete r  i s  read and then  t h e  secona pa ramete r  i s  read wi th  e x a c t l y  t h e  
same forma t . 

For i n t e g e r  variables, t h e  f a s h i o n  i n  which t h e  d a t a  i s  read  i s  t,he 
same, on ly  t h e  format d i f f e r s .  

(1514) r e p l a c e s  (10F6.2) 

Table  1-2 p r e s e n t s  t h e  read s t a t e m e n t s  a s  they  a p p e a r  i n  A R A Y I N .  

B. O i l s p i l l  V a r i a b l e s  

1. General  D e s c r i p t i o n  

As d i s c u s s e d  i n  Chapter  I ,  s p i l l e d  o i l  i s  r e p r e s e n t e d  i n - t h e  s imula-  
t i o n  e i t h e r  a s  s p i l l e t s ,  c i r c u l a r  pudd les  o f  o i l  on t h e  s u r f a c e ,  o r  drop- 
le ts ,  r e p r e s e n t a t i v e  d r o p l e t s  o f  o i l  i n  t h e  wa te r  column. I n  i t s  p r e s e n t  
c o n f i g u r a t i o n ,  on ly  s p i l l e t s  may be  d e f i n e d  by t h e  u s e r .  D r o p l e t s  a r e  
e i t h e r  d e f i n e d  by t h e  program o r  r ead  i n  under t h e  r e s t a r t  c a p a b i l i t y ,  
but  t h e  u s e r  does  n o t  have easy  a c c e s s  t o  t h i s  means of e n t e r i n g  d a t a .  



TABLE 1-1 

Fo m a  t D e s c r i p t i o n  V a r i a b l e  

NAM (3) Name o f  i n p u t  g r i d  used f o r  p r i n t -  
o u t .  These must be  e x a c t l y  a s  
w r i t t e n  i n  Table  111, Chapter I 
under Title. 

Name o f  t h e  first v a r i a b l e  o f  t h e  
g r i d ;  used f o r  p r i n t o u t .  

Dimensions o f  t h e  f i r s t  v a r i a b l e  
used f o r  p r i n t o u t .  ( m e t e r ,  degrees  
p e r l s e c .  , e t c .  ) 

Name of second v a r i a b l e  of t h e  g r i d .  

Dimensions of t h e  second 
v a r i a b l e .  

I M A X  Number of e l ements  i n  t h e  x 
d i r e c t i o n .  

JMPX Number o f  e l ements  i n  t h e  y 
d i r e c t i o n .  

ANGLE Pngle  measured from l i n e s  of 
c o n s t a n t  l a t i t u d e  t o  t h e  p o s i t i v e  
x -ax i s  o f  t h e  g r i d  i n  t h e  c o u n t e r -  
c lockwise  d i r e c t i o n  ( d e g r e e s ) .  

Locat ion o f  t h e  ( 1 , l )  e lement  o f  
t h e  g r i d  (Longi tude and L a t i t u d e ) .  

XL , YL 

XS, YS Spacing between g r i d  l i n e s  i n  x 
and y d i r e c t i o n s ,  r e s p e c t i v e l y  
( m e t e r s  o r  d e g r e e s ,  s e e  i n p u t  
v a r i a b l e  ISCAL)  . 

2A4 

see Table  I V  

Dimensions of XS and YS. 

Values a t  g r i d  nodes f o r  f i r s t  
g r i d  if r e a l .  

s e e  Table  IV Values a t  g r i d  nodes t o  second 
v a r i a b l e  i f  two g r i d s  d e s c r i b e  one 
env i ronmenta l  v a r i a b l e .  

Values a t  g r i d  nodes  f o r  f i r s t  g r i d  
i f  i n t e g e r .  

s e e  Tab le  I V  

see   able I V  Values a t  g r i d  nodes f o r  second g r i d  
if r e q u i r e d .  



TABLE 1-2 INPUT I N  WBROUTIY ARPYIN 

Format ted 

l i n e  number 

1 2  Read (hID,100) NW, VAR1, WITS1, VARZ, UNITS2 
1 3  100 FORMAT (13A4) 
14 READ (m,105)  IMAX, M X ,  ANGLE, XL, YL, XS, YS, UNITS3 
15  105 FORMAT. (215, 3F10.6, 2F10.4, 204) 

l i n e  nunber 
1 8  REAP (MI) NAM, VPR1, UNITS1, VARi, UNITSi 
1 9  REPSl ( W )  IMAX, JMAX, ANGLE, LX, YL, XS, YS, WITS3 

60-83 C ERE TO REP@ VJFORMATTECl REAL VARIADLES. 
C 

- -  - - -  

READ (ND) ((ARRAY1 ( I , J ) ,  1-1, ~ M A X ) ,  J-1, &AX) 
IF(NO.EQ.~) GO TO 80 
READ (M)) ( (ARRAYZ (I, J) ,  1-1, IMAX), J-1, &AX) 
00 TO 80 

C . . 
C MERE TO READ UNFORMATTEO INTEGER VARIABLES. - 

READ (ND) ( (MARAY2 ( I , J ) ,  1-1, IMAX), J=1, JMAX) 
00 TO 90 

C 
C E R E  TO READ FORMATTED REAL VARIABLES. - 

, L 

60  CDNTINLE 
DO 62 J-1, JMAX 

READ (No, l lO)  (ARRAY1 ( l , J ) ,  1-1, IMAX) 
110 FORMOT (10F6.2) 
62 CUNTI N E  

I F  (ND.EQ.1) GO TO 82 
00 64 J:1, .MAX 

I 

READ (No,110) (ARaAY2 ( I - J ) ,  1-1, IMAx) 
64 CONTINUE . 

M TO 80 
C 
C E R E  TO READ FORMATTED INTEGER VA2lABLES 
C 

70 OONT!NLE 
DO 72 J-I, ' 3 4 ~ ~  

READ (N0,120)   MA RAY^ ( I , J ) ,  1-1, IMAX) 
120 FORMAT (1,51~) 
72 OONT I NLE 

I F  (W.EL.1) a3 TO 90 
DO 74 &1, rnAX 

READ (m,120)  (MARAY2 ( I , J ) ,  I = l ,  IMAX) 
74 OONTINLE 



A s p i l l e t  is described by posit ional  parameters, physical parameters, 
and chemical parameters (See Table 1-3). The user is  required t o  specify 
a l l  parameters describing a s p i l l e t  fo r  the time when it i s  f i r s t  t o  
appear. 

I t  is not necessary tha t  the s p i l l e t  be fresh i n  the sense tha t  the 
o i l  has just escaped from a well,  tanker, or  pipeline. I f  the user would 
l i k e  t o  simulate a s p i l l  s t a r t i ng  several weeks a f t e r  the i n i t i a l  catas-  
trophe, it s u f f i c i e s  tha t  s/he enter  s p i l l e t s  representing the  loca- 
t iona l ,  physical, and chemical variables as they are a t  tha t  time. The 
model takes over from tha t  point. 

2. Input Data Format 

O i l  Sp i l l  parameters are entered in  two logical  records. The first 
record reads : 

BSPIL, DSPIL, RSPIL, SSPIL, TSPIL, USPIL, WSPIL, XSPIL and YSPIL 

w i t h  the format 

The uni ts  assumed by the program are  shown i n  the l ist  of s p i l l e t  
variable in  Table 1-3. 

Following t h i s  the composition of the s p i l l e t  is input from one log- 
i c a l  record containing between one and eight numbers each representing 
the f ract ion of a given hydrocarbon c lass .  

The format of t h i s  record i s :  

The number of hydrocarbon c lasses  is  defined by the user through the 
parameter MSPIL discussed i n  the run control  section.  T h i s  variable is  
specified once per run, i . e . ,  a l l  s p i l l e t s  a re  required t o  have the  same 
number of hydrocarbon c lasses .  The program, as  currently configured, 
uses a l l  eight  c lasses .  The f ract ion of each of the eight  c lasses  fo r  
four d i f fe ren t  types of o i l ,  as  well a s  a chemical description of each 
c l a s s ,  i s  given i n  Pppendix IX. The user must exercise great  caution if 
s/he decides t o  use a d i f fe ren t  s e t  of hydrocarbon c lasses  from the  eight 
outlined i n  Appendix I X .  In par t i cu la r ,  the coeff ic ient  defining vapor 
pressure fo r  each c l a s s  included a s  data i n  the evaporation subroutine 
w i l l  have t o  be changed if the  c lasses  are  restructured. 

The format statements a s  they actually appear i n  the  subroutine that  
reads i n  s p i l l e t  parameters are  shown i n  Table 1-4. 

C. Treatment Variables 

1. General Description ,. 



TABLE 1-3 
SPILLET PARAMETERS 

Va r i ab le  name D e s c r i p t i o n  

BSPIL 

DSPI L  

RSPI L 

SSP1 L  

TSPIL 

USPI L  

WSPl L  

XSPI L  

YSPIL 

GSPI L  

Beginn ing t ime o f  s p i l l e t  (hours ) .  

Dens i ty  o f  o i l  (gm/cc). 

Radius of  s p i l l e t  (meters) .  

I n t e r f a c i a l  t ens ion  o f  o i l  (dynes/zm). 

Dens i ty  o f  o i l  a t  t ime equal zero (gmlcc) .  

K inemat ic  v i s c o s i t y  of  o i l  ( c e n t i s t o k e s ) .  

Weight o f  o i l  i n  s p i l l e t  ( m e t r i c  t ons ) .  ' 

Longi tude o f  cen te r  of  s p i l l e t .  

L a t i t u d e  o f  cen te r  o f  s p i l l e t .  

Mass f r a c t i o n  o f  each c l a s s  o f  o i l .  

TABLE 1-4 

FORMPT OF SPILLET PARAMETER INPUT 

READ (ND,100) BSPIL( I ) ,  DPSIL( I ) ,  RSPIL( I ) ,  SS?IL(I), TSPIL(I), 
USPIL( I ) ,  WSPIL(I), XSPIL( I ) ,  YSPIL(I) 1 

100 FORMPT (6F8.3, €8.2, 2F8.3) 
READ (ND,101) (GSPIL ( I ,  J ) ,  3-1, MSPIL) ' . 
F O R ~ A T  ( 8 ~ 5 . 2 )  



TABLE 1-5 
PHYSICAL CLEANUP PARAMETERS 

Va r i ab le  name Desc r i p  t i o n  

BCLN 

DCLN 

ECLN 

RCLN 

VCLN 

Beginn ing t ime  o f  e f f o r t  (hours) .  

Du ra t i on  o f  t h i s  e f f o r t  (hours ) .  

E f f i c i e n c y  o f  e f f o r t .  

Radius o f  e f f o r t  (meters).  

Volume r a t e  o f  c leanup e f t ' o r t ,  ( m e t r i c  
tons/hour) .  

XCLN Longitude, of  c e n t e r  o f  c leanup e f f o r t .  

YCLN ' ~ a t i t u d e  of  c e n t e r  of  c leanup e f f o r t .  

TABLE 1-6 
CHEMICAL TREATMENT PARAMETERS 

Va r i ab le  ' D e s c r i p t i o n  . 

BCHEM 

DCHEM 

PCHEM 

RMEM . . 

SMEM 

TCHEM 
* 

VCHEM 

W CHEM 

Beginn ing o f  t h i s  e f f o r t  (hours ) .  

D u r a t i o n  o f  t h i s  e f f o r t ,  (hours ) .  

F r a c t i o n  o f  o i l  en t ra ined .  

Radius o f  t h i s  e f f o r t  (hours ) .  

I n t e r f a c i a l  t e n s i o n  o f  t r e a t e d  o i l  
(dynes/cm). 

T o x i c i t y  o f  d i s p e r s a n t .  

Volume r a t e  o f  d ispersan t  used 
( l i t e r s / h o u r ) .  

D ispersan t  used p e r  square meter 
( l i t e r s / m e t e r Z ) .  

XCHEM Longi tude o f  cen te r  o f  e f f o r t .  



A v a i l a b l e  i n  t h i s  model a r e  two response  a l t e r n a t i v e s  t o  t h e  simu- 
l a t e d  s p i l l .  One a l t e r n a t i v e  i s  t h e  chemical  d i s p e r s i o n  of' t h e  s p i l l  ano 
t h e  o t h e r  i s  t h e  mechanical  c l eanup  o f  t n e  o i l .  Both methods may be use0 
s imul taneous ly ,  and f o r  each method t h e r e  may be up t o  t e n  e f f o r t s  i n  pro- 
g r e s s  a t  once.  The a l g o r i t h m  employed t o  implement a s p i l l  response  
e f f o r t  is d i s c u s s e d  i n  a l a t e r  c h a p t e r .  A response  t o  t h e  s p i l l  i s  not 
r e q u i r e d  f o r  a s i m u l a t i o n .  

2.  I n p u t  Data Format 

A l l  seven mechanical  c lean-up v a r i a b l e s  a r e  read i n  one l o g i c a l  
r e c o r d  i n  a l p h a b e t i c a l  o r d e r  w i t h  t h e  format :  

The v a r i a 5 l e s  a r e  l i s t e d  i n  Table 1-5 a long  wi th  t h e  u n i t s  assumed by t h e  
program. 

I n  t h e  c a s e  of chemical  t r e a t m e n t .  t h e r e  a r e  t e n  v a r i e b l e s .  These 
a r e  a g a i n  read  i n  a l p h a b e t i c a l  o r d e r ,  t h i s  t ime  however, i n  two l o g i c s ?  
r a o r d s .  The format use0 f o r  chemical  t r e a t m e n t  v a r i a b l e s  i s :  

These v a r i a b l e s ,  a long  wi th  t h e  a p p r o p r i a t e  u n i t s ,  a r e  l i s t e o  i n  
Table  1-6. 

The read s t a t e m e n t s  and a s s o c i a t e a  format f o r  bo tn  t h e  mechanical  
c l e a n u p  and chemical  t r e a t m e n t  v a r i a S l e s  a r e  shown i n  Table  1-7. 

T A B L E  1-7 FORMAT STATEMENTS FOR RESPONSE VARIABLES 

a .  Mechanical Cleanup 

REUD (ND,iOO) BCLN ( I ) ,  DCLN ( I ) ,  E C L N  ( I ) ,  R C i N  ( I ) ,  

1 V C ~ N  ( I ) ,  XCLN ( I ) !  Y C L N  ( I )  
100  FORMAT (7F10.3)  

b.  Chemical Treatment 

READ (ND' ,~OO)BCHEM ( I ) ,  DCHEM ( I ) ,  PCHEM ( I ) ,  R C H E M ,  ( I ) ,  SCHEM ( I ) ,  

1 TCHEM ( I ) ,  VCHEM ( I ) ,  WCHEM ( I ) ,  XCHEM ( I ) ,  YCHEM ( I )  

1 0 0  FORMAT 5F103 



D. Run Control Variables 

1. General Description 

Run control  var iables  include a l l  parameters t ha t  control  the evolu- 
t ion  of a s p i l l  simulation but which, other than t h e i r  associat ion w i t h  
the model, have l i t t l e  physical s ignificance.  A l l  run control  variables 
except the s tep  control  parameters a r e  read i n  only once. P s e t  of s tep  
control  parameters is read i n  for  each s tep .  These parameters d i r ec t  the 
model t o  read ( o r  not t o  read) environmental var iables ,  s p i l l e t  vari- 
ables ,  and response variables f o r  the given time s tep .  In the f i r s t  
s t ep ,  a  grid must  be read i n  fo r  each environmental variable.  In addi- 
t i on ,  a t  l e a s t  one s p i l l e t  must be entered. A l l  run  control  variables 
have been separated i n t o  three  groups: general run con t ro l ,  subsurface 
control ,  and s tep  control .  These variables are  l i s t e d  i n  Table 1-8 t o  
1-10. 

2. Data Input Formats 

P11 run control  variables except shoreline points and s tep  control  
parameters a re  read i n  a s imi lar  format by one of the two subroutines 
READI  and REPDF. READI  is used t o  en te r  fixed point ( in teger )  variables 
while REPDF is  used fo r  f loa t ing  point ( r e a l )  variables.  They each 
require a log ica l  record fo r  each new variable entered. In addit ion,  
they require the name of the variable as  used i n  the program. I f  an 
incorrect  name is specif ied o r  the cards are  out of order,  a  message i s  
printed and the run terminated. I n  addi t ion,  in teger  variables must  l i e  
within a given range o r  the program w i l l  again p r in t  a  message and the 
run w i l l  be terminated. These precautions a re  included t o  guard against  
an e r ro r  associated w i t h  the input cards beinq out of order,  a  card for-  
gotten o r  an in teger  variable entered one o r  more columr-is t o  the l e f t  of 
the  desired location.  The format for  in teger  variables is: 

where the A 8  portion i s  t o  include the variable name l e f t  j u s t i f i ed  pre- 
c i se ly  as indicated i n  Tables 1-8 and 1-9. The format used for  f loat ing 
point ( r e a l )  variables is: 

where again A 8  is  the variable name. 

Shoreline points  a r e  read i n  unformatted. Two log ica l  records are  
required; one fo r  x ,  longitude,  and one fo r  y ,  l a t i t ude .  I f  NSHOR, the 
nunber of shoreline points ,  i s  zero, t h i s  read w i l l  be skipped. 

A l l  e ight  s t ep  control  parameters a r e  entered i n  one log ica l  record 
i n  the following order: - 

NP, NV, N T ,  N K ,  NS, LSPIL, L C L N ,  LCHEM 

These variables w i l l  be zero if no action is  t o  be taken, one if the 
associated environmental grid i s  t o  be read i n  and equal t o  the number of 



TABLE 1-8 General Run Control  Variables 

va r iab le  

NSTRT 

NSTFN 

NRUN 

IDAY 
NENV 

OT 
TIWAX 
ISCAL 

NPRTP 

NPRTC 

Subroutine used Range Explanation 

READI 

REAOI 

REAOI 

REAOI 
RE AD I 

REAOF 
RE ADF 
RE A0 I 

READI 

REAOI 
RE A0 I 

0-1 0 - t h i s  run i s  no t  a - r e s t a r t  
1 - t h i s  i s  a r e s t a r t ,  the r e s t a r t  data se t  

w i l l  be read. 
0-1 0 - t h i s  r e s t a r t  run  uses new output  data 

sets. 
1 - t h i s  run uses previous output  data set.  

0-100 I n t e r v a l  number o f  steps f o r  w r i t i n g  out  
r e s t a r t  var iab les  i n  the  subrout ine SUMMUP. 

0-1 0 - t o t a l  s p i l l  s imulat ion. 
1 - t h i s  ac t i va tes  the  Preview run on ly  

(see Chapter 111). 
1-365 Day o f  year on which the  s p i l l  begins. 
0-100 P r i n t  c o n t r o l  parameter f o r  formatted 

output o f  s tep .cont ro1 parameters i n  main 
program 
0 - no p r i n t o u t  
0 - p r i n t s  ou t  a t  t h i s  s tep i n t e r v a l .  
Size of t ime step i n  hours. 
Length o f  s imula t ion  (hours). 
1 - se lec t  small  scale mode 
2 - se lec t  l a rge  scale mode 
(see Chapter 11). 
Environmental g r i d  p r i n t o u t  c o n t r o l  
parameter ( see Subroutine ARAY I N  1. 
-1 - no p r i n t o u t  
0 - l i m i t e d  p r i n t o u t  
1 - f u l l  p r i n t o u t  
P r i n t  c o n t r o l  f o r  cleanup and treatment 
e f f o r t s .  
1 - p r i n t o u t  a l l  cur rent  cleanup and 

treatment e f f o r t s  
0 - p r i n t o u t  only newly s t a r t e d  e f fo r t s .  

1-20 Input  f i l e  f o r  step c o n t r o l  parameters. 
1-20 Un i t  from which computational c e l l  g r i d  i s  

t o  be read. 



READI Computational cell  g r i d  format c o n t r o l  
pa ramc t e r  . 
2 - unformatted i n t e g e r  
4 - formatted i n t e g e r  
Unit number from which t h e  bathmetr ic  g r i d  
is  t o  be read. 
Bathmetric g r i d  format c o n t r o l  
1 - unformatted r e a l  
3 - formatted r e a l  
Unit number from which t h e  t i d a l  e l e v a t i o n  
g r i d  is t o  be read. 
Tidal  e l e v a t i o n  g r i d  format c o n t r o l  
(See mu). 
Unit number from which t h e  temperature 
g r i d  is t o  be read. 
Temperature g r i d  format c o n t r o l  (see NDU). 
Unit from which sea  s t a t e  g r i d  is  t o  be 
read. 
Sea s t a t e  g r i d  format c o n t r o l  ( s e e  NDU). 
Unit from which t h e  U components 
(x -d i r ec t i on )  of  c u r r e n t  a r e  t o  be read. 
Unit from which t h e  V components 
(y -d i r ec t i on )  of c u r r e n t  a r e  t o  be read. 
Format c o n t r o l  f o r  x c u r r e n t  g r i d .  
(See NDU).  
Format c o n t r o l  f o r  y c u r r e n t  g r i d .  
Unit number from which t h e  wind g r i d  is  t o  
be read. 
Wind g r i d  format c o n t r o l  ( s e e  NCIU). 
U n i t  number from which the  chemical 
t reatment  da t a  is  t o  he read in .  
Unit number from which t h e  phys ica l  c leanup 
da ta  is t o  be read. 
Unit number from which t h e  s h o r e l i n e  
po in t s  a r e  t o  be read.  
Unit number from which new s p i l l e t  
information is t o  be read. 
Maximum numher of  d r o p l e t s  allowed. T h i s  
p a r a m ~ t e r  is  used t o  dynamically a l l o c a t e  

READI 

REAOI 

READI 

REAOI 
READI 

READI 
READI 

NTDV 

NTUU - READI 

NTUV 
NWD 

READI 
READI 

READI 
READI 

READI 

READI 

READI 



NTCt ASS 

NlMCt 
XMSPAR 

MAXSPL 

COMB 

MSPIL 

NSPPRD 

NSPPRP 

READ1 
RE ADF 

READ I 

RE ADF 

REPOI 

READI 

READI 

. . space f o r  x,y,z and NORDR i n  the  subsurface 
subroutines. These var iab les  are c u r r e n t l y  
dimensioned o f  2100 i n  the main program. 

1-200 Maximum numbe-r o f  p a r t i c l e  classes 
allowed. The dimensions w i l l  a l low 200 
d i f f e r e n t  types o f  p a r t i c l e s .  

1-200 ' Maximum number o f  p a r t i c l e s  pe r  class. 
Amount o f  o i l  t o  be represented by each 
drop le t  met r ic  ( tons) .  

1-99 Maximum number o f - s p i l l e t s  allowed. 
Dimension statements c u r r e n t l y  l i m i t  t h i s  
t o  100. 
Percentage o f  overlap needed i n  order  t o  
combine two s p i l l e t s  (see Subroutine ADD). 

1-9 Number o f  components o f  o i l .  Due t o  the 
evaporation model, t h i s  i s  how set  a t  8. 

-1-100 S p i l l e t  p r i n t  . c o n t r o l  parameter f o r  d isk  
data sets. This -gives the  in te ' rva l  
( i n  steps) o f  how o f t e n  t o  w r i t e  out 
s p i l l e t  in format ion.  (see Subroutine 
SPILIN). . 

S p i l l e t  p r i n t o u t  c o n t r o l  parameter. 
. . -1 ' -  no p r i n t o u t  

" 0 - 'p r i n tou t  only on f i r s t  step 
0 - p r i n t o u t  i n t e r v a l  . . 

0-1500 Number o f  shorel ine po in ts .  



TABLE 1-9 SUBSURFACE CONTROL VARIABLES 

Variables Subroutine used 

POWX RE ADF 

POWY READF 

EXX REPDF 

E Y Y  RE P@F 

NTRANS READ1 

DXX, DYY,  DZZ REPDI 

OYY 
Clzz 
NSUB 

NO IFF READI 

READI 

REAP1 

Range of Explanation 
Value:; 

Power o f  l eng th  fac to r  i n  scale dependent 
d i f f us ion  equation i n  x -d i rec t i on  
(see Subroutine DIFF). 
Power o f  l eng th  fac tor  i n  scale dependent 
d i f f u s i o n  e q i ~ a t i o n  i n  y -d i rec t i on  
(see Subroutine DIFF). 
Coef f ic ients used i n  scale dependent 
d i f f us ion  equation f o r  the x d i r e c t i o n .  
Coef f ic ient  used i n  the  scale dependent 
d i f f us ion  equation f o r  the  y d i rec t i on .  
Parameter f o r  v e r t i c a l  transformation. 
0 - uses depths as read i n .  
1 - normalizes a l l  v e r t i c a l  distances by 

the depth. 
Constant d i f f u s i o n  c o e f f i c i e n t s  i n  the  x ,  
fo r  Lagrangian Coordinate System. 
Same y 
Same z 
Contro l  parameter. f o r  a n a l y t i c a l  d i f fus ion .  
0 - do not  use 
1 - use a n a l y t i c a l  sub-grid d i f f us ion  

u n t i l  standard dev ia t i on  of c loud i s  
comparable t o  g r i d  mesh. 

Contro l  parameter f o r  us ing  scale 
dependent d i f fus ion .  
0 '  - use constant coe f f i c i en ts  
1 - ca lcu la te  scale dependent d i f f us ion  

equations 
(see Subroutine DIFF). 
Minimum number o f  p a r t i c l e s  needed t o  
ca l cu la te  concentrat ion fo r  use i n  
d i f fus ion .  
Contro l  parameter f o r  Lagrangian g r i d .  
O - use f i xed g r i d  
1 - use Lagrangian g r i d  



DEPC 

POMIN 

AFRAC 

RIFRAC 

HENT 

OD1 AMT 
DVEL Z T 

NPRTMS 

KPRTV I 

RE ADF 

REPDF 

RE POF 

REPDF 

READF 

READF 
RE ADF 

REAOI 

V e r t i c a l  o r i g i n  of i n i t i a l  p a r t i c l e  
d i s t r i b u t i o n  (meters) 
Gives the minimum spacing - in  meters i n  
the x and y-d i rec t ions  i f  only two 
p a r t i c l e s  are  present. I f  the  p a r t i c l e s  
are too c lose together, the Lagrangian 
g r i d  cannot be created around them wi thout  
having an e r ro r .  
Determines the f r a c t i o n  o f  p a r t i c l e s  
w i t h i n  RO (RO i s  radius of s p i l l e t  d i v ided  
hy HIFRAC, see Subroutine ENTRN and INJECT). 
Radius up t o  which p a r t i c l e  densi ty  i s  
u n i f o n  (see Suhroutines ENTRN and INJECT). 
Length of t ime o f  entrainment fo r  use i n  
ca1cl;lating the maximum rad ius  o f  the  
i n i t i a l  p a r t i c l e  d i s t r i b u t i o n  (see 
Subroutine ENTRN). 
Diameter of d rop le ts  (mm). 
V e r t i c a l  v e l o c i t y  of d rop le t  (rn/sec). 
Zero if n e u t r a l l y  buoyant. 
Controls p r i n t o u t  o f  subsurface informat ion 
concerning Lagrangian g r i d  (Subroutine 
GRIDEX) and scale dependent d i f f u s i o n  
(Subroutine DIFF). 
-1 - no p r i n t o u t  
0 - p r i n t  only on f i r s t  step 
> O  - p r i n t o u t  a t  t h i s  step i n t e r v a l .  
P r i n t  c o n t r o l  parameter f o r  mass balance. 
l ' h i s  i s  given i n  an i n t e r v a l  number of 
steps and con t ro l s  paper and d i sk  
p r i n t o u t .  ' 

P r i n t  c o n t r o l  parameter fo r  formatted paper 
output of' Lagrangian g r i d  v e l o c i t y  values, 
concentrat ion va.lues and p a r t i c l e  
parameters respect ive ly .  This i s  given i n  
an  i n t ~ r v a l  nclmher o f  steps. 



NPRD 

NPRU, NPRC , NPRP 

NUSP 
NUPS 
NUCN 
NUPT 
NULV 
NUMS 
NUDP 
NUL T 

REPDI 

REPDI 
REPDI 
RE AD I 
REPDI 
READI 
REPOI 
READI 
READI 

Contro l  parameter fo r  i n d i c a t i n g  t h a t  
some d i sk  data set  output i s  requested. 
0 - no output 
1 - if any p r i n t o u t  of concentrat ion o r  

p a r t i c l e  parameters i s  desired. 
I n t e r v a l  c o n t r o l  i n  number of steps f o r  
p r i n t o u t  of ve loc i t y ,  concentrat ion o r  
p a r t i c l e  d i sk  data sets. 
S p i l l e t  output u n i t  number. 
Restar t  data output number. 
Concentration u n i t  number. 
P a r t i c l e  parameter u n i t  number. 
Ve loc i t i es  Lagrangian u n i t  number. 
Mass u n i t  number. 
Deposited p a r t i c l e  u n i t  number. 
Lost p a r t i c l e  u n i t  numhers. 



s p i l l e t s ,  c l eanup  e f f o r t s ,  o r  t r e a t m e n t  e f f o r t s  t o  be read  i n .  The 
format used is:  

NOTE: One l o g i c a l  r ecord  wi th  t h e s e  e i g h t  pa ramete r s  is  r e a d  i n  f o r  
each t ime  s t e p  o f  t h e  model. The v a r i a b l e s  and t h e i r  d e f i n i -  
t i o n  a r e  shown i n  Table  1-10. 

E. R e s t a r t  V a r i a b l e s  

R e s t a r t  v a r i a b l e s  a r e  a l l  t h e  pa ramete r s  r e q u i r e d  t o  r e s t a r t  a  simu- 
l a t i o n  which may have been t e rmina ted  f o r  one o f  three reasons :  (1) pro-  
gram o r  system e r r o r  t h a t  r e s u l t e d  i n  an  abnormal t e r m i n a t i o n  o f  a j o b ,  
( 2 )  t h e  u s e r ,  a f t e r  having run a s i m u l a t i o n  f o r  some predetermined number 
of t ime  s t e p s ,  and having examined t h e  r e s u l t i n g  o u t p u t  d e c i d e s  t o  ex tend  
t h e  run ,  o r  ( 3 )  t h e  u s e r  wishes '  t o  run t h e  model a t  s e v e r a l  d i f f e r e n t  
t ime  s t e p s  and s p a t i a l  r e s o l u t i o n s ,  e. g . ,  h igh  temporal  and s p a t i a l  r e so -  
l u t i o n  fol lowed by c o a r s e r  r e s o l u t i o n .  P11 t h e  pa ramete r s  r e q u i r e d  t o  
r e s t a r t  t h e  model a r e  w r i t t e n  t o  d i s k  ( o r  t a p e )  eve ry  NSUMM t ime  s t e p s  
(NSUMM determined by t h e  u s e r ) .  The model may be  r e s t a r t e d  o n l y  a t  t h e  
t ime  s t e p  fo l lowing  t h e  - l a s t  t ime  s t e p  f o r  which r e s t a r t  d a t a  were 
w r i t t e n .  

When a run is  t o  be r e s t a r t e d ,  t h e  run c o n t r o l  v a r i a b l e  NSTRT i s  s e t  
e q u a l  t o  1. I f  t h e  run is  t o  r e s t a r t  an  abnormally t e r m i n a t e d  one ,  a l l  
d a t a  s e t s  used i n  t h e  p r e v i o u s  run must be i n c l u d e d .  The model w i l l  r ead  
t h e s e  d a t a  sets t o  t h e  p o i n t  where t h e  p r e v i o u s  run t e r m i n a t e d .  If t h e  
u s e r  s p e c i f i e s  NSTFN = 0, t h e  program on ly  r e a d s  t h e  r e s t a r t  d a t a  s e t  and 
u s e s  new i n p u t  and o u t p u t  d a t a  s e t s .  I n  a d d i t i o n ,  a number of v a r i a b l e s  
g e n e r a t e d  by t h e  s i m u l a t i o n  and o u t p u t  t o  t h e  r e s t a r t  d a t a  s e t  a r e  r e a d .  ' 

'. 
F. I n p u t  Sequence f o r  a l l  I n p u t  Data 

Because t h e  u s e r  may e l e c t  t o  r ead  some of t h e  environmental  v a r i -  
a b l e s ,  t r e a t m e n t  d a t a ,  o r  s p i l l e t  d a t a  from Uni t  5 ( t h e  c a r d  r e a d e r ,  nor-  
mal ly  used f o r  run c o n t r o l  p a r a m e t e r s ) ,  i t  i s  e s s e n t i a l  t h a t  t h e  o r d e r  i n  
which i n p u t  d a t a  ( e x c e p t  RESTRT) be known. Th i s  o r d e r  is  i n d i c a t e d  
s c h e m a t i c a l l y  i n  Table 1-11. 



Var i ab le  name 

NP 

NV 

NT 

NK 

NS 

LSPIL 

LCLN 

L CHEM 

TABLE 1-10 STEP CONTROL VARIABLES 

D e s c r i p t i o n  

Wind g r i d  c o n t r o l  parameter. 

T i d a l  c u r r e n t s  g r i d  c o n t r o l  parameter. . : ,  

. . 

T i d a l  he igh t s  g r i d  c o n t r o l  palrameter. 

Temperature g r i d  c o n t r o l  parameter. 

Sea s t a t e  g r i d  c o n t r o l  parameter. 

Number of  new s p i l l e t s  t h i s  s tep .  

Number of  new cleanup e f f o r t s  t h i s  s tep .  

Number of  new t reatment  e f f o r t s  t h i s  s tep .  



T a b l e  1-11 

INPUT L I S T  ( i n  o r d e r  o f  e n t r a n c e ,  r e a d  down f r o m  l e f t  t o  r i g h t )  

NSTRT 
NSTFN 
NSUMM 
NRUN 
IOAY 
NENV 
DT 
TIMMPX 
ISCAL 
NPRTP 
NPRTC 
NR 
NCO 
NDU 
NDD 
NDU 
NED 
NE U 
NKD 
NKU 
NSD 
NSU 
NTDLl 
NTOV 
NTUU 
NTLlV 
NWD 
NWU 
NCHD 
NCLD 
NSH@ 
NSPD 
NMPX 
NUCL PS 
NUMCL 
XMSPPR 
MPXSPL 
COMB 
MSPIL 
NSPPRD 
NSPPRP 
NUSP 
NURS 
NUOJ 
NUPT 
NUVL 
NUMS 

a NUOP 
NULT 
NSHOR 

POWX 
POWY 
EXX 
EHY 
NTRPNS 
DXX 
OY Y 
OZZ 
0 X 
DY 
oz 
IMSUB 
JMSUB 
KMSUB 
NSUB 
NDIFF 
NCRIT 
NEXTR 
OEPC 
POMIN 
PFHRC 
RIFRPC 
ROFHP C 
HE NT 
DDAMT 
DVELZT 
NPTSUB 
NPRTMS 
KRPTU 
KPRT C 
KPRTP 
NPRD 
NPRV 
NPR C 
NPRP 

BPTHMETRY GRID 

COMPUTATION CELL GRID 

The f o l l o w i n g  a r e  r e p e a t e d  each  s t e p  i f  neecec!: 

STEP CONTROL PARAMETERS 

WIND VELOCITY GRID 

TEMPEHPTURE GHlO 

SEP STATE GRI3 

x - DIRECTION TIDPL CURRENT GRID 

Y - DIRECTION TIDPL CURRENT GRID 

TIDPL LEVEL GRID 

PHYSICPL CLEANUP EFFORTS 

CHEMICPL TREPTMENT EFFORTS 

I N I T I P L  SPILLET PROPERTIES 

READ THRU 
RESTART SECTION 

SHOREL INE W INTS 



APPENDIX 11: SIMULATION MODEL OUTPUT 

The o u t p u t  from t h e  s i m u l a t i o n  model t a k e s  one o f  two forms;  paper  
copy t o  a l low t h e  u s e r  t o  moni tor  a s i m u l a t i o n ,  o r  d i g i t a l l y  s t o r e d  d a t a  
( e i t h e r  on d i s k  o r  t a p e )  t o  be used a s  i n p u t  t o  t h e  p l o t t i n g  programs 
(See  F ig .  11-11. Because t h e  model is c a p a b l e  o f  g e n e r a t i n g  enormous 
volumes of d a t a  i n  both  c a s e s ,  a  number o f  p r i n t o u t  pa ramete r s  have been 
added t o  t h e  model. I n  g e n e r a l ,  o u t p u t  t o  paper  i s  t r e a t e d  by a d i f f e r -  
e n t  s e t  of pa ramete r  t h a n  t h a t  t o  d i s k  o r  t a p e  a l lowing  f o r  t h e  two d i f -  
f e r e n t  modes t o  be t r e a t e d  s e p a r a t e l y .  

A.  P r i n t e d  o u t p u t  used t o  moni tor  a run (Genera l ly  U N I T  5)  

F i r s t ,  a l l  o f  t h e  i n p u t  pa ramete r s  r e a d  by e i t h e r  READ1 o f  REPDF a r e  
w r i t t e n  ou t  a s  t h e y  a r e  r ead .  There i s  no c h o i c e  i n  t h e  o u t p u t  o f  t h e s e  
pa ramete r s .  For t h e  remaining i n p u t  p a r a m e t e r s ,  environmental  g r i d s ,  
r e sponse  a l t e r n a t i v e s ,  and s p i l l e t  c h a r a c t e r i s t i c s  t h e  u s e r  does  have a 
c h o i c e  of t h e  amount of o u t p u t .  

Every t i m e s t e p ,  t h e  program r e a d s  i n  a s e t  o r  pa ramete r s  which c o n t r o l  
t h a t  s t e p .  Th i s  command l i s t  may be p r i n t e d  o u t  i f  d e s i r e d  under  t h e  
c o n t r o l  of  t h e  pa ramete r  N E W .  I f  NENV i s  z e r o ,  no p r i n t o u t  i s  gener -  
a t e d .  For NENV g r e a t e r  t h a n  z e r o ,  t h e  s t e p  c o n t r o l  i n f o r m a t i o n  is 
p r i n t e d  every  N E N V  s t e p .  

The o u t p u t  of  - a l l  env i ronmenta l  g r i d s  i s  c o n t r o l l e d  by one parameter  
NPRTA. Any env i ronmenta l  i n p u t  d a t a  w r i t t e n  o u t  w i l l  s t a r t  on a new page 
s o  t h e  u s e r  must t h e r e f o r e  t a k e  g r e a t  c a r e  h e r e  when s e l e c t i n g  env i ron-  
menta l  o u t p u t  f o r  a long  s i m u l a t i o n .  For  example, a  30 day s i m u l a t i o n  
wi th  t h r e e  hour t i m e s t e p s  and a new c u r r e n t  g r i d  and wind g r i d  each t ime-  
s t e p  w i l l  r e q u i r e  a t  l e a s t  480 pages  t o  p r i n t  o u t  j u s t  t h e s e  two d a t a  
s e t s .  To s u p p r e s s  environmental  g r i d  o u t p u t  s e t  NPRTA=-1. Limited 
p r i n t o u t  d e f i n i n g  t h e  g r i d  l o c a t i o n  and o r i e n t a t i o n  on ly  i s  s e l e c t e d  wi th  
NPRTA=O. The e n t i r e  g r i d  i s  p r i n t e d  o u t  w i t h  NPRTA=l. 

Mechanical c l eanup  ana chemical  t r e a t m e n t  e f f o r t s  may a l s o  be summa- 
r i z e d  on paper .  The c o n t r o l l i n g  pa ramete r  f o r  t h i s  o u t p u t  is NPt3TC: i t s  
v a l u e  being 0 when on ly  new e f f o r t s  a r e  t o  be p r i n t e d  o u t  and 1 when a l l  
c u r r e n t  e f f o r t s  a r e  t o  be p r i n t e d  o u t .  I f  NPRTC e q u a l s  1 ,  t h i s  informa-  
t i o n  i s  p r i n t e d  o u t  f o r  every  t i m e s t e p  f o r  which t h e r e  e x i s t s  a r e sponse  
e f f o r t ,  new o r  ongoing.  

The s p i l l e t  p r i n t o u t  c o n t r o l  v a r i a b l e  is NSPPRD and i s  used t o  d e f i n e  
t h e  i n t e r v a l  a t  which t h e  d e f i n i n g  v a r i a b l e s  f o r  each s p i l l e t  a r e  p r i n t e d  
o u t .  NSPPRD=-1 s u p p r e s s e s  a l l  o u t p u t  w h i l e  NSPPRO=O p r i n t s  o u t  on ly  on 
t h e  f i rs t  t i m e s t e p  ( a t  which t ime  a t  l e a s t  one s p i l l e t  must be 
r e l e a s e d ) .  I f  NSPPRO is  g r e a t e r  t h a n  z e r o ,  t h e n  s p i l l e t  i n f o r m a t i o n  i s  
p r i n t e d  o u t  f o r  t h e  first s t e p ,  t h e  l a s t  s t e p ,  and a t  any o t h e r  s t e p  num- 
b e r  t h a t  is a m u l t i p l e  of NSPPRD: eg.  NSPPRD=3 would r e s u l t  i n  a l l  s p i l -  
l e t  i n f o r m a t i o n  b e i n g  p r i n t e d  on t h e  l s t ,  3 r d ,  6 t h ,  9th;- . . . , l a s t  
s t e p s .  Again, c a u t i o n  must be e x e r c i s e d  when s p e c i f y i n g  t h d s  parameter  
a s  t h e  o u t p u t  can become voluminous;  eg .  i f  t h e  run h a s  39 s p i l l e t s  and 
r u n s  f o r  30 days  and t h e  s p i l l e t  d a t a  is  p r i n t e d  o u t  eve ry  t i m e s t e p ,  
approx imate ly  2000 pages  o f  o u t p u t  would b e  g e n e r a t e d  ( 1 2  l i n e s / s p i l l e t  
+39 s p i l l e t ,  = 8 p a g e s / t i m e s t e p  x 240 t i m e s t e p s = l 9 2 0  p a g e s ) .  



Summary O r d e r  o f  O u t p u t  11-1 

D - D i s k  D a t a  S e t s  

P - Paper  

( a l l  c o n t r o l l e d  by p ,a rameters )  

ALL,OUTPUT CONCERNED, WITH INPUT 

FLOATING GRID DEFINlTION 

SCALE-DEPENDENT DIFFUSION 

. CURRENT VELOCITIES 

FLOATING GRID DEFINITION 

CONCENTRAT ION PARAMETERS 

PARTICLE PROPERTIES 

VELOCITY VALUES 

MASS BALANCE 

RESTART PARAMETERS 



I n  a d d i t i o n  t o  t h e  i n p u t  pa ramete r s  d e s c r i b e d  above,  t h e r e  a r e  t h r e e  
o t h e r  groups  of d a t a  t h a t  may be o u t p u t  t o  t h e  p r i n t e r .  The f i r s t  such 
g roup  c o n s i s t s  of  two s e p a r a t e  p i e c e s  o f  i n f o r m a t i o n  s p e c i f i c a l l y ,  t h e  
s u b s u r f a c e  g r i d  d e f i n i t i o n  v a r i a b l e s  and t h e  s u b s u r f a c e  d i f f u s i o n  param- 
e t e r s .  The g r i d  d e f i n i t i o n  v a r i a b l e s  l o c a t e  t h e  Lagrangian g r i d  and 
d e f i n e  t h e  s i z e  of t h e  a s s o c i a t e d  g r i d  e lements .  The s u b s u r f a c e  d i f f u -  
s i o n  v a r i a b l e s  c o n s i s t  n o t  on ly  o f  t h e  v a l u e s  o f  t h e  s c a l e  dependent d i f -  
f u s i o n .  but  a l s o  of t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  c loud  of 
e n t r a i n e d  p a r t i c l e s  used t o  o b t a i n  t h e  s c a l e  dependent d i f f u s i o n .  The 
p r i n t o u t  of  a l l  of  t h e  v a r i a b l e s  i n  t h i s  group i s  c o n t r o l l e d  by one 
pa ramete r ,  NPTSUB. Ps  i n  t h e  c a s e  of s p i l l e t  d a t a ,  NPTSUa e q u a l  t o  -1 
s u p p r e s s e s  such  p r i n t o u t ,  NPTSUB e q u a l  t o  0 p r i n t s  o u t  on ly  on t h e  f i r s t  
s t e p  and NPTSUB g r e a t e r  t h a n  0  p r i n t s  o u t  on s t e p s  t h a t  a r e  m u l t i p l e  of 
NPTSUB and on t h e  first and l a s t  s t e p s .  

The second group of d e r i v e d  v a r i a b l e s ,  t h e  p r i n t o u t  which t h e  u s e r  
may c o n t r o l ,  d e f i n e s  t h e  mass b a l a n c e ;  e . g . ,  mass e v a p o r a t e d ,  mass on t h e  
s u r f a c e ,  mass e n t r a i n e d ,  e tc . ,  t h e  c o n t r o l l i n g  pa ramete r s  i n  t h i s  c a s e  is 
NPRTMS. Not on ly  does  t h i s  parameter  c o n t r o l  p r i n t o u t  t o  p a p e r ,  b u t  a l s o  
t o  d i s k / t a p e ;  i . e . ,  whenever d a t a  i s  w r i t t e n  t o  t h e  p r i n t e r  i t  i s  a l s o  
w r i t t e n  t o  t h e  mass b a l a n c e  d i s k  d a t a  s e t .  Th i s  is  a n  impor tan t  s e t  of  
pa ramete r s  and t a k e s  l i t t l e  space  e i t h e r  on d i s k  o r  p a p e r ,  hence,  should  
i n  g e n e r a l  be o u t p u t  f a i r l y  o f t e n .  NPRTMS is g r e a t e r  t h a n  .or  e q u a l  t o  
z e r o ,  p r i n t i n g  o u t  no th ing  when e q u a l  t o  z e r o ,  and every  NPRTMS s t e p  
o t h e r w i s e .  

The l a s t  group of d e r i v e d  d a t a  o u t p u t  a r e  t h e  p a r t i c l e  l o c a t i o n s  and 
t h e  v e l o c i t y  v e c t o r s  and c o n c e n t r a t i o n  v a l u e s  on t h e  Lagrangian.  Each o f  
t h e s e  is  c o n t r o l l e d  by i ts own paramete r s ,  KPRTP, KPRTU, KPRTC respec-  
t i v e l y .  A 1 1  o f  t h e s e  v a r i a b l e s  o p e r a t e  i n  t h e  same f a s h i o n  p r i n t i n g  o u t  
no th ing  when e q u a l  t o  z e r o  and p r i n t i n g  o u t  eve ry  KPRT ( i )  s t e p s  
o t h e r w i s e .  

F i n a l l y ,  t h e  program w i l l  p r i n t  t o  paper  warning o r  e r r o r  messages 
when a p p r o p r i a t e .  The u s e r  h a s  no c o n t r o l  o v e r  t h e  p r i n t o u t  of  such d a t a .  

A l l  of t h e  p r i n t  c o n t r o l  pa ramete r s  f o r  o u t p u t  t o  Unit  5 a r e  l i s t e d  
w i t h  t h e i r  meaning i n  F i g u r e  11-2. 

B. D i s k l t a p e  o u t p u t  d a t a  s e t s .  

There a r e  seven p o s s i b l e  o u t p u t  d a t a  s e t s ;  d a t a  s e t s  w r i t t e n  t o  d i s k  
o r  t a p e  t h a t  can  be  used by o t h e r  programs e i t h e r  t o  p l o t  t h e  r e s u l t s  o r  
t o  r e s t a r t  t h e  s i m u l a t i o n  model a s  d e s c r i b e d  i n  Chapter  I V .  These a r e  
summarized i n  Tab le  11-2 and d e s c r i b e d  i n  some d e t a i l  below. 

1. R e s t a r t  

P s  d e s c r i b e d  e a r l i e r ,  t h i s  d a t a  s e t  c o n t a i n s  a l l  o f  t h e  run g e n e r a t e d  
v a r i a b l e s  needed t o  r e s t a r t  a  run.  Of c o u r s e ,  a l l  i n p u t  d a t a  s e t s  a r e  
a l s o  r e q u i r e d ,  i. e. ,  env i ronmenta l  v a r i a b l e s ,  e t c .  The c o n t r o l l i n g  
pa ramete r  f o r  t h i s  o u t p u t  is NSUMM, t h e  r e s t a r t  d a t a  be ing  w r i t t e n  every  
NSWM t i m e s t e p s  i n  a d d i t i o n  t o  t h e  l a s t  t i m e s t e p  i f  t h e  p r e v i o u s  run t e r -  
minated w i t h  no e r r o r s .  P11 r e s t a r t  d a t a  i s  w r i t t e n  t o  Uni t  I NURS i n  
t h e  s u b r o u t i n e  SUMMUP. Because a  l a r g e  volume o f  d a t a  is  g e n e r a l l y  



F igu re  11-2 - 

Con t ro l  Parameter Meaning ( f o r  more d e t a i l e d  i n fo rma t i on ,  see 
F igu re  1-61 

NENV 

NPRTP 

NPRT C 

NSPPRP 

NPTFLT 

NPTSUB 

KPRTV 

KPRTC 

KPRTP 

KPRTMS 

Step c o n t r o l  p r i n t o u t  env i ronmenta l  header 

Con t ro l s  p r i n t o u t  o f  env i romenta l  header 

Cont ro ls  p r i n t o u t  o f  c leanup e f f o r t s ,  
t rea tment  e f f o r t s  and s p i l l e t  i n f o rma t i on  

Step c o n t r o l  f o r  s p i l l e t  da ta  

Step c o n t r o l  f o r  subsurface i n fo rma t i on  

(see Subrout ine SUBSUR) 

P r i n t  c o n t r o l  f o r  f l o a t i n g  g r i d  v e l o c i t y  
va lues 

P r i n t  c o n t r o l  f o r  concen t ra t i on  va lues 

P r i n t  c o n t r o l  f o r  p a r t i c l e  parameters 

P r i n t  c o n t r o l  f o r  mass balance ou tpu t  



, . TABLE 11-2 
DISK DATA SETS 

. . U n i t  Con t ro l  Memory 
Data Set Subrout ine Numhe r Parameter S p ~ c e  Needed 

R e s t a r t  . SLNMUP NlJRS NSCIMM 932 by tes  p l u s  84 by tes  
p e r  s p i l l e t  and 16 by tes  
pe r  p a r t i c l e .  

S p i l l e t  

Concentrat ion 

P a r t i c l e s  

SPILIN NUSP SNPPRD 72 by tes  p e r  s p i l l e t .  

PRINT 

NLlLW . NPHC 80 by tes  p l u s  4 t imes 
(number of' X g r i d  elements 
p l u s  number o f  Y g r i d  
elements) p l u s  ( t h e  number 
ot' X g r i d  elements t imes 
t h e  number ot' Y g r i d  
elements).  

NUPT 80 by tes  p l u s  4 t imes ( t h e  
number of' Y g r i d  elements 
p l u s  t h e  number o f  .Y g r i d  
elements ( p l u s  56 t imes t h e  
number o f  c lasses  p l u s  18 
t imes the  number o f  
p a r t i c l e s .  

Mass MASSC 

Los t  P a r t i c l e s  BOUNV 

Oeposktkd P a r t i c l e s  . BOUNV 

V e l o c i t y  components PRINT 

NUMS 

NUL T 

NUDP 

NUVC 

NPRTMS 36 by tes  p e r  s tep.  

32 by tes  p e r  p a r t i c l e .  

32 by tes  p e r  p a r t i c l e .  

88 by tes  t imes maximum 
nl~mber o f  X o r  Y g r i d  
elements. 



outpu t  f o r  every NSUMM t imesteps,  t he  d e c i s i o n  was made t o  o v e r w r i t e  t he  
p rev ious  r e s t a r t  data so t h a t  r e s t a r t  data e x i s t s  o n l y  f o r  t h e  most 
recen t  m u l t i p l e  o f  NSUMM steps o r  i f  t he  p rev ious  r u n  te rmina ted  success- 
f u l l y  f o r  t he  l a s t  step. Th is  means t h a t  a r u n  may on l y  be r e s t a r t e a  f o r  
t h e  l a s t  t imestep t h a t  r e s t a r t  da ta  was w r i t t e n .  

The space requirements f o r  a r e s t a r t  da ta  s e t  depend b o t h  on t h e  num- 
b e r  of  p a r t i c l e s  and the  number of  s p i l l e t s ,  the  app rop r i a te  equa t ion  
be ing  

Space i n  by tes  = 932 + 84* (Number o f  s p i l l e t s )  + 16* (Number o f  
p a r t i c l e s )  

The l onges t  l o g i c a l  r eco rd  i s  88 by tes  and the  ou tpu t  da ta  i s  unformat ted 
( b i n a r y ) .  The DD statement f o r  t h e  r e s t a r t  data s e t  on an IBM 370 system 
w i t h  39 s p i l l e t s  and 2000 p a r t i c l e s  i s :  

FTOlFOOl DD DSNAME = RESTART.DATA, 
DISP = (NEW, CPTLG), 
UNIT = SYSDA, 
DCB = (RECFM = VBS,LRECL = 88, BLKSIZE = 4404), 
SPPCE = (TRK, (40,101, RLSE) 

Note: i. To save memory, i t  he lps  t o  s i n g l e  bu f fe r  a l l  o f  t h e  ou tpu t  
da ta  se ts ,  i . e . ,  s e t  BUFNO=l i n  t h e  DCB parameter. 

ii. 4 by tes  have been added t o  t he  longes t  l o g i c a l  r eco rd  
because t he  data se t  i s  unformat ted and 4 by tes  have been 
added t o  each b lock  f o r  t he  same reason. 

2. S p i l l e t s  

A l l  s p i l l e t  i n f o rma t i on  i s  ou tpu t  every NSPPHP s tep  t o  u n i t  41 NUSP by 
t he  subrou t ine  SPILIN. Th is  ou tpu t  i s  suppressed f o r  NSPPRP=O. Because 
a t ime h i s t c r y  of each s p i l l e t  i s  des i r ed  f o r  i n p u t  t o  t he  p l o t t i n g  p ro -  
gram, every NSPPRP s tep  i s  appended t o  t he  data a l ready  w r i t t e n  i . e . ,  t h e  
space requirements of  t h i s  data s e t  grow w i t h  the  l e n g t h  of  t he  r u n  and 
w i t h  an increased frequency o f  ou tpu t .  If a run  i s  r e s t a r t e d ,  these data 
se t s  a re  read t o  t he  app rop r i a te  s tep  and subsequent ou tpu t  i s  added t o  
t h e  end. 

The data d e f i n i n g  each s p i l l e t  a t  a g i ven  t imestep i s  ou tpu t  as one 
l o g i c a l  record  72 by tes  i n  l eng th .  The D@ statement f o r  a 30 day run  
w i t h  s p i l l e t  data ou tpu t  once pe r  day and a t o t a l  of  39 s p i l l e t s  i s :  

FT FOOl DD DSNAME = SPILLET. DATA, 
DISP = (NEW, CATLG), 
UNIT = SYSDA, 
DCB = (RECFM = VBS, LRECL = 76, BLKSIZE = 7604), .- 
SPACE = (7604, ( 1 2 , l )  ,RLSE) - 

Note: Again, t h e  da ta  i s  ou tpu t  i n  b i na ry ,  and DISP= OLD f o r  a r e s t a r t e d  
run. 



3. C o n c e n t r a t i o n  

The c o n c e n t r a t i o n  g r i d  i s  o u t p u t  i n  t h e  s u b s u r f a c e  s u b r o u t i n e  PRINT 
and is  c o n t r o l l e d  by t h e  s t e p  pa ramete r  NPRC. I t  i s  w r i t t e n  t o  u n i t  41 
NUCN . 

Each g r i d  is o u t p u t  a s  t h r e e  l o g i c a l  r e c o r d s ;  one l o c a t i n g  t h e  x  g r i o  
nodes i n  t h e  f i x e d  dep th  g r i d ,  t h e  second l o c a t i n g  t h e  y  g r i d  nodes ,  and 
t h e  t h i r d  g i v i n g  t h e  c o n c e n t r a t i o n  a t  each node. The l o n g e s t  l o g i c a l  
r e c o r d  i s  t h e r e f o r e  a  f u n c t i o n  o f  t h e  number o f  x ,  y  and z g r i d  e l e -  
ments.  For a  15*15*3 (xWy*z) g r i d ,  one c o n c e n t r a t i o n  g r i d  o u t p u t  p e r  day 
f o r  a  30 day r u n ;  t h e  DD s t a t e m e n t  would t a k e  t h e  form: 

FT FOUl DD OSNAME = CONC.DATP, 
DISP = (NEW, CATLG) , 
U N I T  = SYSDA, 
DCB = (RECFM = VBS,LRECL = 2704, BLKSIZE = 811b1, 
SPACE = (8116,(10.1) ,RLSE) 

Note: Again,  t h e  d a t a  is  o u t p u t  i n  b i n a r y ,  and DlSP = OLD f o r  a 
r e s t a r t e d  run. 

4 .  P a r t i c l e s  

The p o s i t i o n  of a l l  p a r t i c l e s  c u r r e n t l y  i n  t h e  water  column w i l l  be 
o u t p u t  t o  u n i t  /I eve ry  NPRP s t e p s  by t h e  s u b r o u t i n e  PRINT. Because t h e  
p a r t i c l e  p o s i t i o n s  a r ?  r e f e r e n c e d  t o  t h e  l a g r a n g i a n  g r i d ,  t h e  l o c a t i o n  o f  
t h e s e  g r i d  e l e m e n t s  i s  a l s o  o u t p u t .  F i n a l l y ,  t h e  p a r t i c l e  c l a s s  informa- 
t i o n  must be o u t p u t .  The t o t a l  space  requ i rements  p e r  t ime  s t e p  a r e :  

Space i n  b y t e s  = 80+4*(# o f  x  g r i o  nodes + /I o f  y  g r i d  nodes)  + 56* 
(/I o f  p a r t i c l e  c l a s s e s )  + 18" (/I of  p a r t i c l e s )  

For  a  15*15 (x*y) g r i d ,  w i t h  a l l  p a r t i c l e  i n f o r m a t i o n  o u t p u t  once p e r  
day a  30 day r u n ,  200 p a r t i c l e  c l a s s e s  and 2000 p a r t i c l e s ,  t h e  @@ s t a t e -  
ment would t a k e  t h e  form: 

FT FOOl DD DSNAME = PPRT .DATA, 
DISP = ( N E W ,  CATLG), 
U N I T  = SYSDP, 
DCB = (RECFM = VBS,LRECL = 68,BLKSIZE = 1 2 9 6 ) ,  
SPACE = ( T R K ,  (100 ,5o) ,  RLSE 

Note: T h i s  d a t a  s e t  can consume a  l a r g e  volume on t h e  d i s k .  

5 .  Mass Balance  

The mass of o i l  i n  t h e  v a r i o u s  environmental  c a t e g o r i e s  d e a l t  wi th  i n  
t h e  model, wa te r  s u r f a c e ,  wa te r  column, s h o r e ,  e t c . ,  i s  o u t p u t  i n  t h e  
s u b r o u t i n e  MASSC t o  u n i t  #NUMS every  NPRTMS t i m e s t e p s .  Ps  i n  a l l  p r e v i -  
ous  c a s e s ,  i f  t h e  s t e p , c o n t r o l  pa ramete r  is z e r o ,  no o u t p u t  is gener-  
a t e d .  P  s i n g l e  l o g i c a l  r e c o r d  36 b y t e s  long  is  o u t p u t  eve ry  NPRTMS 
s t e p s .  For a  30 day ~ i m u l a t i o n  w i t h  two o u t p u t s  p e r  day,  t h e  DD s t a t e -  
ment would assume t h e  form: 



FT FOOl DO DSNAME = MASS.DATA, 
DISP = (NEW, CATLG) , 
UNIT = SYSDA, 
DCB = (RECFM = VBS,LRECL = 40,BLKSIZE = 404), 
SPACE = (404,(3,1),RLSE) 

Los t  P a r t i c l e s  

Every t ime a marker p a r t i c l e  passes ou t  o f  t he  study area, a l l  of' i t s  
parameters as w e l l  as i t s  l o c a t i o n  i s  w r i t t e n  t o  u n i t  i/NULT. Th is  i s  
done i n  t he  subrou t ine  BOUNV and i s  no t  under t h e  c o n t r o l  o f  t he  user.  - 
If t h i s  ou tpu t  i s  n o t  des i red ,  a dummy da ta  s e t  i s  r equ i red :  

FT FOOl DD DUMMY 

If the  ou tpu t  i s  des i red,  each p a r t i c l e  l o s t  t o  an open boundary. w i l l  
use 32 by tes  hence t he  DO statement w i l l  t ake  t he  form: 

FT FOOl OD DSNAME = LOST.DATA, 
DISP = (NEW, CATLG), 
UNIT = SYSDA, 
DCB = (RECFM = VBS,LRECL = 36,BLKSIZE = 364),  
SPACE = ( 3 6 4 , ( 3 0 , 1 0 ) , ~ ~ ~ ~ )  

Note: I n  t h i s  case, t he  exact  volume on d i s k  r e q u i r e d  i s  n o t  known 
because t he  number o f  p a r t i c l e s  l o s t  i s  n o t  known. Some upper 
l i m i t  must be est imated.  

7. Deposi ted P a r t i c l e s  

Because the  user  may d e s i r e  a p l o t  o f  t he  d i s t r i b u t i o n  o f  o i l  on t h e  
sea f l o o r  f o l l o w i n g  a s imu la ted  s p i l l ,  t he  c h a r a c t e r i s t i c s  and l o c a t i o n s  
of each depos i ted  p a r t i c l e  are ou tpu t  t o  d i sk ,  u n i t  WUDP. A l l  comments 
r e l e v a n t  t o  depos i ted  p a r t i c l e s  a re  i d e n t i c a l  t o  those f o r  l o s t  p a r t i c l e s  
and t he re fo re  a re  no t  repeated here. 

8. V e l o c i t y  Components 

The f l o a t i n g  g r i d  v e l o c i t y  components a re  . w r i t t e n  t o  u n i t  //IdUVL i n  
subrou t ine  PRINT. The DO statement f o r  a 15*15 g r i d  w i l l  be: 

FT FOOl DO DSNAME = VEL.COMP, 
DISP = (NEW, CATLOG), 
UNIT = SYSDA, 
DCB = (RECFM = VBS,LRECL = 88,BLKSIZE = 15881, 
SPAE = (TRK,(90,10),RLSE) 

Th is  w r i t e s  a l l  3 components so t h a t  much ou tpu t  i s  generated. 



APPENDIX 111: Var iab les  i n  Common i n  t he  Main S imu la t ion  Program 

I n  t h i s  Appendix, t h e  v a r i a b l e s  i n  a l l  o f  t he  common statements i n  
t h e  main s i m u l a t i o n  model a re  descr ibed. The d e s c r i p t i o n s  a re  arranged 
i n  a l p h a b e t i c a l  o rde r  by common name. I n  a d d i t i o n  t o  a  d e s c r i p t i o n  of  
t h e  va r i ab le ,  t he  assoc ia ted  u n i t s  a re  a l s o  def ined. 

(1 )  /CHEM/ - de f i nes  chemical  t reatment  
LCHEM - number of  new t reatment  e f f o r t s  du r i ng  t h i s  s tep.  
NCHEM - t o t a l  number o f  c u r r e n t  t reatment  e f f o r t s .  
NCHO - u n i t  from which t h e  t reatment  data s h a l l  be read. 
BCHEM(ICHEM+)- 10"- t ime  t h i s  t reatment  e f f o r t  begins 

(hours ) .  
DCHEM(1CHEM) - 10  - du ra l i o r i  o f  t reatment  e f f o r t  ( hou rs ) .  
RCHEM(1CHEM) - 10  - r a d i u s  of  t r e a t e d  area (meters ) .  
SCHEM(1CHEM) - 10 - i n t e r f a c i a l  t e n s i o n  o f  t r e a t e d  o i l  

(dynes/cm). 
TCHEM(1CHEM) - 10  - unused. 
VCHEM(1CHEM) - 10 - volume o f  d ispersan t  used ( l i t e r s l h o u r ) .  
WCHEM(1CHEM) - 10  - d ispersan t  used pe r  square meter 

( l i t e r s / r ne te r * *Z ) .  
XCHEM(1CHEM) - 10  - cen te r  o f  t r e a t e d  area (Long i tude) .  
YCHEM(1CHEM) - 10  - cen te r  of  t r e a t e d  area ( L a t i t u d e ) .  
PCHEM(1CHEM) - 10  - percentage o f  o i l  en t ra i ned  i f  t r e a t e d  

area i s  l a r g e r  than s p i l l e t  area. 

(2)  /CLEW - de f i nes  t h e  p h y s i c a l  .cleanup e f f o r t .  
LCLN - number of  new cleanup e f f o r t s  du r i ng  t h i s  s tep.  . 

NCLN - t o t a l  number o f  c u r r e n t  cleanup e f f o r t s .  
NCLD - u n i t  from which t he  cleanup da ta  s h a l l  be read. 
BCLN(1CLN) - 10 - t ime t h i s  c leanup e f f o r t  begins (hou rs ) .  
DCLN(1CLN) - 10  - d u r a t i o n  o f  t h i s  cleanup e f f o r t  (hours ) .  
ECLN(1CLN) - 10 - e f f i c i e n c y  o f  t h i s  cleanup e f f o r t  ( % I .  
RCLN(ICLN) - 10 - r a d i u s  of t h i s  c leanup e f f o r t  (meters) .  
VCLN(1CLN) - 10 - o i l  recovery r a t e  ( tons /hour ) .  
xCLN(ICLN) - 1 0 . -  cen te r  o f  t h i s  e f f o r t  (Long i tude) .  
YCLN(1CLN) - 10  - cen te r  o f  t h i s  e f f o r t  ( L a t i t u d e ) .  

( 3 )  /CNTL/ - c o n t r o l  parameters 
IMSUB, JMSUB, KMSUB - number o f  g r i d  elements i n  t he  X,  Y,  

and Z d i r e c t i o n s  f o r  Langrangian Coor- 
d i n a t e  System (See a e s c r i p t i o n  o f  sub- 
r o u t i n e  GRIDEX fo r  a  b e t t e r  
exp lana t i on ) .  

NPRTA - p r i n t o u t  c o n t r o l  parameter f o r  t he  env i ronmenta l  data 
(used i n  Subrout ine PRAYIN). 

* Th i s  numer ica l  va lue  i n d i c a t e s  t h e  s i z e  of  t he  a r ray  a< c u r r e n t l y  
conf igured. 

- 

+ICHEM i n d i c a t e s  t h a t  t h i s  parameter a p p l i e s  f o r  each o f  the  ICHEM 
t rea tment  e f f o r t s  o f  t h e  NCHEM c u r r e n t  e f f o r t s .  



-1 no p r i n t o u t  
0 l i m i t e d  p r i n t o u t  
1 f u l l  p r i n t o u t  

NPRTC - p r i n t o u t  c o n t r o l  f o r  c l eanup  and t r e a t m e n t  e f f o r t s .  
-1 p r i n t o u t  a l l  c u r r e n t  c l eanup  and t r e a t m e n t  

e f f o r t s  f o r  every  t i m e s t e p .  
0 p r i n t o u t  on ly  when new e f f o r t s  a r e  s t a r t e d .  

D T - t i m e s t e p  s i z e  ( h o u r s ) .  
TIME - i n  seconds .  
TIMMAX - time s i n c e  s t a r t  o f  s p i l l  a t  which run i s  t o  end.  
ISCAL - 1 program does  necessa ry  d i s t a n c e  c a l c u l a t i o n s  i n  

me te r s .  
2 program does  necessa ry  d i s t a n c e  c a l c u l a t i o n s  i n  

d e g r e e s  of Longitude o r  L a t i t u d e .  
NSAV(99) - s p i l l e t s  which have been removed i n  S u S r o u t i n e  

ADD and added t o  t h e  end o f  t h e  s p i l l e t  l i s t .  

( 4 )  /COMP/ - d e f i n e s  t h e  computa t iona l  c e l l  a s  e x p l a i n e d  i n  Chapter  11. 
MAXCX,  MAXCY - number o f  g r i a  e l ements  i n  X and Y .  
A C - a n g l e  between t h e  X a x i s  and l i n e s  of  c o n s t a n t  

L a t i t u d e  ( d e g r e e s ) .  
MCOMP(MAXCX,MAXCY) -30,15 - c o m p u t i t i o n a l  c e l l .  d e f i n i t i o n .  
XCL,YCL - Longitude and L a t i t u d e  of  t h e  ( 1 , l )  g r i d  p o s i t i o n .  
XCS,YCS - g r i d  spac ing  i n  X and Y ( m e t e r s  o r  d e g r e e s ) .  

( 5 )  /DENS/ - Den (8)  - d e n s i t i e s  of t h e  e i g h t  f r a c t i o n s '  .of o i l .  . Thes'e 
a r e  i n i t i a l i z e d  i n  t h e  main program and l i s t e d  i n  t h e  sec -  
t i o n  which d e s c r i b e s  t h e  e v a p o r a t i o n  s u S r o u t i n e  ; EVPOR8. 
Sample v a l u e s  a r e  giiien i n  Appendix I X .  . . 

( 6 )  /DEPOS/ NLOST - number of ' s u b s u r f a c e  p a r t i c l e s  l o s t  th rough  a 
computa t iona l  boundary. 

NDEP - number o f  s u b s u r f a c e  p a r t i c l e s  d e p o s i t e d  on bottom. 

( 7 )  /DIFU/ N C R I T  - minimum number of  p a r t i c l e s  neede'd b e f o r e  d i f f u s i o n  
v e l o c i t i e s  a r e  c a l c u l a t e d .  The t ime  a t  which NCt3IT 
is exceeded depends upon how f a s t  t h e  p a r t i c l e s  a r e  

, . be ing  e n t r a i n e d .  
NOIFF - c o n t r o l  parameter  f o r  c a l c u l a t i n g  s c a l e  dependent 

d i f f u s i o n .  c o e f f i c i e n t s .  
0 use  c o n s t a n t  c o e f f i c i e n t s  which a r e  i n p u t .  
1 c a l l  s u b r o u t i n e  DIFF which c a l c u l a t e s  s c a l e  

dependent d i f f u s i o n  c o e f f i c i e n t s .  
D X X , D Y Y , D Z Z  - d i f f u s i o n  c o e f f i c i e n t s  i n  X , Y ,  and Z d i r e c t i o n s  

r e s p e c t i v e l y  ( m e t e r s 2 I s e c ) .  
EXX,EYY - c o e f f i c i e n t  used i n  s c a l e  dependent  d i f f u s i o n  

e q u a t i o n .  
f%WX,POWY - power of l e n g t h  f a c t o r  used i n  s c a l e  dependent - 

d i f f u s i o n  e q u a t i o n .  
. .. 



(8)  /DPTH/ - f i x e d  depth g r i d .  The subsurface p a r t i c l e s  p o s i t i o n s  a re  
t r acked  w i t h  respect  t o  t h e  o r i g i n  o f  t h i s  g r i d .  
MPXDX,MPXDY.- number o f  g r i d  elements i n  t h e  X and Y 

d i r e c t i o n s .  
AD - anqle between X a x i s  and l i n e s  o f  cons tan t  

~ a t i t u d e  (degrees).  
HGHT(MPXEX, MAXEY) - 30,15- depth o f  water a t  mean low t i d e  

(meters) .  
XDL , YOL - Longi tude and L a t i t u d e  o f  t h e  ( 1 , l )  g r i d  

p o s i t  i on .  
XDS, M?S - g r i d  spacing i n  the  X and Y d i r e c t i o n s  (meters 

o r  degrees).  

( 5 )  /ELVN/- - t i d a l  h e i g h t s  g r i d .  Used i n  per fo rming  t h e  Z coo rd ina te  
t r ans fo rma t i on  f o r  t h e  subsurface d i f f u s i o n / a d v e c t i o n  
c a l c u l a t i o n .  
MAXEX,MAXEY - number o f  g r i d  elements i n  t h e  X and Y 

d i r e c t  ions .  
PE - angle betwecn X a x i s  and l i n e  o f  cons tan t  

L a t i t u d e  (degrees) .  
HGHT(MAXEX,MAXEY) -30,15- e l e v a t i o n  of  sea l e v e l  due t o  t i d e  

(meters).  
XEL , YEL - Longi tude and L a t i t u d e  o f  t he  ( 1 , l )  g r i d  

p o s i t i o n .  
XES, YES - g r i d  spacing i r ~  the  X and Y d i r e c t i o n s  

(meters o r  degrees). 

( 10 )  /FLOT/ - v e l o c i t y  a t  f l o a t i n g  g r i d  nodes. 
UFLT,VFLT,WFLT(IMSUB,JMSUB,KMSUB) (15,15,10) - advec t i ve  

c u r r e n t  p l u s  d i f f u s i o n  v e l o c i t i e s  a t  each o f  t h e  
f l o a t i n g  Lagrangian Coordinate System g r i d  nodes. 
(m/sec. o r  degrees/sec. ) 

(11)  /INJC/- passes d e f i n i t i o n s  o f  t h e  i n i t i a l  p a r t i c l e  p o s i t i o ~ s  d u r i n g  
ent ra inment  and t rea tment .  Th is  i s  exp la ined  i n  d e t a i l  i n  
Subrout ine ENTW. 
DEPC - v e r t i c l e  o r i g i n  o f  i n i t i a l  p a r t i c l e  d i s t r i b u t i o n  

(meters ) .  
AFRAC - determines t h e  f r a c t i o n  o f  p a r t i c l e s  w i t h i n  RO 

(RO = RSPIL/RIFRPC). 
RIFRAC - determines r a d i u s  over  which p a r t i c l e  d ~ n s i t y  i s  

un i f o rm  (meters) .  
ROFRPC - f a c t o r  which determines r a t e  a t  which p a r t i c l e  

d i s t r i b u t i o n  f a l l s  o f f .  
DDIPMT - diameter  o f  en t ra i ned  d r o p l e t  (mm). 
DDVELZT - z v e l o c i t y  o f  d r o p l e t ,  zero if n e u t r a l l y  buoyant.  
HENT - l e n g t h  o f  t ime of entrainment f o r  use i n  c a l c u l a t i o n  

o f  RMPX i n  Subrout ine ENTRN (hours ) .  

( 12 )  /Mass/- de f i nes  l o c a t i o n  o f  a l l  mass f o r  mass balance ( a l l  i n  m e t r i c  
t ons ) .  

XMATM - mass i n  atmosphere. 
XMBIO - mass b i o l o g i c a l l y  consumed. 

. XMBOT - mass depos i ted  on bottom. 
XMCLN - mass p h y s i c a l l y  c leaned up. 



XMOMP - t o t a l  amount o f  mass dumped up t o  t h a t  s tep.  
XMLOS - mass l o s t  through boundaries. 
XMSHP - mass deposi ted on shore. 
XMSUR - mass l e f t  on sur face.  
XMSUS - mass i n  water  column. 

(13) /MAXVEL/ - passes maximum v e l o c i t y  f o r  t he  courant  number which i s :  
maximum v e l o c i t y * t i m e s t e p / g r i d  spacing. 
UAMAX, VAMAX, WAMAX - advec t ion  courant  numbers (meters /  

second 1. 
U?MAX, VCIMAX, WDMPX - d i f f u s i o n  courant  numSers (meters/  

second). 

(14)  /OUTF/ ou tpu t  u n i t  numbers. 
NUSP - s p i l l e t  i n f o rma t i on .  
NURS - r e s t a r t  data. 
N O \ ]  - concen t ra t i on  data.  
NUPT - p a r t i c l e  parameters. 
NUMS - mass balance, . 
NULT - l o s t  p a r t i c l e  parameters. 
NUDP - deposi ted p a r t i c l e  parameters 
NUVL - v e l o c i t y  values. 

/PRNT/ c o n t r o l  parameters f o r  subsurface p r i n t o u t .  
KPRTV,KPRTC,KPRTP - p r i n t  c o n t r o l  parameters f o r  paper p r i n t -  

ou t  of  v e l o c i t y  values, concen t ra t ions  and p a r t i c l e  
p o s i t i o n s .  Th i s  i s  an i n t e g e r  number which i n d i c a t e s  
how o f t e n  ( i n  number o f  s teps)  t h e  user  wants t h i s  
i n f o rma t i on  p r i n t e d  ou t .  Value i s  zero if' no p r i n t -  
ou t  i s  des i red .  

NPRO - c o n t r o l  parameter t o  i n d i c a t e  t h a t  i n f o rma t i on  i s  t o  
be w r i t t e n  ou t  t o  d i sk .  
-0 f o r  no w r i t e o u t .  
1 if any of t he  t h r e e  v a r i a b l e s  below a re  no t  equal  

t o  zero. 
NPRV,NPRC,NPRD - c o n t r o l  parameter f o r  w r i t i n g  ou t  t s  d i s k .  

Th is  i n d i c a t e s  the  i n t e r v a l  ( i n  number o f  s teps)  
between ou tpu t  t o  d i s k  f o r  v e l o c i t y ,  concen t ra t i on ,  
and p a r t i c l e  p o s i t i o n .  

NPTSUB - c o n t r o l s  p r i n t o u t  o f  some subsurface i n f o r m a t i o n .  
.-1 no p r i n t o u t .  

0 p r i n t o u t  o n l y  t h e  f i r s t  t imestep.  
0 p r i n t o u t  a t  t h a t  i n t e r v a l  o f  steps. 

(16) /PTYP/ - the  p a r t i c l e s  are grouped i n t o  c lasses  depending upon t h e i r  
p r o p e r t i e s .  Th i s  common b lock  passes these p r o p e r t i e s .  
NCLASS - number of  c lasses  a t  t h i s  t imestep.  
NUMBD(1CLASS) -(200) - number of  p a r t i c l e s  i n  ICLASS. 
DDIAM( ICLASS) -(200) - d iameter  o f  p a r t i c l e .  
DDENZ(1CLASS) -(200) - d e n s i t y  o f  p a r t i c l e .  This--is t he  

same dens i t y  o f  t h e  o i l  a t  t h e  moment o f  entrainment.  
(grams/cubic cen t ime te r ) .  

DMASS(1CLASS) -(200) - amount of  mass represented by each 
p a r t i c l e  ( m e t r i c  tons) .  

DVELZ(1CLASS) -(ZOO) - f a l l  v e l o c i t y , o f  p a r t i c l e ,  u s u a l l y  i s  



zero f o r  n e u t r a l l y  buoyant o i l  d r o p l e t  (meter /  
second) . 

DCOMP(ICLASS,8) -(200,8) -composit ion o f  o i l  i n  t h e  d r o p l e t .  
Th is  i s  t h e  composi t ion o f  t h e  o i l  a t  t h e  moment o f  

- ent ra inment .  
NTCLASS - maximum number o f  c lasses  al lowed. Th is  i s  

c u r r e n t l y  s e t  a t  200. 
NUMCL - maximum number o f  p a r t i c l e s  i n  each c l ass .  

(17)  /SEAS/ - de f i nes  Sea S ta te  g r i d .  
MAXSX,MAXSY - number o f  g r i d  elements i n  t he  X and Y 

d i r e c t i o n .  
AS - angle between X a x i s  and l i n e s  o f  cons tan t  

L a t i t u d e  (degrees).  
WAVHGT (MAXSX ,MAXSY) -30,15 - average wave h e i g h t  (meters)  . 
WAVPRD(MAXSX ,MAXSY) -30,15 - average wave p e r i o d  ( seconds). 
XSL,YSL - Longi tude and L a t i t u d e  of  ( 1 , l )  g r i d  p o s i t i o n .  
XSS,YSS - g r i d  spacing i n  X and Y d i r e c t i o n  (meters o r  

degrees). 

(18)  /SHOR/ descr ibes  sho re l i ne .  
NSHOR - number o f  s h o r e l i n e  p o i n t s .  
XSHOR(ISH0R) -1500 - Longi tude o f  sho re l i ne  p o i n t s .  
YSHOR(ISH9R) -1500 - L a t i t u d e  o f  sho re l i ne  p o i n t s .  

(19)  /SPIL/- passes s p i l l e t  p r o p e r t i e s .  
MSPIL - number o f  hydrocarbon f r a c t i o n s .  Th i s  i s  c u r r e n t l y  

s e t  t o  e i g h t .  
NSPIL - number o f  s p i l l e t s  a t  t h i s  t imestep.  
ASPIL(ISP1L) -99 - t r e a t e d  area o f  s p i l l e t .  Th is  i s  ne a t i v e  9 when the  t o t a l  s p i l l e t  has been t r e a t e d  (meters ) .  

BSPIL(ISP1L) -99 - t ime  t h a t  s p i l l e t  appearec (seconds).  
DSPIL( ISPIL)  -99, - dens i t y  o f  s p i l l e t  (grams/cubic cent . i -  

mete r ) .  
FSFIL(1SPIL) -99 - f r a c t i o n  by volume o f  t r e a t e d  s p i l l e t .  
GSPIL(ISPIL,MSPIL) -(99,8) - f r a c t i o n  by mass o f  eacn hyGro- 

carbon c l a s s  f o r , t h e  s p i l l e d  o i l .  
RSPIL(ISP1L) -94 - r a d i u s  o f  s p i l l e t  (meters); 
SSPILT(ISP1L) -99 - i n t e r f a c i a l  t ens ion  o f  o i l  ( d y n e s l c e n t i -  

meter)  . 
SSPILT(1SPIL) -99 - i n t e r f a c i a l  tens ion .  o f  t r e a t e d  o i l  ' 

(dynes/cent imeter) .  
TSPIL(1SPIL) -99 - n o t  used 
TSPILT(1SPIL) -99 - n o t  used 
USPIL(ISP1L) -99 - k inemat ic  v i s c o s i t y  o f  t h e  o i l  ( c e n t i -  

s tokes) .  
WSPIL(ISP1L) -99 - mass o f  t h e  o i l  i n  s p i l l e t  ( m e t r i c  t o n s ) .  
XSPIL(ISP1L) -99 - Longi tude a t  cen te r  o f  a s p i l l e t .  
YSPIL(ISP1L) -99 - L a t i t u d e  a t  cen te r  o f  a s p i l l e t .  

- 
( 20) /SUBS/- c o n t r o l  parameters f o r  subsurface sec t i on .  

NTRANS - t rans fo rms t h e  .Z d i r e c t i o n .  
0 uses depths as g iven.  
1 t rans fo rms Z so t h a t  a l l  Z values a re  normal ized 

by t h e  depth. 



NSUB - 0 p a r t i c l e  d i f f u s i o n  w i t h  respect  t o  Lagrangian 
g r i d .  

1 use a n a l y t i c a l  d i f f u s i o n  u n t i l  s tandard d e v i a t i o n  
of  c l oud  i s  comparable t o  g r i d  mesh. 

hEXTR - c o n t r o l  o f  Lagrangian g r i d .  
0 use f i x e d  g r i d .  
1 use expanding and t r a n s l a t i n g  g r i d .  

NMPX - maximum number of  p a r t i c l e s .  R e s t r i c t e d  by 
dimension of  p a r t i c l e  l o c a t i o n  v a r i a b l e s .  

WAX - number o f  p a r t i c l e s  a t  c u r r e n t  t imestep.  
DX,OY,OZ - g r i d  spacings o f  Lagrangian g r i d  (meters o r  

degrees 1. 
XORlG,YORlG - t h i s  i s  t he  d is tance  between t h e  o r i g i n  of  the  

f i x e a  depth g r i d  and t he  f l o a t i n g  Lagrangian g r i a .  
These numbers a re  i n  f i x e d  depth g r i d  u n i t s .  Tnere- 
f o r e ,  t o  ge t  t h e  a c t u a l  d is tance  i n  meters o r  
degrees, these numbers must be m u l t i p l i e d  by t he  
g r i d  spacing o f  t h e  depth g r i a  (XDS,YDS). 

Z O R l G  - p o i n t  o f  re fe rence  f o r  v e r t i c a l  d is tances .  For  a 
cons tan t  depth,  t h i s  i s  a t  t h e  bottom. 

(21)  /TIDE/ - Advect ive c u r r e n t  g r i d .  There a re  two g r i d s ,  one f o r  X 
v e l o c i t i e s  and one f o r  Y v e l o c i t i e s .  They have t he  sam? 
spacing, s i ze ,  and o r i e n t a t i o n  bu t  may have d i f f e r e n t  
o r i g i n s  so t h a t  a numer ica l  model us i ng  a space staggered 
g r i d  may be used t o  generate t he  values. 

MAXTX,MAXTY - number o f  g r i d  elements i n  t he  X and Y d i r e c -  
t i on .  

PT - angle between X a x i s  and l i n e s  o f  cons tan t  L a t i t u d e  
(degrees) . 

UT(MPXTS,MAXTY) -30,15 - v e l o c i t i e s  i n  t he  X d i r e c t i o n  
(meters /second o r  degrees/second 1 .  

VT(MAXTX,MAXTY) -30,15 - v e l o c i t i e s  i n  t he  Y d i r e c t i o n  
(meters/second o r  degrees/secona) . 

XTLU,XTLV - Longi tuae o f  ( 1 , l )  g r i d  p o s i t i o n  f o r  UT anc V T .  
YTLV,XTLV - L a t i t u d e  o f  ( 1 , l )  g r i a  p o s i t i o n  f o r  UT ano V i .  
XTS,YTS - g r i d  spacing i n  X and Y d i r e c t i o n s  f o r  b o t ~  

t i d a l  c u r r e n t  g r i d s  (meters o r  degrees).  

( 2 2 )  /TMPC/ - temperature g r i d .  
MAXKX,MAXKY - number o f  g r i d  elements i n  t he  X and Y d i r e c -  

t i o n .  
PK - angle between X a x i s  and l i n e s  o f  cons tan t  

L a t i t u d e  (degrees) .  
TEMP(MAXKX,MAXKY) -30,15 - temperature (degrees cen t i g rade ) .  
XKL , YKL - Longi tude and L a t i t u d e  o f  ( 1 , l )  g r i d  p o s i t i o n .  
XKS, YKS - g r i d  spac ing i n  X and Y d i r e c t i o n  (meters o r  

degrees 1. 

(23)  /WINO/ - wind g r i d  
MAXWX,MPXMY - number o f  g r i d  elements i n  t h e  X anid Y 

a d i r e c t i o n s .  
AW - angle between X a x i s  and l i n e s  o f  cons tan t  

L a t i t u d e  (degrees).  
UW(MAXWX,MPXWY) -30,15 - wind speed i n  X d i r e c t i o n  (meters/  



second)  . 
VX(MAXWX) -30,15 - wind speed i n  Y d i r e c t i o n  ( m e t e r s /  

second) .  
XWL, YWL - Longi tude and L a t i t u d e  o f  (1,l) g r i d  p o s i t i o n .  
XWS, YWS - g r i d  s p a c i n g  i n  X and Y d i r e c t i o n s  ( m e t e r s  o r  

d e g r e e s .  



APPENDIX I V :  PROGRAM SUBROUTINE AND ALGORITHM DESCRIPTIONS FOR 
THE SIMULATION MODEL 

Th is  Appendix i s  devoted t o  t h e  d e t a i l e d  d e s c r i p t i o n  o f  t h e  main p ro -  
gram and each of  t he  subrou t ines  of  t he  s i m u l a t i o n  model. The main p ro -  
gram i s  discussed f i r s t ,  and then fo l lowed by t he  subrou t ines  i n  alpha- 
b e t i c a l  o rder .  Fo l l ow ing  t he  d e s c r i p t i o n  of  each subrou t ine  i s  a l i s t ,  
i n c l u d i n g  a d e s c r i p t i o n  of t h e  sub rou t i ne ' s  most impor tan t  arguments 
which a re  n o t  i n  common o r  read i n .  Those v a r i a b l e s  i n  common o r  read i n  
have been d iscussed i n  Appendices I1 and 111. 

1. Main Sec t ion  

The main s e c t i o n  of the  program a c t s  as t h e  c o n t r o l l e r  f o r  a s imula-  
t i o n .  A l l  o f  t he  major subrou t ine  c a l l s  o r i g i n a t e  from t h i s  sec t i on .  
I n i t i a l i z a t i o n  f o r  a l l  bu t  t he  subsurface v a r i a b l e s  i s  performed by t h i s  
s e c t i o n  and i t  c o n t r o l s  a l l  i n p u t  by e i t h e r  read ing  t he  v a r i a b l e s  
d i r e c t l y  o r  by c a l l i n g  the  subrou t ines  which then do t he  reading.  (See 
F igu re  IV-1). Fo l l ow ing  t he  s tandard i n i t i a t i o n  a t  t he  run  c o n t r o l  param- 
e t e r s ,  t h e r e  may be a second l e v e l  of  i n i t i a l i z a t i o n  c o n t r o l l e d  by t h e  
parameter NSTRT. Th is  i n i t i a l i z a t i o n  occurs i f  NSTRT equals  one, i . e . ,  
if t h i s  run  i s  t o  be a c o n t i n u a t i o n  of  a p rev ious  one. I f  NSTRT equals  
z e r o , t h i s  s e c t i o n  i s  skipped. 

The r e s t a r t  s e c t i o n  w i l l  read a l l  p rev ious  ou tpu t  data se t s  t o  t h e i r  
end and then  i t  w i l l  read t he  r e s t a r t  da ta  s e t  which l o c a t e s  a l l  s p i l l e t s  
and determines t he  mass and subsurface parameters a t  the  l a s t  s tep  f o r  
which r e s t a r t  da ta  was w r i t t e n .  The p rev ious  environmental ,  s p i l l e t ,  
c leanup and t reatment  e f f o r t s  a re  read i n  under c o n t r o l  o f  the  parameter 
INR which counts t he  s teps up t o  t he  r e s t a r t  s tep.  The same i n p u t  da ta  
se t s  used f o r  t h e  r e s t a r t  a re  t he  ones used f o r  t he  p rev ious  run  whizh 
d i d  no t  f i n i s h .  The same ou tpu t  data s e t s  w i l l  be used as w e l l .  I f  t h e  
user  'des i res  t o  use new i n p u t  and ou tpu t  data s e t s  f o r  t he  r e s t a r t e d  run ,  
t he  i n p u t  v a r i a b l e  NSTFN must be s e t  equal  t o  zero. Care should be taken  
when us ing  new data se t s  t o  be sure t h e  new u n i t  numbers and/or da ta  s e t  
names should be c o r r e c t  i n  t he  i n p u t  data se t .  

The nex t  major s e c t i o n  of  t he  program c o n s i s t s  of  the  i t e r a t i o n  over  
t ime. Th is  i s  t he  a c t u a l  s i m u l a t i o n  o f  t he  s p i l l .  Th is  begins w i t h  t h e  
i n p u t  of  t he  s tep  c o n t r o l  parameters. The fo rmat ted  p r i n t o u t  of  t he  com- 
mands i ssued  by t h e  s tep  c o n t r o l  parameters i s  determined by t h e  i n p u t  
v a r i a b l e  NEW, which i n d i c a t e s  t he  s tep  i n t e r v a l  f o r  output .  Fo l l ow ing  
t h i s  step, t he  program reads t h e  app rop r i a te  env i ronmenta l  v a r i a b l e s ,  
s p i l l e t s  and cleanup a c t i v i t i e s  and then  performs t he  i n d i c a t e d  cleanup 
opera t ions .  The main surface sub rou t i ne  (SURFUS) and main subsur face 
r o u t i ~ e  (SUBSUR) a re  then accessed. P r i o r  t o  c a l l i n g  t h e  subsur face rou-  
t i n e s ,  t he  program conver ts  a l l  v e r t i c l e  measurements t o  t h e  t ransformed 
system if r e q u i r e d  (no t r ans fo rma t i on  f o r  NTRANS = 0 ,  t r a n s f o r m a t i o n  f o r  
NTRANS = 1 ) . 

I n  t he  nex t  sec t ion ,  t h e  mass balance i s  c a l c u l a t e d  and any s p i l l e t s  
t h a t  ove r l ap  by a p rede f ined  f r a c t i o n  (COMB) a r e  combined regard less  of  

a t he  s tep  num5er. The l a s t  f unc t i on  performed f o r  a t ime  sep i s  t o  w r i t e  
t o  d i s k  t h e  r e s t a r t  da ta  if t h e  s tep  number i s  a m u l t i p l e  o f  NSUMM o r  if 
t h i s  i s  t he  l a s t  t ime  s tep  of  t he  run. If t h i s  i s  n o t  t he  l a s t  t ime 
step, the  e n t i r e  s i m u l a t i o n  procedure i s  repeated from the  e n t r y  o f  t he  
s tep  c o n t r o l  parameters. 





SUBROUTINES CALLED t ADD, ARAYIN, BOTDFT, CHEMIN, CLNIN, 
CNVRTZ, CONSLJM INITSS, MASSC, READF. 
RE ADL , ' RESRFS , SHORE, SPIL IN, SUBSUR , 
SUMMUP , SURFES . 

Impor tan t  Var iab les  Not i n  Common Read I n  

INR - Th is  i s  used f o r  t he  r e s t a r t  sec t i on .  I t  counts  t he  numSer 
o f  t imes t h a t  t he  program reads through t he  env i ronmenta l  
i n p u t  parameters before i t  has come t o  t he  s tep  a t  which 
t he  p rev ious  run  . terminated. .  . 

NSTEP - Step number. Time zero i s  s tep  zero. 

NOHDR (ICLASS) - 2000 I n t e g e r  * 2  - Class t o  which t h a t  p a r t i c l e  
belongs. 

. . .  

X ,Y ,Z  ( I )  - 2000 - P o s i t i o n  o f  d r o p l e t  w i t h  respect  t o  o r i g i n  of  
f l o a t i n g  g r i d ,  (meters . o r  degrees). 

' Subrout ine ADD 

This  subrou t ine  combines two s p i l - l e t s  aiid t h e i r  p r o p e r t i e s  if they 
ove r l ap  by more than some predetermined f r a c t i o n .  (See F igu re  IV-2) .  
The sum o f  t h e i r  r a d i i  i s  compared;to t h e  d i s tance  between t he  cen te rs .  
I f  t h i s  d i f f e r e n c e  i s  l a r g e r  . t h a n . ' a '  g i ven  .:percentage ( d e f i n e d  by i n p u t  
t he  parameter COMB) of  t he  sma l les t  o f  t he  two r a d i i ,  then they a re  com- 
b ined.  S p i l l e t  parameters ofi the.'. t ~ o " s p < l l e t s  a re  combined e i t h e r  by 
adding the two va lues o r  by c a l c u l a t i n g  a .weighted average o f  t he  two. 
For  example, the  mass i s  s imply  .the -sum. o f  t h g  two w h i l e  t he  l o c a t i o n  i s  
a weighted mean (by weight )  o f  t he  1.oc.ati.on.of" the  two cen te rs .  I n  TzSle 
I V - 1 ,  a l l  s p i l l e t  v a r i a b l e s  a re  l i s t e o  :a long w i t h  t he  method of  
comSination. 

. , 

. . ..... . . r 

CALLED FROM: .MAIN 

SUBROUTINES CALLED: DIST 

Impor tan t  Var iab les  n o t  i n  common o r .  Read. i n :  .'! 
. . - , .  ., , . ,  - .. . DISTA - the  sum of t he  r a d i i .  * .  

. . 
. .: . .. 

. . .  
DIS .- d i s t ance  between s p i : l l e t  centers..:' 

NSAV(1SP) - 99 - number o f ,  t he  s p i l l e t  wh'ikh has been moved t o  t h e  
end o f  t he  l i s t .  



E n t e r  
Subroutine ADD 

I n i t i a l i z e  counters 

d f o r  i , loop 

# f o r  j loop 

i and j s p i l l e t s  

Combine s p i l l e t s  

Save s p i l l e t  i n  j 

I - 
/ 
\ 

I Yes 

Return  C> 
F i g u r e  I v  - 2 .  F lowchar t  f o r  subrout ine  ADD 



Table I V - 1  

Combination o f  S p i l l e t  Parameters i n  Subrout ine ADD 

Va r i ab le  Name Method of  Combination Va r i ab le  D e s c r i p t i o n  

ASPIL 

GSPIL 

Sum S p i l l e t  area t r e a t e d  

Weighted mean F r a c t i o n  by mass of  
each c l a s s  o f  o i l  

RSPIL 

SSPIL 

TSPIL 

SSPILT 

TSPILT 

USPIL 

USPIL 

XSPIL 

YSPIL 

FSP I L 

Square r o o t  o f  sum of 
squares, i. e., sum areas S p i l l e t  r a d i u s  

Weighted mean I n t e r f a c i a l  t e n s i o n  
o f  o i l  

Weighted mean Dens i ty  o f  o i l  a t  t=0  

Weighted mean I n t e r f a c i a l  t e n s i o n  o f  
.. Treated o i l  

Weighted mean Not used 

Weighted mean Kinemat ic  v i s c o s i t y  o f  o i l  

Sum Mass o f  o i l  i n  s p i l l e t  
.. . 

Weighted mean Longi tude o f  s p i l l ' e t  
cen te r  

Weighted mean L a t i t u d e  o f  s p i l l e t  
cen te r  

Weighted mean F r a c t i o n  by mass of  
t r e a t e d  s p i l l e t  



S u b r o u t i n e  ARPYIN 

This  s u b r o u t i n e  h a s  been des igned  t o  e n t e r  environmental  g r i d s .  
I t  is f l e x i b l e  i n  t h a t  t h e  o ' r i e n t a t i o n ,  s i z e  and l o c a t i o n  of each  g r i d  
may be d i f f e r e n t  b u t  s t r u c t u r e d  i n  t h a t  t h e  d e f i n i n g  pa ramete r s  m u s t  
fo l low one o f  a number of  wel l -def ined fo rmats .  The p r e c i s e  format 
s t a t e m e n t s ,  a s  w e l l  a s  t h e  v a r i o u s  f o r m a t t i n g  o p t i o n s  a r e  d e s c r i b e d  i n  
d e t a i l  i n  Appendix I ,  a long  w i t h  a s s o c i a t e d  v a r i a b l e s .  I n  t h i s  s e c t i o n ,  
t h e  o p e r a t i o n  of t h e  s u b r o u t i n e ' . i s  d i s c u s s e d  i n  terms o f .  t h e  flow 
diagram,  F i g u r e  IV-3. 

Upon e n t e r i n g  t h e  s u b r o u t i n e ,  t h e  g r i d  d e f i n i t i o n  pa ramete r s  a r e  r ead  
e i t h e r  fo rmat ted  o r  unformat ted ,  depending on t h e  va lue  of  t h e  formai 
c o n t r o l  parameter  NU. The dimensions of t h e  g r i d  a r e  then  v e r i f i e d .  If 
ISCPL e q u a l s  1, t h e n  t h e  g r i d  s e p a r a t i o n  i s  i n  mete r s  and must be  l a r g e r  
t h a n  5 o r  t h e  program s t o p s .  I f ,  on t h e  o t h e r  hand, ISCPL e q u a l s  2 ,  t h e  
g r i d  s e p a r a t i o n  is  i n  s p h e r i c a l  c o o r d i n a t e s  and must be l e s s  t h a n  or 
e q u a l  t o  5 o r  a g a i n  t h e  program s t o p s .  F i n a l l y ,  i f  t h e  g r i d  s e p a r a t i o n  
is i n  s p h e r i c a l  c o o r d i n a t e s ,  t h e  g r i d  canno t  be  r o t a t e d  s o  t h e  pa ramete r  
PNGLE must e q u a l  ze ro .  If  it i s  n o t ,  t h e  program s t o p s .  I f  a l l  o f  t h e  
c o n d i t i o n s  a r e  s u c c e s s f u l l y  met,  t h e  g r i d  may be p r i n t e d  o u t  if d e s i r e d .  
Th i s  p r i n t o u t  i s  c o n t r o l l e d  by NPRTA, (-1 no p r i n t o u t ,  0 l i m i t e d  p r i n t o u t  
and 1 f u l l  p r i n t o u t ) .  

The next  s t e p  i s  t o  read' i n  t h e  environmental  pa ramete r s .  First t h e  
format type  i s  de te rmined ,  r e a l  f o r m a t t e d ,  r e a l  unformat ted ,  i n t e g e r  f o r -  
mat ted  o r  i n t e g e r  unformat ted  and t h e n  t h e  f i r s t  v a r i a b l e  i s  i n p u t  f o r  
t h e  e n t i r e  g r i d .  I f  t h e r e  is  a second v a r i a b l e ,  NO e q u a l  t o '  2, i t  :.i's 
t h e n  i n p u t .  The l a s t  s t e p  is  t o  o u t p u t  t h e  environmental  . da ta  a g a i n  

. . , _ . '  under c o n t r o l  o f  NPRTP. . .  . . 3' : , (  

e .  
. % 

CALLED FROM: MPIN .. ' 

. . 
SUBROUTINES CALLED: NONE 

. . Impor tan t  V a r i a b l e s  Not 'in Common o r  Read I n  See Table  1-1 
. , 

Subrou t ine  AVGSIG . . ,  . . . . 
: -  : < . : 

This  s u b r o u t i n e  c a l c u l a t e s  t h e  average  of  t h e  p o s i t i o n s  
(X,Y,Z) over  a l l  p a r t i c l e s  t h e n ,  under  c o n t r o l  of  N E L C T ,  : c i l c t j l a t e s  t h e  
s t a n d a r d . d e v i a t i o n .  The s t a n d a r d  d e v i a t i o n  is  def ined.  by: : ~. 

i ' . . 
. .  , 

. -  . 

. . 

CALLED FROM: DIFF, DISPV 

SUBROUTINES CALLED : NONE 



Subrwt ine .a . . . .  

4 C 
Input Grid f k f ln l t ion  Parameters: Unformatted Input Grid Definl ti.m Parameters : Formatted. 

I 
I I 

Printout Grid Defini t ion 
I 

No 

Read 1st Real Read lSt Real 
Grid: F o m t  ted 6r ld:  Un fomt ted  

Printout Real Grld 
None, Some or A l l  I 

1 
v I 

Rtr tu r r~  0 
Figure I V . - 3  f l o w  Chart  fo r  subroutine ARAYIN . . 



Impor tan t  V a r i a b l e s  no t  i n  Common o r  Read i n  

XNUM - number o f  p a r t i c l e s  

XAVG,YAVG,ZAVG - average  v a l u e s  f o r  X,Y and Z p o s i t i o n s .  

SIGX,SIGY,SIGZ - s t a n d a r d  d e v i a t i o n s  o f  X ,  Y and Z p o s i t i o n s .  

NCELCT - 0  c a l c u l a t e  on ly  t h e  mean. 

- 1 c a l c u l a t e  t h e  mean and s t a n d a r d  d e v i a t i o n .  

S u b r o u t i n e  BOUNV 

This  s u b r o u t i n e  l o c a t e s  t h e  p o s i t i o n  o f  t h e  p a r t i c l e s  wi th  r e s p e c t  t o  
t h e  computa t iona l  c e l l  g r i d  and t h e n ,  e i t h e r  d i s p l a c e s  ' t h e  p a r t i c l e ,  
removes it  from t h e  p a r t i c l e  l i s t ,  o r  l e a v e s  it a s  it was, depending on 
t h e  numerical  v a l u e  of' t h e  computa t iona l  c e l l  g r i d  element i n  which i t  is  
l o c a t e d .  See  F i g u r e  IV-4, f o r  a  flow c h a r t  o f  BOUNV. 

F i r s t ,  t h e  r o u t i n e  de te rmines  where each o f  t h e  f l o a t i n g  g r i a  nodes 
a r e  wi th  r e s p e c t  t o  t h e  f i x e d  computa t iona l  g r i d .  Each f l o a t i n g  g r i d  
e lement  i s  then  a s s i g n e d  t h e  boundary c o n d i t i o n  o f  t h e  f i x e d  computa- 
t i o n a l  g r i d  i n  which it is  l o c a t e d .  The number a s s o c i a t e d  wi th  each con- 
d i t i o n  is  l i s t e d  i n  Table  IV-2. The p a r t i c l e s  a r e  t h e n  l o c a t e d  w i t h i n  
t h e  f l o a t i n g  g r i d .  I f  a  p a r t i c l e  i s  w i t h i n  one h a l f  o f  a  g r i d  d i s t a n c e  
o f  an  open boundary o r  a  bottom d e p o s i t i o n  c e l l ,  t h e  p a r t i c l e  i s  removed 
from t h e  l ist .  I f  t h e  g r i d  is  a  r e f l e c t i o n  c e l l ,  t h e  program moves t h e  
p a r t i c l e  t o  h a l f  o f  a  g r i d  s p a c e ,  p l u s  a  s m a l l  d i s t a n c e  (ER) away from 
t h e  boundary. The u s e r  can change t h e  va lue  of  ER w i t h i n  t h e  program. A 
p a r t i c l e  o c c u p i e s  a  f i c t i t i o u s  c e l l  volume, e q u a l  t o  a  f l o a t i n g  g r i d  
c e l l ,  s o  t h e  boundary c a l c u l a t i o n s  a r e  determined by t h e  o v e r l a p  of t h i s  
p a r t i c l e  volume i n  t h e  boundary c e l l s .  I f  t h e  p a r t i c l e  i s  d e p o s i t e d  o r  
l o s t ,  t h e  l a s t  p a r t i c l e  on t h e  l ist is  moved t o  i t s  p o s i t i o n  i n  t h e  
o r d e r .  A t  p r e s e n t ,  t h e  l a n d  c e l l s  a r e  g e n e r a l l y  d e f i n e d  a s  r e f l e c t i o n  
c e l l s  a s  a r e  t h e  s u r f a c e  boundary c e l l s .  The u s e r  may, however, a s s i g n  
any c o n f i g u r a t i o n  t o  t h e s e  t h a t  s / h e  d e s i r e s .  

The l o c a t i o n  and p r o p e r t i e s  of  any d r o p l e t  d e p o s i t e d  o r  l o s t  a r e  
w r i t t e n  t o  a  d i s k  d a t a  s e t .  The number o f  p a r t i c l e s  e i t h e r  l o s t  o r  
d e p o s i t e d  a r e  p r i n t e d  o u t  by t h e  MASSC s u b r o u t i n e .  

CALLED FROM: SUBSUR, PRINT 

SUBROUTINES CALLED: ROTAT 

Impor tan t  V a r i a b l e s  no t  i n  Common o r  Read I n  

ER - When a  p a r t i c l e  is  moved, i t  is moved t h i s  - f r ac t ion  of 
a  g r i d  c e l l  beyond t h e  middle  o f  t h e  c e l l .  

- 

M .- I ,  J ,  K - The boundary c o n d i t i o n s  o f  t h e  f l o a t i n g  g r i d  l o c ~ t i o n  -- 
c a l c u l a t e d  from t h e  f i x e d  computa t iona l  c e l l  g r i d .  See . . 
Table  IV-2 f o r  t h e  meaning o f  t h e  v a r i o u s  numerical  
v a l u e s .  







. + . . 

Table  IV-2 

Model Boundary Condi t ions  

VPLUE DEFINITION A C T I O N T A K E N  

. . .  Land C e l l  

Computational  C e l l  

Open boundary . 

Water c e l l  w i t h  an  
a d j a c e n t  c e l l  t h a t  i s  
no t  wa te r  

Free  s u r f a c e -  r e f l e c t i o n  
c e l l  

. . .  . . .  
. . . . . . . . .  Bottom ..: . _  .. 

D e p o s i t i o n  .,,: . . .  . . .  

C e l l  
. . 

0  Depos i t  p a r t i c l e ,  remove p a r t i c l e  
from l i s t  

. . 
1 . none 

2 remove p a r t i c l e  from l i s t  

101  . . none 

3 Disp lace  p a r t i c l e  down i f  i n  t h e  
lower h a l f  of  t h e  c e l l  

.4 Pbsorbs  any o i l  which moves t o  
w i t h i n  1 / 2  g r i d  s p a c i n g  o f  
bottom. 



S u b r o u t i n e  CHEMIN 

T h i s  s u b r o u t i n e  r e a d s  i n  t h e  d a t a  f o r  new chemical  t r e a t m e n t  e f f o r t s  ana 
a l s o  l ists a l l  t r e a t m e n t  e f f o r t s  i n  p r o g r e s s .  See Appendix I f o r  a  d e s c r i p -  
t i o n  o f  t h e  i n p u t  format and s e e  F i g u r e  IV-5 f o r  a  flow c h a r t  of  t h i s  
s u b r o u t i n e .  

The s u b r o u t i n e  f i r s t  p r i n t s ,  a header .  Then a l l  e f f o r t s  i n  p r o g r e s s  a r e  
l i s t e d .  F i n a l l y ,  new e f f o r t s  a r e  read i n  and t h e i r  c h a r a c t e r i s t i c s  pointe;l 
o u t .  

CALL FROM: M A I N  

SUBROUTINES CALLED: NONE 

Impor tan t  V a r i a b l e s  no t  i n  Common o r  Read I n :  None 

S u b r o u t i n e  C L N I N  

T h i s  s u b r o u t i n e  s e r v e s  two f u n c t i o n s :  I t  r e a d s  i n  t h e  d a t a  t h a t  d e t e r -  
mines new mechanical  c l eanup  e f f o r t s  and i t  l is ts  a l l  mechanical  c l eanup  
e f f o r t s  i n  p r o g r e s s .  See  Appendix I f o r  a  d e s c r i p t i o n  o f  th? i n p u t  format and 
See  F i g u r e  IV-6 f o r  a  f low c h a r t  o f  t h i s  s u b r o u t i n e .  

F i r s t ,  t h e  s u b r o u t i n e  p r i n t s  a  header .  Then a l l  e f f o r t s  i n  p r o g r e s s  a r e  
l i s t e d .  F i n a l l y ,  new e f f o r t ( s )  a r e  r ead  i n  and t h e i r  c h a r a c t e r i s t i c s  p r i n t e i j  
o u t .  

CALLED FROM: MPIN 

SUBROUTINES CALLED: NONE 

Impor tan t  v a r i a b l e s  not  i n  Common o r  Read I n :  None 

S u b r o u t i n e  CLNUP 

This  s u h r o u t i n e  s i m u l a t e s  t h e  mechanical  c l eanup  o f  s p i l l e d  o i l .  See 
F i g u r e  IV-7. A t  any one t i m e ,  t h e r e  may be up t o  t e n  i n d i v i d u a l  c l eanup  
e f f o r t s  i n  p r o g r e s s .  Each e f f o r t  is d e f i n e d  by i t s  l o c a t i o n ,  r a d i u s  o f  i n f l u -  
e n c e ,  beg inn ing  t ime ,  d u r a t i o n ,  o i l  recovery r a t e  and e f f i c i e n c y  o f  c l eanup  
e f f o r t .  Th i s  l a s t '  v a r i a b l e  i s  ' t o  s i m u l a t e  t h e  p o s s i b l e  i n a b i l i t y  o f  t h e  
c l e a n u p  d e v i c e  t o  remove a l l  o f  t h e  o i l  i n  a  s p i l l e t  from t h e  s u r f a c e .  

The s u b r o u t i n e  is c a l l e d  once f o r  each s p i l l e t  eve ry  t ime  s t e p  a s  long a s  
t h e r e  a r e  c o n t i n u i n g  c leanup  e f f o r t s .  The f i r s t  f u n c t i o n  performeo i s  t o  
remove any e x p i r e d  c l e a n u p  e f f o r t s  from t h e  l i s t .  Th i s  is  done by s u b r o u t i n e  
REMOV. Fol lowing t h i s ,  each o f  t h e  c leanup  e f f o r t s  is examined i n  sequence t o  
d e t e r m i n e  whether o r  no t  i t s  range of i n f l u e n c e  i n c l u d e s  t h e  c u r r e n t  s p i l l e t .  
If i t  does ,  a  volume o f  o i l  is removed from t h a t  s p i l l e t  equaJ t o  t h e  s m a l l e r  
o f :  - 

1. The c l e a n u p  r a t e  t i m e s  t h e  time s t e p .  



Enter CHEF1 N 

I Yes 

current efforts 

Return b 
Figure IV - 5. Flow chart for subroutine CHEMIN. 



Enter  
Subrout ine CLNIN 

[+, 
. c u r r e n t  e f f o r t s  

F i gu re  I V .  - 6.  F low c h a r t .  f o r  Subrout(ne CLNIN,.,: 



Subrout ine  "Q CLNUP 

Return 

ongoing 
e f f o r t s ?  

1 I n i t i a l i z e  E f f o r t  1 
I Counter I 

Return 0 

Return  0 
F i g u r e  I V . .  7. Flow C h a r t  f o r  Subrout ine  CLNUP. 
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2. The t o t a l  volume o f  t he  s p i l l e t  t imes t h e  e f f i c i e n c y  fac to r .  

F o l l o w i n g  any a c t i o n  by a l l  c u r r e n t  c leanup e f f o r t s ,  t h e  mass balance of 
t h e  s p i l l  i s  updated and c o n t r o l  i s  r e tu rned  t o  the  main program. 

I t  should be no ted  t h a t  the  volume cleanup r a t e  o f  a  p a r t i c u l a r  e f f o r t  
a p p l i e s  t o  each s p i l l e t  t h e  cen te r  o f  which f a l l s  i n  t he  area covered by t h a t  
e f f o r t .  Th i s  means t h a t  i f  t h r e e  s p i l l e t s  f a l l  w i t h i n  t h e  range of a  g iven  
c leanup e f f o r t ,  a  maximum o f  t h r e e  t imes t h e  volume cleanup r a t e  f o r  t h a t  
e f f o r t  may be removed from the  surface. 

CALLED FROM: MAIN, SURFES 

SUBROUTINES CALLED: REMUV, DIST 

CLNUP VARIABLES 
ISP - t h e  number of s p i l l e t  on which t he  cleanup e f f o r t s  i s  

ope ra t i ng .  

SMCLN - Amount o f  o i l  removed from t h i s  s p i l l e t  (me t r i c  t ons ) .  

RC - Radius o f  s p i l l e t ,  ISP (meters) .  

DIS - D is tance  between cen te r  of  c leanup e f f o r t  and cen te r  o f  
s p i l l e t  (meters) .  

AMNT - Maximum amount o f  o i l  which may be removed i n  t h i s  s t ~ p  
( m e t r i c  t ons ) .  

EFF - E f f i c i ency  expressed as a f r a c t i o n .  

Subrou t ine  OJVRTZ 

Th is  subrout ine,  F i gu re  IV-8, conver ts  t h e  p a r t i c l e  p o s i t i o n s  i n  z, 
t he  v e r t i c a l  coord ina te ,  t o  o r  f rom t h e  t ransformed coo rd ina te  system. 
Th is  t ransform i s  r egu la ted  by t h e  parameter NTRANS (see i n p u t  
v a r i a b l e s ) .  I f  NTRANS' = 1, t h i s  r o u t i n e  i s  c a l l e d  a t  t h e  beg inn ing  and 
end of  the  run. The t r ans fo rma t i on  c o n s i s t s  o f  i n t e r p o l a t i n g  t h e  water 
depth a t  t h e  p a r t i c l e  p o s i t i o n  form t h e  depth g r i d ,  and then  norma l i z inc  
t he  z p o s i t i o n  by t h i s  depth,.. The r e s u l t  i s  t h a t  the  r e l a t i v e  r e s o l u t i o r  
i n  z  i s  independent o f  . h o r i z o n t a l  . ,  l o c a t i o n  ( x , y ) .  

CALLED FROM : MAIN 

SUBROLITINE CALLED : VELC 

Impor tan t  Var iab les  n o t  i n  Common o r  Read I n  

MOJTRL = -1 conver t  from t ransformed system. 

= 1 conve r t  t o  t ransformed system. 



CNVRTZ 
Determine water depth 

--I been l o s t 7  

v 
Locate the  l o v e r  l e f t  hand corner  a t  the  g r i d  
element c o n t a i n i n g  t he  p a r t i c l e  

yes ( g r i d  node I 

I 
Locate t he  neares t  
ac tua l  g r i d  node 

Ca l cu la te  t he  water  depth  a t  t he  
 article l o c a t i o r  I 

I 

t r a n s f o m e d  
Ca l cu la te  l o c a t i o n  

i n  t ransformed Ca l cu la te  depth  of  
g r i d  p a r t i c l e  i n  t h c  

water  column 

Return  a 
F i ~ u r e  I V .  8. .Flow Char t  f o r  sub rou t i ne  CNVRTZ 



S u b r o u t i n e  CONC 

Th i s  s u b r o u t i n e  ( F i g u r e  IV-9) d e t e r m i n e s  t h e  hydrocarbon concen t ra -  
t i o n  i n  t h e  wa te r  column r e s u l t i n g  from e n t r a i n m e n t .  Each p a r t i c l e  is 
a s s i g n e d  a  f i c t i t i o u s  volume equa l  t o  t h e  volume of a  f l o a t i n g  g r i d  e l e -  
ment and c e n t e r e d  on t h e  p a r t i c l e  l o c a t i o n .  The f r a c t i o n  of t h i s  volume 
i n  each  f l o a t i n g  g r i d  element is t h e n  added t o  t h e  volume of o i l  a l r e a d y  
i n  t h a t  e l ement .  The f i c t i t i o u s  volume may o v e r l a p  a  maximum of e i g h t  
su r round ing  c e l l s .  T h i s  p r o c e s s  is  performed f o r  each p a r t i c l e .  When 
a l l  p a r t i c l e s  have been p rocessed ,  t h e  mass o f  o i l  i n  each f l o a t i n g  g r i d  
e lement  is d i v i d e d  by t h e  volume o f  t h a t  e lement  t o  de te rmine  t h e  
concen t  r a t  i o n .  

CALLED FROM : SUBSUR , PRINT 

SUBROUTINES CALLED: None 

Important  Local V a r i a b l e :  none 

S u b r o u t i n e  COURAN 

Th i s  s u b r o u t i n e ,  s e e  F i g u r e  IV-10 f o r  i ts  flow c h a r t ,  is  use3  t o  
de te rmine  when t h e  c o u r a n t  c o n d i t i o n  has  been v i o l a t e d .  The c o u r a n t  con- 
d i t i o n  s p e c i f i e s  t h a t  a  marker p a r t i c l e  may not  move more t h a n  one h a l f  
of  a  model g r i d  u n i t  i n  one t ime  s t e p .  I f  t h e  c o n d i t i o n  i s  v i o l a t e d ,  t h e  
numerical  r e s u l t s  a r e  u n c e r t a i n  and a  message t o  t h a t  e f f e c t  i s  p r i n t e d  
o u t .  The run w i l l  c o n t i n u e .  I n  t h e  e a r l y  s t a g e s  o f  a  s p i l l ,  t h e  c o u r a n t  
c o n d i t i o n  w i l l  o f t e n  be  v i o l a t e d .  Because t h e  f l o a t i n g  g r i d  d imensions  
a r e  s m a l l ,  t h e  s u r f a c e  s p i l l e t  is s m a l l ,  but  t h e  t ime  s t e p  i s  r e l a t i v e l y  
long .  I t  i s  thought  t h a t  f o r  t h e  s i m u l a t i o n  of t h e  model i n  i t s  p r e s e n t  
form, t h i s  pro5lem is  not o v e r l y  s e r i o u s  because  it  is t h e  long term 
r e s u l t s  t h a t  a r e  of i n t e r e s t .  The e a r l y  s t a g e  i n s t a b i l i t i e s  have l i t t l e  
e f f e c t  on t h e s e  r e s u l t s .  I f  i t  i s  t h e  n e a r  term r e s u l t s  t h a t  a r e  be ing  
examined, t h e n  t h e  t ime  s c a l e  must be c o n s i d e r a b l y  shor tened  compared t o  
t h e  v a l u e s  used i n  t h e  examples o f , t h i s  manual. 

Two s e t s  of c o u r a n t  numSers have been d e f i n e d ,  one f o r  t h e  a d v e c t i v e  
v e l o c i t y  component and one f ~ r  t h e  d i f f u s i v e  v e l o c i t y  component. Th i s  is 
because  t h e  f i x e d  g r i d  on which t h e  a d v e c t i v e  v e l o c i t i e s  a r e  d e f i n e d  is 
g e n e r a l l y  much l a r g e r  t h a n  t h e  f l o a t i n g  g r i d  on which t h e  d i f f u s i v e  
v e l o c i t i e s  a r e  d e f i n e d .  I t  i s ,  t h e r e f o r e ,  c o n c e i v a b l e  t h a t  t h e  c o u r a n t  
c o n d i t i o n  is n o t  v i o l a t e d  even though a  marker p a r t i c l e  moves s e v e r a l  

. f l o a t i n g  g r i d  u n i t s .  

CALLED FROM: SUBSUR 

SUBROUTINES CALLED: None 

Impor tan t  Local  V a r i a b l e s :  

CAU - c o u r a n t  number f o r  a d v e c t i v e  v e l o c i t y  i n  x.  

CAV - c o u r a n t  number f o r  a d v e c t i v e  v e l o c i t y  i n  y .  



E n t e r  

I n i t i a l i z e  Concen t ra t i on  
A r ray  and Counters I" 

CONC 

/ G r i d  .\ 

Convert  g r i d  spac ing 
f rom degrees t o  meters  

v 

C a l c u l a t e  volume o f  g r i d  element 
and mass d e n s i t y  p e r  u n i t  volume 

4 
Obta in  s u b s c r i p t s  o f  g r i d  element 
and p o s i t i o n  o f  p a r t i c l e  w i t h  r e -  

A 

spec t  t o  t h e  cen te rs  o f  t h a t  c a l l  

+ 
Ob ta in  a l l  s u b s c r i p t s  o f  c e l l s  

. . a f f e c t e d  by t h i s  p a r t i c l e  

\1 
C a l c u l a t e  a b s o l u t e  d i s t a n c e  o f f -  
c e n t e r  f o r  t h i s  p a r t i c l e  

1 . . 

-1 
I 

. . 

E l i m i n a t e  a l l  ad jacen t  c e l l s  wh ich  
a r e  ou t  o f  range o f  t h e  f l o a t i n g  
g r i d ;  

5/ 
Add c o n c e n t r a t i o n  o f  p a r t i c l e  t o  
a l l  a f f e c t e d  c e l l s  I 

--  - 

F i g u r e  1V.-9 F lowcha r t  f o r  Sub rou t i ne  CONC- 



E n t e r  'Q 
C a l c u l a t e  c o u r a n t  n u m b e r , f o r  X, Y, Z, 
d i f f u s i v e  and a d v e c t i v e  v e l o c i t i e s  

4 
O b t a i n  t h e  maximum couran t  numbers 
f o r  t h i s  s t e p  

3 

F 
a n v c o u r a n t  \ 

COURAN 

message 

Re tu rn  0 
F i g u r e  1V.-10. Flow C h a r t  f o r  s u b r o u t i n e  COURAN. 



C A W  - couran t  number f o r  advec t i ve  v e l o c i t y  i n  z. 

CDU - couran t  number f o r  d i f f u s i v e  v e l o c i t y  i n  x. 

(IDV - couran t  number f o r  d i f f u s i v e  v e l o c i t y  i n  y. 

C@W - couran t  number f o r  d i f f u s i v e  v e l o c i t y  i n  z .  

Subrout ine @IFF 

Th is  subrou t ine  (F igu re  IV-11) c a l c u l a t e s  t he  d i f f u s i o n  c o e f f i c i e n t  
if the  sca le  dependent d i f f u s i o n  model has been se lec ted  (see i n p u t  
parameter W I F F ) .  I t  uses subrou t ine  AVGSIG t o  c a l c u l a t e  t he  s tandard 
d e v i a t i o n s  of  t he  p a r t i c l e  p o s i t i o n s  and. then  t h e  4/3 law t o  determine 
t he  c o e f f i c i e n t .  I f  t h e  l a r g e  sca le  mode i s  used, t h e  d i f f u s i o n  c o e f f i -  
c i e n t  i s  c a l c u l a t e d  f o r  t he  average l a t i t u d e  o f , t h e  d r o p l e t  c loud.  The X 
component of t h e  d i f f u s i v e  c o e f f i c i e n t  i s  g i ven  by: 

DXX = EXX*SLPOWX 

where SL = 3.0*2.0*SIGX*SIGY 

SIGX, SIGY a re  t h e  s tandard d e v i a t i o n s  o f  t he  p a r t i c l e s .  

, DXX - d i f f u s i o n  c o e f f i c i e n t  (m2/sec). 

EXX - cons tan t .  (now s e t  t o  .05) 

POWX - constant .  (now se t  t o  4/31 

The y  and z components a re  determined i n  a  s i m i l a r  fash ion.  The values 
f o r  t h e  scale-dependent d i f f u s i o n  c o e f f i c i e n t s  can come from Pavish and 
Spauld ing (1977). The va lue f o r  POWX and POWY i s  recommended as .99838 
(assuming t he  l e n g t h  sca le  i s  i n  meters) .  The c o e f f i c i e n t  (EXX) i s  
.0018. Th is  i s  a  composite l i n e  from many sources o f  da ta  i n c l u d i n g  
Okubo, Yudelson, Kohand, and Chano. 

CPLLED FROM: SUBSUR, VELCT 

SUBROUTINE CALLED : PVGSIG 

Impor tan t  Loca l  Var iab les :  as above 

Subrout ine DISPV 

Th is  r o u t i n e  ( f i g u r e  IV-12) d i sp laces  each p a r t i c l e  accord ing  t o  t h e  
advec t i ve  and d i f f u s i v e  v e l o c i t i e s  c a l c u l a t e d  f o r  t h e  t imes tep  be ing  
simulated. The v e l o c i t i e s  of  t h e  p a r t i c l e  a r e  c a l c u l a t e d  by t he  r o u t i n e  
PARTV. The d i s tance  t h a t  a  g i v e n  p a r t i c l e  i s  d i sp laced  i s  <qua1 t o  t he  
p a r t i c l e  v e l o c i t y  t imes t h e  l e n g t h  o f  t h e  t imestep.  

CALLED FROM: SUBSUR 

SUBROUTINE CALLED: AVGSIG 



. . 
. . 

Ca lcu la te  mean and standard 
d e v i a t i o n  o f  t h e  d r o p l e t  
c l oud  i n .  x, y and z 

J. . 
. . . .  . Convert c o e ' f f i c i e n t  

.sca le '  f a c t o r  f rom 
deQre.es t o  meters 

Ca l cu la te  sca le  dependent 
d i f f u s i o n  c o e f f . i c i e n t  . . . . . . .  

. ,  . . . . . .  

Return 
. . . . . . . . . .  ......... 

. . . . . . . . . . . . . .  : ( '  
/ .  . , 

. - .~. . . > 8  ..... <.<... . .  > '  

F i gu re  I V .  -11. Flow Char t  f o r  s u b r o u t i ~ e ~ ~ D 1  FF. 
' . .  , 



DISPV 

. d i f f u s i o n ?  

I C a l l  A V G S I G  t o  c a l c u l a t e  
average  p a r t i c l e  p o s i t i o n s  

'and s t a n d a r d  d e v i a t i o n  I 

tlgure . I V  - 12; Flow C h a r t  f o r  s u b r o u t i n e  DISPV 

. .  . 

. . 

. . . . : Increment  ' temporarv p a r t i c l e  c o u n t e r  

C 
. . 

C a l c u l a t e ~ a d . v e c t i v e  and 

. . .  d i f f u s i v e  v e l o c i t i e s . a t  
p r e s e n t  p a r t i c l e  l o c a t i o n  

. . 

. . 
. 

D i s p l a c e  p a r t i c l e  
. . I 

. . 

. . No 
c 

. . 

. . . 
. . 

, No .. 

< I 

C a l c u l a t e  a n a l y t i c a l  
s u b g r i d  d i f f u s i o n  

d isp lacements  
. . 



Impor tan t  Loca l  Var iab les  : 

DFLT-depth of water  a t  f l o a t i n g  g r i d  
l o c a t  i o n s  

HFLT-sea sur face  eva lua t i on  a t  f l o a t i n g  
g r i d  l o c a t i o n s .  

Subrout ine DIST 

This  subrout ine,  see F igure  IV-13 f o r  i t s  f l ow c h a r t ,  i s  used t o  
c a l c u l a t e  t he  h o r i z o n t a l  separa t ion  between any p a i r  o f  p o i n t s .  The 
sepa ra t i on  i s  always re tu rned  e i t h e r  i n  meters o r  i n  degrees as de te r -  
mined by the  c o n t r o l  parameter NO. If NO i s  equal  t o  e i t h e r  2  o r  5, t he  
va lues re tu rned  a re  t he  x and y sepa ra t i on  i n  t h e  rec tangu la r  coo rd ina te  
system l o c a l l y  a l i g n e d  w i t h  l i n e s  o f  cons tan t  l ong i t ude  and l a t i t u d e .  If 
NO i s  o the r  than  2 o r  5, t h e  g rea t  c i r c l e  d is tance  between t he  two p o i n t s  
i s  re tu rned .  The d i s t i n c t i o n  between a va lue o f  2  o r  5 f o r  NO stems from 
two d i f f e r e n t  s torage modes f o r  p o i n t  l o c a t i o n s .  I f  NO equals 2, t he  
i n p u t  l o c a t i o n s  a re  assumed t o  be i n  l o n g i t u d e  and l a t i t u d e  and t h e  
r e s u l t  i s  re tu rned  i n  meters.  I f  NO equals 5, no convers ion i s  performed 
so if t h e  i n p u t  i s  i n  meters, so i s  t he  ou tpu t .  

CALLED FROM: ADD, CLNUP, ENTRN, LOB,  ROTPT, TREAT 

SUBROUTINES CALLED: None 

Impor tan t  Loca l  Var iab les :  

X1,Yl - l o n g i t u d e  and l a t i t u d e  o f  t he  f i r s t  p o i n t .  Tn is  p o i n t  
s h o d d  be south and west o f  t he  second p o i n t .  

X2,Y2 = l o n g i t u d e  and l a t i t u d e  of  t he  second p o i n t .  

NO = 1 c a l c u l a t e  t h e  g r e a t  c i r c l e  d i s t ance  between t h 2  p o i n t s  
(meters) .  

= 2  c a l c u l a t e  t h e  X and Y spacing between t he  p o i n t s  (meters ) .  

= 5  c a l c u l a t e  t he  X and Y spac ing between t h e  p o i n t s  i n  t he  
same u n i t s  as the  i n p u t .  

ANG - angle if one p o i n t  i s  de f i ned  on a r o t a t e d  g r i d .  

D - d i s tance  between t h e  two p o i n t s  i f  N0=1. 

XSP,YSP d i s tance  between t h e  two p o i n t s  i f  N0=2 o r  5. 

Subrout ine ENTMAS 

Th is  subrout ine,  see F igu re  IV-14 f o r  i t s  f l o w  c h a r t ,  c a l c u l a t e s  t he  
mass en t ra i ned  under n a t u r a l  c o n d i t i o n s ,  i . e .  no d ispersan t .  I t  uses t he  
r a t e  ob ta ined  by t h e  fo rmu la t ion  o f  Bndunsun (1979). S p e c i f i c a l l y ,  t he  



DIST 



- 
C a l c u l a t e  pe rcen tage  o f  mass 
l o s t  p e r  day and c o n v e r t  t o  

amount p e r  second 

C a l c u l a t e  t i m e  decay 
f a c t o r  

I - 
4 

C a l c u l a t e  mass d i  spersed 
d u r i n g  t h i s  s t e p  

ENTMASS 

Update mass b a l  ance I . . 

p r e v i e w  r u n  and Yes 
. . i s  t h i s  s t e p  T 

completed? \ / 
I . . . . 

C a l c u l a t e  and p r j n t  
o u t  t h e  mass r e p r e -  ' .  

sen ted  by  ea'ch p a r t  i - 
c l e  

Re tu rn  r: . .., 

F i g u r e  1 V  - 14. Flow C h a r t  f o r  s u b r o u t i n e  ENTMASS. 
! 



f rac t ion of o i l  entrained per day i s ' g i ven  by: 

: .  . . : ,  
I . ' .  .. 

U 2 
Amount = 0.1 - n 

where Wo = 8.5 ( a  cons'tanf ) ' 

' 

u = wind speed (m/sec) . . . . . . .  
. . 

In the LRI model, t h i s  i s  modified by a n  exponential decay 
factor  w i t h  a  time constant of two days.,, T h i s  exponential decay of the 
volume of o i l  entrained was selected in  an ad hoc fashion,, a s  was the two 
day time constant ,  t o  compensate fo r  the expected decreases i n  ent ra in-  
ment w i t h  time due t o  emulsif icat ion and other weathering proper t ies  
which tend t o  so l id i fy  the s l i ck .  

The second section of the routine is  used only i n  the preview mode. 
Pt the  end of each s tep ,  the mass of o i l  represented by each entrained i s  
calculated.  

CALLED FROM: SURFES 

SUBROUTINES CPLLED : None 

Important Local Variables :.. :: : , ' . . . .  . . 
. . 

2 , .  : . . . . .  : . . . . .  . . .  

WSP - mais of s p i l l e t  (metric tons ) .  

BSP - time of s t a r t  of s p i l l e t  (seconds). 
. . 

. -., . . , ..;. .- .,. . L 

: ;@:Dl :-::the 'c.onstarit for  the exponential decay of the entrainment r a t e  

. . 
i durrent1.y ise t .  a t  2 days (172800 seconds). 

. . . .  . . . . '  . -. . -: ' ? 

: SEC - numbor of seconds i n  one day. 
i . . .. I ,.. ........... ". ..... '.. .;.. . .  '... .... ?. 

PO - coostant fo r  dispersion equation. 
, ' . . . . .  . . . . .  . . ......... .". ...... : ..,,,. :,. .... i ...... .; .... ., . ... : % . r  

6 .  * ,  

WO - wind constant for  dispersion -equation (mlsec). 
. . . .  : i . . 

PMT - percent entrained per second, ,  ,, . '  

PERCEN - amount of o i1 ,ent ra ined per time s tep  ( f r ac t i on ) .  
.::s . ' , ,  ' . '  _ .  . . ., . . . .  . . .  , . . . . . .  . . .  . . 

DIF - r a t i o  of amount entrained per s tep  and t o t a l  'amount i n  
water column a t  t ha t  s tep .  

DCY - time decay fac to r  given by e - ( t ime  - BsP) / DCN 

Subroutine ENTRN 

a T h i s  routine controls  the in jec t ion  of the o i l  drople ts  i n to  the 
water column. Its flow char t  i s  shown i n  Figure IV-15. 





The first s t e p  is  t o  de te rmine  from t h e  i n p u t  pa ramete r ,  NRUN, 
whether o r  n o t .  t h i s  s i m u l a t i o n  is  a preview. I n  t h e  Preview mode, no 
p a r t i c l e s  a r e  e n t r a i n e d .  I n  t h e  f u l l  , s i m u l a t i o n  mode, t h e  number of par-  
t i c l e s  i s  determined accord ing  t o  t h e  mass o f  o i l  e n t r a i n e d  from t h e  
s p i l l e t  and t h e  mass a s s i g n e d  t o  each p a r t i c l e .  The p a r t i c l e  p r o p e r t i e s  
a r e  determined from t h e  p r o p e r t i e s  of t h e  o i l  i n  t h e  s l i c k ,  which i n  t u r n  
d e t e r m i n e s  t h e  c l a s s  t o  which t h e  p a r t i c l e  belongs .  A maximum of 200 
c l a s s e s  a r e  c u r r e n t l y  al4owed. The u s e r  may change t h i s  maximum by 
i n c r e a s i n g  o r  d e c r e a s i n g  t h e  i n p u t  v a r i a b l e s  NTCLAS. I f  NTCLAS i s  
i n c r e a s e d ,  t h e n  a r r a y  s i z e s  i n  t h e  common b lock  PTYP must a l s o  be 
i n c r e a s e d .  

The next  s t e p  is t o  c a l c u l a t e  t h e  r a d i u s  r e s t r i c t i o n s  on t h e  p a r t i c l e  
p o s i t i o n s .  These a r e  determined i n  a n  ad hoc manner due t o  a l a c k  o f  
d a t a  r e g a r d i n g  en t ra inment .  The h o r i z o n t a l  ' p o s i t i o n  i s  d e f i n e d  by a 
r a d i a l  component and an a n g u l a r  component about  t h e  c e n t e r  o f  t h e  s p i l -  
l e t .  The a n g l e ,  measured c lockwise  from t h e  p o s i t i v e  y a x i s  is  s e l e c t e d  
a t  random from a uniform d i s t r i b u t i o n .  The r a d i a l  p o s i t i o n  is d i v i d e d  
i n t o  two r e g i o n s  a s  d e f i n e d  by R L I M .  For r a d i i  s m a l l e r  t h a n  RLIM, t h e  
d i s t r i b u t i o n  i n c r e a s e s  l i n e a r l y  from z e r o .  Th i s  coupled wi th  t h e  uniform 
d i s t r i b u t i o n  i n  a n g l e  g i v e s  an  equa l  p r o b a b i l i t y  p e r  u n i t  a r e a  f o r  par-  
t i c l e  l o c a t i o n  w i t h i n  R L I M .  For  r a d i i  l a r g e r  than  R L I M ,  t h e  d i s t r i b u t i o n  
d e c r e a s e s  l i n e a r l y  t o  z e r o  a t  RMAX. The maximum r a d i u s ,  RMAX,  i s  a v a r i -  
a 3 l e  which d e c r e a s e s  w i t h  t h e  age  of t h e  s p i l l e t .  T h i s  procedure  was 
adopted t o  p rov ide  s u f f i c i e n t  e x t e n t  t o  t h e  s u b s u r f a c e  d i s t r i b u t i o n  dur-  
i n g  t h e  e a r l y  t ime  s t e p s  t o  avo id  s i n g u l a r i t i e s  i n  t h e  d i f f u s i o n  equa- 
t i o n ,  i . e . ,  i t  is  a n  ad hoc f a s h i o n  of avo id ing  numerical  i n s t a b i l i t i e s  
i n  t h e  e a r l y  t ime  h i s t o r y  of t h e  s p i l l e t .  A more e l a b o r a t e  procedure  was 
not  thought  t o  be j u s t i f i e d  a t  t h i s  t ime  because  of our  g e n e r a l  ignorance  
r e g a r d i n g  t h e  en t ra inment  p r o c e s s  i n  g e n e r a l .  I n  a d d i t i o n ,  t h e r e  i s  c e r -  
t a i n l y  a t h i n  s u r f a c e  sheen t h a t  s p r e a d s  beyond t h e  limits of  our  model 
p r e d i c t i o n  from which p a r t i c l e s  might be. e n t r a i n e d .  

The f i n a l  s t e p  of  t h e  r o u t i n e  is  t o  c o n v e r t  t h e  p o l a r  c o o r d i n a t e s  o f  
t h e  e n t r a i n e d  p a r t i c l e  p o s i t i o n s  t o  m o d e l . g r i d  c o o r d i n a t e s .  

CALLED FROM: SURFES 

Important  Local V a r i a b l e s  

RSPIL - s p i l l e t  r a d i u s  

RO RSPI L, 
P . PFRAC' . PIFRAC (RIFRAC) d e s c r i b e s  p a r t i c l e  d i s t r i b u t i o n  

w i t h i n  r e g i o n  one.  



RMAX = RSPIL* ( 1 . 0  + ( ( E N T / S O )  /(ROFRAC(TIME-BSPIL) + 1 . 0 )  ) - 90 - 

maximum r a d i u s  f o r  i n i t i a l  
p a r t i c l e  d i s t r i b u t i o n .  

( R O / P ) ~ ' ~  R O * P F R P C ~  
@. = - - RO = AFRPC Temporary V a r i a b l e  

B = (RMPX - RO) RMPX - RSPIL 
( 1 . 0  - D) = RIFRPC 

( 1 . 0  - PFRAC) 
. , 

Temporary Var iab le  

C = ( R O  - R M A X  + D) RSPIL - mfix * AFRAC) 
( 1  rl - n )  =( RIFRAC ,*.- -, - 

( 1 . 0  - PFRAC) Temporary Var ia5lo  

XC, YC - p o s i t i o n  o f  c e n t e r  of  s p i i l e t  wi th  r e s p e c t  t o  d e p t h  y r i d  
o r i g i n  i n  number o f  g r i d  u n i t s  from o r i g i n .  

IX, IU, P - c o n s t a n t s  f'or random number g e n e r a t i o n  u s e c .  i n  s u b r c u t i n e  
Rand. 

POI4 I N  - minimum d i s t a n c e  i n  x and y d i r e c t i o n  between t h e  f i r s t  twa 
p a r t i c l e s  ( m e t e r s ) .  

R X ,  R Y ,  RZ - random numbers between z e r o .  ,and one r e s u l t i n g  from suS- 
r o u t i n e  RAND.  

R L I K  - @ - boundary of uniform d i s t r i S u t i o n .  

RPlIUS - i n i t i a l  r a d i a l  l o c a t i o n  o f  a d r c p l e t  from t h e  c e n t e r  o f  t h ?  
s p i l l e t  . 

- A * R X ~  - w i t h i n  RLIM 
B*RX+C - o u t s i d e  o f  R L I M  

Also s e e  Common Block I N J C  i n  Pppendix 111. 

Sub r o u t i n e  EVPOR8 

The mathemat ica l  formalism used i n  t h i s  s u b r o u t i n e  i; t h e  same as 
t h a t  d e s c r i b e d  by Wang, Yang, and Hwang (1976)  b u t  t h e  numerical  s o l u t i o n  
adopted ' i n  t h e  p r e s e n t  model is  d i f f e r e n t .  The e q u a t i o n  t o  be s o l v e d ' f o r  

Ci: t h e  average  v a l u e  o f  t h e  p e r c e n t  weight o f  f r a c t i o n  i over  t h e  
s l l c k  ' t h i c k n e s s ,  is: 

where D i e  i s  t h e  a v e r a g e  va lue  o f  t h e  e v a p o r a t i o n  d i f f u s i o n  c o e f f i c i e n t  
o v e r  t h e  slick t h i c k n e s s .  The v a l u e s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  
d i s c u s s e d  i n  d e t a i l  i n  t h e  r e p o r t  o f  Wang e t  a l .  (1976)  a s  w e l l  . a s  i n t h e  



o r i g i n a l  paper  by McKay and Matsugu (1973) and w i l l  not  be f u r t h e r  
d i s c u s s e d  h e r e .  

Wang et a l .  used t h e  four th -o rder  Runge-Kutta method t o  determine 
Ci. The d i f f i c u l t y  w i t h  t h i s  method i s  t h a t  i t  r e q u i r e s  s t o r i n g  a l l  
v a r i a b l e s  f o r  two t ime  s t e p s .  Because o f  t h e  complexi ty  o f  t h e  model, 
use  of t h e  Runge-Kutta method r e s u l t e d  i n  a  s u b s t a n t i a l  requirement  on 
computer memory. The fo l lowing  method was, t h e r e f o r e ,  adopted t o  d e t e r -  
mine Ci ( t ) ,  g iven  C i  ( t  - ~ t ) .  where ~t is  , the  s t e p  s i z e .  The 
i n t e r v a l  a t  was d i v i d e d  i n t o  N i n t e r v a l s  of  d u r a t i o n  6 t ,  i . e . ,  A t  = (N)  
( 6 t ) .  The e v a p o r a t i o n  d i f f u s i o n  c o e f f i c i e n t  i s  assumed t o  be c o n s t a n t  
o v e r  each s u b i n t e r v a l ,  a l though  it may vary from one i n t e r v a l  t o  t h e  
nex t .  T h i s  t h e n  l e a d s  t o :  

where D i e  ( t - ( j - l / 2 ) 6 t )  r e p r e s e n t s  t h e  va lue  of D i e  a t  t ime 
t - ( j - 1 / 2 1  6 t .  S o l u t i o n s  us ing  t h i s  method were compareG w i t h  s o l u t i o n s  
f o r  t h e  same i n p u t  c o n d i t i o n s  us ing  t h e  model of  Wang e t  a l .  (1976)  a n s  
were found t o  d i f f e r  by l e s s  than  t e n  p e r c e n t  f o r  N = 1 .  The e x e c u t i o n  
t ime  was l e s s  by a  f a c t o r  o f  f o u r  and t h e  memory requirements  were s i g -  
n i f i c a n t l y  reduced (abou t  twenty k i l o b y t e s ) .  

The v a r i a b l e  D i e  is  d e f i n e d  by: 

where P i  - hydrocarbon vapor p r e s s u r e  of f r a c t i o n  i a t  t h e  i n t e r f a c e .  

Pim - hydrocarbon vapor p r e s s u r e  of f r a c t i o n  i a t  i n f i n i t e  
a l t i t u d e .  

R - t h e  g a s  c o n s t a n t .  

Ts - t h e  o i l  s l i c k  t empera tu re .  

and 

km = ~ N S T *  e ( Q  WKL)+AREAR 

where CONST, Q and R a r e  c o n s t a n t s  d e f i n e d  wthin  t h e  r o u t i n e ,  

WVEL - wind v e l o c i t y  i n  m e t e r s l s e c .  

P - a r e a  of s p i l l e t  i n  s q u a r e  mete r s .  

See F i g u r e  IV-16 f o r  a  flow c h a r t  o f  t h i s  s u b r o u t i n e .  

CALLED FROM: SLRFES 

SUBROUTINES CALLED: None 



W t r  u s s  bllrncr '-i 
rtn lv.-16, FIE "fl for s b r a n t n  M e .  



Important  Local Var iab les :  

PBSZERO a b s o l u t e  z e r o  ( d e g r e e s  c e n t i g r a d e ) .  

ARE A a r e a  of s p i l l e t  (me te r s2 ) .  

CON1, CON2 - a r r a y  of  c o n s t a n t s  f o r  Antoines  e q u a t i o n  of p a r t i a l  p r e s s u r e .  

DAGRES - average  t empera tu re  o v e r  t h e  slick ( d e g r e e s  c e n t i g r a d e ) .  

R AD - r a d i u s  o f  t h e  s p i l l e t  d u r i n g  t h e  i n t e g r a t i o n  p rocess  
( m e t e r s ) .  

DELTA - t ime  of t h e  s u b s t e p  i n  t h e  i n t e g r a t i o n  ( s e c ) .  

N I N T  - number o f  s t e p s  i n  t h e  i n t e g r a t i o n  procedure .  

OLORAD - r a d i u s  of s p i l l e t  a t  t h e  l a s t  t ime s t e p  ( m e t e r s ) .  

P - vapor p r e s s u r e .  

Q,R,CONST - c o n s t a n t s  f o r  d i f f u s i o n  c o e f f i c i e n t .  

R C  - u n i v e r s a l  g a s  c o n s t a n t .  

S u b r o u t i n e  GRIOEX 

T h i s  s u b r o u t i n e  ( s e e  F i g u r e  IV-17 f o r  i t s  flow c h a r t )  expands and 
t r a n s l a t e s  t h e  f l o a t i n g  g r i d  s o  a s  t o  i n c o r p o r a t e  a l l  o f  t h e  marker pa r -  
t i c l e s .  I t  de te rmines  t h e  maximum and minimum p o s i t i o n s  of  t h e  p a r t i c l e s  
and c r e a t e s  a  g r i d  wi th  a  p a r t i c l e  f r e e  r e g i o n  1 . 5  g r i d  u n i t s  wide around 
t h e  e n t i r e  p e r i p h e r y .  Th i s  is r e q u i r e d  by t h e  i n t e r p o l a t i o n  t e c h n i q u e .  
I f  any p a r t i c l e s  g e t  t o o  c l o s e  t o  t h e  edge o f  t h e  f i x e d  d e p t h  g r i d ,  t h e  
f l o a t i n g  g r i d  is moved away from t h e  boundary and t h e  p a r t i c l e  i s  l o s t .  
Th i s  r o u t i n e  p r i n t s  a  d e s c r i p t i o n  o f  t h e  f l o a t i n g  g r i d  every  NPRSU3 
s t e p s .  The p r i n t  pa ramete r ,  NPRSUB a l s o  de te rmines  whether o r  n o t  t h e  

,means and s t a n d a r d  d e v i a t i o n s  o f  t h e  p a r t i c l e  l o c a t i o n s  a r e  . to  be c a l c u -  
l a t e d  and p r i n t e d .  These l a s t  ' v a l u e s  a r e  no t  passed  o u t  of  t h e  
s u b r o u t i n e .  

CALLED FROM: SUBSUR, PRINT 

SUBROUTINES CALLED : None 

Impor tan t  Local V a r i a b l e s :  None 

S u b r o u t i n e  INITSS 
This  s u b r o u t i n e  ( s e e  F i g u r e  IV-18 f o r  a  flow c h a r t ) ,  c a l l e d  by t h e  

main s e c t i o n ,  i n i t i a l i z e s  a l i  o f  t h e  s u b s u r f a c e  d r i f t  a n d . d i f f u s i o n  v a r i -  

a a h l e s  and pa ramete r s .  I t  a l s o  i n i t i a l i z e s  t h e  d r o p l e t  p r o p e r t i e s  and 
s u b s u r f a c e  p r i n t  pa ramete r s .  (See  INPUT paramete r  d e s c r i p t i o n ) .  

CALLED FROM: Main 





1 Re;: in i.pY;, f o r ,  , I subsurface portion 

... . .  

zero subsu.rface. 
parameters 

Figure 1 V . - 1 8 .  Flow Chart for subroutine I N I T S S .  

I N I T S S  



S u b r o u t i n e s  c a l l e d :  R E A D I ,  READF 

Impor tan t  l o c a l  v a r i a b l e s :  None 

S u b r o u t i n e  INJECT 

Th i s  s u b r o u t i n e  u s e s  t h e  r a d i i  r e s t r i c t i o n s  c a l c u l a t e d  i n  E N T R N  t o  
d e t e r m i n e  t h e  i n i t i a l  p a r t i c l e  p o s i t i o n s ~ .  P random number g e n e r a t o r  ( s e e  
s u b r o u t i n e  RAND) is  used t o  o b t a i n  t h r e e  dummy v a r i a b l e s .  The f i r s t  one 
( R X )  is  used t o  de te rmine  t h e  s p a c i n g  o f  t h e  marker p a r t i c l e  from t h e  
c e n t e r  of  t h e  s p i l l e t .  The .second random number ( R Y )  is  used to .  d e t e r -  
mine t h e  random a n g l e .  The a n g l e  and r a d i u s  de te rmine  t h e  p a r t i c l e s  
l o c a t i o n  i n  p o l a r  c o o r d i n a t e s  which is t h e n  conver ted  t o  t h e  r e c t a n g u l a r  
g r i d .  The p a r t i c l e s  l o c a t i o n  i n  t h e  model g r i d  undergoes two t e s t s .  J 

F i r s t ,  t h e  p a r t i c l e  must be w i t h i n  t h e  f i x e d  g r i d .  Second, i f  t h i s  i s  
t h e  f irst  s t e p ,  t h e  f i r s t  two p a r t i c l e s  c r e a t e d  must have a  s e p a r a t i o n  
t h a t  exceeds  t h e  i n p u t  v a r i a b l e  P O M I N .  T h i s  i n s u r e s  t h a t  a  f l o a t i n g  g r i d  
can  be c r e a t e d  i n  bo th  d i r e c t i o n s .  A t h i r d  random number i s  used t o  
d e t e r n i n e  t h e  p a r t i c l e ' s  p o s i t i o n  i n  t h e  v e r t i c a l  which on t h e  average  i s  
l o c a t e d  a t  t h e  dep th  by t h e  i n p u t  v a r i a b l e  DEPC. See  F i g u r e  IV-19 f o r  a 
f low c h a r t  of t h e  s u b r o u t i n e .  

CALLED FROM: E N T R N  

SUBROUTINES CALLED : 

Impor tan t  Local  V a r i a b l e s :  s e e  E N T R N  f o r  a  d e s c r i p t i o n  of v a r i a b l e s  used 
i n  i n j e c t .  

S u b r o u t i n e  LOC8 

T h i s  s u b r o u t i n e ,  f ' lowcharted i n  F i g u r e  IV-20, de te rmines  t h e  s m a l l e s t  
r e c t a n g l e  o f  f i x e d  g r i d  e lements  t h a t  c o n t a i n s  a  s p i l l e t .  I t  i s  use0 t o  
d e t e r m i n e  f o r  which g r i d  nodes . t h e  v a l u e s  of  t h e  s p e c i f i e d  environmental  
v a r i a S l e  must be averaged .  A 1 1  nodal  v a l u e s  f a l l i n g  on t h e  edge of  and 
w i t h i n  t h e  r e c t a n g l e  comple te ly  c o n t a i n i n g  t h e  s p i l l e t  a r e  used.  These 
v a l u e s  a r e  averaged and r e t u r n e d  t o  t h e  c a l l i n g  r o u t i n e .  I f  t h e  f i x e o  
g r i d  c o n s i s t s  of on ly  one v a l u e ,  t h a t  v a l u e  is  used.  If t h e  s p i l l e t  l i e s  
comple te ly  o u t s i d e  of t h e  s p e c i f i e d  f i x e d  g r i d ,  a  message is  w r i t t e n  and 
t h e  c o n t r o l  parameter  MDLSPL i s  changed from 0 t o  1. I f  t h i s  c o n d i t i o n  
a r i s e s ,  none o f '  t h e  s u r f a c e  p r o c e s s e s  w i l l  be  execu ted  on r e t u r n  t o  t h e  
c a l l i n g  r o u t i n e  excep t  f o r  s h o r e l i n e  i n t e r a c t i o n  i f ,  i ndeed ,  t h e  s p i l l  
h a s  h i t  t h e  s h o r e .  

CALLED FROM: SURFES . 
SUBROUTINES CALLED : DIST 

I m p o r t a n t '  Local  V a r i a b l e s :  

MDSLPL - 0 if t h e  s p i l l e t  i s  i n  t h e  s t u d y  a r e a .  - 1 if t h e  s p i l l e t  is  o u t s i d e  one o f  t h e  env i ronmenta l  g r i d s .  

NGR@ - number of g r i d s  t h a t  d e f i n e  a  v a r i a b l e .  



l cu lr tr  radius ma unsle * 

M- IV - 19. norchrrt tor ~ t f n  NEO 



Enter  Subrout ine a , '  , :  

. . 
. . .  

Nn 
. , 

. . 

I Return env.4 r n o n t a l  value1 
& 

Return ,, 0 .: 
1 

I Find  l o c a t i o n  o f  
s p i l l e t  cen te r  w / r  g r i d  

. . 

F i nd  s p i l l e t  l i m i t s  w i t h i n  t h e  
g r i d  i n  terms o f  d i s t ance  

i n  g r i d  u n i t s  f rom t h e  o r i g i n  i 

Average v a r i a b l e s  
over  app rop r i a t e  

g r i d  elements 
I 
\ 

. . 
F i gu re  I V  - 20. F lowchar t  f o r  sub rou t i ne  LOC8. 



NX,.NY , - maximum number o f  g r i d s  i n  X and Y d i r e c t i o n .  

PNG - angle between x a x i s  and l i n e s  o f  cons tan t  l a t i t u d e .  

XL, YL - Longi tude and L a t i t u d e  o f  ( 1 , l )  g r i d  p o s i t i o n .  

XS, YS - g r i d  spacing i n  X and Y d i r e c t i o n  (meters o r  degrees). 

VPR1, VAR2, - i n p u t  a r rays ,  if NGRD i s  1, VAR2 i s  n o t  used. 

VALl,VAL2 - averaged values of  t h e  above a r rays .  

XC, YC - ~ o n ~ i t u d e  and L a t i t u d e  of t he  cen te r  o f  t h e  s p i l l e t .  

R - s p i l l e t  r ad ius  (meters).  

Subrout ine MASSC 

. Th is  'subrout ine, '  f lowchar ted i n  F igu re  IV-21, c a l c u l a t e s  and w r i t e s  
t h e  mass balance b o t h  i n  terms o f  t h e  t o t a l  amount o f  o i l  i n  each r e g i o n  
and t h e .  percentage o f  o i l  i n  each reg ion .  I n  a d d i t i o n  t o  t h e  mass b a l -  
ance, i t  .a lso  w r i t e s  ou t  s t a t i s t i c s  on t h e  number o f  p a r t i c l e s  p resen t ,  
l o s t  or deposi ted.  The mass data may be w r i t t e n  t o  d i s k  and/or t h e  l i n e  
p r i n t e r .  

CALLED FROM : Main 

SUBROUTINES CALLED : None 

Impor tan t  Loca l  Var iab les :  None 

Subrout ine PARTV 

Th is  subrou t ine  uses t he  b i l i n e a r  we igh t i ng  scheme t o  i n t e r p o l a t e  t h e  
v e l o c i t i e s  known a t  t he  f l o a t i n g  g r i d  no tes  t o  t he  marker p a r t i c l e  p o s i -  
t i o n .  The r o u t i n e  i s  f l owchar ted  i n  F igu re  lV-22. The subrou t ine  i s  
c a l l e d  once f o r  each p a r t i c l e .  

The b i l i n e a r  we igh t ing  scheme ob ta ins  t he  va lue of  a v a r i a b l e  l o c a t e d  
a t  p o s i t i o n s  fx and fy i n  a g r i d  element, see F igu re  IV-23; as - 
f o l l o w s  : 

where U i s  t h e  va lue  sought and a l l  o t h e r  va lues a r e  de f i ned  i n  F igure  
IV-22. - 

CALLED FROM: 

SUBROUTINES CPLLED : None 



E n t e r  s u b r o u t i n e  (2 
- 100 - 
MASSC 

W r i t e  mass ba lance i n f o r m a t i o n  t o  d i s k  w 
. e 

Cal c u l a t e  percentage mass 
i n  a  g i v e n  r e g i o n  

/ P r i n t  t o  l i n e  p r i n t e r  mass 
and mass f r a c t i o n  

"Repeated f o r  a l l  r e g i o n s :  

atmosphere 
s u r f a c e  
w a t e r  c o l  umn 
b o t t o m  
shore 
b i o l o g i c a l l y  consumed 
c l e a r e d  up 
l o s t  th rough  boundar ies .  

Re tu rn  

F i g u r e  I V  - 21. F l o w c h a r t  f o r  s u b r o u t i n e  MASSC. 



Enter Subroutine a: - 101 - 

PARTV 

I Obtain subscripts  fo r  grid 
elements a t  t h i s  pa r t i c le  

3btain pa r t i c le  position with 
respect t o  ce l l  center and 

ce l l  corner 

V 

within ranae3 'y Use the subscript  of 
the c loses t  boundary cel -  

Ass i gn Yes velocit ies,< 
a t  tha t  

ce l l  

Find a l l  adjacent elements 
which contribute t o  t h i s  

pa r t i c l e  velocity 1 
4 

Use the subscript of the 
c loses t  boundary ce l l  

Figure IV - 22 

Perform 
Si l inear  in terpola t ion f o r  

X ,  Y & Z ve loc i t i e s  
L 

Flowchart f o r  subroutine PARTV. 



. . 

F igure I V .  - 23. De f i n ing  f i g u r e  f o r  B i l i n e a r  i n t e r p o l a t i o n '  scheme. 



Important  Local V a r i a b l e s :  None 

S u h r o u t i n e  PRINT 

This  s u b r o u t i n e  handles .  most * o f  t h e  o u t p u t  o p e r a t i o n s  f o r  t h e  sub- 
s u r f a c e  s e c t i o n  of t h e  model. The o u t p u t  i s  c o n t r o l l e d  by p r i n t  c o n t r o l  
pa ramete r s  d e s c r i b e d  i n .  common block PRINT. These pa ramete r s  c o n t r o l  
bo th  t h e  paper  and t h e  d i s k .  o u t p u t .  The subrou t ine ,  w i l l  p r i n t  o u t  t h e  
v e l o c i t y  f i e l d  and t h e  c o n c e n t r a t i o n  m a t r i x  on t h e  f l o a t i n g  g r i d  w i t h  
headers  l o c a t i n g  t h e  f l o a t i n g  g r i d  w i t h  r e s p e c t  t o  t h e ;  o r i g i n  o f  t h e  
f i x e d  dep th  g r i d  ( i n  mete r s  o r  d e g r e e s ) .  I n  a d d i t i o n ,  t h e  a c t u a l  l o c a -  
t i o n  of  each marker p a r t i c l e  can be p r i n t e d  i f  d e s i r e d .  When p r i n t i n g  
t h e s e  p o s i t i o n s ,  t h e  dep th  is  c a l c u l a t e d  a n d  p r i n t e d  i n . m e t e r s  i f  a  z 
t r a n s f o r m a t i o n  i s  being used i n  t h e  s i m u l a t i o n .  P r i n t o u t  i s  c o n t r o l l e d  
by KPRTV, KPRTC and KPRTP f o r  t h e  v e l o c i t y  and c o n c e n t r a t i o n  g r i d s  and 
t h e  p a r t i c l e  p o s i t i o n s ,  t h e  v a l u e  o f  t h e s e  c o n t r o l  pa ramete r s  s p e c i f i e s  
t h e  s t e p  i n t e r v a l  between p r i n t i n g .  I f  t h e  parameter  is, equa l  t o  z e r o ,  
no p r i n t o u t  f o r  t h e  cor respond ing  v a r i a b l e  i s  g e n e r a t e d .  

Output t o  d i s k  is  c o n t r o l l e d  f i r s t  by t h e  parameter  NPRD. I f  i t  is 
z e r o ,  s u b r o u t i n e  PRINT w i l l  o u t p u t  no th ing  t o  d i s k .  I f  NPRD e q u a l s  1, 
t h e n  t h e  pa ramete r s  NPRV, NPRC, and NPRP d e f i n e  t h e  s t e p  i n t e r v a l  a t  
which t h e  v a r i o u s  d a t a  s e t s  a r e  t o  be o u t p u t .  

A flow c h a r t  of  t h i s  s u b r o u t i n e  is shown i n  F i g u r e  IV-24. 

SUBROUTINES CALLED: BOUNV, CONC, G R I D E X  

Impor tan t  Local V a r i a b l e s :  

NCAL L 1 - f l a g  s o  a s  no t  t o  c a l l  t h e  s u b r o u t i n e  CONC twice .  

- 0  c a l l  CONC t h e  second t ime  i t  is  encoun te red .  

- 1 c a l l  CONC on ly  d u r i n g  t h e  f i r s t  c o n c e n t r a t i o n  p r i n t o u t .  

RIO(1MSUB) - 1 5  - X p o s i t i o n s  o f  t h e  f l o a t i n g  g r i d  c e l l s  ( m e t e r s  o r  
d e g r e e s ) .  

RJO(1MSUB) - 1 5  - Y p o s i t i o n s  o f  t h e  f l o a t i n g  g r i d  cel ls  ( m e t e r s  o r  
d e g r e e s ) .  , . 

XTEMP,YTEMP,ZTEMP - p a r t i c l e  p o s i t i o n s  wi th  r e s p e c t  t o  t h e  f i x e d  dep th  
g r i d  ( d e g r e e s  o r  m e t e r s ) .  

S u b r o u t i n e  R P N I  

0 
This  r o u t i n e  g e n e r a t e s  random numbers from a  uniform d i s t r i b u t i o n  

between 0.0 and 1 . 0 .  The i n p u t  v a r i a b l e s  t o  t h i s  r o u t i n e  a r e  a l l  i n i -  
t i a l i z e d  i n  s u b r o u t i n e  INJECT. 





CALLED FROM: I N J E C T  

SUBROUTINES CALLED: None. 

Impor tan t  Local  V a r i a b l e s :  None 

S u b r o u t i n e  READI 

This  s u b r o u t i n e , '  f lowchar ted  i n  F i g u r e  IV-25, is  used t o  i n p u t ,  and 
check t o  some degree ,  a l l  s c a l a r  i n t e g e r  v a r i a b l e s .  The r e q u i r e d  i n p u t  
format  is  d e s c r i b e d  i n  Appendix I .  The s u b r o u t i n e  r e a d s  t h e  v a l u e  o f  t h e  
v a r i a b l e  and t h e  v a r i a b l e  name. I f  t h e  v a r i a b l e  name t h a t  i t  r e a d s  does  
no t  a g r e e  w i t h  t h e  name of  t n e  v a r i a b l e  passed t o  it from t h e  c a l l i n g  
r o u t i n e ,  an  e r r o r  message is  w r i t t e n  and e x e c u t i o n  o f  t h e  program t e r m i -  
n a t e s .  Th i s  p r e v e n t s  r e a d i n g  c a r o s  o u t  of  o r a e r .  I n  a o d i t i o n ,  i f  t h e  
v a l u e  of  t h e  v a r i a b l e  does  no t  l i e  i n  some p r e d e f i n e 0  range a g a i n  p a s s e a  
t o  it  from t h e  c a l l i n g  r o u t i n e ,  an  e r r o r  message i n  w r i t t e n  and e x e c u t i o n  
t e r m i n a t e s .  Th i s  i s  t o  h e l p  avoid  exceeding t h e  limits of  v a r i o u s  a r r a y s  
a s  w e l l  a s  r educ ing  t h e  chance of an  abnormally long run r e s u l t i n g  from 
t h e  improper p o s i t i o n i n g  of t h e  i n p u t  pa ramete r .  I f  t h e  upper  and lower  
limits s p e c i f i e d  i n  t h e  c a l l  t o  READI  a r e  e q u a l ,  any va lue  may be e n t e r e o .  

CALLED FROM: MPIN, INITSS . '  

SUBROUTINE CALLED: NONE 

Impor tan t  Local  V a r i a b l e s :  

I - v a l u e  read from i n p u t  and passed 'back  t o  t h e  main program. 

NL - lowes t  v a l u e  p e r m i t t e d .  

NU - g r e a t e s t  va lue  p e r m i t t e d .  

XNAME - name of v a r i a b l e  t o  be read .  

XPNAME - name o f  v a r i a b l e  read from i n p u t  s t r eam.  

S u b r o u t i n e  REPDF 

This  s u b r o u t i n e  i s  used t o  i n p u t ,  and t o  check t o  some d e g r e e ,  a l l  
s i n g l e  r e a l  v a r i a b l e s .  .It is i d e n t i c a l  t o  READI excep t  t h a t :  

1. I t  r e a d s  f l o a t i n g  p o i n t  numbers r a t h e r  t h a n  i n t e g e r s .  
2. There a r e  no r e s t r i c t i o n s  on t h e  range o f  t h e  number read  i n  o t h e r  

t h a n  t h o s e  o f  t h e  computer.  

S u b r o u t i n e s  c a l l e d :  None 

CALLED FROM: M A I N ,  INITSS 



. .  : . . 

. . .  . . READ1 
, ,  . 

(~ead  v a l u e  and name o f  i n t e g e r  v a r i a b l e  1 , 

< " t h e >  name r e a d  t h e  same as . No.. fl, 
t h e  name reques ted?  

, P r i n t  e r r o r  message 

T e s  1 message I 

P r i n t  name and , .  

v a l u e  o f  v a r i a b l e  read  . I 

I '. . .. . . . 
I _' , '. . . 

F i g u r e  I V  - 25. F l o w c h a r t  f o r  s u b r o u t i n e  READI. 



Impor tant  Loca l  Var iab les :  

X - value o f  v a r i a b l e s  read  i n  and passed t o  t h e  c a l l i n g  rou t i ne .  
XNAME - name o f  t h e  v a r i a b l e  t o  be read. 
XPNAME - name o f  t h e  v a r i a b l e  read from t h e  i n p u t  stream. 

Subrou t ine  REMOV 

Each cleanup and t reatment  e f f o r t  i n i t i a t e d  has assoc ia ted  w i t h  i t  a 
d u r a t i o n .  When t h i s  l e n g t h  of  t ime  has been exceeded, t h e  e f f o r t  i s  t o  
be te rmina ted  and removed from the  l i s t  o f  c leanup/ t reatment  e f f o r t s .  
REMOV i s  used t o  remove an exp i red  e f f o r t  from the  l i s t  (see F igu re  IV-20 
f o r  i t s  f low c h a r t ) .  The r o u t i n e  removes an e f f o r t  by s imply  moving the  
l a s t  e f f o r t  on t he  l i s t  i n t o  t h e  l o c a t i o n  occupied by t he  exp i red  e f f o r t  
and then  decrements t h e  coun te r  s p e c i f y i n g  t he  numSer o f  a c t i v e  e f f ' o r t s  
by one. 

CPLLED FROM: CLNUP, TREAT 

SUBROUTINES CALLED : None 

Impor tan t  Loca l  Var iab les :  

BEG - beg inn ing 'o f  t h i s  e f f o r t  ( hou r ) .  

DUR - d u r a t i o n  of  t h i s  e f f o r t  (hours ) .  

D UM - dummy v a r i a b l e  which i s  equivalenced i n  t h e  Subrout ines 
TREAT and CLNUP. 

MEM - number o f  c u r r e n t  e f f o r t s .  

NVAR - l e n g t h  of  v a r i s b l e s  i n  t h e  common b loc .  

- 7 - f o r  CLEN . . 

- 10- fo r  CHEM 

JTEMP . - number o f  exp i red  e f f o r t s  t h i s  s tep.  

MTEMP - l a s t  e f f o r t s  on l i s t ;  t h i s  one i s  moved t o  e x p i r e d  e f f o r t s  
p laced i n  l i s t  

LTEMP - e f f o r t  which has e x p i r e d  and i s  be ing  rep laced.  

Subrou t ine  ROTPT 

Th i s  subrout ine,  f l owcha r ted  i n  F igu re  IV-27, conver ts  l o c a t i o n s  from 
t h e  f i x e d  depth g r i d  t o  any o f  t h e  env i ronmenta l  g r i d s .  I t  i s  use0 p r i -  
m a r i l y  t o  map va lues of  env i ronmenta l  v a r i a b l e s  i n t o  t h e  f l o a t i n g  g r i d .  
The depth g r i d  i s  used as t h e  re ference because t h e  f l o a t i 3 g  g r i d  i s  
def ined w i t h  respec t  t o  i t .  The ou tpu t  of  t h i s  r o u t i n e  i s  t h e  x  and y  
l o c a t i o n  o f  t he  p o i n t  o f  i n t e r e s t  r e f e r r e d  t o  t he  new env i ronmenta l  g r i d .  

CALLED FROM: BOUNV, VELC 



Ente r  Subrou t ine  n 
1 

S e t  t m p o r a r y  e f f o r t  coun te r  t o  r e r o  

I 

1 

Increment t e q m r a r y  e f f o r t  coon te r  

Save t h e  
l e f  f o r t  number 1 

s t e p ?  
Rerurr. 

S e t  temporary terminated 
E f f o r t  coun te r  t o  ze ro  

Increment temporary terminated 
E f f o r t  coun te r  

I 

Take l a s t  e f f o r t  on t h e  l i s t  
and p u t  i t  i n  p l a c e  of  t h e  

f i n i s h e d  e f f o r t  

E f f o r t  I n  p lace  of completed 

o f  t e rmina ted  
e f f o r t s  from t h e  

l i s t  o f  a c t i v e  

Figure.  I V .  - 26. F l a h r t  f o r  s u b r o u t l n t  R M V .  



S e t  g r i d  u n i t  
d e f i n i t i o n  f l a g  

l a t . ,  l o n q .  or r e c t .  

D e t e r m i n e  a n g l  e 
b e t w e e n  d e p t h  g r i d  

a n d  e n v i r o n m e n t a l  g r i d  

C a l c u l a t e  p o s i t i o n  o f  
p o i n t  i n  r o t a t e d  

O b t a i n  X a n d  Y s e p a r a t i o n s  
i n  meters 

4 

D e t e r m i n e  p o s i t i o n  o f  
d e p t h  g r i d  o r i g i n  

i n  e n v i r o n m e n t a l  g r i d  

O b t a i n  l o c a t i o n  o f  p o i n t  
i n  e n v i r o n m e n t a l  g r i d  u n i t s  

R e t u r n  6 

ROT AT 

F i g u r e  IV. - 27. F l o w c h a r t  o f  s u b r o u t i n e  ROTAT. 



Impor tan t  Local  V a r i a b l e s :  

XL , Y 1  - l o n g i t u d e  and l a t i t u d e  o f  t h e  (1,l) l o c a t i o n  of t h e  g r i d  of 
i n t e r e s t .  

XD, YD - g r i d  s p a c i n g  i n  X and Y d i r e c t i o n  f o r  t h e  g r i d  of i n t e r e s t  
( m e t e r s  o r  t d e g r e e s ) .  

ANG - a n g l e  of X a x i s  wi th  l i n e s  o f  c o n s t a n t  l a t i t u d e  f o r  t h e  g r i d  
of i n t e r e s t .  

XO, YO .. - p o s i t i o n  o f  p o i n t  which i s  t o  be conver ted .  T h i s  i s  wi th  
r e s p e c t  t o  t h e  d e p t h  g r i d .  

X G ,  YG - g r i d  p o s i t i o n  of p o i n t  w i t h  r e s p e c t  t o  t h e  g r i d  of i n t e r e s t .  

XSP,YSP - d i s t a n c e  between o r i g i n s  o f  dep th  g r i d  and g r i d  o f  i n t e r e s t .  

S u b r o u t i n e  SHORE 

This  s u b r o u t i n e  r e a d s  t h e  l o n g i t u d e  and l a t i t u d e  v a l u e s  o f  t h e  p o i n t s  
d e f i n i n g  t h e  s h o r e l i n e ;  The s u b r o u t i n e  i s  a lways  c a l l e d  b u t  if t h e  s t u d y  
a r e a  i n c l u d e s  no s h o r e l i n e ,  t h e n  no p o i ~ t s  a r e  read.  

CALLED FROM: MPIN 

SLIBROUTINE CALLED : None 

Impor tan t  Local  V a r i a b l e s :  None 

S u b r o u t i n e  SPILIN 

This  s u b r o u t i n e  r e a d s  i n  a l l  new s p i l l e t  pa ramete r s  and i n i t i a l i z e s  
any p r o p e r t i e s  riot read in. The u s e r  is r e f e r r e d  t o  Appendix I X  f o r  
g e n e r a l  o i l  p r o p e r t i e s .  The r o u t i n e  w i l l  a l s o  p r i n t  a l l  c u r r e n t  s p i l l e t  
i n f o r m a t i o n  a t  t h e  s t e p  i n t e r v a l  s p e c i f i e d  by t h e  pa ramete r  NSPPRP ( s e e  
i n p u t  v a r i a b l e s ) .  S p i l l e f  i n f o r m a t i o n  may a l s o  be w r i t t e n  t o  a  d i s k  d a t a  
s e t  a t  a  s t e p  i n t e r v a l  d e f i n e d  by t h e  pa ramete r  NSPPRD. F i n a l l y ,  a  s e c -  
t i o n  is inc luded  i n  t h e  r o u t i n e  f o r  r e s t a r t  r u n s .  I t  r e a d s  i n  o l d  s p i l -  
l e t  in fo rmat ion  and s k i p s  t h e  i n i t i a l i z a t i o n  which have a l r e a d y  been p e r -  
formed ( s e e  F i g u r e  IV-28 f o r  a  f low c h a r t  o f  t h e  s u b r o u t i n e ) .  

CALLED FROM: MPIN 

SUBROUTINES CALLED: None 

Impor tan t  Local  V a r i a b l e s :  None 

S u b r o u t i n e  SPREAD 
' The s p r e a d i n g  p r o c e s s  is d e s c r i b e d  by t h e  s imple  t h r e e  regime sp read-  
i n g  mechanism proposed by Fay (1969) .  The on ly  p e c u l i a r i t y  i n  t h i s  model 



Enter  Subroutine (3 

Determine ~ r i n t  control  & @ 

Figure I V .  - 28. Flowchart f o r  subroutine SPILIN. 



with  regard  t o  s p r e a d i n g  is  t h e  f a s h i o n  i n  which t h e  t i m e ,  t ,  used i n  t h e  
v a r i o u s  e q u a t i o n s  f o r  t h e  r a d i u s  i s  determined.  I n  t h i s  model, a  f i e -  
t i o u s  t ime  is  determined by s o l v i n g  each o f  t h e  t h r e e  d i f f e r e n t  regime 
r a d i u s  e q u a t i o n s  f o r  time u s i n g  t h e  v a l u e  o f  t h e  r a d i u s  from t h e  p rev ious  
s t e p  and t h e  volume of s p i l l e ' d  o i l  remaining a t  t h i s  t ime  s t e p .  From 
t h e s e  t h r e e  v a l u e s  o f  " t ime ,"  t h e  a p p r o p r i a t e  regime is determined.  Then 
t h e  d e r i v e d  va lue  of t ime  i s  incremented by t h e  t ime  s t e p  o f  t h e  model 
and t h e  new r a d i u s  i s  c a l c u l a t e d .  For a  s imple  s p i l l  w i t h  no new o i l  
added o r  o i l  p r e v i o u s l y  i n  t h e  s l i c k  removed, t h i s  y i e l d s  t h e  same value  
o f  r a d i u s  w i t h  t ime  a s  t h e  o r i g i n a l  Fay f o r m u l a t i o n .  However, f o r  t h e  
c a s e  where o i l  is  removed o r  added,  t h i s  a l l o w s  f o r  t h e  r a t e  o f  sp read ing  
t o  jump from one regime t o  a n o t h e r .  I t  is  obvious  t h a t  t h i s  is  necessa ry  
if one c o n s i d e r s  a  slick i n  t h e  t h i r d  regime which i s  t r e a t e d  w i t h  a  
chemica l  d i s p e r s a n t  which lowers  t h e  s p r e a d i n g  t e n s i o n ,  by a n  o r d e r  of 
magnitude.  I n  t h i s  c a s e ,  w i t h o u t  changing t h e  "t ime" v a r i a b l e  used i n  
t h e  s p r e a d i n g  e q u a t i o n ,  t h e  r a d i u s  changes by a  f a c t o r  o f  t h r e e .  Equal ly  
d r a s t i c  changes would r e s u l t  from t h e  removal o r  a d d i t i o n  o f  o i l  by any 
o f  t h e  means a v a i l a b l e  i n  t h e  model. I t  i s  a s  a  r e s u l t  o f  t h i s  regime 
changing mechanism t h a t  F a y ' s  s p r e a d i n g  formalism is used r a t h e r  t h a n  t h e  
combined s p r e a d i n g - h o r i z o n t a l  d i f f u s i o n  mechanism used i n  some o f  t h e  
more r e c e n t  models (Wang, Campbell and Di tmars ,  1975) .  See  t h e  flow 
c h a r t  i n  F i g u r e  IV-29. 

CALLED FROM: SURFES 

SUBROUTINES CPLLED: None 

Important  Local  V a r i a b l e s :  

COEF1 - s p r e a d i n g  c o e f f i c i e n t  f o r  f i r s t  regime. 

COEF2 - s p r e a d i n g  c o e f f i c i e n t  f o r  second regime. 

COEF3 - s p r e a d i n g  c o e f f i c i e n t  f o r  t h i r o  regime. 

DELTP - ( w a t e r  d e n s i t y  - o i l  d e n s i t y ) / w a t e r  d e n s i t y .  

GRPV - g r a v i t a t i o n a l  a c c e l e r a t i o n  ( c m / s e ~ * * ~ ) .  

RPD - r a d i u s  o f  s p i l l e t  (cm).  

RHOW - d e n s i t y  o f  s e a  wa te r  (gm/cc).  
I 

RM PX - maximum r a d i u s  f o r  a  s p i l l e t  c o n t a i n i n g  a  g iven  volume of  
o i l .  

SIG - s p r e a d i n g  t e n s i o n  (dynes/cm = g m / s e ~ * * ~ ) .  

Ti j - t ime  a t  which s p i l l e t  goes  from Regime i t o  Regime - j. 

VISHZO - v i s c o s i t y  of s e a  wa te r  ( s t o k e s  = ~ m * * ~ / s e c .  

VISRTZ - s q u a r e  r o o t  o f  VISHZO. 

VMIN - maximum volume f o r  which F a y ' s  Regime 2 i s  sk ipped .  





VOL - volume of s p i l l e d  o i l  ( c c ) :  

S u b r o u t i n e  SWSLR . . 
. . 

T h i s  s u b r o u t i n e  c a l l s  t h e  s e v e n , m a i n  s u b r o u t i n e s  which a d v e c t  and 
d i f f u s e  t h e  s u b s u r f a c e  d r o p l e t s  i n  t h e  w a t e r  column. The method i s  based 
on t h e  Water-Advective-Particle-In-Cell method developed by P a v i s h !  and 
S p a u l d i n g  (1976-1977). A b r i e f  overview o f  t h e  numerical  scheme., . along 
w i t h  a  d i s c u s s i o n  o f  t h o s e  f a c t o r s  which have been modif ied  s p e c i f i c a l l y  
f o r  t h i s  a p p l i c a t i o n ,  i s  p r e s e n t e d  below. 

The th ree -d imens iona l  mass t r a n s p o r t  e q u a t i o n  is s o l v e d  u s i n g  a  
p a r t i c l e - i n - c e l l  method. Th i s  is  a  q u a s i  Monte Car lo  t e c h n i q u e  i n  which 
r e p r e s e n t a t i v e  p a r t i c l e s  a r e  sampled a t  random from a  predetermined d i s -  
t r i b u t i o n .  The space  which t h e s e  "marker" p a r t i c l e s  occupy is t h e n  
d i v i d e d  i n t o  a  number of r e c t a n g u l a r  cells. The c o n c e n t r a t i o n - d i s t r i b u -  
t i o n  of t h e  p a r t i c l e s  i s  determined by c a l c u l a t i n g  t h e  number o f  p a r t i -  
c l e s  i n  each ce l l ,  i .e . ,  t h i s  y i e l d s  t h e  c o n c e n t r a t i o n  a t  t h e  c e n t e r  o f  
t h a t  ce l l .  The model t h e n  o b t a i n s  t h e  c o n c e n t r a t i o n  g r a d i e n t  and c a l c u -  
l a t e s  t h e  r e s u l t i n g  d i f f u s i v e  v e l o c i t y ,  which i t  adds  t o  t h e  a d v e c t i v e  
v e l o c i t y  i n p u t  t o  t h e  program, t o  o b t a i n  t h e  t o t a l  p a r t i c l e  v e l o c i t y .  
F i n a l l y ,  t h e  p a r t i c l e  v e l o c i t y  i s  used t o  move t h e  i n d i v i d u a l  p a r t i c l e s .  

The fundamental  e q u a t i o n  be ing  s o l v e d  i s  t h e  t r a n s p o r t  d i f f u s i o r  
e q u a t i o n  : 

a c -b -b + -F 
- + U  V C = V  . k v C + S i  
a t  A i j  

I . . .  
where C is  t h e  c o n c e n t r a t i o n  o f  o i l  d r o p l e t s ,  

K i j  i s  t h e  d i f f u s i v i t y  t e n s o r ,  
Up is t h e  a d v e c t i o n  v e l o c i t y  assuming i n c o m p r e s s i b i l i t y ,  and , 

S r e p r e s e n t s  e i t h e r  a  s o u r c e  o r  s i n k  o f  o i l .  

T h i s  e q u a t i o n  may be r e w r i t t e n  i n  t h e  a d v e c t i v e - d i f f u s i o n  form: .. 

where , . 
1 . . . _ .  

-b 

UT = UA + l& 

cT - T o t a l  p a r t i c l e  v e l o c i t y  

GA - Advect ive  v e l o c i t y  
, , ' 

and 
-+ 
Ug - D i f f u s i o n  v e l o c i t y ,  d e f i n e d  .by 



The t o t a l  pa r t i c l e  velocity is solved using a f i n i t e  difference represen- 
t a t i on  on the space staggered gr id  shown i n  Figure IV-30. 

T h i s  sophist icated subsurface d r i f t  model was se lected fo r  several 
reasons, the main one being t ha t  i t  allows fo r  o i l  drople ts  of varying 
properties, fo r  example some denser than water tha t  may sink and some 
l e s s  denser than water t ha t  may resurface a s  well a s  neutral ly buoyant 
drops t o  represent the dissolved portion of the s p i l l .  In addit ion,  the 
chemical proper t ies  of the  drople ts  may vary, and t h i s  v a r i ab i l i t y  may be 
a function of pa r t i c l e  s i ze .  

Pnother important fea ture  of the  subsurface portion of the model i s  
the .mixed Eulerian-Lagrangian coordinate system. The Eulerian coordinate 
system i s . t h e  one on which the t i d a l  currents ,  the bathymetry and the 
computational c e l l s  a re  defined. The Lagrangian coordinate system i s  the 
one on which the o i l  droplet  concentration is  defined. T h i s  system 
expands and t r an s l a t e s  so a s  t o  always include a l l  pa r t i c les .  Variables 
defined on the  Eulerian system are  interpolated t o  the Lagrangian sys- 
tem. The Lagrangian system a l so  allows fo r  a coordinate transformation 
on z ,  the ve r t i c a l  ,variable,  such that  the water column a t  every horizon- 
t a l  node is divided i n to  the same number of equally spaced layers .  T h i s  
means t ha t  a s  the water becomes shallower, the ve r t i c a l  grid spacing 
becomes smaller', thus keeping the same r e l a t i ve  ver t i ca l  resolution.  

The flow of t h i s  routine,  Figure IV-31, is  qui te  straightforward. 

C A L L E D  FROM:- M A I N  

Important local  variables:  

C( IMSUB , JMSUB , KMSUB ) 15,15,10 - o i l  concentration on the f loa t ing  
gr id  (mg of o i l lml  of water) .  

M (  IMSUB, JMSUB;.KMSUB ) .  15,15,10 - computational c e l l  oe f in i t ions  of 
the f loa t ing  gr id .  

NST s t ep  number. 

HFLT(IMSUB,JMSUB,KNSUB) 15,15,10 - t i d a l  elevations a t  the f loat ing 
. . 

gr id  nodes (meters).  

DFLT(IMSUB,JMSUB,KNSUB) 15,15,10 - depths a t  the f loa t ing  gr id  nodes 
(meters).  

CC(IMSUB, JMSOB) 15,15 - concentration values averaged over the 
water column. 

- 

NPTFLT in te rva l  p r in t  control  f o r  - subsurface 
information. 



F i g u r e  IV -30 .  Space S t a g g e r e d  Sys tem 
( v a l u e s  I n s i d e  o f  Square  have  t h e  same 1ndeces)  



Ente r  Subrout ine  a SUBSUR 

Determine subsurface p r i n t o u t  

Ob ta in  f l o a t i n g  
g r i d  s i z e  and 

l o c a t i o n  

boundary c o n d i t i o n  
v i o l a t i o n s  

Does t h  .A 
number o f  

Determine c o n c e n t r a t i o n  
d i s t r i b u t i o n  

I Obta in  v e l o c i t i e s  a t  
f l o a t i n g  g r i d  nodes I 

Check f o r  v i o l a t i o n  o f  t h e  cou ran t  c o n d i t i o n  r 
Move a l l  p a r t i c l e s  %- 

P r i n t  and o u t p u t  
t o  a i s k  as r e q u i r e d  l' 

Return  a 
F igu res  1V.-31. Flowchar t  f o r  sub rou t i ne  SUBSUR. 



NPTSUB p r i n t  c o n t r o l  parameter as determined by .NPTFLT 

p r i n t o u t  t h i s  s tep ,  0 - no ' p r i n t o u t  t h i s  step. 
1 - p r i n t o u t  t h i s  s tep.  

Subrou t ine  SUMMUP 

Th i s  subrout ine,  f lowchar ted i n  F igure  IV-32, w r i t e s  t o  d i s k  a l l  of  
t h e  v a r i a b l e s  d e s c r i b i n g  t he  d i s p o s i t i o n  o f  t he  s p i l l e d  o i l  ( t h e  Res ta r t  
da ta  s e t ) .  I t  a l s o  ou tpu t s  a c t i v e  cleanup and t reatment  e f f o r t s .  The 
sub rou t i ne  i s  c a l l e d  a t  a s tep  i n t e r v a l  de f i ned  by t h e  i n p u t  parameter 
NSUMM, as w e l l  as a t  t he  end o f  t h e  run. I t  codes t h e  ou tpu t  w i t h  t he  
s t e p  number. If t h e  user  wishes t o  r e s t a r t  t he  r u n  from t h i s  p o i n t ,  new 
i n p u t  and ou tpu t  da ta  s e t s  a re  t o  be used i f  NSTFN is s e t  equal  t o  zero  
(by t h e  use r ) .  The reason f o r  o u t p u t t i n g  t he  parameters o u t l i n e d  above 
i s  t o  a l l ow  t h e  r u n  t o  be res ta . r ted  f o l l o w i n g  i t s  t e rm ina t i on .  Because 
t h e  r e s t a r t  da ta  s e t  i s  o v e r w r i t t e n  everyt ime,  SUMMUP i s  c a l l e d ,  t h e  r u n  
may be r e s t a r t e d  o n l y  from t h e  s tep  a t  which t he  parameters were l a s t  
w r i t t e n .  

CALLED FROM: , MPIN 

SUBROUTINES CALLED: None 

Impo r tan t  Loca l  Var iab les :  None 

Subrou t ine  SUROFT 

Th i s  subrout ine,  o u t l i n e d  i n  F igu re  IV-33, i s  used t o  advect t he  su r -  
face  p o r t i o n  o f  t he  o i l  s p i l l ,  s p e c i f i c a l l y ,  t h e  s p i l l e t s .  The advec t i ve  
v e l o c i t y  i s  taken equal  t o  t h e  vec to r  sum o f  t h e  ocean v e l o c i t y ,  i n p u t  t o  
t h e  model, and a s c a l e r  cons tan t  t imes t h e  wind v e l o c i t y ,  a l s o  i n p u t  t o  
t h e  model. The s c a l e r  f a c t o r  m u l t i p l y i n g  t he  wind v e l o c i t y ,  WINFC, i s  
p r e s e n t l y  s e t  t o  .035 i n  t h e  model and can o n l y  be changed by mod i fy ing  
t he  app rop r i a te  da ta  statement.  If the  ocean c u r r e n t  i s  i n  degrees/ 
second, i t  w i l l  be conver ted i n  t he  sub rou t i ne  t o  meters/second. 

CALLED FROM: SURFES 

SUBROUTINES CALLED: None 

Impor tan t  Loca l  Var iab les  

UCRNT - water c u r r e n t  i n  x d i r e c t i o n  passed t o  t h e  r o u t i n e .  

UWIND - wind speed i n  x d i r e c t i o n  passed t o  t h e  r o u t i n e .  

VCRNT - water c u r r e n t  i n  y d i r e c t i o n  passed t o  t h e  r o u t i n e .  

VWIm - wind speed i n  y d i r e c t i o n  passed t o  t he  r o u t i n e .  
I 

WINFC - wind f a c t o r  de f i ned  i n  t h e  r o u t i n e .  



( ENTER SUBROUTINE) 

( R E W I N D  DISK I 

Write disk print control parameters, 
mass balance and s p i l l e t  parameters 

i w 

.Write par t ic le  parameters 

treatment e f for t s  

Figure I'V. - 32.  Flowchart for  subrout,ine SUMMUP. 



Enter Subroutine (3 - SURDFT 

Is ocean A 

Calculate distance 
moved by spill et 

in meters 

Convert the new location 
to degrees 1 ongi tude, 

Return A 
Figure 1V. - 33. Flowchart for subroutine SURDFT. 



Subrout ine SURFES 

The s i m u l a t i o n  model might be viewed as c o n s i s t i n g  of  four  major sec- 
t i o n s :  t he  main program; t h e  i n p u t  module; t he  sur face  module, and; the  
subsurface module. Each of t h e  l a s t  t h ree  sec t i ons  c o n s i s t  of  a number 
o f  subrout ines.  The subrou t ine ,  SURFES, c o n t r o l s  t he  surface sec t i on ,  
c a l l i n g  a l l  o f  t h e  subrou t ines  t h a t  e f f ec t  t h e  d i s p o s i t i o n  o f  t h e  sur face 
s l i c k .  Wi th  t he  excep t ion  o f  t h e  sho re l i ne  i n t e r a c t i o n  process, a l l  
processes a r e  t r e a t e d  sepa ra te .1~  f o r  each s p i l l e t ,  i . e . ,  t h e  subrou t ine  
rep resen t i ng  a process i s  c a l l e d  once f o r  each s p i l l e t .  The f low through 
t h i s  subrou t ine  (see F igu re  IV-34 f o r  f l ow  c h a r t )  i s  q u i t e  s t r a i g h t -  
forward. 

@LLE@ FROM: MAIN 

SUBROUTINES CALLED: ASHOR, CLNUP, ENTMAS, ENTRN, EVPOR8, LOC8, SPREAD, 
SURDFT , .TREAT 

Impor tan t  Loca l  Var iab les :  

SUM AS - Amount o f  mass e n t e r i n g  t he  water column from one 
s p i l l e t  d u r i n g  one s tep.  

WLSPL(NSPIL) - 99 - 0 - s p i l l e t  i s  w i t h i n  study area. 
1 - s p i l l e t  i s  a t  edge of  s tudy area. Th i s  

s p i l l e t  i s  no l onge r  sub jec t  t o  any 
processes. 

MDL SPL 

ENMAS 

UCRNT 

VCRNT 

WVEL 

DEPLOC 

HTLOC 

- Parameter i n  subrou t ine  LOC8 which i n d i c a t e s  
whether o r  n o t  t h e  s p i l l e t  i s  i n  t h e  study area. 

- 0 - w i t h i n  study area 
- 1 - ou t  of  s tudy area 

- Mass of  o i l  e n t r a i n e d  t h i s  s tep.  Th i s  i s  used i n  
t h e  prev iew r u n  t o  determine t h e  amount o f  mass t o  
be represented by each d r o p l e t .  

- Average c u r r e n t  over  s p i l l e t  . i n  X d i r e c t i o n  (m/sez 
o r  deg/sec) . 

- Average c u r r e n t  over  s p i l l e t  i n  Y d i r e c t i o n  (m/sec 
o r  deglsec) . 

- Average windspeed over  s p i l l e t  i n  X d i r e c t i o n  
(m/sec 1. 

- Average windspeed over  s p i l l e t  i n  Y d i r e c t i o n  
(m/sec). 

- T o t a l  magnitude o f  windspeed over  s p i l l e t  (m/sec). 
- 

- Overage depth under s p i l l e t  (meters).  

- Average t i d a l  e l e v a t i o n  around s p i l l e t  (meters) .  





I Subrout ine TREAT 

This  subrou t ine ,  see F igu re  IV-35 f o r  i t s  f low c h a r t ,  handles t he  
chemical  t reatment  o f  t he  sur face s l i c k s .  A number of  t reatment  e f f o r t s  
may he i n  progress a t  any one t ime. W i t h i n  range of  a  t reatment  e f f o r t ,  
s p i l l e t s  a re  t r e a t e d  i n  t h e  o rde r  i n  which they  occur ,  i . e . ,  if the 
f i f t h ,  seventh and t w e l f t h  s p i l l e t  f a l l  w i t h i n  range o f  a  t reatment  
e f f o r t ,  t h e  f i f t h ,  then  t h e  seventh and f i n a l l y  t h e  t w e l f t h  would be. 
t r e a t e d  by t h i s  e f f o r t .  If the  area t r e a t e d  i s  l e s s  than  t h e  area o f  a  
s p i l l e t ,  then o n l y  a  f r a c t i o n  o f  t h e  s p i l l e t  i s  t r e a t e d  and t h e  nex t  
t reatment  e f f o r t  i s  d e a l t  w i th .  I n  t h i s  case, t h e  f r a c t i o n  of  o i l  which 
i s  d ispersed  i s  t h e  r a t i o  o f  t h e  t r e a t e d  area t o  t h e  t o t a l  s p i l l e t  area. 
I f ,  on t he  o t h e r  hand, t h e  area t o  be t r e a t e d  i s  g r e a t e r  t han  t h a t  
remain ing i n  t h e  s p i l l e t ,  then  i t  i s  t r e a t e d  and t he  nex t  s p i l l e t  i s  
t r ea ted ,  e t c .  The percentage of  o i l  d ispersed i n  t h i s  case i s  de f ined  by 
PCHEM. The area t r e a t e d  i s  s t o red  and i n  t h e  nex t  t ime s tep,  o n l y  t h e  
remain ing un t rea ted  area i s  t r e a t e d .  

CALLED FROM : SLIRFES 

SUBR~UTINES CALLED: DIST, REMOV 

I Impor tan t  Loca l  Var iaSles:  

THAREA - Area t o  be t r e a t e d  a t  t h i s  s tep  (mete$). 

DIS . -  D is tance  between t h e  cen te r  o f  t reatment  e f f o r t  ana t h e  
cen te r  of  s p i l l e t  o f  i n t e r e s t  (meters).  

SPAREA - Area o f  t h e  s p i l l e t  which has n o t  been t r e a t e d  (meters2).  

I PER - F r a c t i o n  o f  o i l  which i s  en t ra i ned .  

XMSDP - Mass en t ra i ned  by t h i s  e f f o r t  ( m e t r i c  t ons ) .  

I SUMAS - Mass e n t r a i n e d  t h i s  s tep  ( m e t r i c  t o n s ) .  ' 

AMNT - Area t r e a t e d  (meters2).  

Subroutine VELC 

This  r o u t i n e ,  F i gu re  IV-36, c a l c u l a t e s  from t h e  app rop r i a te  f i x e d  
g r i d s ,  t h e  water depth, t h e  t i d e  h e i g h t  and t h e  c u r r e n t  v e l o c i t i e s  a t  
each of the  corresponding f l o a t i n g  g r i d  l o c a t i o n s  us ing  a b i l i n e a r  i n t e r -  
p o l a t i o n  (see t he  d e s c r i p t i o n  o f  sub rou t i ne  PARTV f o r  a  d i scuss ion  o f  the  
b i l i n e a r  i n t e r p o l a t i o n ) .  If t h e  f l o a t i n g  g r i d  comes t o o  c l o s e  t o  the  
edge o f  t h e  corresponding f i x e d  g r i d  f o r  p roper  i n t e r p o l a t i o n ,  a warning 
i s  w r i t t e n .  The program w i l l  c on t i nue  t o  execute b u t  i n t e r p o l a t i o n  
e r r o r s  a r e  p robab le  a t  t h i s  p o i n t  o r  i n  o t h e r  r o u t i n e s  o f  t h e  model.  Due 
t o  t h e  space staggered system and t h e  p o s s i b l e  r o t a t i o n  o f  some o f  the  
g r i d s ,  each g r i d  i s  i n t e r p o l a t e d  separa te ly .  

CALLED FROM: CNVRTZ, VELCT 

SUBROUTINES CALLED: ROTAT 





n t e r  Subrout ine  n 
minimum p o s i t i o n s  of  f l o a t i n g  

g r i d  on t he  u  and v  c u r r e n t  

VELC 

f l o a t i n s  g r i d  

g r i d s ?  

rninimun pcs t i ons  o f  
f l o a t i n ?  q - i d  t c  t h e  

1o:ations tc. currer,: 9 - i t s  
a rc  l i n e s r l y  i n t e r x l a t e  

cur rec :  values 

t o  t i c ? !  heigk-t  g r i d  an: 
l i n e a r l y  i n t e r p o l a t e  t i d a l  

t o  de?th  g r i d  and 
l i n e a r l y  i n t e r p o l a t e  deztt ,  values 

Return  L 
~ i g u r e  1V. - 36. F lowchar t  f o r  sub rou t i ne  VCLC. 



DIS - Distance between t h e  center  of treatment e f f o r t  and the 
center  of s p i l l e t  o f  i n t e r e s t  (meters). 

SPPEP - Prea of t h e  s p i l l e t  which has not  been t rea ted  ( m e t e d ) .  

PER - F r a c t i o n  of o i l  which i s  entrained. 

XMSOP - Mass entra ined by t h i s  e f f o r t  (metr ic  tons).  

SUMAS - Mass entra ined t h i s  step (met r ic  tons).  

AMNT - Prea t rea ted  ( m e t e d ) .  

Subroutine VELC 

This rou t ine ,  F igure IV-36, ca lcu la tes  from the appropr iate f i x e d  
\ gr ids ,  the  water depth, the t i d e  he ight  and the cu r ren t  v e l o c i t i e s  a t  

each of the  corresponding f l o a t i n g  g r i d  l oca t ions  using a  b i l i n e a r  
i n t e r p o l a t i o n  (see the  desc r ip t i on  of subrout ine PPRTV f o r  a  d iscussion 
of the  b i l i n e a r  i n t e r p o l a t i o n ) .  If t h e  f l o a t i n g  g r i d  comes too  c lose t o  
the  edge of the  corresponding f i xed  g r i d  f o r  proper i n t e r p o l a t i o n ,  a  
warning i s  wr i t t en .  The program w i l l  cont inue t o  execute but  
i n t e r p o l a t i o n  e r r o r s  are probable a t  t h i s  p o i n t  o r  i n  o ther  rou t ines  of 
the  model. Due t o  the  space staggered system and the  poss ib le  r o t a t i o n  
of some o f  t he  g r ids ,  each g r i d  i s  i n t e r p o l a t e d  separately. 

CALLED FROM: OJURTZ, VELCT 

SUBROUTINES CALLED: ROTPT 

Important Local Variables : None 

Submut ine VELCT 

This subroutine, F igure IV-37, ca l cu la tes  the  d i f f u s i o n  v e l o c i t i e s  a t  
each of the  g r i d  nodes and adds these t o  the  advect ive terms. If the 
number of p a r t i c l e s  i s  l e s s  than NCRIT, the  d i f f u s i o n  v e l o c i t y  i s  not  
calculated.  The procedure ca l cu la tes  the  d i f f u s i o n  c o e f f i c i e n t s  and then 
locates  the  four c loses t  concentrat ion nodes. The d i f ference i s  
determined i n  the  x , Y ,  and Z d i r e c t i o n  and used t o  c a l c u l a t e  the  three 
v e l o c i t y  components. If t h e  l a r g e  scale mode i s  used, the  h o r i z o n t a l  
v e l o c i t y  components must be converted t o  degreeskec. The maximum 
advect ive and d i f f u s i v e  v e l o c i t i e s  (d i v ided  by the  g r i d  spacings) are 
a l s o  determined. 

CALLED FROM: SUBSUR 

SUBROUTINES CALLED: DIFF, VELC 

Important Local  Var iable:  None 



Enter Submut i n o  2. 
I n i t i a l i z e  variables I 

.- . . I27 - 

VELCT 

I I t a l l  VELC 

* 

Calculate  scale dependent 
d i f f u s i o n  c o e f f i c i e n t s  

. . I n i t i a l i z e  g r i d  . . 
e l c m n t  counters 

I ? c r n W ? t  g r i d  element counter 

. .  . '  I . -  . , 

. . . . 

. , . . .  . . 

. . 

Convert DX '6 DY 'from 
degrees to meters 

I 

'Store extensive ly  used . . 
depth and t i d a l  height . 9 ,  

v t r l a b l e s  
. . . . . . .  . . . . ... 

. . ..,, ? .  . 4 

. . .  
I '  

. , . . ;, 
, . ,  . 

. . .>  . . 
. .. 

. . 

c o e f f i c i e n t  dtvided by 
g r i d  spacing 

v e l o c i t y  d i v i d d  by f i x e d  
g r i d  spacing for c w n n t  



Convert c u r r e n t  ve1oci:;es 
to  degrees!sec.  

M d  a d v e c t t v e  and 
d t f f u s i o n  v e l o c i t i e s  

C a l c u l a t e  m a x i m  

Ftpure .  I V .  - 37. F l o r h r t  f o r  s u b m u t f n c  VELCT 



APPENDIX V. I n p u t  Programs 

  his Appendix g i ves  t h e  d e t a i l s  necessary t o  use t h e  i n p u t  programs 
GRIDS and CHECDATA. 

A. GRIDS 

As descr ibed i n  Chapter 11, t h i s  program serves t o  format env i ron-  
menta l  da ta  f o r '  i n p u t  i n t o  e i t h e r  a prev iew r u n  o r  a complete simula- 
t i o n .  The genera l  f l ow  through t h i s  program i s  shown i n  F igu re  V-1. The 
f i r s t  s t ep  i s  t o  read t h e  g r i d  c o n t r o l  v a r i a b l e s  i .e . ,  t h e  v a r i a b l e s  t h a t  
c o n t r o l  t h e  execu t ion  o f  t h e  run. These v a r i a b l e s  a r e  shown i n  t he  upper 
h a l f  (above t h e  d o t t e d  l i n e )  o f  Table* V - 1 i n  t h e  o rde r  i n  which GRIDS 
w i l l  read them. The subrou t ines  READI and READF descr ibed  i n  Appendix I V  
a re  used t o  i n p u t  these parameters. The formats r e q u i r e d  by READI an5 
READF a re  s p e c i f i e d  i n  Appendix I, Sect ion  02. 

The nex t  s tep  i s  t o  read t h e  g r i d  d e f i n i t i o n  v a r i a b l e s ,  i .e . ,  t he  
v a r i a b l e s  t h a t  de f ine  t h e  g r i d ,  such as, number o f  g r i d  elements, the  
angle o f  r o t a t i o n ,  t h e  va r i ous  names, e t c .  Th i s  i s  done i n  subrou t ine  
READU which aga in  uses READI and READF t o  read f i x e d  and f l o a t i n g  p o i n t  
va r i ab les ,  r e s p e c t i v e l y .  Two new subrou t ines  a r e  a l s o  c a l l e d  i n  REFDU; 
REDON2 and READN3. The s t r u c t u r e  of  these subrou t ines  i s  i d e n t i c a l  t o  
READF, t he  'on ly  d i f f e r e n c e  be ing  t h a t  they a re  used t o  i n p u t  charac te r  
data,  i . e . ,  g r i d  names and u n i t s ,  i n s t ~ a d  o f  numer ica l  values. READN2 
w i l l  e n t e r  an 8 cha rac te r  name and READN3 i s  used t o  e n t e r  a 12 cha rac te r  
name. The format f o r  READN2 i s :  

w h i l e  t h a t  f o r  READN3 i s :  

These formats a re  t o  be compared t o  t h a t  o f  READF: 

The v a r i a b l e s  i n p u t  i n  t h i s  s tep,  t h e i r  o rde r  of  i n p u t  and t h e  app rop r i -  
a t e  i n p u t  subrou t ine  i s  shown i n  t h e ' l o w e r  h a l f  o f  Table V - 1. 

Fo l l ow ing  t h e  e n t r y  o f  GRID c o n t r o l  parameters and env i ronmenta l  
d e f i n i t i o n  v a r i a b l e s  t h e  t i t l e  o f  t h e  environment g r i d  i s  cheeked t o  see 
t h a t  i t  i s  one o f :  

'BATHYMETRY ' 
'TEMPERATURE' 
'WIND VEL' 
' UTID CURRENT ' 
' VTID CURRENT ' 
'TIDE LEVEL' 

• I f  the  g r i d  t i t l e  i s  n o t  one of  these s p e l l e d  e x a c t l y  as above, an e r r o r  
message i s  w r i t t e n  and t h e  program stops. 



Program 
GRIDS 

. . .  

/ Read i n G r i d  I 
[-~gfin-i-t.itlo~ ,!a r a  iefecs- 

Sub rou t i ne  KEADU 

. : , Set Gr;: koun te r  ( . . 

' I  I 

. . .  . .. .. . 

User Suppl ied  Sub rou t i ne  1 ; .  ,.],I 
. 

W r i t e  Environmental  
-to Dilk-acd/ol: P r i n i e  

1' , 

I ' Subrou t i ne  ~ R 4 h i '  

S top 
., &- 

F igure  V.-1. F lowcha r t  f o r  input ,  program GRIDS. 



Table V - 1. List o f  V a r i a b l e s  f o r  GRIDS 
I n p u t  Pa ramete r s  - i n  o r d e r  o f  e n t r a n c e  

I n p u t  Pa ramete r s  . SuSrou t ine  used D e s c r i p t i o n  

NPRTP 

p r i n t  . , 

P r i n t  c o n t r o l  parameter .  
-1 - no d i a g n o s t i c  p r i n t  o u t  
0 - l i m i t e a  p r i n t  o u t  - p r i n t s  

o u t  l i n e  t o  t e l l  t h e  s t e p  
and t h e  time. 

1 - f u l l  p r i n t  o u t  - fo rmat tea  

o u t  of  what goes  t o  c a r d s ,  d i s k  
o r  t a p e .  

NO' . READ1 Number o f  v a r i a b l e s  p e r  g r i d .  

NU' RE AD I Formet c o n t r o l  f o r  c a r d s  o r  d i s k  
p r i n t o u t  o f  environmental  g r i d s .  

. . 
1 - unformat ted  r e a l  v a r i a b l e s  

. . 
. . .  2 - unformat ted  i n t e g e r  v a r i a S l e s  

3 - fo rmat ted  r e a l  v a r i a S l e s  
. . .  4 - fo rmat ted  i n t e g e r  v a r i a b l e s  

N.UM READ1 Numher o f  s t e p s  t o  be w r i t t e n  o u t .  

RE A@ I Unit  number d a t a  i s  t o  Se w r i t t e n  
t o .  

RE AD I Uni t  number d a t a  i s  t o  be rezd from. 

READF Time s t e p  between d a t a  v a l u e s .  
............................................................................... 
ISZAL READ1 Cont ro l  pa ramete r  f o r  s c a l e  mow. 

1 - smal l  s c a l e  ( m e t e r s )  
2 .- l a r g e  s c a l e  ( d e g r e e s )  

' . ' I M A X  

. . . ' ANGLE 

XS, YS 

TITLE 

READI 

READI 

RE ADF 

Number o f  e l ements  i n  t h e  x o i r e c -  
t i o n .  

Number o f  e l ements  i n  t h e  y a i r e c -  
t i o n .  

Png le  measured i n  t h e  c o u n t e r  c lock-  
wise  d i r e c t i o n  from E a s t  t o  t h e  
p o s i t i v e  x -ax i s  ( i n  d e g r e e s ) .  

Spac ing  between g r i d  l i n e s  i n  x and 
y d i r e c t i o n  ( i n  metess  o r  d e g r e e s ) .  

Loca t ion  o f  (1,l) p o i n t  o f  t h e  g r i d  
( i n  Longi tude and ~ a t i t u d e ) .  

- 1 2  c h a r a c t e r  v a r i a b l e  g i v i n g  t h e  
name o f  t h e  g r i d .  T h i s  must be 



O t h e r  V a r i a S l e s  i n  GRIDS 

W M C H  

c o r r e c t  i n  o r d e r  t o  p r i n t  o u t .  

8 c h a r a c t e r  v a r i a S l e  g i v i n g  t h e  
name o f  t h e  v a r i a b l e  i n  t h e  g r i a .  

1 2  c h a r a c t e r  v a r i a b l e  g i v i n g  t h e  
d imens ions  f o r  p r i n t  o u t .  I f  t h e r e  
i s  o n l y  one  g r i d ,  VARS2 ano  UNITS2 
a r e  n o t  needed.  

8 c h a r a c t e r  v a r i a b l e  g i v i n g  t h e  
u n i t s  o f  XS and YS. 

C o r r e c t  t i t l e s  t o  be  used  by t h e  
program, if t h e s e  a r e  n o t  c o r r e c t  
and i n  t h e  o r d e r  r e q u i r e d  by t h e  
main program, t h e  r u n  w i l l  
t e r m i n a t e .  

The v a l u e s  o f  t h e  g r i d  d a t a  when 
t h e  d a t a  is  r e a l .  I f  t h e r c  i s  o n l y  
one  g r i d ,  PRRAYl is used .  

The v a l u e s  o f  t h e  g r i o  d a t a  when th2 
a a t a  i n  i n t e g e r .  I f  t h e r e  i s  o n l y  
o n e  g r i d ,  t h e n  MARPYi i s  u s e a .  



I f  t he  g r i d  t i t l e  i s  acceptable then  a do l o o p  i s  executed over t he  
number o f  t ime  steps, NUM, f o r  which t h e  p a r t i c u l a r  g r i d  i s  t o  be up- 
dated. I n  t h i s  loop ,  t h e  user  supp l i ed  subrout ine,  FIX, i s  employed t o  
read t he  env i ronmenta l  da ta  va lues and then  t o  perform t h e  necessary 
ope ra t i ons  t o  work them i n t o  a rec tangu la r  g r i d .  

F i n a l l y ,  t h i s  g r i d  i s  ou tpu t  by t h e  subrou t ine  ARAYOT. Th i s  subrou- 
t i n e  i s  an exact  d u p l i c a t e  of  PRAYIN discussed i n  Appendix I V  except a l l  
READ statements have been changed t o  WRITE statements.  The appropr ia te  
ou tpu t  formats a r e  descr ibed i n  Appendix I, s e c t i o n  A. 

A b r i e f  summary of  t he  GRIDS and i t s  subrout ines i s  i nc l uded  below. 

1 )  Main Sec t i on  - Th is  s e c t i o n  reads i n  severa l  i n p u t  parameters, 
does a check on t h e  t i t l e ,  then  loops  over  the  
number of  g r i d s  t o  be entered, by t h e  v a r i a b l e  NUki. 

C a l l s  Subrout ines READI, READU, F i x ,  an3 ARPYOT. 

2 )  Subrout ine READU Reads i n  a l l  necessary i n p u t  v a r i a b l e s  and u n i t s .  
C a l l s  Subrout ines REPDI, REPDF, READN5, ana REPDNS. 

3)  Subrout ine FIX -The Subrout ine must be w r i t t e n  by t he  user .  I t  
reads t h e  env i ronmenta ldata and does any necessary 
c a l c u l a t i o n s  o r  man ipu la t ions  needed t o  wor4 t he  
da ta  i n t o  a form compat ib le  w i tn  t he  s t r u c t u r e  of  
ARRAY1 and/or ARRPY2. I n  t he  example, a c u r r e n t  
da ta  s e t  i s  read i n  and conver ted t o  degrees/ses. 

4 )  Subrout ine ARAYOT - Wr i tes  t h e  v a r i a b l e s  t o  u n i t  ND i n  t he  format 
de f ined  by t h e  p rev ious  parameters. 

5 )  Subrout ine READI, READF, READN3, READN2 - reads and checks i n p u t  
parameters. I f  t h e  s p e l l i n g  i s  i n c o r r e c t  o r  t he  
t i t l e  i s  n o t  i n  t h e  c o r r e c t  column, t h e  r u n  
terminates.  

Formats READI (115, 5X, A81 
READF (F15.5, 5X, A8 
REPDN3 (3X, 3P4, 5X, A8 
READN2 (7X, 2A4, 5X, P8) 

B. READATA 

The purpose of  t h i s  Subrout ine i s  t o  v e r i f y  t h a t  t h e  env i ronmenta l  
da ta  i s  i n  t h e  p roper  format f o r  i n p u t  t o  t h e  prev iew program o r  t h e  f u l l  
s imu la t i on .  The Subrout ine i s  ext remely  s t r a i g h t  forward. F i v e  c o n t r o l  
parameters a re  read s p e c i f y i n g  t h e  p r i n t  c o n t r o l ,  t h e  number o f  va r i ab les  
p e r  g r i d  ( 1  o r  21, t h e  format o f  t h e  data,  t h e  number o f  g r i d s  ( t ime  
s teps  f o r  which t h e  env i ronmenta l  g r i d  i s  t o  be updated) t o  be read and 
t h e  u n i t  number from which t h e  da ta  i s  t o  be read. Table V --2 l i s t s  a l l  

a i n p u t  v a r i a b l e s  t o  READATA. A l l  o f  these v a r i a b l e s  be ing  f i x e d  p o i n t  o r  
i n t e g e r  a re  read i n  w i t h  t he  Subrout ine READI (see Appendix I V  f o r  a 
d e s c r i p t i o n  o f  READI and Appendix I, Sec t i on  2 f o r  a d e s c r i p t i o n  o f  the  
app rop r i a te  fo rmat ) .  A do l o o p  i s  then  executed over  t h e  number of 



g r i d s .  The i n t e r i o r  of  t h i s  do loop  is a n  e x a c t  d u p l i c a t e  of t h e  work ing  
p a r t  o f  t h e  S u b r o u t i n e  PRAYIN d e s c r i b e d  i n  Pppendix I V  i n c l u d i n g  t h e  
checks  t h a t  a r e  made on t h e  t i t l e  o f  t h e  environmental  a r r a y .  

, , 

Tahle  V - 2. List of  V a r i a b l e s  f o r  READBTA displ 'ayed . ,  
, ' 

i n  o r d e r  of e n t r a n c e .  

I n p u t  Var iab le  Suhrou t ine  Used D e s c r i p t i o n  

NPRTP 

NO 

NU 

NUM 

ND 

ISCPL 

READ1 P r i n t  c o n t r o l  parameter  ( s e e  
program GRIDS). 

RE A@ I Number o f  v a r i a b l e s  p e r  g r i d .  . . . . 

READ1 Format c o n t r o l  ( s a c  GHIDS) . ' ' , 

RE AD I NumSer,of s t e p s  t o  be .read i n .  

RE A@ I Uni t  numSer forin.which d a t a  i s  
t o  be read .  

. . 

READ1 Control  parameter  f o r  s e 8 l e .  ,' 

mode. 
1 - s m a l l  s c a l e  ( 'meters)  
2 - l a r g e  s c a l e  ( d e g r e e s )  



. . 
bppendi,x . ...., . V I  . : , . Output , . . 'Programs . , Descr ip t ions . -  . 

. .. . a : ' . .  , . , - .  
Th is  appendix i s  ' i n c l u d e d  t o  p rov ide  t he  user  w i t h  t h e  d e t a i l s  neces- 

sary  t o  r u n  t he  ou tpu t  programs. There a re  s i x  such programs which a re  
e i t h e r  r u n  independent ly  o r  i n  c o n j u n c t i o n  w i t h  one o r  more o f  t he  
o thers .  'The ' r e l a t i o n s h i p  between t he  var ious  programs a re  discussed i n  
Chapter V and w i l l  o n l y  be..repeated' here. as necessary f o r  t h e i r  use. A 1 1  
p l o t s  a re  generated w i t h  s tandard CALCOMP sof tware.  . . 

P . .  . PLOTMfiSS,. .. .. . . . .. . , 

, : ' P .  d e t a i l e d  f l o w  c h a r t  ' f o r  PLOTMASS i s  presented i n  F igu re  V I - 1 ,  3 
s imp le r  f l ow  c h a r t  i s  shown l n  F i g u r e  8. Th is  program r e q u i r e s  two d i f -  
f e r e n t  se t s  o f  c o n t r o l  parameters i n  a d d i t i o n  t o  t he  i n p u t  da ta  a v a i l a S l e  
from: t h e  s i m u l a t i o n  model. 'One s e t  c o n t r o l s  . the r u n  i t s e l f ,  s p e c i f i c a l l y  
how many , t imesteps a r e  t o  be used, NST, and t h e  number o f  s imu la ted  data 
sets .  t o  .be.plot . ted; '  NPLOT. These two parameters a re  read i n  w i t h  t h e  
subrou t ine  REAOI d iscussed i n  Appendix I V .  The second s e t  of  i n p u t  
parameters .  read-. 'as one l o g i c a l  r eco rd  c o n t r o l s  which v a r i a b l e s  i n  t h z  
mass balance are t o  .. be . p l o t t e d .  . The format used t o  read  these parameters 
i s  g iven-  by : .  ' . 

READ (5,200) NUN, NPTM, NBIO, NBOT, NCLN, NLOS, NSHR, NSUR, NSUS, NDMP 
.- . . . , .  . .  . : ,  . 

200 FORMAT (2X,1014) . . . 
. . 

The'meanfng. o f+each  bf these va r i aS les  i s  o u t l i n e d  i n  Table V I - 1 .  

The r e s u l t s  of  two d i f f e r e n t  runs  may r e a d i l y  be compared by spec i f y -  
i n g  NPLOT equal  t o  2 and NUN equal  t o  0. The f i r s t  s e t  o f  data w i l l  t hen  
be p l o t t e d  w i t h  s o l i d  l i n e s  and t h e  second w i t h  dashed l i n e s  on t h e  Sam? 
p l o t .  

A second o p t i o n  i n  t h i s  program i s  t o  p l o t  t h e  same data s e t  a n u m k r  
o f  t imes i n  d i f f e r e n t  ways on d i f f e r e n t  p l o t s .  I n  t h i s  case NPLOT woul3 
be s e t  equal  t o  1 and NUN t o  1. 

The IBN Job Con t ro l  Language f o r  t h e  ou tpu t  da ta  s e t  r e q u i r e d  t o  r u n  
t h i s  model i s :  

/ /  FT FOOl DO Ds NAME = MASS. PLOT, 
/ /  DISP = (NEW,CATLG). 
/ /  UNIT = SYSDA, 
/ /  DCB = (RECFM = UBS, BLKSIZE = 1954),  
/ /  SPACE = (TRK(2,2)) 

An example p l o t  i s  shown i n  Appendix V I I I .  





Table V I - 1  

I n p u t  t o  Plotmass 
Va r i ab le  Range Format D e s c r i p t i o n  

NS T 1-100 READ1 !/ o f  model t imesteps i n  p l o t  

NPLOT 1-6 READ1 41 of  da ta  s e t s  on one p l o t  

NUN 0-1 14 0-Use same mass balance da ta  
1-Read i n  new data 

NPTM 0-1 14 

NBIO 

NBOT 

NCLN 

NLOS 

NSHR 

NSUS 

NDMP 

0-Do n o t  p l o t  mass i n  atmospher? 
1 -P lo t  mass i n  atmosphere 

0-1 14 0-00 n o t  p l o t  mass consumed 
b i o l o g i c a l l y  
1 -P lo t  mass consumed b i o l o g i c a l l y  

0-1 14 0-00 n o t  p l o t  mass deposi ted on t h e  
bottom 
1 -P lo t  mass depos i ted  on t h e  bottom 

0-1 14 , 0 4 0  n o t  p l o t  mass cleaned up 
. 1 -P lo t  mass cleaned up 

0-1 14 0-00 n o t  p l o t  mass l o s t  t o  an open 
open boundary 
1 -P lo t  mass l o s t  t o  an open boundary 

0- 1 14 0-do n o t  p l o t  mass deposi ted on shore 
1 -P lo t  mass remain ing on t he  sur face 

0- 1 14 0-00 n o t  p l o t  mass i n  t h e  water column 
1 -P lo t  mass i n  t he  water column 

0-1 14 0-00 n o t  p l o t  t o t a l  mass s p i l l e j  
1 -P lo t  t o t a l  mass s p i l l e d  

Proqram PARTICLE 

Th is  program (F igu re  V I  - 2) i s  used t o  change t h e  r e s o l u t i o n  o f  a 
f l o a t i n g  g r i d  u s i n g  da ta  which has been p r e v i o u s l y  w r i t t e n  t o  d i s k .  The 
p a r t i c l e  parameter da ta  s e t  i s  read i n  t h e  main program and used by sub- 
r o u t i n e  PRINT. The user  s p e c i f i e s  t h e  number o f  g r i d  elements i n  t h e  X 
and Y d i r e c t i o n s .  These va lues a r e  then  used t o  c a l c u l a t e  a new f l o a t i n g  
g r i d  and new concen t ra t i on  values. The new ,concen t ra t i on  va lues a r e  then 
w r i t t e n  ou t  t o  d i s k  f o r  use i n  t he  OUTPUT programs. The s u b r m t i n e s  used 
t o  determine t h e  new g r i d  l o c a t i o n  and shape, GRIOEX, t o  c a l c u l a t e  t he  
hydrocarbon concen t ra t i on  on t h i s  g r i d ,  COW, and t o  w r i t e  and p r i n t  t he  

e. r e s u l t s  o f  these c a l c u l a t i o n s ,  PRINT a r e  i d e n t i c a l  t o  those used i n  t he  
main s imu la t i on .  D l 1  t h r e e  subrou t ines  a re  descr ibed  i n  d e t a i l  i n  
Pppendix I V .  
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~ C a l l s  S u b r o u t i n e s  CDNC, GRIDEX, PRINT, READ1 AND REWN2. 

I n p u t  V a r i a b l e s  ( I n  o r d e r )  

~ NMAX - maximum number o f  p a r t i c l e s  a l lowed.  

NSTEP - number o f  t ime  s t e p s  t h i s  program i s  t o  be  run .  

ISCAL - s i z e  s c a l e  parameter .  Th i s  must be t h e  same a s  t h e  p r e v i o u s  
s i m u l a t i o n  run.  
1 - does  h o r i z o n t a l  c a l c u l a t i o n s  i n  mete r s .  
2 - does  h o r i z o n t a l  c a l c u l a t i o n s  i n  degrees .  

NPTFLT - p r i n t  c o n t r o l  f o r  f l o a t i n g  g r i d  i n f o r m a t i o n .  T h i s  i s  t h e  
p r i n t  i n t e r v a l  i n  number o f  s t e p s .  

I IMSUB - new number o f  g r i d s  i n  t h e  x  d i r e c t i o n .  

I JMSUB - new number o f  g r i d s  i n  t h e  y  d i r e c t i o n .  

I KMSUB - new number o f  g r i d s  i n  t h e  z  ( v e r t i c a l )  d i r e c t i o n .  

I KPRTC - c o n c e n t r a t i o n  p r i n t  c o n t r o l  parameter .  

KPRTP - p a r t i c l e  p o s i t i o n  p t i n t  c o n t r o l  pa ramete r ,  p r i n t  o u t  a t  t h i s  
i n t e r v a l  of  t ime  s t e p s .  

NPRD - d i s k  d a t a  s e t  p r i n t  c o n t r o l  pa ramete r .  
0 - no d a t a  s e t s  w r i t t e n  o u t  t h i s  s t e p .  
1 - a t  l e a s t  one d a t a  s e t  w r i t t e n  o u t  t h i s  s t e p .  

NPRC - c o n c e n t r a t i o n  d i s k  d a t a  s e t  p r i n t  pa ramete r ,  write o u t  a t  
t h i s  i n t e r v a l  of  s t e p s .  

NPRP - p a r t i c l e  d i s k  d a t a  set p r i n t  pa ramete r ,  write o u t  a t  t h i s  
i n t e r v a l  o f  s t e p s .  

U N I T S 3  - u n i t s  of  new g r i d  p o i n t  s p a c i n g ,  e . g . ,  DEGREES, METERS, e t c .  

NUNCN - t h e  d e v i c e  number t o  which t h e  new c o n c e n t r a t i o n  g r i d  i s  t o  
be  w r i t t e n .  

NUNPT - t h e  d e v i c e  number from which t h e  p a r t i c l e  p o s i t i o n s  a r e  t o  be 
read .  

C. DATAOUT 

Th i s  program, f lowchar ted  i n  F i g u r e  VI-3, is  used t o  p r e p a r e  d a t a  
o u t p u t  by t h e  s i m u l a t i o n  program f o r  i n p u t  t o  t h e  s u r f a c e  and s u b s u r f a c e  
p l o t t i n g  programs. I t  may a l s o  b e  used t o  p r i n t o u t  t h e  o u t p u t  o f  t h e  
s i m u l a t i o n  program. The u s e r  may s e l e c t  whether  t h i s  p r i n t o u t  i s  t o  be  
s imply a  copy of t h e  s i m u l a t i o n  d a t a  sets and /o r  a  p r i n t o u t  s i m i l a r  t o  

' t h a t  a v a i l a b l e  from t h e  s i m u l a t i o n  mode, i . e . ,  f o r m a t t e d  f o r  e a s i e r  
i n t e r p r e t a t i o n .  These o p t i o n s  a r e  s e l e c t e d  by s p e c i f y i n g  d i f f e r e n t  com- 
b i n a t i o n s  o f  t h e  s i x  run c o n t r o l  v a r i a b l e s .  The run c o n t r o l  pa ramete r s ,  







t a b u l a t e d  i n  Table  VI-2, a r e  r ead  i n  by t h e  s u b r o u t i n e  READI, d i s c u s s e d  
i n  Appendix IV. The v a r i a b l e  NPRT i s  used t o  c o n t r o l  t h e  o u t p u t  o f  t h i s  
program whi le  t h e  v a r i a b l e s  NRDSP, NRDCN and NRDPT de te rmine  whether o r  
n o t  s p i l l e t  i n f o r m a t i o n ,  a c o n c e n t r a t i o n  d i s t r i b u t i o n  and /o r  p a r t i c l e  
i n f o r m a t i o n  is  t o  be read .  If  t h e s e  v a r i a b l e s  a r e  z e r o  t h e n  t h e  a s s o c i -  
a t e d  d a t a  sets a r e  no t  r ead .  If they  a r e  n o t  z e r o ,  t h e n  t h e i r  va lue  
s p e c i f i e s  t h e  u n i t  number from which t h e  d a t a  i s  t o  be  read .  

The program w i l l  de te rmine  a l l  g r i d  e lements  i n  t h e  h o r i z o n t a l  f o r  
which t h e  v e r t i c a l l y  averaged c o n c e n t r a t i o n  exceeds  t h e  va lue  o f  t h e  run 
c o n t r o l  pa ramete r :  CCUT. The l o c a t i o n  o f  t h e s e  e lements  is  o u t p u t  t o  
t h e  d i s k  d a t a  s e t  d e s i g n a t e d  a s  i n p u t  t o  t h e  p l o t t i n g  programs. 

The remaining run c o n t r o l  pa ramete r ,  ISCAL, is  r e q u i r e d  by t h a t  p a r t  
o f  t h e  program c a l c u l a t i n g  t h e  l o c a t i o n  of t h e  g r i d  e lements  w i t h  a 
hydrocarbon c o n c e n t r a t i o n  exceeding CCUT. If ISCAL = 2 ,  t h e  l o c a t i o n s  
a r e  w r i t t e n  t o  d i s k  i n  l o n g i t u d e  and l a t i t u d e .  I f  ISCAL = 1 ,  t h e  l o c a -  
t i o n s  a r e  w r i t t e n  t o  d i s k  i n  m e t e r s  from t h e  f i x e d  dep th  g r i d  o r i g i n .  

The u s e r  must supp ly  t h e  run c o n t r o l  pa ramete r s  d e s c r i b e d  above,  d a t a  
s e t ( s )  from which t h e  o i l s p i l l  o u t p u t  d a t a  w i l l  be w r i t t e n  and t h e  d a t a  
s e t  t o  which t h e  r e c o n f i g u r e d  d a t a  w i l l  be  w r i t t e n .  T h i s  l a s t  daa s e t  is  
unformat ted ,  v a r i a b l e  locked .  The IBM Data D e f i n i t i o n  s t a t e m e n t  d e f i n i n g  
i t  is :  

I n p u t  V a r i a b l e s  f o r  Program DATAOUT:  

NPRT - p r i n t  c o n t r o l  pa ramete r .  
- 1 w r i t e  reduced o u t p u t  t o  d i s k .  
- 0 no p r i n t o u t .  
- 1 p r i n t  d a t a  a s  r ead  i n .  
- 2 p r i n t  d a t a  a s  fo rmat ted  o u t p u t .  
- 3 p r i n t  bo th  fo rmat ted  and a s  r ead .  

ISCAL - s c a l e  mode pa ramete r ,  must be  t h e  same a s  s p e c i f i e d  i n  t h e  
o r i g i n a l  s i m u l a t i o n .  

NRDSP - p r i n t  c o n t r o l  pa ramete r  f o r  s p i l l e t  d a t a  s e t .  
0 - s p i l l e t  i n f o r m a t i o n  n o t  r ead  i n .  

> O  - s p i l l e t  i n f o r m a t i o n  read  i n  from t h i s  u n i t  number . 
NRDW - p r i n t  c o n t r o l  pa ramete r  f o r . c o n c e n t r a t i o n  d a t a .  

0 - c o n c e n t r a t i o n  d a t a  n o t  r e a d  i n .  
> O  - c o n c e n t r a t i o n  d a t a  r e a d  i n  from t h i s  u n i t  number. 

NRDPT - p r i n t  c o n t r o l  f o r  p a r t i c l e  d a t a  s e t .  
0 - p a r t i c l e s  no t  r ead  i n .  

> 0 - r e a d  p a r t i c l e  pa ramete r s  from t h i s  u n i t  number. 



CCUT - c o n t r o l s  t h e  lowest  va lue of  concen t ra t i on  t o  be w r i t t e n  
ou t .  Th is  i s  read i n  as p a r t s  p e r  thousand and conver ted t o  

. . p a r t s  p e r  b i l l i o n  f o r  t h e  p r i n t o u t .  

CONC(IMSUB,JMSUB,KM$JB) - 30,30,10 - concen t ra t i on  o f  t h e  l e v e l s  of  
o f  t he  water  column ( p p t ) .  

CC(IMSUB,JMSUB) - 30,30 - averaged concen t ra t i on  over  t he  
water column ( p p t ) .  

NSUM , . - number of. elements exceeding CCUT. 

CT ( NSUM ) - 899 - concen t ra t i on  of  those elements which 
exceeds CCUT ( ppb) . 

,XG(NSUM), YG (SNUM) - l o n g i t u d e  and l a t i t u d e  of  these concen t ra t i on  
values. If AD = 0, these a r e  re tu rned  i n  
meters. 

THI C - th ickness  o f  t he  s p i l l e t  (meters) .  

ZT(MMPX) - transformed aepth o f  p a r t i c l e .  

OX, @Y - g r i d  spacing i n  X and Y d i r e c t i o n  (meters) .  

X,y,z - p a r t i c l e  p o s i t i o n s .  

See common b locks  SPIL, PTYP, and DPTH f o r  o t h e r  va r i ab les .  

3. Proqram CHECDATP 

Th is  program ( f i g u r e  VI-4) checks t h e  da ta  s e t  ou tpu t  by t he  program 
DPTAOUT. This  data s e t ,  which i nc l udes  t he  s p i l l e t  parameters and con- 
c e n t r a t i o n  parameters, i s  read and p r i n t e d  i n  an easy t o  read fash ion .  
The o n l y  i n p u t  parameters r e q u i r e d  a re  those which s p e c i f y  t he  dev ice  
from which t h e  da ta  i s  t o  be read, NUNIT, and t he  parameter, NRDCN, which 
s p e c i f i e s  whether o r  n o t  t he  suSsurface concen t ra t i on  g r i d  i s  i nc l uded  i n  
t h e  i n p u t  data s e t .  If NRDCN i s  equal  t o  zero,  then  t h e  subsurface con- 
c e n t r a t i o n  g r i d  i s  n o t  inc luded .  The program te rmina tes  a f t e r  i t  has 
been ,read,and p r i n t e d  a l l  of  t he  data a v a i l a b l e .  

The v a r i a b l e s  used a re  t he  'same as i n  DPTAOUT. (P l so  see common 
b l o c k  SPIL). 

E. PROGRPM PLOTMPP 

Th is  program p l o t s  a  map, o f  t h e  s p i l l e d  o i l  exceeding a g i ven  t h i c k -  
ness on t h e  sur face and exceeding a g i v e n  concen t ra t i on  beneath t h e  sur-  
face. The da ta  i s .  read  i n  f o r  t h e  des ignated number o f  st-eps and the  
maximum e x t e n t  o f  t h e  o i l  i s  determined i n  terms o f  l o n g i t u d e  and l a t i -  

a tude. Th is  def ines t h e  o r i g i n  ,and t h e  convers ion  f ac tp r ,  SCAL, r equ i red  
t o  conver t  degrees o f  l o n g i t u d e  and l a t i t u d e  i n t o  p l o t t e r  coord inates,  
inces .  The r o u t i n e  then  loops  over  t h e  t o t a l  number o f  t ime steps, 
genera t ing  a p l o t  a t  t ime s tep  i n t e r v a l s  o f  HR. The s p i l l e t s  a re  p l o t t e d  



Read ,in run  c o n t r o l  parameters I 
i 

Read surface data I 

CHECDATA 

Yes 

avai 1  ab le?  

Read subsurface data i 
EOF? 9 10 P r i n t  

I 

1 P r i n t  subsurface data ] 
I 

Figure V I  - 4. Flow c h a r t  f o r  Program CHECDATA. 



a s  c i r c l e s  whi le  t h e  s u b s u r f a c e  a r e a  exceeding a s p e c i f i e d  c o n c e n t r a t i o n  
v a l u e s  is o u t l i n e d .  The o u t l i n e  i s  c o n s t r u c t e d  s t a r t i n g  a t  t h e  n o r t h  and 
moving c lockwise .  The o u t l i n e  is s t a r t e d  a t  t h e  t o p  ( n o r t h )  l e f t  hand 
c o r n e r  of t h e  c o n c e n t r a t i o n  v a l u e s  i f  t h e  f l o a t i n g  g r i d  is  r o t a t e d .  The 
number o f  d a t a  s e t s  t o  be  used is determined by NPLOT and t h e  c a s e s  a r e  
p l o t t e d  i n  o r d e r  o f  a scend ing  d e v i c e  number. The r o u t i n e  can  o n l y  p l o t  a 
maximum of two c a s e s  a t  one t ime. The first .  c a s e  i s  p l o t t e d  u s i n g  s o l i d  
l i n e s  and t h e  second c a s e  u s i n g  dashed l i n e s .  The legend which i n c l u d e s  
a s c a l e  and o t h e r  i n f o r m a t i o n  is p l o t t e d  i n  t h e  upper r i g h t  hand c o r n e r .  
T i c k  marks f o r  l o n g i t u d e  and l a t i t u d e  a r e  drawn around t h e  edges  i n  
i n t e r v a l s  of  a t e n t h  of a degree .  An example o f  such a p l o t  i s  g iven  i n  
Appendix VIII. The two i n p u t  pa ramete r s  X L N G  and YLTD g i v e  t h e  i n t e r v a l  
a t  which t h e  v a l u e s  of l o n g i t u d e  and l a t i t u d e  r e s p e c t i v e l y ,  a r e  t o  be 
w r i t t e n .  See  F i g u r e  VI-5 f o r  a f low c h a r t  o f  Plotmap. 

A s h o r e l i n e  may be p l o t t e d  by i n d i c a t i n g  t h e  number of p o i n t s  t o  be 
p l o t t e d  which is. c o n t r o l l e d  by t h e  pa ramete r  NSHOR. Plotmap c a l l s  sub- 
r o u t i n e  R E A D I ,  READF and POSIT i n  a d d i t i o n  t o  s t a n d a r d  CALCOMP r o u t i n e s .  

I n p u t  V a r i a b l e s  f o r  Plotmap: 

NPLOT - number o f  c a s e s  which a r e  t o  be p l o t t e d .  Tn i s  i n d i c a t e s  t h e  
number o f  i n p u t  u n i t s  t o  be used.  

NSTEP - number o f  s t e p s  t o  be read .  

HR - i n t e r v a l  f o r  p l o t t i n g .  ' (Hours)  

THICK - minimum t h i c k n e s s  of s p i l l e t  t o  be p l o t t e d  ( m e t e r s ) .  

XLNG - i n t e r v a l  between l o n g i t u d e  t i c k  marks ( d e g r e e s ) .  
. . 

YLTD - i n t e r v a l  between l a t i t u d e  t i c k  marks ( d e g r e e s ) .  

N R D l O  - c o n t r o l  parameter  f o r  s u b s u r f a c e  o u t l i n e  
0 - p l o t  s u r f a c e  s p i l l e t s  o n l y  
1 - p l o t  s u r f a c e  and s u b s u r f a c e  s p i l l e t s .  

ISCAL - s c a l e  mode c o n t r o l  pa ramete r  . . . 
2 - f l o a t i n g  g r i d  is  n o t  r o t a t e d .  
1 - f l o a t i n g  g r i d  may be  r o t a t e d .  

NSHOR - number o f  s h o r e l i n e  p o i n t s  t o ' b e  p l o t t e d .  

Other  impor tan t  , v a r i a b l e s  f o r  PLOTMAP: 

X M I N ,  XMAX -.maximum e x t e n t  o f  s p i l l e t s  and s u b s u r f a c e  g r i d s  i n  
l o n g i t u d e  . ( I f  t h e  f l o a t i n g  g r i d  i s  r o t a t e d  t h i s  is  
i n  m e t e r s ) .  

X M I N ,  YMAX - maximum e x t e n t  of  s p i l l e t s  and s u b s u r f a c e  g r i d s  i n  
l a t i t u d e .  ( I f  t h e  f l o a t i n g  g r i d  i s  r o t a t e d ,  t h i s  i s  
i n  m e t e r s ) .  

NMELM - number of e l ements  which exceed 'the minimum,cut': 









XSIT, YSIT - s i t e  of  s p i l l ,  l o c a t i o n  o f  f i r s t  s p i l l e t  a t  t ime  ze ro  
i s  used ( l o n g i t u d e  and l a t i t u d e ) .  

XOR,  YOR - o r i g i n  used f o r  p l o t t i n g ,  t h i s  i s  l o c a t e d  approximate ly  
a t  t h e  middle  bottom of t h e  p l o t t e d  a r e a  ( l o n g i t u d e  and 
l a t i t u d e ) .  

SCAL - s c a l e  f a c t o r  f o r  p l o t  ( d e g r e e s / i n c h ) .  

XSPIL, YSPIL - c e n t e r  of  s p i l l e t  ( l o n g i t u d e  and l a t i t u d e ) .  

RSPI L - r a d i u s  o f  s p i l l e t  ( m e t e r s ) .  

T H I C  - t h i c k n e s s  o f  s p i l l e t  ( m e t e r s ) .  

X O I L M N ,  XOILMX - minimum and maximum e x t e n t  o f  s u b s u r f a c e  o i l  
( l o n g i t u d e  1. 

Y O I L M N ,  YOILMX - minimum and maximum e x t e n t  of  s u b s u r f a c e  o i l  
( l a t i t u d e ) .  

D X T ,  DYT - g r i d  spac ing  of f l o a t i n g  g r i d  e lements  i n  X and Y 
d i r e c t i o n  ( m e t e r s ) .  

X G ,  YG - p o s i t i o n  o f  g r i d  e lement  ( l o n g i t u d e  and l a t i t u d e ) .  

- c o n c e n t r a t i o n  o f  g r i d  element ( p p b ) .  

F. Program PLOTAREA 

This  program ( F i g u r e  VI-6) w i l l  g e n e r a t e ,  us ing  s t a n d a r d  CPLCOMP 
s o f t w a r e ,  a  f i g u r e  o f  a r e a  covered by t h e  s u r f a c e  and s u b s u r f a c e  o i l  a s  a 
f u n c t i o n  of t ime .  I t  c a l c u l a t e s  t h e  a r e a  of each s p i l l e t  b u t  on ly  
i n c l u d e s  t h i s  a r e a  if t h e  t h i c k n e s s  o f  t h e  s p i l l e t  is above t h e  u s e r  
d e f i n e d  minimum. The u s e r  de te rmines  which p o r t i o n  t o  p l o t  by u s e  o f  t h e  
v a r i a b l e ,  N A R .  The s u b s u r f a c e  g r i d  a r e a s  a r e  added up t o  de te rmine  t h e  
a r e a  f o r  which t h e  s u b s u r f a c e  c o n c e n t r a t i o n  exceeds  some u s e r  d e f i n e d  
minimum v a l u e .  The u s e r  may d i s p l a y  t h e  r e s u l t s  o f  s e v e r a l  s i m u l a t e d  
s p i l l s  a t  once ,  t h e  d a t a  t o  be p l o t t e d  coming from d a t a  s e t s '  i d e n t i f i e d  
by c o n s e c u t i v e  u n i t  numbers beg inn ing  w i t h  1. Because a s c a l e  i s  
i n v o l v e d ,  t h e  c a s e  which c o v e r s  t h e  most a r e a  shou ld  be p l o t t e d  f i r s t  s o  
t h a t  a l l  o t h e r  c u r v e s  w i l l  remain w i t h i n  t h e  f i g u r e  b o r d e r s .  The s c a l e  
is determined from t h e  t o t a l  a r e a  covered  a t  t h e  l a s t  t ime s t e p  f o r  t h e  
d a t a  s e t  on u n i t  one.  An example p l o t  i s  c o n t a i n e d  i n  Appendix VIII. 

I n p u t  V a r i a b l e s  f o r  PCOTAREA: 

NPR - c o n t r o l  pa ramete r .  
- 1 p l o t  s u r f a c e  on ly .  
- 0 p l o t  on ly  s u b s u r f a c e  a r e a .  
- 1 p l o t  s u r f a c e  s p i l l e t s  and s u b s u r f a c e  a r e a .  

NPLOT - number o f  c a s e s  ( o r  d a t a  s e t s )  t o  be  p l o t t e d .  





THICK - minimum th ickness  of  s p i l l e t  t o  be p l o t t e d  (meters) .  

NSTEP - number o f  s teps t o  be p l o t t ed ;  

Other impor tan t  v a r i a b l e s  of PLOTAREA: . . 

TIME (NSTEP) - 103 - t ime  0 f . a  model t ime  s tep .  

NSPIL - number of  s p i l l e t s  of  a model t ime step. 

XSPIL (NSPIL), YSPIL (NSPIL)' - 30 - . long i tude  and l a t i t u d e  of  s p i l l e t  
cen te r .  

RSPIL (NSPIL) - 30 - r a d i u s  of  s p i l l e t  (meters) .  

TH I  C - th ickness  of  s p i l l e t  (meters) .  

PSUR (NSTEP) - 50 - area of  surface of  a model t ime s tep  (kin2). 

PSUB (NSTEP) - 50 - area covered by subsurface o f  ,a model t ime  s tep  
(km2).. . :  

ATOT (NSTEP - 50 - to ta l , .  area covered a t  the'  g i ven  model t ime s tep  
(km2). ' ' 

XOILMX, 'XOILMN, YOILMN, YOILMX - maximum ex ten t s  o f  subsurface concen- 
t r a t i o n  i n  l o n g i t u d e  and l a t i t u d e .  

DX, DY - g r i d  spacing i n  t he  X and . . Y d i r e c t i o n  (meters) .  



APPENDIX.VII, PROGRAM LISTINGS 

I n  t h i s  Appendix, l i s t i n g s  o f  a l l  programs a r e  p r e s e n t e d  a s  used f o r  
t h e  s i m u l a t i o n  d i s c u s s e d  i n  Appendix IV. The two i n p u t  programs a r e  " 

p r e s e n t e d  f i r s t  fo l lowed by t h e  s i m u l a t i o n  model and t h e n  t h e  f i v e  ou tpu t  
programs. Note t h a t  a s  p r e s e n t e d  h e r e  t h e  PREVIEW program and t h e  Main 
S i m u l a t i o n  program a r e  t h e  same. If  t h e  u s e r  wishes  t o  r educe  t h e  c o r e  
requ i rements ,  a , s e p a r a t e  PREVIEW program may be c r e a t e d  i n  whicn a l l  suS- 
s u r f a c e  r o u t i n e s  a r e  removed and t h e  main s u b s u r f a c e  r o u t i n e ,  SUBSUR, i s  
r e p l a c e d  by a dummy one. The a r r a y s  corresponding t o  t h e  s u b s u r f a c e  
p a r t i c l e  l o c a t i o n s  and p r o p e r t i e s  shou ld  a l s o  be reduced t o  a v a l u e  of 1. 

The JCL l i s t e d  w i t h  t h e s e  programs is  n o t  always a c c u r a t e .  The J C L  
i s  compat ib le  w i t h  t h e  U R I  system b u t  it  may no t  be t h e  most e f f i c i e n t .  
T h i s  i s  e s p e c i a l l y  t r u e  f o r  t h e  space  parameters  and t h e  a l l o c a t i o n  d a t a  
s e t  names a s  t h e s e  names have been used f o r  p rev ious  work. The DD 
s t a t e m e n t s  a t  t h e  eno of t h e  programs a r e  n o t  always used.  The IBM 370 
system a t  t h e  U n i v e r s i t y  of Rhode I s l a n d  u s e s  t h e  s y m b ~ l s  //* es a JCL 
comment s t a t e m e n t ,  t h u s  t h e s e  s t a t e m e n t s  a r e  ignored .  

The program l i s t i n ~ r  a r e  l i s t e d  i n  o r d e r  i n  columns, a s  showr! i n  
F i g u r e  V i l - 1  t h rough  VII -5 



/ / 1 1 1 * S 6 1 e  JOE l l l I l 0 0 l  . ' l ? I l I  CP10S 0, 0118.  
//* E I C C  ~ C I ~ ~ " . ~ S I ~ ' O ~ ~ . ~ 1 1 1 ~ 1 1 P I C I . I I T I I I ~ . U D : V ~  
I,. I I 1 C  D S I L L K  

1111 P I O C L I *  POTS A 1 1  0 1 1 1  I I J I L 1 1 L t  I1 T E I  FLOP11 rGIL1: 
P O I  O S I  11 T B I  I A l b  S I 1 O L I T I O b ~  T l l S  P I O C E I L  DOCS 10: H I V I  
TO 11 OSIL P I  I 1  T l l  OSIV I W I b  I O l l I l C  1 S l 1 O L I 7 l O b  1 U l  
C 1 1  1' USID TO ? I C l L l l I T l  D I T I  I I I D L I L C .  

T l T  1 1 P I A 1 - I S  Ill D Z S C V I I I D  I n  i n 1  SOBDOUT~VI 
.I,,IP .I,* T * I  C I C r D - 7 0 .  n. . . . 

IOS?.- i ~ i s - i i - ~ i i - a s i i  i n o m  UMICM T H C  DITI 1 s  PIS:. 
I D  - 1 k l S  I S  f L I  D I l f  TO U l f C n  T I 1  C1:L I S  VF1l:Ih. 
10, - 7111s I S  7111 I O t B I F  Or  STIPS T o  B! u l ! T T ~ b .  ............................................................. 

c o n 3 o h  /b1:1/ 1 J n I 3 1 .  I I P I ( 2 1 .  12. auk::. l s c 1 1 .  
1 V1;.21?1, 01:TSl 131. CP::s?(31, O ~ ~ ~ S ~ ~ Z I .  
1  1.11. J.11, 1b:L:. 11, 11, I S ,  I S  

t O D I 1 I L I b : I  I ? . ~ ~ I T ~ ~ 1 . 1 ) , 1 ; ; ~ 1  111. 1 ) )  
t G U 1 I I L t h C T  l n 1 F 1 I I I 1 . 0  . I i P A 1 1 ( 1 . 1 ) )  

o l n l B ~ : o b  &lt: , ! t t .3! 

C I L L  i 1 I ~ : l  #I?:&. *hFP:& -1, 1) 
C I L L  V T L n I I  .O. . " C  -, I, 2 )  
I I WE. . I P  ' . 1. *I 
C I L L  ;I.::, .. . . . . . I . . . . . .  900, 
CIL; ILL?: i L L .  o i ?  .. 1; IPJ - '  
C I L L  P I I F I I  1UL::. .#Yh:: ., 1. 19)  
I F I  c 0  ' )  

r C  O I I I P  V A l l I 1 L I S  OSTD I1 TO1 5 0 1 1 0 0 1 1 1 1  
C 
c 811 - T H C  DZSCIIPTOP or 111 1 1 ~ 0 1  t & ? l a r L t  STOPID 
C  I l T h  r n t  0111. 
c V A ? ~  -2-  IIP.I o r  IIPIVI TO MI OSID 11 PIIWTCCT r r h ? a i .  
c V I r l  -2- 11~1 0 1  A P P I I ?  1 0  t r  U s 1 0  I n  v l I I 7 o u :  1!1h511. 
c OIITS~ -3-  OII~S 01  A?PLI~ T O  BI OSIC II VIL-TOO: 1:111r. 
C  O I l f S 2  -1- OSlTS 0 1  I L K 1 1 3  1 0  11 OStD I1 P I I I T C C :  R L I i L ! .  

c w o r t  I: r.1 II~IIS IIIII~ AID IISII~ LIZ COOIIILI~CIC 1b 7 1 :  
C  8 A I I  ?80C111 W T I C  A I I A l S  1 1 1 1 1 1  I S D  nbP.12. TFZ 
c . PIPIII~~~I 10 DEI~III~ IT 81 UTICII 01  I ILOI:::.L 
C  roll1 VAL01 1 s  W I 1  I I I C  11. 

6 9  W 8 M I T l l I . q  T I T L E S  DO mOT 8ATC1* .  31a. * 1 1 1 0  11.1 
I l O P  

6 0 1  m s n n o r  
C  
C  DO LOOP O I U  R R S  1 0 1  COI?OTATIOIS A I D  I I I T I I C  

D I n r n s l o ~  IIAII~I~O,IOI; 1 i i 1 2 7 1 3 0 . 3 0 1  
0 1 1 1 0 1  / 0 1 T 1 /  I I n l 3 1 .  V I ? l l I I .  ID .  10111,  I S C U .  
I 1 1 1 1 1 1 l .  OII:S113I, 0 1 ~ T s 1 1 3 1 ,  D I l l s 3 l l 1 ,  
1 1 8 1 1 .  J111. I I C L I ,  11. 1L. I S .  I S  

DITI PI. 11. m n  ~ . i e i , ~ ,  6. 1 1  
D I T I  1 x 1  I, 2. 1. a. 5. 6. 1. 1. 9. 10. 11. Il. I). l a .  1 5 1  
8 A T I  1111. 8 1 1 1  1 ' 0 1 1 0 ' .  . l T l O ' /  

C .............................................. 
coonom / O A T & /  I I~ I~) .  VI?~(II. ID. m o m r  

I 1 A 1 1 ( 2 1 ,  O I I T S I ( 3 1 ,  O I l l S l ( 1 l  01115 
1 JBAI .  J B A I .  1 1 C l E .  11, 1L.  I S ,  I S  

8 Z I D  J I  I8?0111?101 
CALL I I I D I (  ISC11.  . I S C I L  '. I. 1 1  

CALL ? t I D I (  1111. * X I 1 1  ', I. 101 
A  8 D  I ,  I ., 1. 101 
C I L L  I I I O ? l  A I C L t .  ' A I C L I  'I 
CALL P l I D I l  U. ' I S  'I 
CAU 8 L I D r l  1s. ' I S  'I 
C I L L  1 1 1 0 1 1  11. '11 'I 
CALL 1 1 1 1  1 1 'I 
C I L L  P I I O I 3 1  11:. ' T I T L I  '1 
c a l l  1 1 I D I I l  V I ? l .  ' 1 1 1 1  
C I L L  I t 1 0 1 3 1  0111S1. '0111S1 '!I 

CALL I I S O I 2 (  O L I 1 S 3 .  ' O B I T S 1  'I 
1 r 1 1 0 . r c .  11 b Y O F &  

CALL I I I D t I (  V a l ? .  ' V I P ?  'I 
C I L l  I I I D I 3 I  0L : lS I .  'OI1:SI - 1  
8 1 1 0 1 1  

D l l I I S l O I  A I I I V 1 ( 3 O . ~ I  ~ 1 1 ? 1 1 1 ( 1 0 . 1 0 1  .111111(10,10 l  .111111130.301 
COWBOI /DIT&/ II~OI, 111 1121. 10. WIIT, ISCAL. 

1 * A l l  12). O I I l S l ( 3 l ,  0 1 1 1 S 1 ( 3 1 ,  O I l T S 3 ( l l  " 
2  1111. JII I .  I I C U .  11, I L .  I S .  1 S  

D I V A  I C Y  I 0  I 

P I R  . 7 1 1 1  1 1600.0  
IIIT! tmm,loo) 113. PIX:. man. 1c.11, IS. DI::s~. J~II, I 
? O M L T ( ' l ' . ~ O l . 3 1 ~ . *  I I ? W  O A l I  '.?lO.?.. 100FS I r I Q '  
I ' 111 1 I C l I I l I C  0 1  T l T  I ? I L L ' / / l I . ' T B I  '.31*. 
? ' 6 1 1 0  111 '.IS.' O I V l S l O I S  U 1 SPACZD '.C12.1. 
1 2Ab.' 1 ? 1 1 1 ' / 1 6 1 . ~ 1 1 0  #,r5, 
• DJVISIOLS II I SPICIO l , c l l .  J.IIQ,. h P b c . - n  

1 n 1 1 J  ( IV .1101 111. 11. IL 
W ? 1 I T 1 * I . ' T l I  11.1) CI:C L O C I T l O I  0 1  T 1 1  ' .>I#. 

1 m o n D n n T 1  s ~ s : t t  IS IT *. . 
I T10.6.' D l G I I t S  L O U C l l O D I  I 1 0  '.?10.b. 
1 ' D L G I I t 1  L A l l t u o T . ~ l )  

I~~IICL~.IL.O.OI nxrr (II.ZISI 811,  r c u  
~III~(II.~IIIALL~ YII I ~ I U  OI TII 1 . s ~ .  

F igure  VI1.-1. .GRIDS 

8 t a, , 



C 
C 8 1 I I  TO I I I C  W P I I T T I O  l I 7 I C I P  1 1 1 1 1 1 1 1 5 .  
c 

7 0  C O R I I D I  
DO 1 2  J.I .JEA1 

1? :11  1.:. O C I  ( 1 1 1 1 ~ I l ; . J I  . I - l . I n 1 1 1  
1 2 0  TOfP,A:{3C:&) 
7 2  CD1111:t 

11 1.0. t c .  11 5 0  'C PO 
DO 7 *  J *  1 ,JPIZ  ' 

8 1 1 7 1  l I D . 1 2 0 )  l8111T211.Jl.1.1.1811) 
7. C O I ' I I O I  

C@.TI'I!I 
1 0 1 1 1  . 1111 
l r l l l I l l . C T . 1 5 1  I P L I I  - 1 5  
MP:T: I n S , ? ? C l  ? A ? ? ,  UN::Sl. l f X l 1 1 1  , 1 1 . 1 , I ~ L V 7 l  
TOIEI:I//SCI.?I~.. 1 1 ~ 0 1 :  IS  0x1:s 01 '. JLIII'I: 

1  *I I L I C ~ ~ : ~ ~ ~ I ~ ; I L L ~ ~ ~ : S ~ . ~ I . I ~ ~ : ? , ~ I I ~ ~ I  
X ~ l ~ ~ : . b t . l l  GC T b  11 
m 1 1  1.1.xr.11 
DG 1 1  a - 1 . J n I I  
I P I 1 1 1 1 1 . a l  . I ? A l I I ( I . J l  (10..6.01 
CO..:Le! 
J .I?.&> 1  
DO a ?  1.1.an11 

a - a -  1 
I l ? T r  I b L . 2 U O I  2 ,  l I T I I 1 T 1 1 . J )  .I. 1.11111 
TO?~IIl~D'.I~.51.15CL.l/181.15Cte111 

C O I 1 I I . U I  
l T l b C . I ~ . l !  BKYUlb  
#;TI: Ib . ,3?J ]  V I ~ ? ,  0117S?.  (?.I 111)  .T I .  1 . 1 ? & 1 7 l  
x I l1? : .hL .11  CC l o  1 9  
DO 7 1  1.1.1E11 

STOP 
I 0 0  . P I T I  ( 1 1 . 3 0 1  1. I b I R L  

3 0  ~ O I ~ l T l b l ~ ~ I ~ . 5 l ~ I 8 ~  
I I ? U I l  
I I D  
r o s r o o r ~ m r  IIIDI~~ i. r m r r r ~  . . 
D I 1 r I S 1 0 h  I 0 1  

' I IaL .8  IURL, x P s b E t  
D I T I  I I . l M f i . b /  
I I I D  (18 ,101 X. X P N I E I  

1 0  ? D I E I T  I l X . 2 I L . 5 1 . 1 8 1  
1 T ( ~ * 1 8 1 . 1 0 . I ? * 1 P 1 1  GO 1 0  10C 
11lfl ( l U . 2 0 )  I P b I B I ,  X b I L I  

2 0  T O T l I f ( ? 1 8  C I B D S  OD: OT ORUID. .14.68 I I S O  .18;101 IIJCIS:I:~ 
STOP 

1 0 0  . P l y 1  111.101 1. I I * E I  
3 0  ? O f % I T ( 9 l . 1 I r . 5 1 . 1 8 j  

n n c m ,  
I n  1, 

/ /GO.S1SI I  o n  . . - 
1  I P l T I  

F i g u r e  VI1.-1. GRIDS 



C rIII 11111UU OSCD 11 T I C  I O C 1 O ~ I I l  
C 
C I 1 C  - T I I I  D I S C 1 l C D 1  0 1  7 U I  ISPOT 11111111 1701.C 
C Y r l l  T P 1  D I l A .  
C V 1 ) I  2 1111 OT 1 1 D 1 1 I  TO I t  OSID I1 P 1 1 R O D T  N E I D T t  
c 1161 -2- 1sr.r DT IPPI~I TO 11 DIIO 11 PTID:OO: P~IDI;. 
c VII:SI -3- OIITS of IIRIYI TO n t  DSCD ID v t t m o o :  n r # r r p .  
C DI:?SY - 3 -  0S:IS 0 1  I P 1 1 1 2  T O  0 1  DSID I1 VDII:DO7 811?1;. 
c mn - m o r n i s  o ?  r r r rs  TO a r  IIIC. 

C I 1 C  - T I I I  D I S C 1 l C D 1  0 1  7 U I  ISPOT 11111111 1701.C 
C Y r l l  T P 1  D I l A .  
C V 1 ) I  2 1111 OT 1 1 D 1 1 I  TO I t  0 1 1 0  I1 r r I R 0 0 ~  N E I D T t  
c 1161 -2- 1sr.r DT IPPI~I TO 11 DIIO 11 PTID:OO: P~IDI;. 
c VII:SI -3- OIITS of IIRIYI TO n t  DSCD ID v t t m o o :  n r # r r p .  
C DI:?SY - 3 -  0S:IS 0 1  I P 1 1 1 2  T O  0 1  DSID I1 VDII:DO7 811?1;. 
c mn - m o r n i s  o ?  r r r rs  TO a r  IIIC. 

C 8 D I I  1: T 8 1  A l l I l S  b I I 1 1 1  LBO Ill111 I ? t  C O D I ~ I L C I C I D  1). TP: 
C B A I L  I D O C I I T  TO T l t  A M P I I S  n 1 1 1 1 1  IID n I l ~ 1 ; .  - 9 ,  
C 
C 

PIRI~LTIL ID n n z a n z n r s  IT II 11:tc11 om I ~ ~ o i i i b c  
Po111 1 I L D I  1 s  1 0  D l  I I I t  18. 

c.............................................................. 

C D I I I I S I O I  I T P t 1 D T S  

o I n r m s i o s  IIII~~I ID. 301. I I ~ A I > ~  IC. 10) .  S ~ B I ~ I ,  OD::SIIYI 
O l n I D S l O t  I A ~ ~ 1 7 1 ~  ~ 1 1 1 1 ~ 1 .  0 1 : 1 S ~ l I l .  O I X ? S 1 l l l  
B I ~ I I S l O I  1 1 1 1 5 1 ,  8 A 1 1 1 1  I 30. JDJ a I D I f 1 1  I D .  301  
BI~IDSZOS IIIIIY 1so.101. a u 1 n  IJO, JOI 
8 1 1 1 1 1 1 0 1  I U C a  ID. 31 

V * l T I 1 * ~ , . " 7 )  
I ~ I  I r v u f  P A P I ~ ~ : ~ I S . ~  
C I L L  I I I D f  I I P R T & .  'IPP-I . . - 1  $ 8  . - -  . . ,  
CALL AIIP:~ IC. 'IC e ,  I. 21 
CALL * u 1 : 1  I D .  '8C # .  !. ,, 
C I L L  11II;I 80) .  .VUL e ,  I ,  ]G:) 
C I L L  R I I D l  1 8C..#P a ,  1, 191 
C I L L  8 I I t l l  I S C 1 L . ~ 1 S C I L  '. 1. 2, 

C T U 1  TO S t 1  I T  T l t  7 I T L l S  &?.I f l C E :  
C 

m LOO 1.1.6 
I ? I ID@T. I I I . ~ ; . ~ I~CRI : . I I I . I IO .  I D L I I ~ I . ~ G . I ~ ~ C ~ I I , ~ ~ I . L . > .  

I I~IRI~I.IG.II~CNII.~III GO 10 t . c ~  
6 0 0  C O I 7 I D U L  

~ I ~ ? I l * D , b 9 l  S I R  
6 9  ?O?r.1:111.- x :%LIs  00 I 0 1  0 1 1 C n ~ ~  11.. LIID 1,-1 

I 1 0 P  

nIr . d m t  r woo.8 
m a n 1  101.20D) 811. P U T .  8 1 8 .  1 8 1 1 .  I S ,  a S I T S 3 .  J n I l ,  I S ,  0 % : : ;  1 

1w W~~I*I~I~,IDI.~A~ * S ~ P O T  DITI r 1 0 . 1  . .DOPI Inti.. 
I , * r a t  BICII~II~ DT nt a r z i ~ - / / e i , * ? a ~  -.JI*. 
1 m a 1 0  8 1 6  , I $ , *  8 1 1 1 1 1 0 8 S  1 8  I W A C I D  ' o C 1 1 . 1 ~  
I U a , '  ~ P A r t ~ / a b I . ' ~ m D  '. IS. 

* D l 1 1 S l O I S  11 1 I P I C I D  ~ ~ C I 2 . 3 . 7 1 ~ , '  b P I l ? . ' / l  

. - . - , - - - - - i 1 DICDIIS u T I T o D a . * n  
1 ? 1 1 1 C L I . I I . O . O l  8 I I T I  ( I 1 , Y l l l  a10 .  I I C L I  

2 1 5  m U I T ( a 1  * ? X I A L L 1  T B r  1 A I I S  O? T M I  ' ~ ~ 1 ~ ~  
I s a 1 1 ~ 1  11 IICLI ( C O O ~ I 8 C L O C l I l 5 t I  O? ' .? lO.b ,  
¶ S m E C t Z t S  .IT8 L I I t S  O ? ' / b I ,  * C O I S 7 1 1 1  L 1 7 1 1 U = l ~  '1 -...--- ~.~ 

L I S L E  . I I C U  . P I  / 0 0 . 0  

5 0  C O l 7 l S D l  
S~IG ( I n 1  ([nIDI11l:.Jl,l~l.III1l.J~1,J~I~l 
II(.O.CC. 11 5 0  :c 9 G  
L I I D  ( I n )  ((S11111I:.JI.I.1.11~IJ.J. l . Jn111 
5 0  TC 9 C  

C 
L D  C O I T I I D I  

DO 6 7  J.l.JT.11 
a l I C  (6D.1101 I I F T ~ l l I I , J I ~ ~ ~ ~ ~ ~ ~ ~ ~ I  

I 1 0  ? O T 5 1 : 1 1 D ~ b ~ 1 1  

c a a t  TO a t ~ ~  m a m m m  IDT~CIP 1 1 1 1 1 1 ~ 1 s .  
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C  
CbLL I A I D I I I .  1 0 .  ?. 1 1 1  
CALL I A B D ( I 1 .  1 0 .  v .  1 1 1  
CALL 1 1 1 0 1 1 1 .  1 0 .  Pa 1 1 1  

C  
I P O I . L C  1 U 8 1  I A D I U S  . I 11 . 11 
I P 1 1 1 . 6 1 . 1 L 1 1 1  I A D I U S  - 1 11 . C  
1 8 t T 1  1 1 2 P l  . 11 
0 0 1 1  I I O I O S  * 6 1 1 1 T 1 1 : 1 1  
D O 1 1  . I A D I D S  C O S I 7 R l I A l  

C  C A L C D L 1 1 1  111 P l I I I C L 1  P O S I T 1 0 1  I1 1 1 1 0  1. 
C  

1 1 1 )  . ( I C  - 1 0 1 1 6 1  I D S  D O I 1  
I ( # )  m I I C  - to.1c1 I D S  . D o l l  

C O I T l l 0 1  
1 I F : L l i S P .  I P i l C l  . C ~ P l L I l L * .  I l i 1 C )  
C 0 1 7 1 1 O L  
1 I O I  . CIOU . 0 1 1 1 L I l s P .  IPBAC1  
e o s o e  GOSOD CSPILIISP.  x r s r c l  I DII 

C O ~ I 1 0 1  
C S U I  . 6 S U C  . 6 S P l L I : S P .  0 1  
CDSOO . 5 0 1 0 1  C S P l L l I S P .  I )  1 D t 1 ( 0 1  

C A L C O L A l t  1MP D t I S l l l  01 Ill  O I L  11 T l i S  % V I L L I : .  
e S o a  IS raz DISS or s o u r  o o 1 r : r r x  o r  01;. 
6 D S o I  1s 111 1 0 L o I t  I ?  1 8 1  L A h t  Q O A ~ T I I I  01 ~ l l s  OIL.  

BASS O? O I L  1 l I P O 1 I T t D  ? a 0 1  I B I S  SP :LLl7  

l ? O .  I t  1 1  CC 10 7 9 0  
I D I ?  . A 1 S I I I I I - I I > I I  
I D I ?  . A 8 S I l l l 1 - 1 1 1 1 1  
I P l l S ~ 1 L .  LC. I 1  6 0  W 7 9 1  
I D I ?  . I b f P . s c 1 ~  
I D I ?  . cD1?.s:IL.COsI?LIT.I1D) 
COI7IIDr 

C  C A K O L A l t  11t I P O S 1 7 1 0 1  O? T U I  P A I I I C L C .  
C  

1 1 1 1  . D I P C  . P I 1 1  ( 1 1  - 0 . 5 1  
C  
C  
C  
C  
C  
C  
C  
C  
C..  

c 
C  1 A 1 C  11I CLASS TO D l l C O  T U I S  P A I T I C L I  BELODi5 .  
c 

D D l l O l  / C O I P /  I A I C 1 .  l A l C 1 ,  LC. 1 C O 1 P I l O .  1 0 ) .  I C L ,  1CL .  
t I C S .  I C S  

D D l l O I  / D P T l /  I A I D I .  1 1 1 0 1 .  I D .  D I P ? l l J O .  3 0 ) .  1DL.  10:. 
I I D S ,  I D S  

C O B 1 0 1  A I J C /  D I U .  I ? B l C .  D I P I B C .  .O? IAC.  D D I l l T .  D 1 I L l i .  1111 
C O 1 1 0 1  / S O 1 S /  B T i l B S ,  I S D 0 ,  B Z I I & .  1 1 A l .  1 8 A l a  D l ,  0 1 ,  D l .  

1 1 0 1 1 6 .  1 0 1 1 6 .  1 0 l l C  
Co.101 / C l t L /  1 1 S 0 1 .  J I S O I .  1 1 1 0 1 .  B P l l l ,  

1 I P D T C .  M, 1111. 111111, I S C I L .  I S A 1 I 9 9 1  

1 1 1 C B S 1 0 1  S 1 A 1 1 8 t 1 T S  
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c PIIC t a t  ~ 0 : 1 1 1 0 m  0 7  TUI 8 v : L L n  C I ~ T L ~  18 111 c a : ~  
C  If I I C c s s I z 1  8 O I I Y t  1 B L  D I S 1 1 D C C  
C 

C b U  0 I S : l l L .  11. I C ,  TC, 80 .  1 8 L .  D. ID:. 1D:l 
C  
c PIWP ~ 8 r  s v r L L r 7  ~ 1 8 1 ~ s  18 TIE c810 
C -. . 

8 1  . a  
I P I ! S C I L  t G . 1 1  CC YO 8) 

28 S C I L  . 6311.O.IOCL.O.?:/ I IL.O 
P I  8 ~ l S : I L ~ C O S 1 1 C / 5 1 .  2,bl I 
8 1  . 8 / S C I L  

8 5  C o 8 : I I U t  
SOL . It: - 8 1  
I O U  10: t 8 1  
10: . 1 0 1  - 1 1  
I O U  . 10: . 1 1  

C 
C O0:118 I L L  0 1  ? I t  C L I D  C L t O E 8 1 S  l l l l D 1  
C  I P I L U T  0 8  I 8  I T .  
C  

111 . ID: / I S  . 1.0 
1 1 0  . I D 0  / I S  . 1 . 6  
I T L  - 1 0 1  I 11 . l . G  
1 1 0  . YO0 / I S  . 2 . 0  
1 1 L 1  . 0 . 0  
V A L 1  . 0 . 0  

C 
C  C O t C I  fll: I 0 1  S P I L L I T  U L S  1 1 1 1 1 8  TO1 

T O I S  1 0 0 1 0 0 : Z 8 t  S P i C I D S  I S F I L L t :  P o i  0 1 1  Y I O I  S 7 l P .  1 6 1  
S P 8 1 1 D i 8 i  P 1 O C t D O I I  USE3  I S  T I I T  O t I I L O F I I  0 1  P I 1  f l 8 S l  1 0 8 1 1 i h  
? o r  - s y 8 l : l m c  ~ ~ n t .  OP 181 SFILLII nus: 01  DI:I~~:DLL f i x  
I T S  8 1 0 1 U S  1 8 0  I T S  IOLO,! . 1 l f . D  T l !  8 L C I n :  I S  0Z:LEE:b:: 
I 8 0  f X 8 I L L I  I E L  81. 8 1 0 1 0 5  I V l I i  O m I  7 1 0 1  S Y L F .  Yk:S 1PP;OA:c 
DOST O I  T I I I D  I S  T I 1  * O L D 0 1  C O I 8 L I S  1 8 0 8  S Y L F  1 0  S Y I f .  

- - - . - - . 
C V ISOYO - 1 I S C O S l Y l  OP 8 t h  8 8 Y t 8  l ~ T O 8 l S ~ C O * * l / S l ~ l .  
C V I S 8 Y l  - 1 0 1 :  1 1 l S t i 2 0 1 .  
C 1 0 1 8  - B 1 1 1 8 0 0  1 0 L O O t  PO3 8 l I C O  P I I S  8 t C 1 1 1  2 I S  S1;PPlD. . 
C 8 0 L  - 1 0 1 0 1 1  O f  8 8 I L L t O  O I L  ( C C I .  
C  

c 
c 1 1 8 8 7  a t r t  
C 
C P I I D  A L L  U P 1 8 1 0  1 P P 0 8 1 S .  
C 

R O P  . 0  
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; ~ 8 l d ~  SO18J0T1BC 8 O l I S  T l t  C I I T 1 8  O ?  1 1 1 s  0 1  1 8 1  G:111 S P I L L 1 1  
C  101 0 8 8  T I 8 1  1111. 1 8 t  C O 8 1 1 1 7  1 1 1 S l O 1  0 1  7 1 1  S O l i O O I I l l  
c WILL 1011 ~ u t  SPIL~LT II 3 . 5 %  o ?  r a t  B I~D  s v t r o  11 T U ~  CI~Z:I:OS 
C O? ? I t  1 1 1 0 .  
C  
C..  ............................................................ 
C  

C  D I T I  S I I T L I 1 I : S  
C 

D I T I  ? I ,  WIB?C/  3. 18159,  0 . 0 3 5 /  

C  
c c r ~ c o ~ r t r  r n t  L o m c I r o D r  ID; r r i ~ ~ o ~ r  o r  T a r  s s r r :  c r s r 1 . .  
c 

TC . TC 1 D I S 1  I S C l L l  
I C  . I C  - 1 0 1 S T  / ( S C L L t . C O $ l t C / 5 7 . 1 ~ b l l  

C  T l l S  S 0 1 1 5 0 ~ 1 1 1  I I B D L I S  1 8 1  C 1 1 1 I C I L  T l l I T I 1 1 :  O? 1 6 1  
C O I L  S P I L L S .  
C  
C.. .......................................................... 
C  

C 
c DO LOOP O l L I  ALL  l i Z l T l r l 1  C??OL:s. 

W 1 0 ' 1 ~ 1 1 n . l . 8 c t i t ~  
# C  . 8 C t i L 1 l l C l l l l  

C 
C 9 1 1 1 8 8 1 1 1  I n L I  l l l f b  1 1 1 , 1 t  T 8 1 1 1 L D  I t i l l  T l l i  S l l i  
C  
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C 
8 1 1 0 1 1  
C I C  
1 0 0 1 0 0 7 1 1 L  I S 8 3 6  
I L l l i l .  
1 b 1  
1 0 1 1 0 0 7 1 1 1  SOBSOPI  I. 1. I, I O I D I ,  C, 1. 1 6 1 .  I?L: ,  D? : l l  

C 
C 1 O D I D 0 7 1 1 1  O I S C I I P I I O B  
C 
C T I I S  SOD,O@:II I  T I I C I S  I L L  1 1 1 1 1 .  P I I I I C L L I ,  r o i  0 6 1  ::I1 
C # I t ? .  I T  C I L L S  t 8 L  ? O L L O l l B i  S 0 1 1 0 0 ~ 1 I I S :  
C 
C I I C S I C  
C 1 0 0 1 1  
C con :  
c C 0 0 l 1 0  
C D l ? ?  
C D I S F I  
C 5 1 1 0 1 1  
C P I L T I  
C P I I S :  
C *EL: 
C I I L C :  
C l I L P 1 :  

C 
c ........................................................... 

C O S l O B  / D l ? O l  I C I I X .  I D I ? ? .  0 1 1 .  D 1 I .  D 1 I .  8 1 1 .  111. 
I PO"1. s o l 1  
C O l l O B  / E L 1 1 /  8 1 1 1 1 ,  1 1 1 1 1 .  I?., l C 8 l I I O ~ l O I r  111. 111. 

( 1 1 5 ,  1 1 s  
C 0 1 1 O B  / ? 2 0 1 /  m 1 1 r z .  D I l ? l .  1 1 1 ? 1 ,  I ? ,  o r 1 :  l l 5 . ? $ . l D ; .  
I 1 ? 1 7 l l 5 . 1 5 , l G l .  1 ~ L : l l s , l ~ . l ~ l ,  I ? L ,  T f L ,  Z t L ,  1r:. 11 ;  

CO lDOS I C B l L /  I I S O E .  J I S O t .  1 1 S O b .  I P I Y I ,  
I I P I Y C .  0:. ? I l l .  111111. I S i I L .  1 S 1 1 0 0 0 1  

conmom / n r v ~  BCLISS, n o n s o 1 2 o o r .  DD:ID IIOGI. ~ o r a a ~ z a r ~ .  
1 D I I S S O D 0 1 .  D I L L 1  1 2 0 0 1 .  D:ODF12DD.D1. I Y F L I S .  1DC.L 

C D 1 I D B  /SOBS/ I T S I D S ,  #SUB. 111YE.  W B I l ,  OOAI ,  D l ,  D l ,  0:. 
I BOBlC .  I O l i C ,  l D I ! C  

CO11DB /Pa#:/ SP3TV.  SPIT:, S P I T ? .  1 P I D ,  1 ? I l ,  1PB:. B F i F .  
I s n s u k ,  BPOSOB 

C O 1 I O I  C : D l /  8Al :X. 1 1 1 7 1 .  1 7 .  0?11G.101 .  1 1 1 1 L . 1 0 l .  11.2. 
1 1 1 s .  I Y S ,  I T L V .  T l L *  

C D ~ D O U  ISPIL~ 11611. 1 s r : i .  ISPILIV~I. OS?ILIVVI. o s r : L ( v ) t .  
1 ? S P I L ( V V l .  CSPIL19S .8 , .  BSP1LO.1 .  s s r : L I P 1 I .  
2 ? s ? l L l V V l ,  Tsrl:: IVVI, D S P l L I 9 9 1 ,  1 S ? 1 1 1 9 5 1 .  XSP:L l5+ ! ,  
1 I S P I L  I 9 V l .  SSPIL :  1 9 9 1 ,  D I I S P L  

8 ? 1 1 0 0  . 0 
I? ( I n s o o .  1 1 . 0 1  6 0  T C  DO 
I ? ( ( l P t S D O . I P .  D l .  L I D .  1 1 1 1 1 . 1 D . 0 . 0 1 1  8 P I S O I .  I 
I ? ( B P Y S O D  LC.01  CC TO OD 
I T ?  . I m O D ( ? L D I l  1 1 S l I .  ? L O I l I 8 U S 0 D l  1 
1 ~ l 8 1 ? . E ~ . O l  # P I S O D  . I 
~ l T l l D 1  

C 
C 0 8 1 1 1 @  X U 1  C08 :11 :11110~  1 8  I I C B  C I I D  111B11 :  
C 

I ? I I 8 I I . C 1 . 1 C 1 1 1 )  C I L L  C O I C (  C. 1. 1. I. 8DBD11 
C 
C O l I I l l  D l??OS10B PLOS I D l I C T I I 1  I Z L D C I Y I  P 1 1 L D  
C 

C A L L  l I L C T I C .  I. I. 1, I. DIL:. I ? L l .  I S X I  
C 
C 11s TDZ COO1I.i C 0 1 0 1 l 1 0 .  I?.'. 1:OLIT I :  I B  1e :s  Y l L I  S I l i  
C 

C I U  C O D 1 1 1  
C 
c a011 znt PAIX~CLII 
C 

C U L  D l S ? l l  8 .  1. 1. I. O?LT, I ? L Y .  I O B D i l  
C 
C P I I l T O D :  PO1  1 8 1 s  S l l ?  
C 

C I L L  P111:IC. 0.  1. 1. 1. I O i D I .  I S I .  D ? L l .  l ? l l .  C C I  
c 
c I I T O B I  I K I I  

........................................................... C 
C 
C C O l I O l  S I I T C D I b 1 3  
C 

C D R n 3 1  I S O O S t  1 1 0 L B S .  #SOL.  Df.I:L, 1 0 1 1 .  I O I Z .  G I ,  D l .  02 .  
I IO~IC. IOII;. a o i l i  

C 
C D 1 1 1 1 S I O B  S T 1 1 t B L I : S  

 st m s x : l o m  o r  KICU n b u r ,  PII::CL~ I ~ L I T : ~ !  :c : d i  
. D D l O I I I C S  I S  C I K L L D  l b  TE:S SObOSU1:bi  I ?  T t i  PI ' : :Ci !  
IS mI:nIb I UIL~ 6;;; OBI: o r  11,: :I IS PDS~::  o r :  J:Z: 
1 1 1 0 B O  T U I  U I L r  C1:L D I S l A b C k  :I 1: I S  1::b;b I b A - ?  G I  I 
c i ~ o  D m l r  or T U [  ~O~-COOPY:A::OII: ED;! o r  I DIPEZIIIC~~: 
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1 1 1 7  . l D L . l C ( L I J  
1 5 1 1 1 1  I C I I I I ~ l Y I L t . C O S ~ l L l 7 f i T . 1 ~ I j 1  

7  c D I : 1 I U I  
I C I t 8 1  . 1 0 1 - I c l r l )  

l C l K t 1  I D L  . 7 1 C ( K ? l  
*o* C O t l I m O K  

D l 1  . D I  
mr - '01  
I ? I I S C l L . t O .  I 1  GO T O  9 6  
ILIT { r n a r . v t l r n ~  /I.O 
D l 1  . Dl .S : l L I  
D I T  - D I ~ S C I L ~ ~ C O s l l U T / 5 T . 2 9 b l  

M C 0 D : I I U ~  
l P ~ 1 f D ~ . ~ O . - l l  P S I S T  2 . 1 R 1 t . 1 I 1 1 . 7 ~ 1 D , 1 I 1 1 . 1 5 0 1 , 1 0  

3  ? O ~ ~ ~ : I ~ ~ ~ . ~ ~ I , ~ ~ I I , P ~ . ~ I , Y X , I ~ . ~ I . T ~ . O I  
I ? ( I P I : . I L . - 1 1  GO 7 0  665 
VIITIIZI 1111~~11.1n1m,1n1~.~1~,~17.1s0n,1~.1~:.7n1 
gc $5.  I J . ~ , D S O ~  

I P 1 T Z 1 2 1  1 5 1 1 J 1 .  T C I I J l  , C T I l J l  
5  cot:^ t o r  
6 6 5  E O I T I U U I  

C  
C  1 I 1 D  I1  ? I P T l n Z  P I I l n ~ T ~ r S  

I T 1  l m f l ; . ~ c . ~ l  . -DL  l i f P : . r c . ~ l  1 .  - . 
I ILITII~V.~OI I~SOI.J~SOE.ILSOB.~~I:  .ICLISS. I~LC.ISI. 
I #L0SI.tV~~.~l0l.X0;lC.TOilCCZOIlC.DI.D1.~,ZOL,V~~,I?.XDS, 
t11:. I I l C f : . K t D - 9 l t l  l ~ l O l ! ~ . l - 1 . 1 L S U 3 1  
i L .7  ( I i t f :  . 1 1 0 ~ 9 l l l  ( ' J P I J I  . J. l . J L S Z ? l  
I ? !  (mf;:.t:.31 . oP .  l s r I T . 1 ; . 3 1  1  

1  IF::I I D ~ , ? ~ I  I~JCIII .T-~.ISSOII 
lIl l W P 1 7 . 1 5 . 1 1  .Or .  l.PT7.rC1.11 I 

1  S;::!lt<.Z.l I I J C  I J I  ,J.l.J::t'Pl 
0 0  b 5 C  l!-t,b::I:S 

8 l ) D  [ r i P ? : . r b D - S I l ~  D.K01?31::1 . D P : l L ( : I )  .ODZL7 1::1.3?1 
1  r n L z 1 1 1 1 .  c s r o a r r : ~ . ~ ~ r . ~ ~ - ~ . n l  

I T I  (&PI:. rc. 11  . o i .  (mr;:.rs. 1 )  I 
i u t : ~ ~ ( s v . b k c ~  r n . w ~ ? s ~ : ! ~  ,CJII.III~,DD~~ZI!:I ,DI,IS:I::I 
1 DVLL2I: : l  , lD :o - r l : ! . JJ ,  . >J=1 .81  

IO;?.I: 1 : 1 . ? : 3 , ~ ? 1 5 . 1 / 3 ~ . ~ r i c .  11 
C O r T l l O l  

9 1 1  CO1:l.oI 
? n i l .  I l l  

1 1 1  ? O ? R 1 T I ' 0 ' . 5 0 1 ~ * ' )  .' m I  Cl rOD.TL lKD OD 01:: 9 7 ' / I  
9 b l  C O I T I I O I  

I T I U P 1 7 . L 7 . 2 1  CO 7 0  I 

C 1 1 8 1  1 0 1  ? o D n l T T t D  P ? I I l O O T  
C  
C  P I I D 1  0 0 1  I L I D L L  POP S P I U r T  I I m n l I T l O K .  
C  

1 1 1 7 1  1 I V . Y O 0 1  T I M I  
1 0 0  ? O D l I 7  ( ' l ' . T l ~ . ' l I I S ? I ~ C  SP:LL rTS  * . ?6 .1 . '  8 0 0 T S  L T T I P ' ,  

1 ' T I 1  BLCIDD! *C  O ?  7 8 1  S f I L L ' / ' " . T ? 9 . b 5 1 ~ ~ ' 1 , 1  
I T l W S P I L . L L . O I  5 0  7 0  I O P  
IU ' I  l D Y . 2 1 0 1  

Y l O  P O P S I T  ( J O I . ~ S ? I L L I l S  C I I 1 7 I C  P I l O I  7 0  7 R l J  S 1 L I '  /I 
C  
c w L m P  O V L P  UL IIUTX*C S P I L L ~ S .  
C  

DO 1 1  l . l . I S P 1 L  
ZTIX-#Sf: : -11 1 6 .  21 ,  2 b  

1 ~ ~ T I l O ~ , l 7 l D S ~ . T 1 ~ t . I  
? o D n I T l l ~ D . l O l , ~ m B C K P T * I l I o ~  I D  I C  o ?  O I L  PI? n l  01  KI :z~- .  
S1 , 'STKF  1 D I 1 1 1 ' , 1 ~ . 5 1 , ' T 1 n t ~ , P 1 1 .  l , l I , ~ L t 7 1 ~ ~ . 1 ~ ~ ~  
I t I : I I b * . . I  I I J 0 1 J 1 . J ~ l . J I S O B 1  
? O I n l i ( T ~ . 1 5 l n 1  
w 1 9  1 .1 . I ISOK 
V I I I l  l b , b O l  ? l O l l l ~  l C O ~ C l I , J . ~ ~ ~ J ~ l , J M S O B l  
~ 8 ? 1 T 1 1 1 , ? b ~ 3 , ~ 1 , 1 W E . 5 1  

C O B 7 I I U I  

0 .05  
- . 

C C U I  
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C  
C................................................................... 
C  
C  01111S:Ot S T I T I ~ I V T S  
C  

D:BImslo8 l s ? I L O O l .  l S Q l L l l O l ,  RSV:L(301 
DIEIISIOI XCIIVO. ISIIVPI. C: l e e 9 1  

IZIO IIOIIT,ZIO-~OII ~ n r r , ~ ~ ~ ~ , ~ n x s . ~ a ~ s . o ~ . o v . w s o n . ~ t . ~ ~ ~ , ~ : ~  
~ t 1 1 Z l 1 1 . 1 2 1  0 1  D l .  *SO" 

JY ? 0 1 t 1 1 ( 2 1 . ' T 1 1  S f 1 0  S I P 1 1 1 1 1 0 1  I1  T 1 t  I D l ? I C I O 1  15'.?1:.), 
I - n n r m s * , * m t  x h  TRI v DI~ICTIOS xso , r1o .? . *  I I T ~ P S P . ~ .  
2 9 O I . T l t t C  111 '. I . . .  C I I O S  O I t ?  TUt  1 1 1 1 1 0 8  C O I E X W T ? I ~ ~ O ~ ~ I  

I D  . I D  . 57.YVL 
I ? I t C l I 8 . b ~ l  1 0 .  I D L .  1 0 1  
P O P ~ b 1 1 2 1 . / , 5 1 , ' 7 U ~  D I E #  CPXD # I S  8ICW 

( ' I 8  T l l l  COOI:1? CLOC1F:LI O l W f ~ l O I  ' 
2 ' A I D  8 1 s  1 8  O l l C l 8  1: ' . r l . l , *  I',n. 

1 1 1 T 1 1 8 1 . 1 1 1  
?OI~171/~5I.'LOICIIODX~. 1 1 , ~ L L I I T U O 1 ~ . I I  
DO 7 1 8  ID.1.8SUI. 

r i ~ o ~ w o s x ? ~  I C I S ~ I .  l c t a a t ,  C:(~KI 
~ * l ? I l 1 b ~ I l O ~  l C I R 1 1 ,  l C l K 1 1 ,  C T ( R t 1  
~ . 1 1 L 1 ( 1 1 . I I 1 0 . . . l X . ? 1 1 . 2 1  

Co8: I IOI  

9 0 1  C O t t l I o r  
? ? I 1 7  1 0 1  

101 ?oPBA:I'o'.~oI...I.* mr t w c o u u z r t r .  om ow17 I-,) 
9 5 1  C01:lWO: 

STC? 

' ioure ~ 1 1 . - 5 .  CHECDATA 



//S23a%7# JOB IUIIOO] .*PLOT SISS 
/P IIIC bCSOSU.U1.~I.:.IIIl. IASS.PM. 
I/* lltC DSALLOC 
/1*01111 OD osm.011 s~~~.~~ss.PLoT.s~AcI.~T~..~~,~~), 
It* B#IT.STSDI.DLIP. (.CITLt). 
/fl us. IIIC?I.IY.SLLSIII.I95*1 : ' ,. 
N #IU ~ O ~ ~ C C C . S ~ C I O U  60.1211.L111.~110~, 
// ~l.'1T100?.1C..3019I'.~3..SIY)UT.(C..2019~. 
I/PO#T.SISlW DO . 
c 
C ? U S  P~DSLIO P M l  tat OIST~laDtIom O? tat 11s; 
C IS I P01CT101 0 1  TI11 Am0 LOCITlOmt1i. 0. S U S ~ A C I .  
C SOSIOIPACL.lTC.) 
C TSC 1ASLIbLIS AS1 : 
C 1st - 801811 Or ST:ss TC lr em--ID 
C . P M  - M I I L I  Or 0111 SITS TO ~I';LO~TZ> 
C ID# - COSIIOY V U C b  01-A SIT 11 TO bL WLOTIrO - 0 0s: t11 SIB1 OITl SIT 
C - I as1 I #1# 0171 *IT. 
C IlT. - PLOT Tbt BAS> II 111 IT~OSPM,.L 
C - *LOT Tlt I U J  SIOWCICALLI CO.SUCLU 
C 110: - #LO? TI) .ASS DlPOSlTlO 01 761 107fCL 
c U L W  - PLOT Tll .Ass PII.ICILL1 CLIA#tC UP. 
c -0s - PLOT 11; 1151 LOST Illu II 0Prl boo~ikl 
C S S U  - PLO? T.1 Ills 1lIC. MA5 OCPOSI5EL 0. :.i 
C SSOa - PLOI ?MI 11.5 01 711 IOb?Ait. 
C ISUS - ?LO7 TmI .ASS 11 11; ll?is CCLUea. 
f IDSP - P M  T ~ A  TOTAL 110~1:. or .ASS SPLLLLO 

C A U  U A D I I  SIT. 'IS: '. 1,1401 
CILL SLAOL I IPLOI, '1910: a .  1.21 

C 
C D U D  1) TSl BASS AlOUI-S AID I#ITLALI?I 1AIII~LL5 
C 

CILL ?LOIS 10,C.O 
11 . 0.3 
11 . 1.75 
DO 10 I-1,IPWT 
I? . mST.1 
ISIT1 IlW.9981 

**a W*8ITl35I,'SASS 11 ItTBIC tom>*,// 
1 U,~Tl1t~.2l.~AT8OSP1~bI~.ll,.~D~o ~ 0 1 s 0 ~ ~ , 2 x . ~ 0 1 ~ ~ 5 : 7 t ~ ~ ,  
2 2I.'CLIAIL1 UP'.Il.'OU~PtD'.5~.' 10s: '.11.'01 Se:ii'. 
J ll.*Oa Sulr1::~.21,~3~ W I T I ~  0 )  

DO 10 Ul..S? 

I? lSSLO7.10. 11 CG TO 71 
L?I'.#L 1) LC TO .L5 
CALL PWTIll.T1,3) 
CALL PLOT 111.0.75.11.1) 
CALL ~ I ~ B C L l l l ~ O . 7 ~ . 1 1 ~ 0 . 1 ~ , ~  CASI1',0 C.1) 
W TO bbI 
cO1tlmot 
11 . 11 - 0.18 
CALI P M I I ~ , ~ ~ , J I  
C I Y  OIS1IPlI1.0. 15.Tl.O 051 
CILL 118BOLII1~O.7b,I1,O.l~.' CIS1 2~,O.L.l~ 
6 0  TO 71 

bba W I I I I D ~  
77 CORlDUI 

CILL I t G I -  75 75 10.0 7 75 0.0 3) 
CALI ST~WL~O.~;~.S:O. 25;. S I ~ S  o i s ~ ~ z a o ~ a o ~ ~  .o. o.lyp 

C B U D  U P U m X l L  PAIUlXlLS. T l Y I  TILL I11CI 0171 TO PL3f 
C 
71 conxao; 

S1101~,1001 S O 1 ~ l I T S ~ ~ ~ I O ~ # ~ ~ I C U O I L O i i I S b i i ~ ~ U ~ . ~ S U ~ . b ~ ~ ~ ~  
I n .  B R  . 1 

C . C U E  III DATA A10 P M  ?#I All) 
C 

S S D ~ P I I T I  I I D B P ~ ~ S ~ . ; ~  
CILl SCILIlt11I.b.O.IsT.11 
BUST T L S Z I ~ S : I ~ I ~ I I U T I  4 . 2  
X P I L M .  IICILL 111sl0.0,0.0.~100ds SLICI STIbI O? 
-2A,b.O,O.O.TL1I 1ST-11.T11:11Tl] 

X?lS IP. O C A L L  l11S10.0 0 0 '.ASS S9LLLlD (SZTLLC 
& , ~ . ~ . * O . ~ ~ ~ I O S P I S T ~ ~ ~ . U ~ P ~ S T ]  I 

.Q 11 JJ-1.mST 

U I T I I ~ ~ . ~ ~ O I  - 
&O W#BAflZl.' DAIS 11 U A T Y  COLUl1 PLO1TID'I 

, c r u  rra.or.cil.rl..la.. I - .AS! rn r,:ri COL?S.~. ' .  1 ' 0. 0.251 
C 

a0 lPI1LOS.I0.01 5 0  TO $0 
DO 51 1.1.851 
t1ASS It]-TSASS Ill .laLos I:] 
I?lI.lO.1I CALL LIItlT111 Tt.111 as1 1 0.01 

IK. ZO. 21 CILL O I L ~ L  I T I ~ ~ , ? ~ A S ~ . # S ~ ,  ;) 
I7 11ASS IIST)~SASSI,T] 
ox* . 10 - 17 

.- -. 
TI 11-0. IS 
ISITll1l.5.1) 

-1 W U A f  Ill,* 111s U S ?  llSDUC1 WOWDil PL07311'1 
C I Y  118WLIIl.T1..10,' 2 - .ASS LOST TamOULr OLUbibl'. 
I 0.0.301 

c 
C tW7 B U S  UIO1ITCD 0 1  TIE M X O O  

X P I A B S I O X ~ J  .-it.0 1.1 T T  IT - 0, lb5 
CALL SIIBOL(ILUT.IT.. l~,~J1,O.oO 1) 
10 . 1: 
11 . 11-0.111 

c *LOT B U S  U S A 1 1 0  09. 

l?IICLS.IG.Ol 6 0  TO 70 
DO 71 l.l.#ST 
T.AsslI~-T1ASs III.I.CLI 111 
I! 1s. 10. 11 CALL LI@tlT~~t.T~ASS,~ST.l,O,O, 
x?lL. 19. 21 CALL OAL1LITII1.IIISI.IS:. 1) . ?&ASS 1 1 S T l R 1 ~ 1 s  ID71 
OX? . 10 - 17 

5.1 P01~1711I.' ,112 *IISLChLLa CLLABLL Ut PIO7i13'1 
C A Y  S1..0L(X1.11..1.,. - SISJ CltlBlD Ob'. 
1 0. 0.201 , 

C 
' C ,?LO7 !A+S B1OU)SICALLT COS!O!KL . 4.c . . - . . 

, 70 * x?lSSLo.Ip. 01 so TO 80 ' . , 
' W 81 I.1.DST 

; : ~ I ~ S I ~ I - T S A S S I I J . I I ~ : O I : I  ' , , .  . I?IS.AG. 1'1 CALA L ~ ~ ~ I : I ~ L . I ~ I S S , ~ S I . ~ . O . O ~  

L?lS.IC.ll CALL OIS~LlTl1I.T1ASb~1ST,l~ 
R . T1IlSlISflR11SS1ITl ' 
OI? . TO - I: 
l?(IU~OI~l.L1.O. 1.1 IT IT - 0. 1 6 5  ; 

:. 
C A L L  r r ~ ~ o ~ c r L ~ ~ . n . . i ~ . . , ~ ~ - , o . o , ~ ~  

, 1 1 o i 1 4  , - . ,  
TI . 11-0.11 ' _, I . . 

a I 

1SLTSIDV.5*.'1 ' *  , x  . 
s a a  P ~ ~ ~ A T I I I , *  u s s  aaolqsrcrLLi CO.>U~LL ILOITL:.; 

. CALL~SlISOL(Il,I1.. I... 5 - Y S S  1IOU);lCAiLI CO~SULIL', 
I 0.0.311 

C P a  . U s  DIPOIITKD 0 1  110.1~ a .  ' 
C a 
60 Y lU11.Io.01 w To 95 

m 96 I.1.SSI 
Bb T1ISSlI].T1ASS l11~1~SM1111 J 

,; .l?ll.IC.1] CALL L X ~ ~ ~ ~ 1 8 I ; I B A S S , S S ~ . 1 , 0 , 0 ~  , '. : U 11.10.21 C U L  01S1L 11111.T11sS.as:. 11 
VT T ~ I S S  1ms:Inuu lmxl 
Dl? - 10 -17 
U 1AIJ IOI?) .La. 0. 10.1. IT .: IT - 0. lo5 
C I Y  IT1ML(UAsT,~..l~,'I'.0.0,11 
.o . -7 

11171I~U,5*5] 
S1S W M I f I l X , ~  #ASS DIPOS:?tL OD SIO1I PWffLL'l 

CILI LI1ML(ll.l1..1~.' 6 - 1 Y S  0LPOS:TLD 01 SBO.1'. 
1 0.0.201 

- .-- .- ..--. 
105 T~ASSll]~T~AJSlIl~l8SOilIl 

l?(L.IO.l) CALL LImt(TL11.T.Ass.1sT.1.0.01 
I? IS. IG. 11 CILL OLSML1TISI,T.AS.,8SI. 1T 
n 'tarsscastlncrsscmr~ 

iicruiPxr~:i:.o. 1.1 IT TT - 0. ir5 
UY SI~ML(SWT.lT..l..'7~,000,~I 
10 . IT 
.Tl 11-0. 1B 

' ~~~P(II.s.LI 
LL ~ U I T O S , .  .AS): a s  n l  rumrrc1 r w ~ ~ r o . ~  

CILL IlSLOL(l1.Tl.. I..' 7 - DAIS 01 1111 SOB?ACI', 
1 0.0.2bI 
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I I C O D C I f B j  10s ( I 1 I l D O )  . ~ I A . I ~ ~ - ? L T I O I ~ ~ . T ~ ~ I ~ ( ~ I  
/.aoc.vkmP ~ 1 m t s . 1 0  
//* t l I C  SCIDSB.DSI.'DAI.EIAl.?LT8OS' 
N* l l l C  DSILLOC 
11.011 D D  ~ I - O I I . ~ I I I . ~ L T D O ~ . ~ A C ~ . ~ ~ . ( ~ , Z ) ~ ,  
I /* D I S P -  (11D.CITLC)  , 0 1 1 7 - S I S D I .  //. o c ~ ~ I I c r m . l 1 s . I L K s ~ L t . l 9 5 . l  
/ I  t l r C  ? O ? ¶ C c C , L 1 I 1 - C P L O I  . a r c l o b .  C o .  I Y a r ,  
// ~ 1 . ' S 1 S O U T . ( C ~ . l 0 1 9 1  ' . ? J . ' 1 1 S 0 0 h ( C . . l O 1 9 ) ~  
1 / 1 0 1 l 1 S 1 S I W  OD 

c n x s  r m c a r n  n o T s  A I  mrmrrt r r n  o ?  rar  rocrtror or  
C  711 S P I L L I T S  A I D  T l l I  I O O S O D I I C I  POPTIOD.  I T  T I C S 1  
c O ~ T I S ~ I ~ ~ S  TOC I I I I ~ U ~  r w n  u m x a o c  r r y r r r  clr  L o r c x : u o r  
c A W O  L I T I T O D ~  r r  I S U L - I  I I D  zm e.tTrms TIOR TLII 1 1 . l )  
c P O S I T I O ~  I ?  1 ~ ~ 1 ~ 1 1 .  111~1 u r  t a r n  OSLD m o r t n a l r r  
c 111 O I I C ~ I  I I C  S C I L I  OI r n r  PLOT. 
C." .................................................. 
C  

CO1111OI /POST/  I O L ,  1 D L .  ID .  I C I L ,  10s. 101 
I I l I C I 1  l I O O S l l 1 , l l l  
D I R L 1 S 1 0 1  l C ( 1 9 9 1  . 1 C  ( 7 9 9 1  .CC ( 7 9 9 1  

C  
I C E  . 0  

1 C O I x I C O c  
C  
C  

CALL I t I D f I I P L O T .  ' I P L O ?  *, I .  3) 
C I L L  I t I D I I I S T I P .  . I S T I P  '. I. 5 0 1  
CALL l I l f 1  (RP  . . R E  .) 
C I L L  m t a o r  ( T U I C I .  ~ t n r c a  
C I L L  l I l D r  I L I C .  . I L b C  .) 
C  I I I .  L  . I  
C I L L  I I I L ~ ( . I P D I C ;  . I P E I D  *; 0 ,  1 )  
C I L L  1 1 1 3 :  I  I S C I L .  . I S C I L  ', 1 .  2 1  
C A L I  r z m t  IS IO; .  . ISWOI  I .  o ,  ISOOI  

L 

C  l C I I I D  1 S I : I I L  I P I L L I :  V O S I ~ I O L  TD l I L P  T O  
C  

D o  " 7  1 - 1 . m S P I L  
P I I D I t 9 1  I S F .  1 5 9 .  E S P ,  t R l C  
I ~ I ~ : M . I ~ .  1 1  cc 10 B L  
A R I P  . I S P  
I R A )  - Isr 
1 S : T  . S S P  
I n 1 1  . 1 S P  
~ r b z  - T S P  
1S:T . I S >  
D ? : T I I t . 5 5 1  l S l 1 ,  1 S l T  

5 5  r o ; n I : , I l . ' s I : I  ' . I I l O . I l  
DCI. . 1  

a. CO1: IDm 
a S P  a S ? / ( l .  1 1 2 1  0 5 1  

I S P L  1st . I S F  
I S P O  . ISP - msr 
.-.*I . ..D - . < I  . - . - . - . - - . 
1 S P O  . I S ?  . I S ?  
I ? ( I S Q L . C l .  I O I B I  IIIm . I S P L  
1 ? l I s v o . L T . I n l I l  1111 . l S P 0  

. . c 
C I L L  ? D S l T ~ l E I . l E b . I l . 1 l , l l  . . 
I ? I I I . L T . I 8 I I I  1 1 1 1 . 1 1  
I l I I l . C T . 1 R f w l  I b l v - 1 1  
I ? ( 1 l . C T . 1 1 1 1 1 1  11111 .11  . , .  
I ? l l l . L T . 1 R 1 I l  I C I h . 1 1  ' 

C A L L  v o s : l ( n e r , r e r . x ~ . ~ ~ , ~ l  , . . 
I r ( I I . L : . I I . L I I  1 1 1 1 1 . I 1  
I?(II .C:.IRIW~ x n I m . x l  
1 1 ( 1 I . C : . l r I I I  11111.11 
I r ( l I . L 1 . I r . l " J  Y'lL.11 
C P  t C  7 7 b  

A 6 1  COmTTWUI 

DD 3 1  I . I . IDEZLm 
I L I D ( K F 1  1C . IC .CC 

1 3  m ~ T 1 l n r  
I 2  C0m:IIl 'L 

T I ~ D I I  . T l I I  
' C  

c n m x a ~  DITI r n s  
C  

DO b b  J J  - I , B P L O i  
D t l I i C  J J  

C  m ~ I I l I I 1  T I C  l A I l l U D  # ? I t 1 0  O? T l l  O I L  & I D  
C  T l I l  O I W I D I  T I C  S P I C I I C  I ?  I 0  1.D L I I l l  1 . 5  
C 07 T a t s 1  D l I l S l O I S  om 111 0 0 1 S I O I  O? 1 8 1  PLOT. 
C  T I I S  W I U  L I V E  111 0 l 1 C 1 1  01 ALL O r  T I 1  1 D S O I : I C  
C P U T S  AS MILL 11 D I T l 1 I l I I I C  A  S C I L I  1 1 0 0 0 1  TO 
c C O ~ I I ~  ~ 1 0 1  o t c ~ t t s  TO Imcnrs. 

I O U  . l a 1 1  - U A I  
VDI? . 1I11 - 1 U I  

. . 
01  I D I r / l D . D  
D 1  . 1 D 1 r / 1 0 . 0  
I L O I  . 11110 . 1 . 5 * D I  
10) . 1 1 1 1  - I .5.Dl 
101 . ( 1 1 1 1 1 . 1 1 1 1 1 / 1 . 0  
T U T  ( 1 1 1 1 . 1 I l D l  1 3 . 0  
1 0 1 6  . 0 1  1 3 . 0  , 

I D I C  D l  1 1 . 0  
IDLC - IDCC I 5 . 5  
1 D L C  . 1 0 1 C  / 5 . 5  
ADCT . I D t C / C O S ( ~ L I 1 / 5 7 . 1 P b )  
S C I L  - I D L C  
I P I I D C T . C 1 . X I L l  S C I L  - I D t C  
It111 1 6 . . 0 1  1 D r C . l O t C . S C I L  

a 1 3  ~ O I I I T ( I I . .  SCIL 11001s ~ f t  -. ) r i z . 5 1  
C  
c IIITI ODT TII omzcte or  tmfs r i b ?  
C  

I l ~ T t ( b , 9 l l ~  l O b . 1 0 6  
I ~ W ~ I T I I X . . T ~ L  C ~ I C I I  or T I I S  P L ~  I S . . ? ~ . I . '  I.,?L.I: r . 1  

C  
c DO LOOP O I L I  T R I  S:IPS #.P b l l r  $I:% 
C .  

C I L L  ? L O T S ( G . O , I I  
1 C O I ? I b U I  

DO 3 5  J J  . 1 ,LPLO:  
I 1  C O I Y I I D I  

C  
C  0 1 1  l L I C 1  ?OF ?LOT:IDc 00:11s:  
C  
C  
C  S t '  OP I n 1  I I E S 1  ".Y 
C  

a I I D l J J 1  1 0 1 1 .  T l I t .  I S F I L  
C  
C  Z l C  I T  T l C l a l  M I S  O t L B  P I S S L L  
C  

I I ( I T I ~ L . C : . T I ~ ~ E I ~ I  . ImD.  I J J . t O . I P L c : l l  C C  TC 7 1 7 '  
C  
C  I S  1 1 1 6  1 8 0 1 1  I X 0 R 1  I I T I R I S T I :  I D ? '  
C  

C 11171 0OY T I 1 1 1  & I D  D 1 1  9 .  . 
C  . I  

1 1 1 T I ( b . * P )  1 D A I . T Z E I  1 ,  , ** ? O I 1 I ~ ( ~ l ~ , ? I , ' T 8 I S  I O P  S T I P T I D  011. D I l ~ , I U . ~ 1 S ~  1 7  l S ~ , ? 8 . ? ,  
1 'ro~ms r r r t i  . t a r  s r r n ?  o! T ~ I  S P I L L . / I  . 

C  
C  ? # I S  S C C T 1 0 1  PLOTS T B I  L I C I D D .  ; ., , , . 
c 

C A L L  r i i t t ~ ~ . ~ ,  31  
C I L L  V L C 1 ( 1 1 , 1 . .  I , > )  
C I L L  v L e l I P . 1 . 1 ,  
CALL r r o r i n s ; o i s : , r , 2 )  . 
CALL P L O T l l I . O I S f . l . C . I . ? )  
I . I - 0 . 1  
. . -.- 
GILL SDLBLP I l . T , C . l . D ~ , D . O , - I 1  ' 
cr-I S 1 3 W L ( I . l . D .  I , .  t lLcR!:!Pz*,O.@.l5) 
CALL Cl~ClI3.b,1-0.~375,0.D,36C.C.D.05.0.05.~) 
C i L L  S ~ 1 1 I O L I l . 7 5 . T - D . l . D . 1 . .  S O R T I C I  S P I L L t T S '  
C I L L  I L 0 ( 3 . 5 , 1 - 0 . 6 . 0 . 1 . 0 . l . 0 . 0 , 3 I  
C A L L  s r a r o r ( 1 . 7 ~ . 1 - o . b , o . 1 . ~  s p r s o , f r r c r ~ , o : o . ~  
1 - 1 - 0 . 1 8  
CALL C L O T I I . 1 - O . a , 3 1  - 
C U L  ? L o T ( 1 . 0 . 7 5 . 1 - 0 . . . 1 )  
C A L I  S I ~ B O L ( I . O .  1 6  .T -o . a . 0 .  1.' cmst 1 ' .  0 . 0 . 7 1  
X l ( I P L ~ . I Q .  I )  CO 10 6 6 "  
C I L L  FLOT 1 1 . 1 - 0 . 6 . 3 )  
C U L  D I S I P ( I 1 0 . 7 5 . 1 - O . b . O . 0 5 1  
C I L L  S I I I O L ( l . 0 . 7 b . 1 - 0 . 6 . 0 .  I , .  C I S 1  * ' .O .O ,TI  ; 

C O s T l I D I  
c m L 1  P L ~  o.a.5.1.11 
CALL PLOT (3.6. I. 9 0 ,  I )  ' 
CALL r L 0 1 ( 5 . 5 . 3 . * 0 . 1 l  

-Figure V I  I .-8. PLOTMAP 
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IP(JJ 10 21 C I L L  ~ I s ~ P I ~ ? L , ~ P ~ , O . O ~ I  
91 ~T&J.;~.;.UD.VBCTDB I1,JI.IC 11CO 7 0  7 9  

.o TO 1 1  
19 C O B f I m O I  

XPL - IDIST-DIT 
1.1 1 0 1 S l  
XT(IO.1t.O.Ol C I L L  POSIT(ITL.~PL.IPL~I?LIOI 
C I L L  PLOY I I P L . I P L . 3 l  
I P L  - a t l s l - D l 7  
t P L  1 0 1 S I - D I Y  
I T ( I D . I L . O . 0 )  C 1 U  ?OSIT11PL.TPL.lPL.IPLIPl 
X T I J J  1 Q  1 )  C I L L  V L C : ( I l l , l f l . I I  
x r ( 2 2 : z p :  I )  CILL D l s l P l l r l . l P L . 0 . 0 5 I  

11 II(J.LQ.II.IDD. VICYOI(I.~I.IC. IICC 7 C  81 
GO TO 8 5  

I 2  C O B l l B O 1  
I P L  - 1 0 1 5 7  
1 s L  TOIS: 
XT(10.11.0.01 C I U  PO117 ( I?L . lPL . IPL l lPL ,OI  
C A L L  P L C f ( I F L . T P L . 3 I  
I ? L  - I D I S :  . I D ' S 7 - D l f  
:~:IO.BZ:O.OI C I L l  ~ O S I T I I P L . T ~ L , ~ ? L ~ I ? L I O I  
X T ( J J . t O . 1 I  C L L L  ?LO7 1 1 1 L ~ l F l ~ ~ I  
~ ~ ( 2 2 . 1 0 .  21 C A L L  DISIPIIFL.T?L.O.O~I 

8 5  COr:l.UL 
9 7  C O l 7 1 r o l  
1 1 1  C 0 1 1 1 B 0 1  

C 
C I L L  PLO7(9.O.O.O.-JI 
1 1 ( 7 I l l . ~ t . T l 1 8 1 1 1  5 0  TO l r  

2 1 2 %  COI: l ." l  
C I L L  PLC: lO.  O.O.C.9991 
S f O P  
I D  0  
S O B i 0 0 1 1 B I  W S I ~ ( l O . l O . 1 I . I P . B C I I  

C  
C T H I S  503 iOO: l l :  C O l l l ? : S  7 h I  FCS1:lOLI I C .  1C. UL::? 
c 1 s t  1 1 7 "  B L s P t n  TP T H E  o r r e  c?:: 7 0  I 
C r o n i l o h  11 L O L G ~ ~ U D I  1 s t  LI:I:OP~ a r t  ? H I )  
C T U  P L W T 1 l i  0 1 1 7 5 ( 1 1 C b X i )  I P  ICb.0. 
C  
C .................................................. 

C C L r C I  t P T S l /  I C L ,  1 0 1 .  I D ,  SC11. I C i .  1 C i  
C 

11 . IO.cos 1 - 1 0 )  .rO.sIr I - h D l  
1" .-1O.SI. 1 -101 '10.COS 1-AD1 

C 
c CO~VIE: r s 0 1 .  m r r r m s  TO DIC?IIS 
C 

IF 1 0 1  . 1 I / ( 1 .  ( O r  0 5 )  
BID - r s r n . 1 9 0  
I ?  - XDL - 1 1 / ( 1 . 1 1 1 1  O) .COS( I ID I l  
1?(.:m.mz.ol nr:oPb 
XP I 1 O S - 1 ? I / S C A L  
a r  - IV.COSIPIDI 
1 P  - I I P - 1 O P ) I S C A L  
m n o r m  
m o  

I O B B 0 0 1 1 1 1  111Dl11 .BB111.BL.101 

..", 
I 0 0  C0L: ITDr  

XPfBL.IO.BO1 SO 7 0  2 0 0  
X P I  (1 .CL. IL I  .1.D. (I.LL..Ol I CO TO 1 0 0  
1 r : I L  111,101 ll.?.I, DL. I U ,  I I I C ' . .  1 

.O ? 0 1 1 1 7 ( 1 6 n C  TUZ L11:TS 0 1  . 1 8 . 5 t  I n !  .15,SR TO ,I>. 
1 6 8 .  MU1 .18 .16P BAS 8 1 1 0  11 I S  . I 5 )  

s-0 

STOP 
( 0 0  l I1:Z 116.101 1. X I A L L  

1 0  T O P L l i I 2 I . ? O . 5 . 5 1 . 1 8 1  
m n o s s  
CWD 
s 0 8 1 0 0 1 1 1 1  PLTSMi  1  S C I L .  1 0 1 ,  l o r 1  

C 
In . 1108 - u a o r  (IP~)) c o s r r s u o s c I P t 1  3 . 1 ~ 1 5 9  , i r : . ; ~  

1 / S C I L  
1 T T  1 1 S I O P I 1 K l  - 1 0 1 )  1 S C I L  

C 
c xs n l r  r o l l 7  om or 1 r l C I  XB I 7  
C 

I T (  (IP:.CT.- l . l5l  . & I D .  ( ~ F l . L T ~ l . 7 5 l  1  W TO 1 2 0  
w n c i  - 1 
s o  T(1 1 0 0  

1 2 0  C O B T l I O I  

C C I S  7 1 1 1  PO117 O m  0 1  1 1 1 C I  11 1 7  

C 
Z T (  ( lPr .c7 .0 .1  .LBO. ( lP7.LT.5.51 1  CO TO 1 3 0  
#?LC!  . 1 
5 0  X 1 0 6  

1 3 0  C O B Z l O 7  

C c 1 s  TIIS MIDI 11 7 1 1  L I D U  1 0 1 7  

C CIZ:l  T L I C S  I L D  D i l l  I C  (Il:.lP:I I ?  i ? i U l P I i .  

.~ -~ ~ 

1 r l C i  - 0  
C I L L  n o : (  I P i .  1 P f .  11 

100 c e b r l r v r  
1 1 1 7  . 1s: 
I L S '  . t P f  

F igu re  VI1.-8. PLOTMAP 
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L tn rs  PPOCII* BRIDS I. T H ?  m s 1 T r o m s  OI ~ n !  DIOPLCS 
C 8 l l C I  M I S  It11 P E  OOT TI, D l S I  I 1  T H ?  I l l #  0lLSP:;L 
c s r q n L a T I o m  r m n  o rwu I III P L ~ I T I B ~  o r 0  rmr ~ t u  
C C~*CI.:II-IO. 11~0:s. IT oS'S S~IIIII so r rno :? . r r  r q r c a  
c 1-7 CO-III~I~ ID t o r  SOCSVI?IC: SIC:IOS 07  1n1 ~ I I S  
C ?.OGIII. 
c Tn! VI?II~LIS rr?:M T I10s r  o ?  THI 1111 PIOCILF.. 
c 7nr CICLP~IO.~ IPL: 
c DQICI - TIIS IS 7 1 1  o m 1 ~  D O ? P - V  TO 111:n T n z  m t a  
C COICL.TP,'lI,. I I L O ' !  III It:--I. +D. 

C C0I.P. S:I:r.!ITs 
C 

? 0 1 3 0 @  / D ? T l / I D L . T D L . I D S . l l l f  
m v o .  ~CI:L, I~s?:?. J-qn.. w s o e .  m v r r r .  

1 n:. TIC?, 'SCIL. IU.:B. w n r v :  
CPI.?. ,S*"S/ . IT : : .  w - 0 ,  1-.I1. CI. D l .  0:. 

1 IF.!:..-.:C.Ic~:c 
C39.F.: r?..-, IT:::. V - i - P .  ST-?. I F I C .  B P I !  

CILL I I ~ D : ~  w~&~:Y.L. . .o.%~FcI 
? I L L  ?.#.!I IS:'P,'.S-?r '. 1 . P 9 G l  
C I L I  ? ' 1 ? 1 f  IS: IL. ' ls : !L . . ? . I 1  
C1:l ?"-:I .,--L:. " ? - 1 1 -  ' . I .  ( E l  
C h I L  . 1 & 0 1 I  1 7 P L I S .  ..:-*.s .. 0. 0 .. C L L L  R'.',: 11'SOC. - 7 - s n .  1 .  3 0 1  
c r r l  ?-an: 1 ~ 1 ~ 0 s .  ' J * s n *  '. r .  3 0 1  
:aL I  I.,?: 1,:-nr, .*.*". -. 1. 30,  
C ~ L L  I - ~ > : I  r ? - - c ,  *r?!-: - , o . ~ r : t  
r a 1 . 1  ? 1 1 > ? 1  I P f l P .  ..P-71 ',", 1 0 0 1  
:ILL 1 . r ~ :  tm? ,~ .  -.-*r +. 0. IODI 
:ILL r.\n! I Ipr: .  . * *=r  .. 0. l o ? )  
:NIL T.L-I I 1 v . r .  '.PIP a .  O. 1001 
CILL m.tn-?t  n m r r s 3 .  ' o u r r s l  -I 

C.L...... f.0.C.. .......... 1 5 1  
CILL PKIDI IB'Y.P:. . snnp :  -, 1 ,  1 5 1  
I ! IO IP ' I IP : )  1 0 1 1  
I I I T K t 6 . 7 9 I  l o l l  

7 8  ? 0 1 ~ 1 7 1 I I . ~ 1 D 1 1  . ' . l a 1  
C .  
c DO LOOP o i n  r e r  STIPS 
C 

DO 1 0  1 7 7 - l , * S ? t P  
C 
C B t I D  11 * B I ' I C L t  P I I I R I ? L I S  
C 

8~1~1wnw? : , r ro .Q?11  1 n s ~ , ~ n s ~ . ~ ~ s ~ , 8 8 ~ 1 . n ~ ~ 1 s s , m ~ ~ ~ , ~ ~ : .  
~ ~ ~ ~ , ~ : ~ ~ . I O ~ I C . I ~ ~ I ~ . ~ ~ ~ I ~ . D I , ~ I . D : . I I L , . ,  LD.IDS.TPI 

T I 1 r  . ? I q t  1 1 6 0 0 . 0  
I I l t I t 6 . 1 9 I  ? I l l ,  l 1 S O B .  4 1 S 0 6 ,  1 8 5 0 9  
POI.1- ( ' 1 ' . > O I . '  C D * ~ I ~ f ? I f I O I 5  I T  fl.1 ' .? lo .  I.' 103V:.  

/.IOl.~W?:H mES 1&! DO.?YF O ?  C P l O 5  O ? ' , l U , l l , l u ,  
* 1.0 ..I..* PC. I. 1. I I P  z . . ,  

; 11 ? I l l %  ~ 0 I P O D : l I Z  P L O I ? l * C .  C f 1 0  I S  C~VIIJ~ 1 1 9  
c -PI-SLI-!:, TO I.:O*?--~?? ILL o ?  t q r  q r w t r  ?I?:ICL~S. 7 1 1  C P ! -  
C IS 9 1 l r  SO?.IZI1.'L1 L I m i l  T l K ? t  I S  1 C I L  K q D I I  C P l D  L L ? t : l :  E P I I D  01 I L L  I l Z t S .  

i o t T ? r n r v  I.! C~IICI 11 POSITIO~ 01 TRI n r w  OPICI. 

I S f P  . 1 1 0 ? 1 C  - 101!5.1 I D S  
1 S K P  . 1 1 0 ? 1 5  - I O K l C l i  . 1 0 s  

C 

- . -  
I . l I I t . l . LO .O . \  .OP. f 1 l . l . t 0 . 0 . l 1  CO T O  3 
1 1 - 1  . 11.1 . 1S.P 
11.1 . 11.1 . TI." 
In, . ~ s u r  . 
1611. . 15P. . 71.1 
ISU.  . I S * .  . 11,; 
S I C 1  . 11:: . I l . I . 11 " )  
S I C 7  . S I C 1  . 1 f . I . I l r l  
S I C 2  . S l C i  . 11.1.:1.; 

7 ?".TI."I 

c O~TIIW 8.0 ?*I-- TIII m r a m  ~ I L O K  AID ~ I B ~ I I D  o n r a n o r  or I ,  or 8 
C 

1"). . 1s". / ? l n h : t . - l l )  
1*11. . I S U 5  I I I O I T I ~ ~ 1 X I  
t 3 ? & .  . I<". 1 ?L"1-1--,.1 
1?,~F.::.?o.ol c *  -n m *  
I . ? - ! l I * .>Co l  I*!,., 1-71,.  I.!!, 
I.I?TIIC,?~~I S?II S:CI 3.r .  

,an r n ~ a a - c .  rnr rirrr;r . ~ i o l ; - o r  I. r r m o  a r r * . ~ r l s . s I  

Figure VI1.-9. Particle Program 
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APPENDIX VIII, A SAMPLE RUN 

T h i s  Appendix p r e s e n t s  a l l  d a t a  i n p u t  from c a r d s  and t h e  r e s u l t i n g  
o u t p u t  f o r  a complete  s i m u l a t i o n .  Th i s  c a s e  s i m u l a t e s  a 5 . 7  m i l l i o n  g a l -  
l o n  s p i l l  o f  a n  o i l  s i m i l a r  t o  !I2 f u e l  o i l  r e l e a s e d  o v e r  a s i x  hour 
p e r i o d .  The l o c a t i o n  o f  t h e  s p i l l  is  o f f  Massachuse t t s  n e a r  Georges 
Bank. The environmental  d a t a  used h e r e  is  a sample and is n o t  o f  t h e  
a c t u a l  d a t a  used f o r  p r e v i o u s  . runs  i n  C o r n i l l o n ,  e t  a l .  (1979 and 1980) .  
F i g u r e s  VIII-1 t o  VIII-4 p r e s e n t  t h e  o u t p u t  f o r  t h e s e  programs. The 
r e a d e r  shou ld  r e f e r  t o  F i g u r e  VII-1 f o r  t h e  i n p u t  t o  t h e  program GRIDS. 
The o u t p u t  o f  READATP ( F i g u r e s  vIII-2-41 shows t h e  wind and c u r r e n t s  
which were used f o r  t h e  main s i m u l a t i o n .  

The i n p u t  d a t a  s t r e a m  f o r  t h e  f u l l  s i m u l a t i o n  is  i l l u s t r a t e d  i n  
F i g u r e  VIII-5.  Note t h a t  some o f  t h e  environmental  d a t a  s e t s  (wind,  c u r -  
r e n t s ,  e t c . )  a r e  read from d i s k  d a t a  s e t s  and a r e  no t  shown i n  t h e  i n p u t  
s t r eam.  The o u t p u t  co r respond ing  t o  t h e  i n p u t  of  F i g u r e  VIII-5 is  i l l u s -  
t r a t e d  i n  F i g u r e  VIII-6. The i n p u t  s t r eam t o  t h e  Preview Run i s  no t  
shown h e r e  a s  it is  i d e n t i c a l  t o  t h a t  f o r  t h e  f u l l  s i m u l a t i o n ,  f i g u r e  
VIII-5, wi th  t h e  minor e x c e p t i o n  t h a t  t h e  c o n t r o l  pa ramete r  NRUN i s  e q u a l  
t o  0 f o r  t h e  Main s i m u l a t i o n  compared t o  1 f o r  t h e  Preview. The o u t p u t  
f o r  t h e  f i r s t  t e n  t ime  s t e p s  o f  t h e  s i m u l a t i o n  a r e  shown i n  F i g u r e  
VIII-7. Note t h a t  t h e  mass b a l a n c e  d i f f e r s  between t h e  Preview ano Main 
s i m u l a t i o n  due t o  t h e  d e p o s i t e c  p a r t i c l e s .  

F i g u r e  VIII-8 shows t h e  o u t p u t  of  a sample r e s t a r t e d  run.  The sub- 
s u r f a c e  pa ramete r s  o f  a r e s t a r t e d  run  w i l l  n o t  he t h e  same a s  a f u l l  run 
due t o  t h e  r e - i n i t i a l i z a t i o n  o f  t h e  random number g e n e r a t o r  i n  S u b r o u t i n e  
I N J E C T .  The remaining f i g u r e s  d e a l  w i t h  t h e  i n p u t  and r e s u l t i n g  o u t p u t  
f o r  t h e  o u t p u t  programs. F i g u r e s  VIII -9  and VIII-10 show t h e  p r i n t e d  
o u t p u t  and r e s u l t i n g  p l o t  from t h e  program PLOTMASS. The u s e r  i s  a g a i n  
r e f e r r e d  t o  Appendix VII where t h e  program l i s t i n g  a l s o  d i s p l a y s  t h e  
i n p u t  pa ramete r s .  F i g u r e  VIII-11 is  a n  o u t p u t  from DATPOUT, which shows 
a l l  in fo rmat ion  which h a s  been w r i t t e n  o u t  by t h e  main program f o r  use  by 
CIPTAOUT. F i g u r e  VIII-12 shows t h e  a b b r e v i a t e d  o u t p u t  from OATPOUT which 
i s  g e n e r a t e d  f o r  t h e  programs PLOTMAP AND PLOTPREP. F i g u r e  VIII-13 i s  
t h e  o u t p u t  from CHECDATP which shows t h e  f u l l  amount o f  d a t a  f o r m a t t e d  by 
DPTPOUT. F i g u r e s  VIII-14 and VIII -15 shows t h e  o u t p u t  and an example 
p l o t  g e n e r a t e d  by t h e  p l o t t i n g  program PLOTMPP. F i g u r e s  VIII-16 and 
VIII-17 g i v e  t h e  same f o r  t h e  program PLOTAREA. F i g u r e  VIII-18 shows t h e  
o u t p u t  from t h e  program PARTICLE which was g e n e r a t e d  from t h e  d a t a  i n  
F i g u r e  VIII-11. The o u t p u t  i s  r e a d  l e f t  t o  r i g h t .  
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F iqu re  V I I  I. -1. Sample Output f r o m  Program 
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a ..;. ' - -  w ..L"*7 I. *.1?. n. ,,.y: 
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. . .  ( . s . n .  . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  :- . 
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F igure  VI I I .  -2. Output f r o m  READATA; Wind. Spee.d. and D i r e c t i o n  
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Figure VI I I .  - 3 .  O u t p u t  from R E A D A T A ;  x - d i  rection currents 
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Figure V I I  I .  -4 .  O u t p u t  from R E A D A T A ;  y-direction currents 



Figure V I  I I .  -4 .  .Output  from READATA; y-di rection currents 
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~ i ~ u k  V I I I  . -5 .  - Data input t o  Main Simulat ion 



I sot r n l  101 101 (PI I n *  *n t  I ~ I  101 qnt t n t  t n t  1 
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t m r  

F igure VII.1- . -6;  , Output f rom.  Prev iew Run 



1m.01 r n m r e n r  I~.LIV~.C 

n . c r r r  , ..-.. 
1 .: 01.1 

0 .,'I. 

1%" I",, 
* ...I 

r.oonnn n- 
rr.nnonn rr.qat 

7 15ra1 
I *PI,. 
1 .P.?C 
% .. 
3 .-" . .-I, 

s .I." 

1 ."" * mrn 
1 .rn 
1 n r n  

mrn 
1 I?" 
1 .I" 

11 .,"" 
l a  I-n. 
1 .1'10 
1 . - s t 1  

1 ..n 
1 r r n  
5 .rmn * mrLn 

.-19 
3 .?." 

?en rrnr 
Inn  .- :,... 
,on .omre 

1.0nnn0 ...,,. 
t n  R ~ W I L  

Ion.o.aonn 
w "..,L 

.-.I.." 
.?..PC 

1 .".. 
1 .*.. 

* n  m l ~ r .  
1 1  .",? 
1. .OWL 
11 "ll.. 

I .nn. 
P .III.? 
n e-.,t 

nrrrn  ral.n-. r r  smrrs Y P  q r r r e *  

r , C L I n v I r *  
.,..1..r. * I 1 . < L 1  I . 1 11 11 11 1e 

18 ~ . O L O  1.000 <.no# r.onn r.nnn t.non t.nnn ?.on0 *.on> 1 . 0 1 ~  1. or, r.onn *.on> 1.nnn 

11 1. nno 

11  ,."on 

11 t.nno 

~n I. nnn 

t.nno 

c 1.0nn 

1 t.non 

b t.nn* 

I. nno 

* . o m  

1.000 

1. nnn 

I. noo 

I. nnn 

1.000 

1, nnn 

1. onn 

1.0"" 

I. nno 

*. nnn 

%. onn 

1. nnn 

I. onn 

1. nnn 

q.onn 

1 . 9 n n  

1. onn 

1.0"" 

I. onn 

*, 0"" 

1. 00" 

v .  onn 

*.onn 

1. onn 

1.090 

I. onn 

i.onn 

t. nnn 

*.onn 

I. nnn 

1.nnn 

I. nsn 
*. no0 

1. onn 

1. nnn 

1. n rn  

1. non 

t .  nno 

1.non 

1.nnn 

1. ono 

1.nnn 

1. nno 

1. nnn 

t.nnn 

t .non 

!.nnn 

I. nan 

1.010 

1. nnn 

1.03111 

*..,on 

l .n?o  

I. nnn 

I. nno 

1. nno 

r.po> 

1. nnn 

1. on* 

~ . n n n  

1,poa 

*.on) 

?.pnn 

1.)7> 

1.pon 

1. nnn 

I. pnn 

I. )or  

r.pna 

1. >nn 

I. oon 

*. 000 

1.0on 

1. onn 

1. non 

1. onn 

I. nnn 

i.onn 

?.pan 

1.nnn 

1.onn 

*. onn 

1. onn 

t.nnn 

I. nnn 

1. nnn 

1 "Prrr 
1 .,..C 

• t.oon 1.oon t.ono 1.onn 1.onn 1. noo I. onn I. ann r.nno 1.pr0 t.nno r.pnn 1.oon 1.ann 
1 .Pen 
0 -0. .  

a t.nnn ~ . n o n  v .  nnn ~ . n n n  I .  nnn t.nnn ~ . o n n  1. o rn  *.on0 1.on1 I. 111 t.)n? 1.onn 1.nnn 

1 1.nnn 1. nnn 1. nnn i.onn i.onn 1. nnn I. nnn ,.on9 1.nno t . o r ~   on, i.pnn 1. on* 1.pnn 

t *."no I. nno I .  nnn ,.one *.no" 9 .  nno $.ens ? . m a  1. onn I.),> 1. r ¶ 1  I . ) - ?  *.on0 1. nno 

t 
VLI...~~ I I Y * 1 1 1. 

I 1 101 tna 
Y 1 t n ~  1 
11 Y ~ n r  I 
10 1 1n1 a . > 101 1 

2 t n t  I 
1 ~ n t  I 

6 1 tn t  * . 
* Y 10, 1 . ? I 0 1  I 
I 1 1n1 1 
1 ,n$ I n *  
I K l  1 

F igure  VII1.-7. Output f rom Main S imu la t ion  



m 
b ?..C?IITI.. rsrnr "a*. n . m  .31.1 r.r.. r r t  rrnrmmr.: n. rmr qvrrt. 

?mu r n r r r a r w r r  amrn r r r  I orrrqrr.. 1. m * e r r m  . O.n7*7 nrc.rra r.r.r ,.* 1 nrr15rm.. r~ rrnr-n n . n ? % l  n.c.rrt e - n n r . ,  

7.r t1.11 :?in m r r r r - a  n* .I. r?m~rna-n.v rnn.nr.rrv r r t r *  r. I, r r . p ? r ? * i  s.r-?rq r..?rr?n. mtn r*.)-nnnr ~r:..rt rrrtrnn. 

I.1CLI ..L*.. r. "I,.. 0. .,r.., 

.......... 

F i g u r e  V I I  I. -7.  Output f rom Main S i m u l a t i o n  



I 

0. 8 11 

n. a im 

n.ete 

0.eie 

0. -13 

O..Il 

n.ana 

0.0.1 

n. w e  

n. nse 

e.ev 

0.8-1 

0. lea  

0.171 

7 

0.81. 

0. a I1 

0.a1s 

0. mi8 

o:a t t 

0.UlI 

e.an* 

0. **a 

e. u n  

o. nma 

0.011 

n. i n n  

0.0.. 

0. n w  

1 

n. .I. 

*.elm 

0. **a 

0.6an 

0..13 

n..11 

n. an* 

n. -7n 

n. t r n  

n. ,.a 

n. 1.1 

n.n.7 

n.nm 

n . M 1  

1 .It".. 1. m111 n* .n 

v vt.-.nr * I .  . 
-n. 12- -0.n1. n. 91. n.!mr n . w l  

-0. 1.1 n. nee n. 7-1 o. 8qs n . r r t  

-0. 1n1 n.tn. n. l.7 n. >?a n.a?1 

-*.I** r. ia* 0.t-a 0.8*8 n.,wr 

-n. v.7 n.am o. -6s n . 7 ~ ~  n.71- 

-0.173 -n. n-3 n. *** n..1re 0.n.r 

-n.nu .n.n>r n. 1-1 @.?re 8.n-n 

-n.osr -a. nnr n.'nei *.a** n.nm 

e . 1 ~  o.*a* -n.mw -n.o*o * . i re  

e.r% n.*nr -n.rae -n.)nr n.,Im? 

0.7rm a. t-7 - n : w e  -n . ia r  n. 91% 

-0.18n ' -a. t yn  -n. m -n.eem -'a. tna 

-..(I.) -,I.*.. -I).,?. -n.m.. .".".. 
-r.m.i -n.a** -n.nai -n.nrn n . n n  

~ i ~ u r e  V I I  I .  - 7 .  Output  from, Main Simulation 



I 
nnrw* I 

IS k.  non - i "1% 
*, r: 060 

11 i. nm6 

90 n. onn 

.-. .s. n.00; 

I n. nn'n 
. . 

i Z n e n  

'i' n. dei 
1 n: onii 

. , 
8 n: nno' 

. . 
1 n, nnn 
. . 
1 n. nnn 

' I "  ' n. onn 

1 

#.on. 

".;i;.- 
. . 

n. nnn 

n.nnd 

e . P n  

;.an; 

6. i n n  
..... 

a.nnn 

li.rok 

*.din 

n. nnn 

6: ndn 

<: "0'" 

n. nnn 

1 

n. nnn 

n. i n n  

i. nno 

.4.'6"; . . 
i. on" . . . .  
n. nnn 

i. nn6 

I;. nmn 
, , .  
n. nnn 

": inn- 

;:"";. 
S '  . 

n. nnn 

n. nno 

n. nn* 

. . 
8 

i . h n  
. . .  

n.nnn 

d. nno' 

n. " i n  

n. onn 

d. nnn 

a. nsn 

". 0"" 

. . .  
n. nnn 

k nrio' - .  
a. nnn 

a. i n i  
. -. 

n. nnn 

n. non 

i . . . . .  
o. nnn 
. . .  
8.n.n .- . 
o.nnn 
..... 

d. nnn 

o.nnn 

n. nnn' 

0. ona . "  
0."-n 

01 "fin' 
. . . . 
o...n'- 

n. nnI; 
. . 

0. nnn 

b. n'nn 

n. nnn 

. . t VI*W..T3 
6 . ; . 1" . . .  . . .  
a. nnn n.000 n.non n.pon ?.),a - . . . .  ,- .. . . 
n.nnn n.nnn o.nnn n.nnn n .am 

.- . . . .  
a. nnn n. nnr n. son O. pnn i .pne .- . 
n.nnn o.nno n.nnn n.nnn n.y>o . . 

n. nnn n.*nn n.nnn n.nnn n.nnn 

n. nnn a. qnn a. onn n. on1 o. )no . - 
n.nnn n.mn n.nna n.nnn 3 . m r  . _ .  ; . . - -  
n.nnn n. nnn s. ono n.nnn n. nno 

..... . , 
o.nnn r.nnn n. onn n. pnn n. 9n0, 

n. nnn o.nnn n.nne n.nnn o,.orr 

o.nnn n.nnn n. nnn n.nnq n.,no - .  . .  . . . . . .  
n.nnn n. nnn n.onn n. nnn n. yr, 

o.nnn n.nnn .e. non n. o i n  a. )no 

11 , . 
I. pnn 

n. s ~ s  . . 
n. nnn 

n. n v  

n. non 

$, 377 

n. ann 

n. -_no 

n. ryn  . . . .  
n. nnn 

n.onn . - 
n. rfi- 
a. 311 

n. onn 

1 1 .  . 
n. poo 

L:  

3. Jn9 

n. no0 

1. >no 

r.pno 

1. I n n  

n. nno 

n . w .  

9. ,no 

n. roo  

*. nnn 

n. npn 

7 .  >no 

n. nne 

* *  
0.00n -- . 
n.nnn 

n.nnn 

n. nyn 

o. nno 

n. nnn 

O. non 

o. non 

a. onn 

n. nnn 

6. nnn 

n. nen 

0. on0 

n. nnn 

*a 

0. on? 

m. nnn 

n. oon 

O. one 

n. an* 

n. nnn 

n. nno 

n. nnn 

n. n-o 

*.on0 

n. nno 

n. ooa 

n. nno 

n.nan 

~ig 'ure 'VI'I.I'.;-7, . Output  f rom Main S i m u l a t i o n  . . 



. r  r n a t n  mas rrvr m m r  o rmv 
0.1. 0.16 8 a .  0.1. 

r . ? ' ,  0.a- *.re1 * .a3  -.a-' 0.069 
0.) 0.m. 0.W6 0.n.a 0.mI 0.0.1 
0.8 o.mm 0.011 n.0.n o.orm o.oaa 
0.1 0.070 O.O?O 0.01n 0.010 O . O ~  
0.1 O.OV* 0.017 n.ov a.nr, n.nr? 

r r a o c r w  rtrrr n r r  n n p r  a +rmc 
O r  0.1. 0.96 8. ir 0.16 

n.s 0 . ~ 1  O.W. 0.m- n.ow 0.061 
8.1 0.0). 0.0II b.WR 0.061 O.OS? . 
0.3. 0.061 0.011 0.0W 0.011 0.018 
I n.orn o.orn o.orn n.nra n.oTo 
0.2 0.071 o.07~ n . 0 ~  n.or? o.ov? 

m r I .t.. .nmmr. n +rur a.on r r r n  * 
n.ir 0.1. n. i s  0. 9. n.11 

n.? n.nnn n.onn n.non o.nnn o.nan 
n.? n.nnn n.nnn *.one n.*nn n . r w  
n; j n:nsn. 6:nnn n;nnn n.nnn. n.n*n 
n., ".""* " ."no 0.""" *.nnn "."no 
0 . 9  n.nnn o.nnn n.nnn n . n m  n.nnn 

n..L n.1. 93.9. n.31 n.16 
0.71 n.nnnon n.onnnn n.rnnnn *.n*nnn n.nnnn* 
n. ,Y n.nnnnn 1.6,mtr .. 1 n.rs.m. n.nnnnn 
0. ,, n.nnnnn?.. ,,rar*r. ..<.. \. ?,..tn n.nnnnn 
n. 2, n.-nnnn 1.n-n. n. ,r* n.nn*oa o.anmnn 
n.,, n.nnnnn n.nn*nr *."""*" n.n*nnn n.nnnn* 

cnmr?.rearrn. r e  WII nv n r r  rv.  rr nv r8r.n *rr* nqn re  7 T W R  o.pn rrrvr 7 

8. I 0 . r ~  n. *a . n.ia 
o. Y Y  o.annno r.nrnno n.nnnnn n.nnn*n -.onnnn 
n. ?a a. n-nnnin. n<,.7........e~..t+-. n. nnnnn 
b.,) n.""""" ..... r .................. n,n).,n 
b. 11 n.On"nn*,..v..r.l. *'.,* r . i o * ?  n.nnv7.r 
n.., n.nnnnn n.nrnrr n.nr .... n.rrnn*n n.nnnm 

Figure VII1.-7. Output from Main Simulat ion 



0. mirn n.snnn 
n . * r r o  r .almn 
n. . rrn  n .nn*n 
n. . * T O  ".*".* "...." n.n,Snn 
n. a 1 1 1  n. or*, 
n . .rrn *.n.nn 
n. . ( ? o  o.anmn 
n . r ? r n  n.nrnn 
0 ,  3 e. V*""  
n. errn a . r r * n  
0 .  . l l "  *. 0.7"" 
n. .r,n n. ornn 
". . t , l  " .on*"  
n..rrn n.nn*n 
n. L.." l.0""" 

-. . 

Figure  V I I I .  -7 .  Output  from Main S imula t ion  



. r m  rrr r.r-r nrrm .................................... 
t w v  m n n  .?I' n -TP  WII I nvvlstn.. I*  1 2.ar.n - n .2nnn nrc.r.* m.n.r .......................................... 

m r ~ n  rn....? r.vnr na ra  . . . . . .  . . . . . . .  I."" I,".. 8 . , . . I . . . .  l,....?1.."...11l - s 
?n r  n r r n  c?r.vm- C.I. may r e  nrrr-rn.. 1. r .*nrrr n . n * ~ *  nrc.P.2 8.n.r 

,.n .,a nw~;r*.$ 1.. I e-#r.r  n . n r % r  n.c..r< aramr. ,  

I1 

0. 

8 .  -1- 

0. I I .  

0.  P8* 

0. vpn 

1.8-1 

5.188 

n . r r r  

n. 117 

-n. I 7 7  

1. om* 

n . ) r v  

a.!.? 

>, 113 

I 8  

0. 177 

0.  me* 

O.e.8 

n. -*I 

n.em1 

0.111 

0.1.- 

0. $7. 

0.  .n* 

n. mnn 

n. ~7 

I). I.. 

n: 2*2  

n. 712 

.. " . ~  : 

g u e  I 7 Output f i - ~ r n ' ~ l a ' i n  Sirnulat i .on , ' . ' 

' .̂  ..... . . .  . . . . . .  



............................ .....".....I......."......."............ 

..........................r................................... l."" 
Lb."., ., LC.."" 'Y .,..,.,"'" .......................... ........ ..........."................ ........ U..L.U.U 

IbY0U- 

h "6 ."- 
(.I .0- 

Sb< 'U 

b"B.U 

L.' .U 

eW'u- 

.u,-u- 

AIL -0- 

..I .u- 

1.1 .u- 

be1 .u- 

.ut-u- 

LI1.U- 

UUO '0 

~4u.Y- 

L.0-u- 

.,1.u 

4.t .U 

..O.U 

u,..u- 

%.I.U 

.."" bet." 

b.I'U 

.It '0 

bI4.0 

b.4 .O 



81 nn.tsnthl .  i n . n ~ ~ t t . .  8.. - n ~ r r ~ r . l . n  rr tn.w 

8 . .~ .n:~t i  vrr t .n  . rv? n*... 1 r. , .  vn.nn.nn I..V-L 1 
".]I 0 .  n.,. . n . 1 7  

n .1  n .117  n . v r  ".en* n.ar )  n . * * a  
n., 0 . 7 ~ 9  n.,.. n . . r *  n. 1 9 ,  n. r%,  
n. 1 n . a t e  n . . , ~  0 . 0 ~ 7  n . .~ .  o . % t -  

n. ,  s . r . 3  n.r-,.  n.r.. n.r.1 " . , l o  
0. 1 n . L I *  0. 1 3 .  n.7.7 ~ 7 . 7 6 %  n.7<7 

*. , ".)", n. 16, n. vro n . t * o  0 . r - n  

i ..1nr1rr pr.tn r r v v  rn-m.. 4 r t . .  9nq.n.r.n L.~.L 1 
n. 11 n. l r  n. 1. I n . 9 ~  

0.7 .n. 1 % )  .n .n .r  .n.n*. .n.nmo -n.n.n 
n., .".I,. .".Or? -".",I -n.n,n 0.""" 

n.7 .n.n,, - 0 . n . 9  .*.".. 0.n.. n.o.7 

n. n .pv1  n.nrm r . n r .  o.*nm n . ? , l  
n .1  o . ) n r  n . 1 6 ,  n . ~ r o  n . r r *  n . , m  . . I ,  . v r *  .---.. I rt.. tn.nn.n- r -r+t .  I 

" 9 ,  n,,. *. .. 0 .  I.. * . * 1  

n., n , rnn  0."""  ...*nn n.*nn " .no"  
n ,  ".""" n , * - n  n,nn.. "."no r . n * n  

".) n.n*n ","l" n , " " "  n,-nn "."** 
a,, r . n n *  n , n n r  n,-- .  ".*"" n.--q 

n. , 0 ,"""  n, *"" I, ..., n n.--n O.."" 

., ,-.* -.., ..., * .... .....- - , --.' ,".*-,-- I..-, . 

F i g u r e  V I I 1 . - 7 .  Output f rom Main S i m u l a t i o n  



F i g u r e  V I I I .  -7 .  Output f rom Main S i m u l a t i o n  



a. 11%" 

0.1-*n "..**. 
".rn,%" 
n..,<b 
n. .*..la 
n..*\n 
n. 1077 
n.nrrn 
n. I,," 
n. 1e.5 
n. %a?, 
n.ml5n 
L. " 9 % "  
n. r*%r 
n. a,<* 
"..I.. 
n. .,.n 
n..t%n 
n. * n n  *. e*..n 
C.  .,.." 
n. 1.9. 
n. a*.." 
n. L ~ W  
*..tm 
b.*l'n ".",.." 
n. *I<* 
".I*.* 
"..I\" 
n.".." "....." 
n. I.". 
la...." 
11.11.4 
n. ,.." 
a..,qn 
n..*m 
n..t\r 
".....a 
n..tzn 
"..I.." "..*.." 
....,.a 
I.,..." *..... .,..,.. "_..... 
. I ,  .I,. .. 

n. v.5 
0 .  1.5 D. 8 - 1  

n. I..% 
0. I<? 
n. I*% 
0. 1.5 
0. 1-5 
0. 1-5 
n. 1%- 
n. -<% 
la. a*% 
e. I** 
n. *%T ". ,<, 
a. ,-5 
n. *<% 
". ,<5 
0. I<% ". 15% 
n. tr. 

n. 1.5 
n. I-.- ". ,%% 
0. I<* 
n. I<% 
a. 1%. 
n. tr% 
n. t r %  
n. ar* 
0. ,<< 
0.  I.% 
0. ,..\ 
n. I%% 
n. t.5 
a. ,*% ". *.. 
n. ~5 
.I. I*. 
L. I... 
a. I... 
n .  I-.. ". *?. 

L. 1.1 *. I... 
I .  *.. ... .._. ". I.. 
I .  . .. 
-. n * "  

n. am*> 
" .C" t>  
n.*-*n 
n.c*-3 
o.noro 
n .mrn  
0 .710  
n.*n1> 
n.nnro 
0."10 
Y.071Y 
n.nntr 
n . n * o  
0.DnO 
m.nm*) 
b.""l!I 
n. * * r>  
O.**l7 
n.pi11 
0 .n10  
n.nr(n 
o.nnt> 
n.o*vw 
n.nnr8 
n . n r o  
n. n * i r  
o.nmtn 
n.n111 
n.no*n .. "-1. 
I. not> 
o.nn*o 
b."?*> 
s. net0 
n.nnb> 
n.lart) 
"."*I, 
. . " l l J  
b."... 
".""*1 
b. "*I> 
n.n** r  
".",,I 
".***1 
",**., 
I....,. 

n:.,,. 
7 , - . , .  

", .... . . " 9 . .  

o.prro n.*snn *. .vv1 n. nbnq 
n..1?0 n.nnr* 
n. .vrs . s.nr*a 
0. e71n n. nnnm 
n. * e r r  m.nnn. 
n. ~ 7 7 0  n. nnro 
n.*v10 n.n*nn 
o..rin a.pmrm 
n.*t*n ?.en** 
n. e-rn n.anrm 
n. m.10 n. nmnm 
n. .*to n. nnna 
n. ~ V I O  7 .  
n. .II~ n.nwn 
I. .1.n o.onn* 
m. ..*n n. OD*" 
I 0.snm 
n. .*to n.oncm 
n. a r r n  n.nnrm 
n. .vtn n. OD** 
n..rrn n.osn* 
0. l m. nnam 
*...to D. n w e  
n. of10 n. nann 
n 0 m.osr* 
n. * % I n  n.onn* 
o. .11n n. nn-n 
s..rrn o.ns*a 
n. .,rn o.nn*n 
n. e r r n  n.o-m* 
n. " r r n  n. nenn 
0. ..1" .. OL"" 
o. mr ln  o.nrsn 
n. .**a D. en"* 
O. ,vvn n. mnnn 
o . * ~ t m  n.n*-n 
n. mrfo a. r r * n  
n..r.n ". ""... 
I. . rrn a.nrr* 
*..111 .. ,"** 
n. .r.n * .ern* 
I .  8 .  en"" 
I . 3 " 1 ?  * .or"" ., ..,. ., """. 
..I*., '."""" ,,.. ' * .  *,n..r 
*_ ". ." I. ""I. 

, ,,.. ., -.-. 
, , " * 1 1  *."."* 

F igure V111.-7. Output from Main Simulat ion 





. . 
I-,. rn.*.*. t.m+ naia *.no .-n.. a.1.~ PO. ..n~m.1.1 n. r r r  3r i t1.  

.IIC m r n  m r r r m r  c.rn 18. 10 nl.rw.-.* r. I *r&rrn n.nr* r  nvc.... 8.n.t 
..n 1, ".,t~,".. r. r 5rrr.n n . r r r r  r.7 ...% 8 . 0 .  r. 

twr r1.q CIIP L~CITTC*  n* 1. ntrm Cnrorwi r-.*I*I*. tr.r- i* a ?  hl.nnoo%a n?:..,~ t?w:~?ns. ..r oq.iaee.~ 1lrnmt~2 Lari t*w* 

111 ,,L*..* ,n. om,.."", "I.. P?.. "I.,"." L1 l n  .. -6 

1. 

-n.21r 

.n. tn r  

0, 1*1 

0.1ae 

n, r t r  

n. IWO 

n. e r r  

r o w  

C. n8* 

"."73 

.e. nee 

-". 771 

.n. ,na 

.n. 1.a 

, . 
. .r~ rm..... r.m. n l v n  ..or. .n*.* m w n  rm. n.ni..r.: n r  rn. . r r ~ r  

nr n t n  rnr.-.t n r i n  rns *e ~ r r r y r - n  I- r r r o r v n  0 .o l r r  nror... *.an1 
nmn .I n r r t r ~ n . .  1 .  . z ~ n - r n  n . n ~ % r  n.:..~. IPI.?. 

F i g u r e  V I I I  .-7. Output  f r o m  Main S i m u l a t i o n  



,it .* 'Y, .Y ..L'* iL"" >UL.Y I." 
bU1.U ,"I '0 L.f ." *YL'* ..I 'U C'Y 
LO." .,".I, ..,,'" L.U'U 'SU." L.U 
,.U.U- ,.,.0- 6UL.u- V,,'U. 1bL.U- L.Y 
I,"."- .LU'U- ""1.U- ..I -60- .,C'U- c.0 

.I.V 3)-u ~i'u ti." .<'v 
..A. ( .dr.Y d4.b U'ld14 A-IJLYA Y 

1 .I .... L." "t,,'" u.. I .I >...>." .."'. 5, "..>A. "..I. ."I .1 ..)I .... u. Y1.l ..A 
A ., L...:." ,Y.,L,C'L Y.. 1 ., S...>." ,,Y.L,U'Y >I ... >A> l..r,*'l. 4". ., ."111..4.. "1.1 ". 4I. 

"1.2 .I..v udlk. 411 .L m1Ll.U 4.1 LA I:.Ji.d YAI. S...D1V .I L.LL<'v 'L<.& 'V I II $1 Y1.X L#IA*UU W .IYI.O 

- ~:lllllil~~i6lli3bi~il1i1i~1~~iiiiGlllii~i~~~l~~~~~IZiJ~~ 

CLLLUL .I4 1bo-&>.d 
o...u('u tbt.-..I It~v.u.~-u.r*.rl1 
LSLL.Y'L l.,:-',31 .I*l.*.l. 
LlI&1(I'U I ,,-.. :I :I,,.".. 
.....Y'U Ill.)-LL>I .. ..l.l*u'IdAJ 
.dI\aU'Y I0.l-VJI .IIII.8**IdAJ 
U.L.." '0 . . 1"I-ll;l~ .l.....O 
UI.I~O~L ILLA-S~I .... ~.IJ id.. *.u,..l..4 110 ."* YOU. U 

L.s.l.lAm4d YYUUYU'~ lII>UJLI1 d.A#bd*LS 
.A#L..&Y UUUUYY'UI .UIUa& 111314d4..1 
-Y...O .YL,..'Y lllb.4" 

i... 11" Ud'llld> 4.r 40 ULA.I1UU 4W6 
'S.01 -I.AII UIUI.UCL 1.114. dJ >I U.# L1.I.l tl'I.Yl L'UIdIU 4" 68 

.Y.uI\,.L. ,U~I,-.I 4.1 UU.aLI... ~w.I~.u.I AB uu.ma b~ AI 
1'll.P a.6. .U *.1..124. . . A -nu SUYVU YY'L u4aUa4dl UI1I.C t .iU 

uu~ulri'o 1la.u.i.. 
"I\.",'" 1st--.:I -11, .... -E ...- d.. .C.O,U'U I.,1-',ll 3L.l.u.1 
,L,U*U'O #,,;.*:I >,L,."., 

9....U'Y LLL.b-LI.81 .I4.l.ld4ldAJ 
S1,'LL'O 10,-.>I ..,.,., 4"'l-.J 

I.*.." '0 ILL:-L,-l .L....l, 
ILLLYY'C 1L6J-131 b1..*.14 :,.I 6.Ulill.4 1LU W1 YUII. U 

b..ulblA.lJ .>I>..Iu YUUYYU'L IYUUUU'OL 
.YIS..& 111>U.8bl. 'IUIA....A.I 311114.1# 

121b.10 .be. "0.1 LII.ddU 
:..a II~ (r4'111*r amr 40 iOb-d4duU 4w. 

'.mur :ru.r u.,;t'~,.r Irul.. .u sr ulr. %d.rr. ,r'uul& surdu. 4u 61 

.L~UL~.'&. IUYII-11 Y.U YI.LL..V. Puu~.>sd'I A1 UddaAUa bL 11 
111.. 411 .' il.I..1>4. . .A .4u. 6.h". YU'U U1UI...U UI11.i I U1 

&A. 1IIA Y- du4.1 Y.bI4.J PL.'IIId$ 
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0: I. i : i n n n n  n:hnno  n. onnnn n. nnnnn n.*nno. 
; 1 n:,, r . n - m n m  n.nrnnn n . r n r 1 7 .  n . n n n r .  n.nnnro ". ,I n.nnnnn ".on""" n.-*n lr n. nn,n\ 0.""""" 

0.71 o.nnn*o n.~nm*n n. o.nnnnn n.nnnnn 
0 .  )L 0 .  "0""" n.nn**n *. nnnn* n. """"0 n.nnnnn 

0.7. 
o.nnnnn 
n.nnnnn 
0.  Il"""0 
0.0"""" 
n. nnnnn 

n. 
o.nnonn 
o.nnnnn 
o. nnnnn 
O. nnnnn 
n.nnnn* 

. . . . .  . . *  

F i gu re  VII1.-7. 

n. i * n  
0 .  ?<" 
n. 3%" 

0 .  ,%" 

' 0 .  ,..n 
n. I.." 
II. qrn 
n. 3rn 
n. t<n 
n. ,rn 
P. r \ n  
n. am 
I). 

n. r \ n  
n. 170 - n. I." 
n. I-n 

- ".',\" ". I,.* 
0. I.." 
0 .  I*." 
n. t r n  ". ,sn 
0.  I r n  
n..r,n 

". n. 7," n. I." 
- n . l * .  n. trr 
n. 2 1 -  r. 7%- 

' 0 .  ,,. n. I<* 
n. 7,. - n. 9-n 
n. 7," ".7,.." . ". , '9 ". 'C" 

, n.7,*  *:r.n 
n. 7,. 0. 8%" 

' n.,,. - n. ,-..I 
*. ,(L1 n. l L "  

n. / I *  ". I.." 
0: 7,m n. t.." 

. . 

'ou tput  f rom ~ a i n  '. 

*. *.* 
0. ..? 
n. *0.  
0.0.e 
0.00. ">.", 
n. a*. 

n..., - 
n . w *  
n.r*r 
n. *.* 
n.a.1 
n. ... 
n. ... 
0.0.3 *. ... 
0. * *1  
n. q.. 

n. s.. 
n. ..* 
n. .rr ' 
n. a*. ' 
*. *Ot 
n. 0.. , 
n. .. r 

- n. o.. 
n. o.* 
n. o w  ' 
n. o r ,  
0.0.. . 
0. 9.. *. '*. , 

' n. .., . .. 
n. ... 

. . 0. ... 
. ". ... 

11. ..I 
n. ..* - n, *.r '?'- 

0.  -9. ' . ' - 
. 0. o.1 

0.  0e. 



n..r*n ...... ...... ...... 
n..?*n ... .\" 
m.. 3%" 

n.*>.v 
0. i,.." 
0.. *." 
0..*3* 
0.. t%n 
o..*-n ...... 
o..v.n 
I.. ... 
0.. ..a 
0.7. ,. 
o.mvrn 
n.. *\n 
O..*." 
0. 0.30 
0.7.7. 
I,..,." 
0. 7.. I ...... 
o.a*\n ...... 
0. * 2 * *  
n. rsn 

0..**0 "..I." 

n.111, 
0.. .<n 
n.mr*n 
n. .-.n 
0..111 ...... ...... 
n. e9.s 
I,..'," 
0. ,"*. 
0. .... ...... 
......... 

a.m... I. 1m1 
11. *""" I. **1  
n .  ' 1 . ~ 9  
n. n,n* 9.601 ......... ... 
9. n.mn n. .I. 
n.n-** I. MI 
O..... ..... 
o.nmnn .1.001 
n."."" ' *.*a, 
o. 11-0 . 1.nn1 ............. 
*.nnnn 8 .  em-? (.or* 1.011 

0. ,009 ~ . n s t  
O. -nn* (.re( 
o. anno ....I 
0. """0 . *.""I 
0. nnM I. nn* 
0. nnnm I.*.I 
8. nnno I.*~I 
0. ?n-n e. -* 
0. on** a. -9 
e..... ..H* 
0. *no0 *..a I 
O. rnno 0. -* 
0. mmn 
m. mnnn 

0. -1 
0. U. 

*.*one o. HI 
0. cecn 0.0.. 
o.nnnn 
a. nnnn 

0. =.. ..... 
*.anon . 0. .*I 
o. nnnn 0. **a 
0. *nnn 9.01. 
0. nnn* 
0. nnnm 

I. 0.. 
I. "ID 

n. nwnn V.W. 
o.rnnn 
n. "*"" n. .*i 

I. a.. 
m. **an ....a 
0. nnnn B. -<I 
n.~ann 0. ,,a 
o. m-nn n. ow 

Output f r o m  Main 



.l,,*C1.??I.~n $.?..*nL.e 1 t1.R 
n.21 n. vn n. 1 n. o. I* . -0.1.m -n. I*? - n . r n ~  -n.o?n -n.nru 

n.1 -0.1.v -0.  9.. -n.,!. .n. t w  -n.n- 
0.3 0.n-1 o.nm? n.n-8 n.nTr n . 1 1 "  
0.1 n. i r e  o. 7n- n. ,%r n. P r  n. l n l  
n.1 n . w ~  0.773 n .25~ n.z*< n.1>1 

L L P ~ I I C ~ ~ P L I ~ ~ P I ~ I I I I I P L ~ L ~ ~ ~ T L ~ ~ I S L I ~ L ~ S ~ ~ ~ ~ ~ ~ ~ ~ ~ I I ~ I I : ~  
OICIW n? n n n r ~ . o  n t n  tt *r I n.17-n. n . ~ r ? q  r r  nm*... r r r n  rr-wrr rr TWC Y~IOI. 0. r n r  vtwvs nvvrm 0.1. 
rm? * -w  S.IC Z-PIIITI~. 1. TI? t t n ~ ~ ~ m c :  - r s ~ m  r -  n.r)n..*l n-m.?. rm t 8.n o.ozv.nrn n.om.p. 1. r 
T*? 6.11) -n??fi.rr. rm r n ?  ? r r r n  tvyvrm rs n.nrr. n.a.r.q r. r *.n n.o-6 ow..., 1. 7 

n.17 n.tn n. i 0. 3 n. 3. 

n. 0.71 1- n.onnns n.nn~nn n.nrn.n o.nnnnn n..nnw n.rnnnn o.nnn,v o.nnnon n n:nn.nn nnnnn 
n. ,1 n.nnnnn n.nrnnn n.nnnqn n nnn.. I I.....- . . ... . .... "..... ...,. 
n. 7- n. nnnnn n. onon* O. m n r o  a.nnnn* n.nnnnn 
n. 76 n.nnnnn n.orrnn n.n.nnn o.nnnnn n.nnnon 

F igure  VII1.-7. Output f rom Main 



n .e , rn  
n. 1-1. 
n. . t rn 
n..r<n 
0 .  n 1.3. 
n. .,q* 
"..,<" 
" . . I < "  
O . q ( ~ l l  
n.r,..n 
n.al.." 
".*,<" 
0.  ,*no 
n.n,zn 
" , a , < "  
"...l," 
n.q...n 
n. n r r n  
".a,.." 
* . m , . n  
* . a  ,L *  

"."'? 
0.  n,*.r) . 
".a,,." 
n . n . . n  

n . " , r "  . 
a_".." 

n ." . . "  
", .. ,..,. 

n. l a 6  
n. r.. 
n. 1.6 
n.  1.6 
n. 1.6 *. I.* 
n. 1.6 
n. 1.. 

n. *.a 
n. 1.6 
n. 3.6 
n. 1-6 

n. 1.6 
0. I.* 
n. 1.6 

n. *.. 
0.  7.. 

n. r .6  ". I.. 
n. Q.6 
0.  1.6 
0 .  7.6 
n. I.' 
0. I.& 
(1. *.I 
n. 1.6 
n. I.* 
n. 3.6 

n. 1.6 

n. ,.* 
*. I.. 
*. I.& 
n. I.' 
n. t.6 
n. - . r  
0. 1. t 
n. ( 0  7 

". ,. ? 

n. It,. 

0 . 1 1 1  

n. I., 
n.111 
0 .  ,I 7 

". 8 " .  

*. I J "  

-. I ." 

n.mrro o .on~m 
0.nr7n n.nnn0 
n. n9.n n. onnn 
"..1t0 " . * o n *  
n. .7rn n . p n n n  
0.".1" ".nrn" 
n. . r r r  r.snnn 
r. . t t n  n. onn l  
n. e l i n  n.onnn 
n. e r t n  n.nnnn 
0.  L.70 0.0rno 
L. . l t l  ".On"" 
o . r l r n  n.onnn 
n. . r r n  ".on", 
o .a r rn  *.onno 
n..rra n. anon 
n.9710 n.on-n "...," 0."""" 
n.mrro n.onnn . 
0.1771 n. Ofinn 
n..r,n n.,nnn 
n..rrn n. nnnn 
n.r,,n n.0""" 
n..rrn n.rnnn 
n, .,,n- n. """0 
L..VIO n.nnnn 
n..t,, n.n**n 
n.m.rn n.nnns 
"..?." n. ""0" 
0 .  . r , n  "."""" 
"..l,, n.nrnn 
*..r,n n.nnnn ". " 7  7" n. *nnn . 
n. l . 7 "  0 .  nnnn 
"...7" n . rnnn  
"..l," n.nnn.7 
". .,," n . 0 - n *  
n. . l t "  ". """0 
n...,n "."""" 
, . " * , 7  - n.nnn0 
, , n r , >  ".""** 
n, ..," n. n-n* 
Q.".,. ".1""* 

n . o l , n  I."""" 

n . n . r n  ",""... 
" "."".-" 
* . . % 8 .  -.,.*-m 

F i g u r e  VI1I.-7. Output from Main 



n.nt%n 
n..r<e *. . l." ".",,.* 
n..,.n "."*,." 
*..,S* 
".,.ll 
n.al*n 
n..trn 
n..,<* 
"..I,." 
0. a ,?" ....... 
n.n*c* 
*.e*..* 
0.e I.. 
n.16-r 
n..1.0 "..,.." 
n..1\0 
n. e ,;* 
0.1.1. 
n.. 11"  
n.v.m. 
"..I.." 

0.a.Z" ...... 
n.v,.-. 
*..a%* 
o..*\n 
n.n,cn 
I.II,l ...... ....... 
n..*z- 
. .LIZC 
n. I I.. 
n . n l m  
".).I.." 
m . * t m  
n. s e v i  ". .,.." 
n..,<* 
n.-t*n 
n. 12 **. 
"..I.." 
II..,.." ...... 
*. .rzn 
n..,,. 
*..,a*. 

n. -I- 
n. 175 
II. I,). 
-.*I- 
C. a. ) 

L. 1.1 
n.?r? 
2. 3.r 
C.  , I t  
n. 1,s 
n. * r l  
n. 1.1 '. 1)) 
n. I > %  
n. *,a 
n. I r I  
e. 1.6 
n. I). ". 17. 
n. 8:) *. I)* 
n. t. I ". I. t 
n. 
b. t.1 
n. I** 
n. 1.9 
I. t.9 
n. 1.r 
1. ,. t 
L. ,.. ". I.l 
a. 9.1 
n.  I?. ". 1.. 
n. me *. I." 

n. 1". 
(I. I#* 
L. In1 
e. I). 
C. 11- 
C. 1,. 
L. I0 ". t* .  
".I,, 
*. 1.3 
2.1") 
C. I In  
L. I t .  
n. ,,* 
n. * $9  

n. nnnn 
n. "Pen 
n. 0""" 
n. onnm 
n. me", 
n.onnn 
a. 2""" 
n.nnns 
n. * r *n  
D. el"" 
n. @en* 
"."*"" 
n. om"" 
0.  "*a" 
n.nnro 
II. nrmn 
*.*re- ". n-"* 
".""a* 
".**** 
".**no 
n. nmnm 
n. nnno 
n.0-en 
"."""l 
n. om-n 
n. nn ln  
0.n""- 
(I. """a 
n. ern* ".*"". 
n. nnnn 
n. .ma. 
1."""" 
n. nomn 
a. nnnq 
c#. 111.1" 
n.o*me 
n. n-nn 
L.""", *. *n-* *.**.* 
I .  """a 
n. en** 
O. ***a 
2."."* ..*."" ". c-n. 
n. n-nr 
".."a" 
1. *-an 
.."*"* 

. . . . 

Fig'ure V111.-7. Output f r m ~ a i n :  
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~C<rrn..n~,.s-,~ 3 r r r . r  rtwrn..r r r r r n31n .  cnr.rr.- n.an.mr-ns n.?rq-+ -sr  
. rare- n..<*qt-n* ... .ra.c- n.~- l . .n? r t r s -  n.r-. .  TIC^. n . * * ~ - n ? . ~ : v -  n . ~ ? w - n t  

Figure ~ 1 1 1 . - 7 .  Output from Main 



. ..~,n:rrr r r rv . r  9--r .*r.-o . *r.. .*7n*.n* !....I. I 
0 . 7 .  n.10 . ".I-. n . 1 7  

n.1 n.n*n n.nnn * . r *n  *.nnn " . *no 
n . ,  ".on" "."no n.nmn n.n-" n.nnn 
n .7  n . n n n  "."on ".""" "."*" ".""" 
0 ,  , *. nnn n,nnn n.r.9- *.""" n.*n* 
n. ,  ".on" n . 0 - n  "."*a n , * n n  n.nnn 

n.17 a. Ir m. 9~ 
n. I n  n.nnnon s.onnon n.nnnnn t.::noo ? ::nn, 
n.1, n.n-*nn o.n*mnn n.nn-rm n:ncn., n:pnnrm 
n.??  n.o**nn n.nnlon *.no-1. ..nrns, n nnnnn 
n.16 n.nnnon n.nennn n.nnnn6 n. nrnov n:nnnnn 
n. 1. n. n - n m  n.nnnnn n.anmno n. nnnnn o.nnnnn 

n . 1 ~  a. P n. I? n .  n. .1 

a. 0.11 11 n.nnonn n.n-rnn n.nnnn. n.onno0 n.nnni1 n.ntwao n.on,-t n.onnn8 n n:nnnnn annnn 

n.21 0.16 n.nnnnn n.nn*nn n.nrns. o . n * n t ~  n. n.nnrm n n n r ~  n.on,,* n. on-,. n: 0 nnnnn nnnnn 
n. 2. n.nnnnn n .nrmn n.nnm)n n.nnnen n.nnnnn 

F i g u r e  VII1.-7. O u t p u t  f r o m  Main 



n. 9-0 
"..Ira ".....* 
0. ,"an 
O..'"I 
n..v<n 
"..l-," 

o.m*m 
n..tm 
n.*tsn ."..(\" 
n. . I % "  
0.-q=.n 
O..?." 
0. I',. 
O..,.." 
O . " * \ "  
"...lo 
"..I.." 

n.. I .." 
".a*.." 
n...r* 
n..s..n 
n.q.rn 
n. " 9 ..* 
,....in 
n. n -in 
n . o , z o  .. l..." *.">.." 
n. .,LO 

n. I. 3 

n. 1.3 

n. 1.1 ". ,. , 
0. I.* 
0 .  *., 
0. 11 1 
n. 5.1 

n. t., 
n. I., 
n. rr  r 
n. 1. I 
0. 1.9 
n. 1.1 

n. r.9 
n. t. 1 

(I. I., 
0.  1.1 

n. I. r 
n. *. t 
n. I . ,  
n. 1.1 

n. 1.1 
n. 8.7 ". 9.7 ". v.7 
0 ,  v.7 
* . 1 1 1  

L. ,.L ". 1 . )  ". 1 ' 9  

". 8 . )  

*_  I.. 
*. I 0  

n. ( 8 . 7  

n.nv)n n.nnnn 
n. -1.0 o.nnnn 
n..,rn 0."""" 
n. *r*n 0. """0 
n.m.ro n.n-on 
n..rrn n.nnnn 
n..r,n o.r.n* 
0.  l ? ? n  Q.nPn-7 
n.m.rn o.nnnn 
n. p r r n  o.nrnn 
* . . r r n  o.*rnn 
n . w r n  a. nnn* 
n.#v*n n.nrnn 
n..vtn o.nrnn 
n. L V T ~  n. * Inn  
n. . , l o  0."""" 
n.prrn n.nnor 
n. ,,,n 0. *,en 
a. .77n n. nnno 
0. P*IO n. n * w  
n. a * r n  n. nnnn 
n. . . rn  n.r.nn 
n..t~n n.nnnn 
n. ..rn 0. *,no 
n . . I r O  n.nnn* 
n..rrn n.nr*n 
n. .,,n n. rnnn 
n. .rrn n.nn*n 
n. . rvn n.nenn 
n . . r t ?  o.nn*n 
n . r r r n  o.onnn 
r . . , r n  o.n*nn "..,," "."*"" 
n..rrn n.c-nn 
*.L,." o.~nnn 
*. .r,n 0."""" 
n. . , r n  n. "rnn 
I..,*" ".on"" 
", "7,"  n.wn.3 
n. .,rn n.rnnn 
n . . , r n  a,**"" 
* . . . I *  n. r-0" 
,.".,I, "."""" 
,.n*,, ".on*" 
n. . r  ,n 0.  p-nn , , " . o r " "  
n..rrn * . * -n *  
. .ov ,n  n.r.** . *.*--* 
1 .  , 1 8 1  "."""* 

ma.. 

F i g u r e  V I I I  . -7 .  O u t p u t  f r o m  Main 



.... 
I .. 'L 
L .. 'Y 

.."', "." 'I 
I.. ." L.. '* ,.*'L. 

h.. ', 1 .. 'U 
I .. '4 ... .Y 

.b. 'Y 
,...Y 
I.. .Y 
SY '0 
sb. .u 
SY .U 
*hi 'U 

............................. OLI 'Y "(1." U',IU.U U,'U.U I,,"'" 
b1L.U Il1.U Ib"1.U I'."'" .,,".O 
Ill '.A all." U>,".U I,."." "U."'" 

.w .k 
Ibb." 
.U .I 
I** .I 
bWd '1 
.ma.& 
Sb. .o 
bU 'U 
Ibb '0 

LL""'" 
L1.V'" 
'l.U.0 
.ti" 'U 
",." 'U 
A,." .U 
'l.Y.U 

,..*'U 
LL"".U 
'L.U'U 
'L.Y." . "I.Vf* 

blhl.0 
"a,"." 

.L,Y'Y 
LLrr'U 
"I." .u , 
ceru 'U 
0 9" 'U 
.L.UIU 
...... I,."." 
,,I" 'U 
., *Y ." l..*'U 
I,."'" 
...... .,."'U 
I,." 'U 
"Y"'" 

'1," 'Y 
,L.Y 'U 
b8Iv'U 

b. .  'U 
sn '0 
..... ..... ..... .b. .Y 
..... ..... ..... b..'U ' 
ICY 'I 
IYM .I 
bYU .I 
IYU .I 
bU '0 
l*Y 'I 
loo', 
&"".I 
ILY', 
b.b 'U 
IUU ', 1YY.I 
boo', 
..... IUY .1 
..... I." .o 
&lrU.L 
&"*-, 
I&"., 
1uu .I 

UY*U.U 
U""O'U 
UY"U.U 
U"UU.U 
"""0.U 
U*UU.U 
UUUU 'U 
UCUV.0 
I,"""." 
"UUU'C 
UUUU .U 
'*.U.U 
UU*U.U 
U*UU.U 
YV*"." 
ULUU'Y 
L.UU0.U 
(IYUU." 
U"UU.U 
*CUU .U 
Ir""0'" 
*U"U'Y 
YYYU'U 
UCkU." 
UUUU .U 
UbUU." 
UUYU'U 
ULVU 'V 
""UY 'U 
*UYU'U 

LYYY.U 



C ! I ~ t ~ C ~ ~ S t Z L L ~ ~ ~ ~ ~ ~ l 5 ~ P P ~ ~ ~ ! ~ S ~ ~ ~ I ~ ! ~ l @ ~ - C C G I ! C t ~ 2 ~ Q t ~ I l ~ ~ ~ t t L L  
s r f ~ ~ n .  ~PVITLL P-fn. ?n ? r r s  , s r r r  

rm. I ~TILLW 1sr?n.?n n.na nm.3 Inn r r ?  r m r r r r ~ c  r. v r  r r r r r  
r f  IY rrmrrr.n 8- rn.-rran. rs.,va~?n 89s. t .arrmnr at.*?n,?n. 
IY OT r ~ n ~ n s  rn*r.?* m.rv~s I* o* * * t c l r  r*?*.tnln I?WI: me3. 
m a  r * r r n + r t .  n r  -r. 3 r t r r r n  nrf .  I*.: 

n r : rs r r r  1.011aa nremsmc 
I.-..V~CI.L w..tn. ro.nnnnm nv..*,r. . . 
.r.-natrr n r c n t r r  ~ . n m n n n  c*.rr-.nm*. 

or smrcw? rm? n t ~  *~a:vfn.< I-*, V..I.VI~ ICI-r171 
P ..a,, l.,:.,-:,,~ ' 

¶ . > Y ¶ l Z i  
n. a.*.rr 

rrrl.n.a..**r. (r.-cv71 o.nn?rsr 
I c -  n.08-.*s 
I.".I?.C t:.-:tlI n.n?Ir* I* 

. . a. ".a,.< ,c*,-:1*1 n.*l.".7 
..~?w?.n-t.>.~r~: (?*--?st n. ?n*s t r  
..rltmn~ I. i n r r r ?  

r n ?  ? s r r ~ . ~ . ? r  I v r r a n c n  *.an nnnrg a w r  rw* -rsr..lmc 7. .?mv s r r r r .  . 
1- IY c n r r w n  IT LF.~I?II~? *e..?v.n*" I." ~..t.*nn. .*.r.*~rn. 
I 3  n* ..Cl"< IL.=..l .... 9. I." I *  " V  *.IC". ' .*... l l n  .."I- m... 
*nu rmr r . r r rs  *r .I. .rtl l.n nrt I.+: 

n t . s ~ t v  ~ . n n & r * i  n*a.stcc 
I.-V~VIC~IL -.*.~nn in.mnnnn nr..*rr* 
.IL.~I~IC v r . c b ~ r r t  1.nnncnn re.-r.m..s 

r.7 s m l r . ~  -I? nt l .  m.rr~n.* #.I: ~ B P # . P ~ .  ,:r-c1>1 
,am ..... l:l.-:??l 

>. >YI**rn 
Y. n..... 

rvr~n?a.a..v. I ~ S - L O I  n . n * l * * *  
rv~~.-ra.a..-. t r t l - r ? ? ,  n.n*.*rr 
, * . -$7 , -  t-,.-;*t1 ,...,**I I." .t-. r (-r,.yt.~. n.ntrm-. 
..*-91.1-8..r,).r: ~:..:?ss n. -nrrw 
P-c.nl,L 3. 1*11,1 

F igure  VII1.-7. Output f r o m  Main 





n.7te n.116 
7 n. r r r  
n.,,. 0.11, 
n.21, n.1t6 
" 2  0.116 
0 . 7 1 1  n. 1 1 6  
n.?t)  n.1-r 
" 2  n. *l< 
n . > ! ~  n. rrr 
n.21r n. 116 
O . ? 1 1  n. 116 
".Ill 0.1,s 
" . , , I  n . t t *  
n.7,. ".1,6 . n. 1.6 

0 . 7 0  0.116 
".,,I 0.11. 
0 . 2  n. 1.35 
n. 1 , .  n. 11s 
n . l l t  n. I t r  
O. 71. n. r lr  
n . ~ t r  n.  1 7 4  

F i g u r e  V I I I  . -7 .  Output  f r o m  Main 

a. *II~ n. nnnm 
n. n r 7 n  n. nnnn 
n. a)-n n.n?nn 
n.m,rn ,,.""no 
o. LIIO n. nnnn 
O.RV7n 0. 
*.P>I,, n.nnrn 
n. s r l o  o. nnnn 
n. gvrn 0. onno 
n. e71n n. nnnq 
n. a r r n  n. nnnn 
n. r r 7 n  n.nnon 
n.0710 o.nnnn 
n. e r i n  n. nnnn 
o.mv)n n.nnnn 
0. 4770 0. s.000 
n. myln n.onno 

n. n. . . rn  R ' I ~  n. 0. rnnn none 
P..IVD n .a l ro  o . rnnn  o.nnnn 

n. a r r n  O. nnnn 
n. a r l n  a. nnon 
n.40, n.n**n 
n. el." O.*bO" 
n. R l l n  O . O O n n  
n. m779 0.-nnn 
n..rro a.nnnn 
n. e77n o.nonn 
n. qvrn n. rnn* 
n. .m?vn n. nnnn 
n. arvn n. n ~ n n  
n. a l ~ n  n. nnnn 
n..r,n 0."""" 
n. n r r n  n.nnnn 
n..r~n n . p n n -  
n. arvn  n. nnnn 
n. s r 7 n  0 .  -0-n 
n.*rrn n.nnnn 
? . - . l a  O..""" 
n.mr,n 0. onon 
0 .  n 7 7 0  n. " P o l  
t . n n r ,  n.nnnn 
, . 1 > 0  'n.-'"0 
n. * r r n  n. nnn* 
1 . " 1 0  0.-*n- 
n. " 7 , "  n. "b"" 
n , * , , r  I. * rn*  
I .  n* 0 )  ". ."", 
,, - 3 , .  n.*-n. 





r s r m  sv.811 POI TII . ~ n n * r ~ r c  P ~ * T I O M  nr t.1 m n r t  

. , . .  . . =  . . .  . . , .  
'. t.ga,nn vn.ri . . . . . .  . - .  

7 .  Ill"* vn.. 
0.05000 L t r  
".0'.0"" r .1  

n mtraws 
t0.00000 nzr 
10.00000 D I I  
0.nnnot D I I  
n.onon1 nr 
n.onnn( 0 1  
0.11000 nz 

. . . . . ,  , , . .  5 1"Q". 
5 Jmrnn' , .' . . .. .. . .*. , ,' ' R " < " "  . .  . .  

I.. _ t  . . . .  0 .snr 
1 ' 0 . - . ' . . :".' . , 200  ' ICPIT 

: ,:. (-. PL1TI  - "0.3OOOO "L'C '. . ' . I  m.000n0 V".,. .. ,. . 
. . .  n.%onon firmrc . , .  

1:000n0 .,..IC . . .. . '  . ,.onon* .nv.hc , . 
' ' ' 5O.00OOO ...I 
' ' 'LO.OO1OO O"11"T 

0.0noon OVLLIT , .o.cn. 

I avsc 
1 .rr. 

1 1  1.000 1. on0 I. 000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

11 1.000 ~ . o o o  9.000 1.oon 1.000 i .ooo 9.000 1.oa0 1.000 1.000 ~ . o o o  1.000 1.000 1.000 

11 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.001 1.000 

10 1.000 1.oon (.no0 v.oon 1.000 c.000 1.onn v.ooo ?.ooo 1.000 1.000 1.000 1.000 1.000 

Fiaure VII1.-8. Output from Main Simulation 





I, ".L',SLTI I IELO STEP I1 I . I I I I  7 T l l l  1%.*00.00 LEVEL 1 
O.:'h 0.2M 0. I 1  0. I 1  0. 16 

0.1 - 0 .  117 -".oh1 n . n l l  n.015 -0.008 

STEP # I I I I tW 
0.11 0. I 1  

-0.261 -0.2SE 
-0.553 -0.eh. 
-0.219 -0.151 
-0.151 -0.215 
-O..O6 -0.221 

0.26 0.21 0. 11 0.11 0. 16 
o. 19 O. nnono O. nooon o.onnno n.nnonn o.ooooo 
0.10 o.nnnno n.no10t 0.nom.n o . n ~ n w  o.nnooo 
0.16 o.o,tono o.nnoni o . n n l n  O.OOIOP o.ooooo 
0.11 o.nnnno o .nsnu  o.onos6 o.nno17 O. nnnno 
0.16 O.OOOOU 0.0000n o.nnooo o.nnnno n.00000 

F i g u r e  VII1.-8. Output f rom Main S i m u l a t i o n  
R e s t a r t e d  Run 



0.8150 
0.9150 
0. 9150 
0 .1 l iO  
o . n n n  
O.1*50 
0. l b 0 1  
0. 1150 
o.8150 
0.5810 

, 0.1150 
0.8150 
O.BI50 
0.9150 

, 0.1150 
0.11150 
O.* l iO 
0.RI50 
O.P.150 
nl.9150 
'I. PI50  
U.YI50 
n . a I m  

:.Figure . v I I I , . ~ ~ .  Output f r o m  Maih Simulation. . . . , ; .  Restar ted Run 



m e n r a L  . L C A I ~ I S ~ *  
LI~L-V;:II'ILLI r n r s o n n n  
P H ~ ~ I C I L L I  cLeav-.n O P  
L # # s r  l U I l l  "PI. Il3lll.nl.l 0 LOST # I R I C L C S  

Figure  V I I I .  -8. Output f rom Rain S imu la t ion  
Restar ted Run 



nrPnsrTrn 
ton.nr l  
6 , .  Pel 
hh. 916 
> I . P ? l  
8 1 .  nrrq 
R S . Q 5 I  
qn. 9.. 
PI.". ,  

C I . . * * ? ~  UP n n m ~ r n  
n.n l n n > o .  002 
n.n ?nono.nnn 
n. n ?nono. nnn 
n.0 ?on"". nnn 

f.on.nnn ?onno. onn 
~ ? n n . n n n  ,nnnn.nnn 
o n o . n n n  ?nnno.o?n 
1:nn. nnn 7nonn.nnn 

F i g u r e  VII1.-9. Output  f r o m  Program PLOTMASS 



:i3 1 ifl8 i UIS Ia SS'fw 

17ldS 30 IMVIS 33NfS SMilCH 
17'7c 90':L 90'OL 00'51 00'CI 00'5 I 

I 

b ' 

# 

.? 
0 0 

L 

9 

I?", ? 
O 

w m 

P 
0 

" 
3M3HdSCULV Nl SSVU - 8 *? 73ViHnS .iHI :rO SSVU - L 

dn 03NVSl3 SSVW - C 0 
RUnl03 M.4lVM ti'l SSVU - I 

L- 



l # r m  T I I I ~ E T ~ ~ S  
I mrar 
I ISCIL 
I man::@ 

I 0  0IDC0 
o ~ r n v ~  

0.03000 CCUI 

n r r m r  r a t 8  mooas al8c8 8 r l r r  *or s r r r m s  118 romo mar bows MI# Lar mar r a t  r ~ r m r 8 r s  188rr 
0.0 1 

i 0.0 ~ . 8 2 0  q1.610 2~.ooo IOOOO.OOO o . n n  )o.ooo 1.000 
0.05' 0.10 0.11 0.03 0.10 0.08 0 . 2  0.30 

5 3 I 3 8  1 1 0  0 0 2 8  
0.0 6.035 9.935 0.0 0.000 0.000 R 110 67.000000 .1. 3099*1 0.0 0,011100 

0.115 0.116 0.116 0.116 0.216 

0.136 0.136 0.156 0.1% 0.156 
0.0 0.0 0.0 0.0 0.0 0.0 a .  2 3.05 0.0 0.0 I 6 0.17 
0.0 0.66 I 0.01 0.0 0.0 0.0 0.0 0 . 0  0.0 
0.0 0.0 0.0 0.0 0.0 0.0 8.06 ql.9. T.07 0.00 0.0 l 7 . U  88.18 5.*l 
0.0 I.JL 10.60 8 0.0 0.0 0.0 0.00 a o o  0.0 
0.0 0.0 0.0 0.0 0.0 0.0 29.96 63.81 32.88 0.01 0.0 181.99 .J5.60 5 l . W  
0.0 e b . ~  I > O . I ~  I 0.0 0.0 0.0 0.01 e o o  0.0 

3.0 1 
1 0.0 6 6 . 8 0  Ul.650 1091.988 1660.906 1.003 10.006 8.000 

0.01 0.10 0.01 0.03 0.00 0.08 0.21 0.30 

1 1.000 66.810 6 1 0  15.000t0000.000 0.817 30.000 9.000 
0.0) 0.10 0.11 0.03 0.10 0 . 0  0.21 0.10 

5 5 3 8 3  1 1 0  I 0 6 1  
lMOO.OOO % 1 I a  #.a- 0.0 0.011 0.013 0.310 67.000000 .l.l.999l 0.0 0.015100 

0.9.9 '0.105 0.221 0.218 0.25. 

0.Sll  0.116 0.3.9 0.336 0.371 
0.0 0.0 0.0 0.0 0.0 0.0 o.r 0.0 a o  0.0 0.0 0.00 r.oo 0.0 
0.0 0.00 0.00 0 . 0  0.0 0.0 0.. 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0 .0  0.0 0.00 0.00 0.00 0.00 0.0 0.00 COO 0.00 
0.0 0.00 0.01 0.0 0 . 0  0.0 0 . w  0.00 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.01 0.00 0.00 0.0 0.09 0.01 0.00 
0.0 0.01 0.0. 0.0 0 .0  0.0 0.60 0.00 0.0 0.0 

6.0 I 
1 0.0 66.*9l .1.611 l 3 O O . l l ~  1.95159 1.001 IO.000 1.000 

0.00 0.10 0.O* 0.0% 0.00 0.08 0 0.30 

1 3.000 6b.*l5 el.631 10911119 1999.b01 0.995 10.000 1.000 
0.01 0.10 0.0. 0.01 0.01 0.08 0.21 0.30 

5 5 1 9 .  # I 0  2 0 6 7  
11600.000 9 9  1..96 0.. 0.019 0.01. 0.330 67.000000 .I.l.999l 0.0 0.015700 

0.191 0.101 0.226 O.IW 0.261 

0.11. 0.308 0.132 0.354 0.179 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.00 0.00 0.0 
0.0 0.00 0.00 0.0 u.O 0.0 0.0 0.0 0.r 0.0 
0.0 0.0 0.0 0.0 .0.0 0.0 0.00 0.00 0.. 0.0 0.0 0.00 0.00 0.00 
0.0 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.. 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.00 .0.00 0.0 0.0 0.0 0.00 0.01 0.00 
0.0 0.02 0.02 0.00 0.0 0.0 0.00 0.00 0.. 0.0 

9.0 1 
1 0.0 bb.#OO *l .621 l.*6.971 117#.*- I . t l 0  11.000 1.000 

0.00 0.10 0.01 0 . 0  o.00 0.m 0.21 9.10 

1 3.000 6 . 0 0  I l I O l . 1 1  l . 7 0 1  I.lO0 3n.UOO 1.000 

, . 

Figure .VI I I .  :ll. - , I n p u t  to  Program. DATAOUT from Main. Program 



. . . . . .  ......... 
- . ., . .  , .  

F i g u r e  VII1.-11.  I n p u t  t o  Program DATAOUT from Main Program 



F i g u r e  V I I I .  -11. I n p u t  t o  Program DATAOUT from Main Program 



F i g u r e  V I  I I .  -12. Output  o f  Program DATAOUT 



. . 
., . . . .  

F i g u r e  VII1.-13. Outpu t  of  Program CHECDATA 



r r t r ~ n  e ~ m c r ~ o n a  
I ~ 6 . i m l n o  

LlT1TLIDC 
a 1 . 6 1 1 ~  

wioros 
1blU. 9 l O I 1  

Tn1cr.nss 

1 hh. 10010 Il. b*a>S 1*91.b.111 
o.on001 
0.001oa 

TI# anro  s e ~ ~ m a t r o a  I- T ~ L  I c l a c l t r n m  IS ?1?0.50 n n t n a a o  I- 118 r o r m r o r o a  8s 2661.01 ~ n a m s  
?nr*c 11. v C B I ~ S  n i r w  t o r  m?m?~un CII~C~WTIII IO~ 

F i g u r e  VII1.-13. Output o f  Program CHECDATA 



SPILLIT I LnwnlToln?. LarlTxlnrn n r n ~ n s  T ~ I C I ~ L S S  
1 66.1onoh a l . f . ~ z ' t l  1 2 1 1 . a ) ~ n o  0.0nn.1 
1 LL.T'.III ~ I . ~ I I ~ I  znuz. ,11612 o .onn51 

T1E 6 1 1 0  5 . P I P l T l n l  1, T H I  I r l r e n . l l n m  I S  OIS?. 1" I c l r n S r w D  I 8  TnE I D I a L C t I 0 8  I S  2 h R I . 1 9  M I T I 1 1  
 TIC^^. a*?.  9 c n l n s  r9r.a rna ~ I ~ I ~ O I R  C O ~ C ~ I T P I T I O D  

I P I L L ~  r ~ s ~ r n l n  r o s  J~LIIS o a r  ?rt s n l c a  r s  2a .ooooo w n s  r m a  n m  STI*? ol run WLL 

F i g u r e  VI1I.-13. Output  o f  Program CHECDATA 



T n 8  DIPTI c o r n  RIS IL~I P~TITLII 0.0 1. r n a  c n o m t r w  c r o c n w r s s  o r p r c r r n w  
1.0 11s 11 o n t c r m  11 h7 .0nn  I ~ 1 .  150  I 

L n w c l T n n 8  
h b . I I I a I  
h b . R l 0 1  
LL.Ol.1 
Lh. 7 6 1 6  
b h . l b ? h  

 SPILL^ t L O W S I T ~ ~ I  
I b h . l n \ Z V  

L I t r T O O C  
S l . 6 0 1 9 h  

R I D 1 0 3  
1 ~ 0 0 . 5 0 > ~ 8  

TRICUWZSS 

1 bh. l O l O L  0 1 . 6 7 P l ~  ? 5 ~ 1 . 9 1 1 1 1  
n. o n n l v  
o . o n n l l  

T 1 8  0 * I O  SCPI.ITlO8 ll T I C  I n l R l C T l r 7 .  1 5  6 5 7 0 . 7 1  1 r t ~ W S l W O  I #  T R l  I O I l B n 1 0 8  11 2BiO.95  a W 8 8 1  
TIROC I~I 0 0 8 1 n s  n v ? n  T R C  n ~ m r n o r i  CO.CL.TIITIO. 

F i gu re  VII1.-13. Output of Program CHECDATA 

. .  . . 



Figure  VII1.-14. Output o f  Program PLOTMAP 



. . 
TW11 WOW 1TIWTWW 0 1  061 150110 I T  I S  J.0080WIS IPTWW T I 8  ST11T OP TOW SPILL T I I S  108 S T l ~ W D  0 1  061 3IOlWO I T  I S  6.001001S IPTIW 7 8 1  STlWT O I  TWB SPILL 

bb. 809 
' 66 .8OI  

61. i e o  
66.190 

1 1  1 0 0 0 0 0  
1 1 1 0 0 0 0 0  
1 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  

e comcwnmavlom WILOIS OUT tmnna. 
SAIITOOI V I S T I I I I L L I U I  

*1.b18 111.593 
* l . 6 * 2  I 1 9 ~ . U b 7  
6 6  6.91.902 
(1.618 I*.. J58 
a1.612 J551.199 
b b  9012.blS 
* l . 6 * 2  JbI .55.  
-1.  bbb 125. I 1 1  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
O O O O O o O o O O O O o O O o o o  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 w 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

F i g u r e  VII1,-14. Outpu t  o f  Program PLOTMAP 



nlr m u  r r r n m s  om OI? ~ 5 0 1 r o  I? IS s .oomoss rrrmr t11 ITIW o r  r n a  SPILL 

....... C I S 1  1  ....... 
LOICITODI LI?I?OOI I lO IOS t0 lC IO ISS  

bb. 100 41.617 1*9b.911 0 .0010 l1  
8 6 . 8 0 ~  mt.6.o IJOI..II 0.001.bi 

?II~I 18s 9  CO~CIITII~IOI SILOIS o n  tarm8. 
LO.CI?OOI L I t l tOOC Pl IrS,oILLlOI  

b b . e l 1  .t.bOO .J l . JJP  
b . 8  4 I . b J 1  1081.JYI  
bb.OI1 11.656 6594.b95 
1b.OOI 4 , 6 0 0  515.811 
bb.10. 11.bJ1 2111.939 
bb. 804 # I .  656 4bO9.914 
66 .111  41 .608  I I B . l b 7  
bb.111 4 1 . 6 J l  b15. lbO 
6 .  7  b  199.10. 

1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O D 0 0 0 0 0 0 0 0 0 0 0  
1 1 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0000000000000000000PDODDP00000000000 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 v 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 u 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 U 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
O O O O O O o O o O O O O c O O O O O o O o o O O O O O O O O  
0 0 0 0 0 0 0 0 0 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 G 0 0 0 0 U 0 0 0 0 0 0 0 0 0 0 0 0  

F igu re  V I  I I. -14. Output o f  Program PLOTFlAP 



-.. . . 
O<L-.~V etr'tr rvc's* 
*L*.Vbl *O*'lI 59L'V* 
L~Z'CUI~ ICI'I* 6bt.v 
rtr'oret scv'~e 661'1. 
~rr's~. ~OI'II LLL'V* 
Oto'lzov 5 llB'.* 
lU.'ZlOt OC*'I* llI'99 
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'1IIIb LOO S80111 801L188883.03 6 8I* 8888& 
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6 6 . 1 J .  
6 6 . 8 3 4  
bb.  1 1 6  
6 6 . 1 1 b  
6 6 . l l b  
6 L  1 1  9 
6 b . l l V  

. .. '. 
F i gu re  iW.II.;I.. 4 4 .  bu tpu t "  o f  Program PLOTMAP 



maotnwa UTITUOI waotas TIICIWI~S . 1  09.606 JS.I.JP1 0.000115 
. 66. 122 91.627 2JI9. J l l  0-OOOJll 

r a i r a  &an r comcmnrrrtoa r r raas o n  rmaar. 
LOWOI10D8 L1*1Tu01 I6aTs/1tLL10w 

66.IJO 0 . 5 5  J21.661 
66.WI. .1.6lO l lV2. J lJ  
66.lJO O J  J100.6*0 
6b.l.J 1  lIb.1.3 
66.161 01.610 0.1.J91 
66.163 01.63. 0 ~ 1 . 1 0 0  
66.691 OI.S8S l2S.051 
61.691, 01.610 JOI.1Jl 
6 6 . 6 9  *I .bJ* 1Ml1l0* 

1 1 1 0 0 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
t 1 1 0 ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
t ~ 1 0 0 0 0 0 0 0 . 0 ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
# 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~  
w 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
# a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 D 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
# 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
w 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
d 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ' 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
w a 0 0 w 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
# 0 0 a 0 0 0 0 0 0 0 0 0 * 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0  

Figure VI I I .-14. Output o f  program PLOTMAP 



1 5 . 0  H'JURS 'FTER S T A R T  T%E 5 2 ; ~ ~  

.. . ;-:?.? OF SPI  L L E T S  A N D  ~ , i j 5 ~ . ; 3 r p . r , ~  

Figure  VI I I .-15. ' P l o t  from PLOTMAP 
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9 . 0 1 0 1  SOUIOC I I L O l l T i l S  0 1  S O I I I C 1  
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T E K P I  1 8 1  9 COSC#St8I? IO# VILOES 1 1 0  2 S P I L L 8 1 3  OOT P 0 1 1 I  I T  T I 8 1  
I 1 . 1 6 0 9  1OV.OK l l L O l R t C 1 S  0 1  SO1PICK 
a 1 . 7 1 t i  SOUIOR KILOIICTCOS IS s u w s o a r a c n  

I 51.0126 T O I L L  I I K h  111111 

11111 U K  9 C 0 1 C 8 1 T 8 I T I 0 1  I1LOES 1 8 0  1 1 V l L L K T S  0 0 1  I l l B S l  I T  l f l l  
11 .0156 1uI I11C l l ~ 0 l K T c e s  0 8  s O 1 r I C I  
9 0 . 0 1 8 I  SUULIC I IL I I *CTSES I D  SUOSOBPLCI 

11.. 11JO T O T I L  a 8 1 1  C I l K l T  

r n a n z  1.1 e c o m c n s ~ s ~ r r o e  r r r o c r  1.0 1 SPILLS a  o o t  t a 8 m  IT t r a m  
13.161> S Q U l B I  l l L 0 l I T C I S  0 1  S O I P I C B  

v1) .5eor  souam6 a r L o m r r r m s  rm s u e s n m r r c a  
1.b.1,.1 T O T I L  LIC. 1.1TCST 

F igure  VII1.-16. Output o f  Program PLOTAREA 



AREA COVERED B Y  S P I L L  

, . . . . .  . 

' Figure,  V I  I I. -17. P l o t  from PLOTAREA 



o o o o ee.866e166.05671 0 .0  o 0 0.0 0.0 
0 . 0  0 0 1P.8nRIn16, 3.331 0 . 0  31 ~691110.65081 0 .0  
0 0 0 . 0  0 .0  0 .0  11.~Olbl . . . ' . * * *5* .01RI l  0 . 0  
0 0 n...... 0.68175 0 . 0 -  SO. 2*6*P........11. 016*1 0 .0  
0 0  . 0 . ~ ~ 5 1 7 0 . 1 0 1 1 6 0 . 0  0 . 0  0 . 0  0 .0  0.0 

Figure VII1.-18. Output of Program P a r t i c l e  



CO.E lW8 lT lO81  I T  9111  . I. 00 l 0 . U  
111n 8 n  e r a  r m s t t  n? c l r m  or l o  I 0  180 I m 8  I. 1, 110  1. 

O l I O I 8  O? TtOl1180 B I D  1 1  1 9  1 0 . 0  L 1 l V 1 l  1. DIC8181 S I T 1  8ESPEC7 TO 1.8 081018 O? T l 8  T I I W  0 8 n 8  E8 lD  
1 8 8 0  1 1 l l O 8  1 8  8 ? L O T O  1 1 1  I ' 0.00881l10091181 18 1 180 0.00818I10V51111 18 I 
1 8  0 I V 8 1 1 ? 1  1 8  1 0 T I  I 0.0160E01811 I 8  I 180 0.016OECm8U 19 1  

F i g u r e  VII1.-18. Outpu t  o f  Program P a r t i c l e  



P6mrtcsn r r m a ~ n r a s  

o n a t w  a n .  *n. 

-I .. . . .  
Figure VI I I .  -18. Output o f  Particle 



I 0  o r  OIL ? I  
0 .11  0.3 
0.0 0.0 

C O I C ~ T I I T I O I  11 1 0  0 1  O IL  P I I  #L 
0 .  10 .. 0. 10 0. 31 0. I1 

0 1 0 .  0 0  0.0 0.0' 0.0 
0 .21  0 .0 .  0 . 0  0.0 o . o o o o ~  
0 11 0 0 0. 0 o..o . o.oooo0 
O. . I1  0 . 0 .  0.000.1 0.001.. 0. ono?v 
0 1 1  0 0 -  O.CO013 O.OOO9B 0.00011 
0 . 1  0.0 0 . 0  o.onno2 0.00002 
0 1 . 1  0 0  0 . 0  0 .0  0.0 

u r n  

Figure VII1.-18. O u t p u t  o f  Par t ic le  



OIOU'O OIl8'0 611'0 
0l00'0 OIIO-0 IIf'O 
0100.0 OIl0.8 Ibl -0 
ObOO.0 OIIa'0 Ibl.0 
0l00.0 ObIU'0 .ll'O 
0100'0 0118'0 1bl.0 
OLOO-o 011a.0 strw 
0100'0 OI18'0 111'0 
0100'0 OIll.0. Ibl.0 
OIOO'O - OSII.0 III -0 
0100'0 0IlU.O III'O 
OlOO.0 - ObLU.0 IbI'O 
0l00'0 0blU.0 OII'O 
0100'0 OIIb.0 OII'O 
0100'0 OIk8'0 OII '0 
0100'0 0118.0 OI1.0 
0100'0 8011'0 OII'O 
0100'0 0110'0 0I1.0 
0l00.0 OIl8.0 ObI a0 
0l00.0 011U'O OII'O 
0l00-0 OblU.0 OII '0 
OlOO.0 OIII'O OII'O 
0100-0 0blU.0 Obl '0 
0100'8 0110'0 . OII '0 
0100'0 ObI1'0 OIL '0 
0l00'0 OIIU'O OII '0 
0100.0 OblO.0 OIL -0 
0100'0 8161 '0 OIL '0 
0100'0 0Il8'0 ObI.0 
0l00'0 OIIO'O OII -0 
OlO0'0 OIIU'O OII-0 
0100'0 0118'0 Obl'O 
0l00.0 OIl0'0 ObI'O 
0l00.0 L.ll.0 OII'O 
0l00.0 0s10-0 ObI'O 
OIOO'O .\%I -0 OII .0 
OIOO'O 008'0 Obl'O 
0l00.0 OIl0'0 OIl.0 
0l00.0 1L"b'O OIl.0 
OLOO'O b*II '0 0II.O 
OIOO'O OIIU'O Obl.0 
OIOO'O obte'o orr 'o 
0100'0 1101.0 OII .0 
0l00'0 OblI.0 Obl'O 
0100'0 OII8.0 OSI'O 
0l00'0 OIIU-0 OII'O 
0l00'0 OIl8.0 OII '0 
0100'0 1101.0 Obl'O 
0100'0 Obl8'0 OSI '0 
0100'0 0b18.0 OSI'O 

0111 '0 
OIIU'O 
OIIU '0 
OIl1.0 
011 1'0 
OItU'O 
OIt0'0 
Obl1.0 
0410 '0 
OIlU.0 
able-0 
OIII'O 
OIlO'O 
0lIS.O 
OIL8 '0 
OblU.0 
10.6 '0 
OblY '0 
OIL" '0 
OSIO'O 
OIl8.0 
OIIU'O 
oste'o 
0188 '0 
OIIO '0 
OIIY '0 
OIL0 '0 
UI.1 '0 
OIIO'O 
0b10.0 
OIlO'O 
OIIO'O 
OII 1 '0 
L911'0 
OIIU '0 
8III '0 
ObIU '0 
OIlU.0 
tLUI.0 
C1.I .O 
OIle '0 
000.0 
1101 '0 
OLlO'O 
0%) I '0 
OblO'O 
OCIU'O 
L109.O 
ObbU'O 
OLII'O 

1910'0 
IYIO'O 
V.." '0 
O*\U '0 
l1.U .O 
6LIU '0 
II*O'O 
LLZO'O 
bLW'O 
.(I0 '0 
UI.U10 
OMSU .O 
ILIO'O 
ILIU'O 
ILW'O 
ILIO'O 
OLIO-0 
OLIO '0 
I LIO'O 

. ILW'O 
ILW'O 
I LbO -0 
KLW.0 
ILIO'O 
ILW'O 
ILIU'O 
ILIO'O 
1LIO.O 
IIIO'O 
KLIO '0 
ILIO'O 
ILIO '0 
IL\U '0 
ILIO '0 
ILW'O 
ILIO'O 
OLIO'O 
ILIO'O 
OLW '0 
0LIO.O 
ILIO'O 
ILIO'O 
lL10'0 
ILIO'O 
OLIO '0 
1 LIO '0 
1150'0 
ILIO'O 
ILIO.0 
ILIO'O 



m s r n w n I r r o m s  a r  r181 9.00 s o o n  
 WIT^ II. III mnn88m o r  c 8 1 m  01 10 10 1.0 I m a  1. I, LID s. 

COICEITIITIDI 18 00 O? OIL ?II IL 01 sarn8 s r 8 ~  IO~DII 1 1111  0.0 ~ n n  
0 1 9  0 .10  0.11 0.11 0 . 1  0 .11  0.11 0.11 0.13 o . n  

0 . 2 0  0 . 0  0 . 0  0 .0  0 . 0  0 . 0  0.0 0.0 0 .0  0 .0  0.0 
0 2 1  0 0  0 . 0  0 .0  0.0 0.0 0 . 0  0 .0  0 .0  0.0 0.0 
0 .21  0 . 0  0 . 0  0 . 0  0 . 0  0.0 0 . 0  0.0 0 . 0 0 0 1 9 0 . 0 0 1 9 ~ 0 . 0  
0 1 1  0 0  0 . 0  0 .0  0 .0  0 . 0  0.001.00.00111 0 . 0 0 7 l 0 0 . 0 1 1 . 1 0 . 0  
0.21 0 . 0  0 . 0  0.0 0.0 0 . 0  0 . 0 0 0 6 1 n . o o ~ 0 6 o . o  0 . 0  0.0 
0 1 1  0 0  0 . 0  0 . 0  0.0 0 . 0  o .onnnro .oornoo .o  0 .0  0 . 0  
0.1. 0 . 0  0 . 0  0 . 0  0.0 0 .0  o . o n 1 1 5 n . o n ~ ? o o . o  0 .0  0.0 
n ~ r  o o  0 . 0  0 . 0  0.0 0.0 0 .0  0.0 0.0 0 . 0  0.0 
0 . 1  0 . 0  0 . 0  0 . 0  0.0 0.0 0 . 0  0.0 0 .0  0 . 0  0.0 
0 1 5  o n  0 . 0  0.0 0.0 0.0 0 . 0  0.0 0.0 0.0 0.0 

C O I C ~ T I l T 1 0 1  1. 00 0 1  O IL  POD 1L O? I I T m  ¶ T I P  IOWBII  1  T I 1 1  0 . 0  U I B L  
0 . 1 ~  0.10 0 .11  0.39 0.31 I 0.11 0.1. o . n  o . a  

o m  o n  0 . 0  0 .0  0 .0  0 .0  0.0 0.0 0.0 0.0 0.0 

Output l  o f  Par t ic le  
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APPENDIX I X ,  O I L  PROPERTIES 

Estimated Percent Weight 

Fraction Description Venezuelan Nigerian !I2 Bunker C Kuwait 
Crude 1 Crude 1 Fuel 1 1 Crude 2 

1 Paraffin 10 15 10 0 5 
C6-C12 

2 Paraffin 8 . 1 5 .  25 ,, 1. 10 
. . 

3 Cycloparaffin 15 20 ' 15 0 11 
C6-C1 2 

. . 
4 Cycloparaf f i n  20 20 15 1 5 

C13-C23 ' .  

. 2  

5 Pfomatic Mono- 5 5 15 '. 0 10 
and Di-Cyclic .. . 

C6-Cll 

7 Naphtheno- 15 7 15 . 1 2 1 
promatic 
c9-c25 

I 
8 Residual 25 15 0 . . 9 6 30 

. . 

Specific .8769 .8446 .8472 1.019 0. '867 
Gravity . . . . 

. . , . 
References for  O i l  Propert ies ' 

. . . . . . . , 
. . 

.. . . * .  . . , . .  

1. Wang e t  a l .  (1976) . . . . . 

2. Persen (1979), approximated composition from t h i s  data.  
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I Section 12.4 Appendix 6A 

APPENDIX A 
, . 

A t h e o r e t i c a l  r e l a t i o n s h i p  between the  variance s2 i n  one 
dimension of a d i f f u s i n g  c loud and the  d i f f u s i v i t y  0 i s  

(Csanady, 1973) i n  which t i s  t ime. Let  us assume a c h a r a c t e r i s t i c  
d i f f us ion  v e l o c i t y  f o r  t he  c loud as a whole a t  t he  j t h  t imestep, u l j .  
Then i n  a d i s c r e t e  p a r t i c l e  and t ime model w i t h  t imestep d t ,  the  p o s i t i o n  
of t he  k t h  p a r t i c l e  a t  t he  j t h  t imestep, r j k ,  w i l l  be the  sum of 
a l l  previous displacements. Incorpora t ing  the  i n t r i n s i c a l l y  s tochast ic  
nature of turbulence through the  use o f  a random va r ia te ,  R'k, chosen 
from the uniform p r o b a b i l i t y  d i s t r i b u t i o n  [-1,1], we have, fdr no bu lk  
t ranspor t  v e l o c i t i e s ,  

Equating (1)  w i t h  the  s t a t i s t i c a l  d e f i n i t i o n  of the  variance, and 
performing a t r a n s l a t i o n  o f  coordinates so t h a t  the  o r i g i n  co inc ides  w i t h  
the  center  o f  mass of the  d i f f u s i n g  c loud composed o f  N p a r t i c l e s  g ives 

N j 2 
2*j*dt*D = ( 1 1 ~ )  * C C R * u' * d t )  

k = l  Il=1 Ilk 11 

9, 
Replacing u '  w i t h  i t s  expected value f o r  the  g iven problem, E (u l )  , and 
no t ing  t h a t  

j j 2  1 j 
(C R ) 2  = 1 R + 2 * C  C R i k * R I l k  
Il=1 Bk Il=1 Ilk i=l Il=1 

i n  which t h e  double sum on t h e  r i g h t  tends t o  zero f o r  l a r g e  j, and 
f u r t h e r  t h a t  

the  p r o b a b i l i t y  dens i ty  func t i on  being equal t o  1/2 on the  g iven 



i n te tva l ,  we have 

The value of 0 i s  then chosen from an oceanic d i f fus ion  diagram (Okubo, 
1974, for example), the radius of the spawning' area .being used as the 
character is t ic  length. By superposition, the net transport o f  the k t h  
p a r t i c l e  during the j t h  timestep, drdk, i s  

i n  which u jk  i s  the net advective veloci ty contribution. 
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I. Program Purpose and Overview 

This computer program was constructed as p a r t  of a l a r g e r  e f f o r t  a t  
t h e  Un ive rs i t y  o f  Rhode I s land  t o  i n v e s t i g a t e  environmental e f fec ts  of 
o i l  s p i l l  t reatment s t ra teg ies .  The s p e c i f i c  problem addressed here i s  
when and whether chemical o i l  s p i l l  t reatment w i t h  d ispersants might 
m i t i g a t e  the impacts of an offshore commercial f i she ry .  The primary 
e f fec t  i s  assumed t o  occur through egg and l a r v a l  m o r t a l i t y .  This 
i m p l i c i t l y  assumes t h a t  both demersal j uven i l es  and adu l t s  w i l l  avoid 
contaminated areas, t h a t  the feeding and spawning cycles w i l l  no t  be 
gross ly  i n te r rup ted ,  and t h a t  the  stock w i l l  no t  s u f f e r  through subse- 
quent bioaccumulation. The major program components are, therefore,  a 
popu la t ion  model fo r  a u n i t  stock f ishery,  an ocean t ranspor t  model, and 
a se t  of subrout ines designed t o  i n t e r f a c e  these w i t h  output  Prom the  o i l  
s p i l l  fates model a l so  designed as p a r t  of t h i s  p r o j e c t .  The program has 
been c a r e f u l l y  and f u l l y  described i n t e r n a l l y  through comment s ta te -  
ments. A f t e r  reading t h i s  manual, any ac tua l  app l i ca t i ons  o f  t he  program 
t o  an area and/or f i s h e r y  o ther  than the  Georges Bank cod stock w i l l  
r equ i re  a working knowledge of the program i t s e l f ,  a l i s t i n g  of which i s  
inc luded here as Appendix I. It i s  advised t h a t  no i n t e r n a l  program 
changes be made u n t i l  one has read through and understands the  program i n  
i t s  e n t i r e t y ,  s ince changes i n  one sec t i on  w i l l  have second and t h i r d  
order  mani festat ions elsewhere. 

The fo l lowing d e s c r i p t i o n  i s  designed t o  a s s i s t  i n  the  implementation 
o f  the  program f o r  new species and phys ica l  areas. For e x p l i c i t  sources 
of in format ion  regarding parameters used i n  the  g iven data sets, t he  user 
i s  r e f e r r e d  t o  the  f o l l o w i n g  pub l i ca t i ons :  

Reed, M., Development and App l i ca t i on  o f  a Fishery Populat ion Dynamics 
Model f o r  Environmental Impact Assessment, unpub. Ph.D. Thesis, F a l l ,  
19 /9. 

Reed, M., and. M. L. Spaulding, "An O i l s p i l l - F i s h e r y  Interact i 'on Model ,.I1 

Par t  X i n  Environmental Assessment o f  Treated Versus Untreated O i l  
S p i l l s :  Second . In te r im  Progress Report, U.S. Dept. o f  Energy Con- 
t r a c t  No. E(11-1) 4047, 1978. . 

Reed, M., and M.L. Spaulding, "An O i l s p i l l - F i s h e r y  1nteract io.n Model.: 
Comparison o f  Treated and Untreated S p i l l  Impacts," Proceedings of, 
1979 O i l s p i l l  Conference, pp. 63-73, March, 1979. 

Reed, M., M.L. Spaulding and P. Corn i l lon ,  "A F i s h e r y - O i l s p i l l  
I n t e r a c t i o n  Model: Estimated Consequences o f  O i l  Well Blowouts," 
Proceedings o f  the  NATO Symposium on .Opera t ions  Research i n  
F isher ies ,  Trondheim, Norway, August 1979 ( i n  press) .  

Corn i l l on ,  P., M.L. Spaulding and M. Reed, "Impact Assessment i n  O i l  
S p i l l  Modeling," paper presented a t  the  Workshop' on the  Physical  
Behavior o f  O i l  i n  the  Marine Environment, Princeton, May, 1979. 



11. Program Component Explanat ion 

1) Main 

The main program conta ins the  d a i l y  c y c l e  elements fo r  the  popu la t ion  
model. This i s  the  master program from which a l l  subrout ines are c a l l e d ,  
and through which a l l  program a c t i v i t i e s  are coordinated. The program i s  
i n i t i a l i z e d ,  a l l  c o n t r o l  var iab les  are  read i n ,  and then the  annual and 
d a i l y  cyc les  are entered. Operations cont inue u n t i l  the  s p e c i f i e d  end 
t ime i s  reached. 

2) Subroutine COMPAR 

This 'subrout ine was designed t o  attempt t o  s o r t  out reduct ion  ra tes  
i n  numbers o f  l a rvae  per  u n i t  volume due t o  m o r t a l i t y  versus d i f f u s i o n  
and t ranspor t .  The day of the year f o r  t h i s  comparison i s  s p e c i f i e d  as 
i n p u t  va r iab le  IDPTE. The comparison i s  performed i n  the  elements read 
i n t o  ar ray  INTELM from data se t  9. 

3) Subroutine BYPASS 

Program run t ime can be reduced by increas ing va r iab le  DT2 up t o  5 
days. This subrout ine uses t h i s  secondary t imestep subsequent t o  the  
s p i l l  year i n  both a n a l y t i c a l  and numerical t ime in teg ra t i ons ,  and by- 
passes the  d a i l y  cyc le  i n  the  main program. 

4 )  - Subroutine MOROIL 

If MULTI i s  g reater  than 1, and KYEAR i s  g rea ted ' than  SPI.LYR, t h i s  
subrout ine i s  c a l l e d  t o  assign a new s p i l l  year and o i l  source data se t .  

5 )  Subroutine WEIGHT 

Here the  s t a t i s t i c a l  data f o r  t he  stock a t  hand i s  used t o  c a l c u l a t e  
weight-at-age data. Weight i s  c a l l e d  on ly  once from Main. 

6 )  Subroutine AVGFEC 

The average number o f  eggs per  female i s  ca l cu la ted  here, as a check 
against  bo th  weight and fecundi ty  assumptions. Output i s  annual. 

7 )  Subroutine SPNTIM 

The spawning d i s t r i b u t i o n  i n  t ime i s  spec i f ied  here. Th is  i s  the 
r e s u l t  o f  r e l a t i v e l y  sub jec t i ve  eva luat ions  t o  date, s ince no s t a t i s t i c a l  
data i s  ava i lab le .  

8) Subroutine DEVELOP 

This subrout ine c o n t r o l s  development of eggs and la rvae  according t o  
whatever i n fo rma t ion  i s  ava i lab le .  



9) Subroutine TEMP 

A t  present a constant seasonal' surface water temperature; i s  sup.- 
p l i e d .  This i n p u t  can be a l t e r e d  i n  response t o  improved data 
a v a i l a b i l i t y .  . .  . . . 

10) Subroutine TOXIC 

This subrout ine i n t e r f a c e s  the  hydrocarbon concentrat ion ' ,data;  i npu t  
e i t h e r  through SR HCCONC o r  HCCON2, w i t h  popu la t ion  model. F i r s t  n a t u r a l  
m o r t a l i t y  ef fects are accounted f o r ,  fo l lowed by a check. t o  see.'which,' if 
any, organisms are w i t h i n  an area i n  which concentrat ions exceed t h a t  
spec i f i ed  by THRSLD. This r o u t i n e  i s  c a l l e d  from MAIN ' d i r e c t l y  .a f te r  the  
i n p u t  o f  the o i l  concent ra t ion  data: , 

. . .  

11 ) Sub r o u t i n e  HCCONC 

For SPLTYP = 1 (an instantaneous s p i l l ) ,  t h i s  subrout ine reads i n  
data output  by the  o i l  s p i l l  behavior model on a d a i l y '  basis.  Conversion 
from l a t i t u d e  and long i tude t o  the  d is tance u n i t s  of, t he  f i s h  model i s  
fo l lowed by output  t o  data s e t  4 o f  t he  ' o i l ,  egg, ,and la rvae  d i s t r i b u -  
t i o n s  a t  t h a t  t ime. . 

12 Subroutine OUTPUT . . 

Here annual output  i s  d i r e c t e d  t o  the  p r i n t e r ,  and o i l  s p i l l  case 
i d e n t i f i c a t i o n  data w i t h  the  annual y i e l d  estimates are output  . to  data 
se t  8,. 

. . ,  

13 Subroutine EGGMRT 

Natura l  m o r t a l i t y  of both. .densi ty  dependent and densi ty  ' independent 
v a r i e t i e s  i s  app l ied  t o  the  egg stages. d he t o x i c i t y  sect ions o r i g i n a l l y  . 
programmed here and i n  SR PLNMRT are not  used. . ' . . . . 

. . 
14) Subroutine PLNMRT ' ' .  , . - . .  i . 

. . .- . . . . . .. . . 

Here background m o r t a l i t i e s  are app l ied  t o  the  th ree p lank ton ic  
stages i n  the  model. As w i t h  SR EGGMRT, the  t o x i c i t y  sec t i on  kS:.:nct used. 

15) Subroutine BTMMRT 

Here a second order  Taylor expansion suppl ies means f o r  a numerical 
s o l u t i o n  o f  t he  j u v e n i l e  m o r t a l i t i e s ,  i n c l u d i n g  cannibal ism by adu l ts .  

16.) subrout ine HATCH 

This i s  a c t u a l l y  on ly  a func t ion ,  which re tu rns  the'number o f ,  days t o  
hatch, g iven an i n p u t  temperature. The c a l l  i s  from SR DEVELP. 

17) Subroutine SPNPLC . . 

Here eggs to. be spawned on a p a r t i c u l a r  day are d i v ided  i n t o  groups, 
and placed a t  random w i t h i n  the spawning area. On f i r s t .  en t ry ,  . the 
center  and rad ius  of the  spawning area are read i r i .  from data se't-:9.. . . -The'n-;'; 



f o r  each p a r t i c l e ,  o r  group, a c a l l  i s  made t o  SR RANDU, which re tu rns  a 
random v a r i a t e  used t o  l oca te  the  p a r t i c l e ' s  i n i t i a l  posi ton.  

18) Subroutine HCalN2 

When SPLTYP = 2 ( i .e. ,  a  blowout), t h i s  SR reads i n  the concentrat ion 
data output  by the  o i l  model (data s e t  3). These are then w r i t t e n  out  t o  
data se t  4 along with the  cu r ren t  egg and l a r v a l  f i s h  d i s t r i b u t i o n s .  

19 subrout ine DSCWRT 

The f i r s t  t ime t h i s  subrout ine i s  ca l l ed ,  12 days are read i n t o  ar ray  
IDAYZ from data se t  16. On subsequent c a l l s ,  the  present modeled day i s  
compared w i t h  the members of KDAYZ. I f  a match i s  found, the  day's 
ichthyoplankton d i s t r i b u t i o n  i s  output  t o  d isc .  Otherwise, c o n t r o l  i s  
returned t o  SR PDVDIF. 

20) Subroutine ADVOIF . 

This subroutine, which i s  c a l l e d  from MAIN, con t ro l s  the  advect ive - 
d ispers ive  sec t ion  o f  the  model. Upon f i r s t  en t ry ,  the  phys ica l  sec tor  . 
of the  model i s  i n i t i a l i z e d  through subrout ines FEREAD, VAREAD, VARSET, 
and CHECK. Ca l l s  are then made t o  subrout ines MOVE, DEAD, COMFS, and 
DSOJRT. A f t e r  the  f i r s t  entry,  only t h i s  l a t t e r  group i s  ac t iva ted.  

21) Subroutine MOVE 

Advection and d i f f us ion  o f  p a r t i c l e s  i s  accomplished here. F i r s t  
subrout ine VELIN i s  ca l l ed ,  t o  supply the  advect ive cu r ren ts  f o r  t he  day 
i n  question. I f  the  l o g i c a l  va r iab le  DOSPWN has a value o f  t rue ,  SR 
SPNPLC i s  ca l led .  Then each p a r t i c l e  i s  located w i t h i n  an element ( g r i d )  
of the  phys i ca l  model, and p lanar  i n t e r p o l a t i o n  among the  th ree d e f i n i n g  

* 

modes i s  app l ied  t o  determine an advect ive c o n t r i b u t i o n  a t  t he  g iven 
p a r t i c l e  l oca t ion .  A random walk d i f f u s i o n  v e l o c i t y  c a l c u l a t i o n  fo l lows,  
the  r e s u l t  being superimposed on the  advect ive v e l o c i t y  and mu1 t i p l i e d  by 
the  model t imestep t o  produce a phys i ca l  displacement o f  the , p a r t i c l e .  

22) Subroutine I N I T  

This i s  a convenience subrout ine, where i n  any arrays and var iab les  
can be i n i t i a l i z e d .  I n  general, every th ing  i s  se t  t o  zero t o  avo id  unde- 
f i n e d  var iables.  

23) Subrout ine FEREAD 

Cal led once from subrout ine ADVDIF, the  program sect ion  reads e le-  
ment, node, and d i f f u s i v e  c o n t r o l  parameters from data se t  10. Then 
a c t u a l  node numbers and l o c a t i o n s  ( i n  l a t i t u d e  and long i tude)  are r e a d . i n  
and converted. Thus, the  phys ica l  reference g r i d  i s  establ ished.  

24) Subroutine VELIN • Here the  v e l o c i t y  data i s  read i n t o  the  model from data se ts  13 ( long 
term ne t  d r i f t s )  and 14 (wind-wave cu r ren ts ) .  The output  values are  the  
sum of these two. 



25) Subroutine VAREAD 

The i n i t i a l  p a r t i c l e  data and random var ia te  seed, along w i t h  output 
wri te  and p lo t  time s teps  are  read i n  from data s e t  10. Thus, an i n i t i a l  
p a r t i c l e  d i s t r i bu t i on  can be s t ipu la ted  i f  desired. In addi t ion,  i f  a  
uniform d r i f t  velocity i s  t o  be applied over the e n t i r e  physical f i e l d ,  
t ha t  is  input here from data s e t  10. 

26) Subroutine DEAD 

Mortality due t o  transport  out of a favorable developmental area can 
be included here by s e t t i ng  var iable  IOFF = 1. Due t o  lack of any ver i -  
f i c a t i on  data f o r  t h i s  process, t h i s  subroutine has not been used t o  date.  

27) Subroutine COMPRS 

In an e f f o r t  t o  keep storage requirements t o  a minimum t h i s  subpro- 
gram was designed t o  compress ar rays  as  pa r t i c l e s  a re  removed from the  
system. Pa r t i c l e  a t t r i t i o n  occurs as  the  r e su l t  of the growth of larvae 
t o  juveniles,  hydrocarbon morta l i ty ,  o r  whenever pa r t i c l e s  a r e  t rans-  
ported out of the physical domain of the model. 

28) Subroutine CHECK 

After input of the node and element data through SR FEREPD, t h i s  sub- 
routine checks t o  confirm tha t  the nodes associa tes  w i t h  a  given element 
a r e  ordered counterclockwise. T h i s  is  necessary so t h a t ,  when associa t -  
ing a given p a r t i c l e  w i t h  a  given element, SR MOVE can s i m p l y  proceed 
around the element counterclockwise and check t o  see tha t  the p a r t i c l e  is  
always t o  the l e f t  of the  l i n e  between successive nodes. 

29) Subroutine VARSET 

The slope and d i rec t ion  of the  l i n e s  connecting successive nodes a r e  
ca lcula ted here,  along w i t h  adjacent elements. Storage of t h i s  informa- 
t i on  great ly  decreases subsequent search time when attempting t o  locate  
p a r t i c l e s  i n  elements. 

30) Subroutine SLPDIR 

T h i s  does the  actual  mathematics fo r  SR VARSET, which i s  primarily 
l og i ca l  i n  nature. 

31 ) Subroutine WRTOUT 

T h i s  generates printed output a t  the  desired i n t e rva l s ,  and c a l l s  SR 
STATS. 

32) Subroutine STATS 

Here p a r t i c l e  s t a t i s t i c s  (e.g.  centroid and variance of the present 
d i s t r i bu t i on )  a r e  calculated.  Although not employed fo r  the f u l l  scale  
f i shery  r u n s ,  t h i s  subroutine i s  useful  f o r  verifying the physical system 
def in i t ions ,  i n i t i a l  condit ions for  p a r t i c l e  placement, and fo r  comparing 
theore t i ca l  w i t h  modeled di f fus ion ra tes .  Changes can be made f reely  i n  



t h i s  subroutine, so long as  no common arrays  and var iables  a r e  revalued. 

111. Basic User Ins t ruct ions  

There a re  21 primary options bu i l t  i n t o  the program. The user can, 
therefore ,  run the program i n  a  variety of modes without a l t e r i ng  any 
in te rna l  code. The options a re  read i n  by the main program from data s e t  
9. I n  t h i s  data s e t  (see end of program l i s t i n g  i n  Appendix I )  the vari-  
ables a re  exp l i c i t l y  labeled so t ha t  no confusion w i l l  e x i s t .  A s e l f -  
explanatory l ist  of input control  var iables  follows. 
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I t  should be noted t h a t  every combination of c o n t r o l  v a r i a b l e  va lues  
w i l l  r e q u i r e  a  d i f f e r e n t  amount of  CPU time. The program a s  l i s t e d  (and 
punched on c a r d s )  is set up t o  be run under WAT 5 ,  t o  permit f a c i l e  loca-  
t i o n  of  u se r  e r r o r s .  When a  p a r t i c u l a r  model run is seen t o  be ope ra t i ng  
c o r r e c t l y ,  f u t u r e  runs (with d i f f e r e n t  t h r e sho ld  va lues ,  f o r  example) can 
be made more r ap id ly  by switching t o  t h e  "G" o r  "H" compiler ,  o r  by 
c r e a t i n g  a compiled load  module. This l a t t e r  op t ion  w i l l  a l s o  decrease  
c o r e  requirements from 512K t o  320K, an important  cons ide ra t i on  i n  com- 
p u t e r  t u r n  around time. 

The da ta  sets a s  included with t h e  punched ou tpu t ,  w i l l  s imula te  t h e  
popula t ion  response t o  an o i l w e l l  blowout occur r ing  a t  66.750 W Long., 
41.60 N Lat. on December 15 th  ( J u l i a n  Day 350). The s p i l l  year  i s  
1979, and t h e  run will end i n  2020. The secondary ( r a p i d  i n t e g r a t i o n )  
t imes t ep  is s e t  a t  5 ,  i ts  maximum accep tab l e  value.  F ish ing  e f f o r t  
o s c i l l a t e s  randomly about 25 thousand s tandard  days per  year .  For v e r i -  
f i c a t i o n  purposes,  t h e  output  of t h e  ca rd  deck i s  a v a i l a b l e  with the 
c a r d s  ( 2  boxes).  This run should t a k e  approximately 35 minutes of CPU 
time a t  512K. 
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12.5 Sec t i on  7 Appendix 

12.5.1 D e s c r i p t i o n  o f  Computer Software 



Computer Sof tware  f o r  Qualitative/Quantitative I R  A n a l y s i s  

The l a b o r a t o r y  is  equipped wi th  a  Nova 3/12 Mini computer.  The com- 
p u t e r  h a s  64K c o r e  memory, ha rd  d i s k  (10m b y t e  ) d u a l  f loppy  d i s k s  ( . 3 ~  
b y t e  e a c h ) ,  8 channe l  D / A  board ,  1 6  channe l  d i g i t a l  I / O  board ,  A/@ con- 
v e r t e r ,  foreground/background management sys tem,  two t e r m i n a l s  and a  
d i g i t a l  p l o t t e r .  I t  is i n t e r f a c e d  t o  t h e  Hewlett  Packard GUMS system 
and t h e  Beckman 4260 I n f r a r e d  Spec t romete r .  I n  a d d i t i o n ,  t h e r e  i s  a  
Micro Nova, equipped wi th  28K c o r e  memory, d u a l  f loppy d i s k s  ( .3M b y t e  
e a c h )  8 channe l  @ / A  board ,  1 6  channe l  d i g i t a l  1 /0  board ,  A/@ c o n v e r t e r ,  
g r a p h i c s  t e r m i n a l .  I t  is  i n t e r f a c e d  t o  t h e  P.E. g a s  chromatograph.  

E x t e n s i v e  s o f t w a r e  was w r i t t e n  f o r  d a t a  c o l l e c t i o n  and massage and i s  
d e s c r i b e d  i n  t h e  fo l lowing  s e c t i o n .  

1. I n f r a r e d  Sof tware  

a )  Program D e s c r i p t i o n s :  

i )  IRBECK - t h i s  program c o l l e c t s  t h e  d a t a  from t h e  Beckman 4260 
I n f r a r e d  s p e c t r o m e t e r  i n  1 cm-1 inc rements  and s t o r e s  t h e  d a t a  on 
f i l e .  

i i )  SCALESUB - t h i s  program " s e p a r a t e s "  components from a  mix tu re  by 
s u b t r a c t i n g  t h e  i n f r a r e d  spect rum o f  a  p a r t i c u l a r  component from t h e  
i n f r a r e d  spectrum o f  t h e  mix tu re  c o n t a i n i n g  t h e  component. 

i i i )  ADDSPEC - t h i s  program adds  two o r  more i n f r a r e d  s p e c t r a .  

i v )  ELASTASPEC - t h i s  program s c a l e s  (expands o r  c o n t r a c t s )  a n  
i n f r a r e d  spectrum ( i n  absorbance  u n i t s ) .  

v )  HOW MUCH - t h i s  program de te rmines  t h e  amount o f  a  d e s i g n a t e d  
component i n  a  sample. 

Flow c h a r t s  o f  t h e  above programs a r e  shown i n  F i g u r e s  14-1 through  
5 .  

b )  Development of Data A c q u i s i t i o n  Techniques 

i )  De te rmina t ion  o f  i n s t r u m e n t a l  s e t t i n g s  f o r  measurement and com- 
p u t e r  s t o r a g e  of a c c u r a t e  s p e c t r a .  

Although t h e  measurement of h igh  q u a l i t y  i n f r a r e d  s p e c t r a  h a s  a lways  
been e s s e n t i a l  f o r  a c c u r a t e  sample a n a l y s i s ,  it becomes even more c r i t i -  
c a l  f o r  d i g i t i z e d  i n f r a r e d  spec t ra , .  Th i s  r e q u i r e s '  t h e  s e l e c t i o n  of 
i n s t r u m e n t a l  c o n d i t i o n s  such  t h a t  a c c u r a t e  d a t a  i s  t r a n s m i t t e d  t o  t h e  
computer d u r i n g  a  scan .  To choose  t h e s e  c o n d i t i o n s ,  it is  n e c e s s a r y  t o  
c o n s i d e r  t h e  magnitude o f  t h e  s i g n a l  r e a c h i n g  t h e  d e t e c t o r .  T h i s  is 
governed by t h e  energy th roughput  o f  t h e  sample. 
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For  i n f r a r e d  a n a l y s i s  of  t h e  meso-tank samples ,  we a r e  e x t r a c t i n g  
water  samples, wi th  CS2 and t r a n s f e r r i n g  a n  a l i q u o t  of  t h e  sample t o  a  
s e a l e d  c e l l  'of 6  mm p a t h l e n g t h .  To e l i m i n a t e  t h e  a b s o r p t i o n s  due t o  t h e  
CS2 i n  a  spect rum,  a  second c e l l  ( a l s o  6. mm p a t h l e n g t h )  w i t h  pure  CS2 
was p laced  i n  t h e  r e f e r e n c e  beam of  , t h e  ' i n s t rument .  The CS2 then 
a b s o r b s  i n f r a r e d  energy from t h e  sample and r e f e r e n c e  beams a t  i t s  
c h a r a c t e r i s t i c  f r e q u e n c i e s .  The r e s u l t a n t  spectrum was due t o  t h e  
a b s o r p t i o n  bands of  t h e  sample ( s o l u t e ) .  The, a b s o r p t i o n  of energy from 
both  beans  by CS2 g r e a t l y  reduced t h e  energy throughput  of t h e  sample.  

To de te rmine  t h e  p roper  i n s t r u m e n t a l  , paramete r s  f o r  measuring 
a c c u r a t e  s p e c t r a  of samples i n  CS2, a  s imple  mix tu re  o f  benzene- 
chloroform ( 1 : l )  was i n i t i a l l y  t e s t e d .  I n  t h e  r e g i o n  o f  i n t e r e s t  between 
1355 and 655 cm-l, chloroform h a s  two a b s o r p t i o n  bands (1210 and 755 
cm-l) and benzene has  two a b s o r p t i o n  bands (1030 and 670 cm-l) .  

The i n f r a r e d  spectrum ' ,of  t h e  benzene-chloroform mix tu re  i n  CS2 i s  
shown i n  F igure  1 4 - 6  ( t o p ) .  I t  shows t h e  a b s o r p t i o n  bands o f  t h e  mix- 
t u r e  and t h e  CS2, because  a  compensating c e l l  was no t  used i n  t h e  
r e f e r e n c e  beam. 

The CS2 a b s o r b s  t o t a l l y  between 880 and 830 cm-l, r e s u l t i n g  i n  a  
5 0  cm-I r e g i o n  i n  which no energy r e a c h e s  the '  d e t e c t o r .  T h i s  d i v i d e s  
t h e  spectrum between 1355 and 655 cm-I i n t o  two "windows," wherein t h e  
a h s o r p t i o n s  due t o  t h e  sample can  be measured. The f i r s t  window 
(1300-890 cm-1) c o n t a i n s  a  CS2 d o u b l e t  c e n t e r e d  a t  1040 cm-1. The 
second window (825-655 cm-l) c o n t a i n s  f o u r  r e l a t i v e l y  s t r o n g e r  bands 
due t o  t h e  CS2 (805,  785, 755, and 655 cm-1) . 

The f i r s t  o p t i c a l  window p r o v i d e s  f o r  a  h i g h e r  energy th roughput  
because  it  c o n t a i n s  t h e  l e a s t  i n t e n s e  CS2 bands. Consider ing t h i s  win- 
dow f i r s t ,  i n s t rument  s e t t i n g s  were chosen f o r  t h i s ,  a v a i l a b l e  energy .  
Ins t rument  g a i n  was chosen f o r  t h i s  r e g i o n  accord ing :  t o  i n s t r u m e n t  s p e c i -  
f i c a t i o n s .  S l i t s  were s e t  a t  . 3  mm a t  3000 cm-1. The t h i r d  impor tan t  
pa ramete r ,  scan  speed,  was chosen by r e p e a t e d  s c a n s  o f  t h i s  sample a t  
va ry ing  speeds  and speed s u p p r e s s i o n s  and. 'by  s t o r i n g  t h e s e  d a t a  on t h e  
computer.  . . 

Tracking e r r o r  is  i n t r o d u c e d  i n t o  t h e  measurement i f  t h e  s c a n  i s  n o t  
slow enough. To de te rmine  a t  which speed t'tie t r a c k i n g  e r r o r  was e l i m i -  
n a t e d  i n  t h e  measurement, i t  was assumed : t h a t  a  spect rum measured 
a c c u r a t e l y  a t ,  e . g . ,  300 cm-llmin. w i t h  a .  speed s u p p r e s s i o n  o f  2 ,  would 
be i d e n t i c a l  t o  a  spectrum of  t h e  same sample measured a c c u r a t e l y  a t  300 
cm-l/min. wi th  a  speed s u p p r e s s i o n  of 1. S u b t r a c t i o n  o f  t h e s e  two 
s p e c t r a  shou ld  g i v e  a  h o r i z o n t a l  ( s t r a i g h t ) .  l i n e .  Pny d e v i a t i o n  from a  
s t r a i g h t  l i n e  i s  a  gauge of t h e  inaccuracy .  ' o f  s p e c t r a l  measurement i n  
e i t h e r  o r  both  s p e c t r a .  

F i g u r e  1 4 - 6  (bot tom) shows t h e  compensated i n f r a r e d  spect rum of t h e  
mix tu re  of CS2. Th i s  spect rum was scanned i n  t h e  1300-1000 cm r e g i o n  
a t  speeds  of 1000,  600,  300,  and 150  cm-l/min. P t  each speed ,  t h e  
speed 



FEWENCY. CM' 
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suppression was a lso var ied  from 3 t o  0, y i e l d i n g  three spectra a t  each 
speed f o r  a t o t a l  of 12 spectra. A t  each speed, subtract ions were per- 
formed between the spectra measured a t  the  various speed suppressions. 

F igure 1 4 - 7  shows the r e s u l t s  of these subtract ions.  It can be seen 
t h a t  a t  slower speeds and higher speed suppressions, dev ia t i on  from a 
s t r a i g h t  l i n e  p l o t  i s  minimized. There i s  s t i l l  some di f ference ev i -  
denced a t  150 cm-llmin., speed suppression 3-2; thus, i t  was decided t o  
measure a d d i t i o n a l  spectra a t  150 cm-l/min w i t h  a speed suppression o f  4 
and a t  50 cm-l/min w i t h  a speed suppression 1 and 0. F igure 1 4 - 8  
shows the r e s u l t s  of subtract ions of these add i t i ona l  spectra. I t  can be 
seen t h a t  by the subt rac t ion  of the  spectrum measured a t  150 cm-l/min. 
w i t h  a speed suppression of 3 from speed suppression of 4, there i s  a 
s l i g h t  deviat ion.  By slowing the scan down t o  50 ,cm-l/min. and sub- 
t r a c t i n g  speed suppression 0 from speed suppression 1, a s t r a i g h t  l i n e  
was obtained. 

To determine whether o r  not the spectrum measured a t  150 cm-l/min. 
with a speed suppression of 4 was measured w i t h  acceptable accuracy, i t  
was then subtracted from the spectrum measured a t  50 cm-1 w i t h  a speed 
suppression of 1. As can be seen i n  Figure I-E-8, a r e l a t i v e l y  s t r a i g h t  
l i n e  was a lso  obtained, i n d i c a t i n g  t h a t  w i t h i n  t h i s  ttwindow,u a spectrum 
would be accurate ly  measured a t  a speed 150 cm-l/min. w i t h  a speed 
suppression of 4. 

Moving t o  the second llwindow" (825-655 cm-I), we f i n d  a d i f f e r e n t  
energy s i t u a t i o n .  CS2 has more intense ,bands here, r e s u l t i n g  i n  a 
lower energy throughput than i n  the f i r s t  s i t u a t i o n .  This requ i res  a 
s l i g h t  increase i n  instrument gain and the determi:nation o f  proper scan 
speed. From the r e s u l t s  already obtained, we know t h a t  i t  i s  .no t  pos- 
s i b l e  t o  scan fas te r  than 150 cm-l/min. Therefore, spectra of the mix- ' 

t u r e  were measured a t  150 cm-l/min. w i t h  speed suppression vary ing from 
4 t o  1, y i e l d i n g  4 spectra. 

Subtract ions of these spectra from one another are shown i n  Figure 
I-E-9. The sub t rac t i on  of a spectrum a t  speed suppression 3 from the one 
measured a t  speed suppression 4 g ives s l i g h t  deviat ions.  The spectrum o f  
the mixture between 1355 and 655 cm-I was, therefore, measured a t  150 
cm-l/min. w i t h  a speed suppression of 4. 

The i n f r a r e d  spectra of the components were i n d i v i d u a l l y  measured i n  
the  same region, under the same condi t ions.  F igure I-E-10 shows the  
spectra of the benzene and chloroform. Beneath the benzene i s  the spec- 
trum r e s u l t i n g  from the sub t rac t i on  of chloroform from the  mixture, 
y i e l d i n g  benzene. Beneath t h e  spectrum of the chloroform i s  the  spectrum 
r e s u l t i n g  from the subt rac t ion  of benzene from the mixture,  y i e l d i n g  
chloroform. 

I t  can be seen t h a t  both spectra r e s u l t i n g  from these subtract ions 
vary s l i g h t l y  from the spectra of the corresponding pure compound i n  the 
825-655 cm-l region. To determine the  s t a b i l i t y  of the sample i n  the 
i n f r a r e d  beam for  t h i s  region, f i v e  r e p e t i t i v e  i n f r a r e d  scans o f  the  mix- 
t u r e  were made. In each case, the  sample remained i n  the  i n f r a r e d  beam 
f o r  20 minutes. 
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F i g u r e  14-11 shows t h e  r e s u l t s  o f  s u b t r a c t i n g  t h e  f i f t h  s c a n  from 
t h e  f i rst  scan .  As can  be  s e e n ,  n e i t h e r  t h e  mix tu re  n o r  e i t h e r  o f  t h e  
i n d i v i d u a l  components y i e l d  a  s t r a i g h t  l i n e ,  i n d i c a t i n g  a n  i n s t a b i l i t y  i n  
t h e  i n f r a r e d  spectrum of each sample wi th  t ime.  Th i s  a c c o u n t s  f o r  t h e  
poor  s u b t r a c t i o n s  i n  t h e  825-655 cm-1 r e g i o n .  

Consider ing t h e  i n s t a b i l i t y  o f  t h i s  mix tu re  i n  t h e  f i n g e r p r i n t  
r e g i o n ,  it  was dec ided  t o  move t o  a n o t h e r  sample type .  P' mix tu re  of 
d i b u t y l ,  d i i s o b u t y l ,  and d i o c t y l  p h t h a l a t e  were p laced  i n t o  CS2 s o l u -  
t i o n :  P h t h a l a t e s  a r e  a  common contaminant  i n  o r g a n i c  e x t r a c t s  from s e a  
wa te r  and t h e  s o u r c e s  of p h t h a l a t e s  a r e  numerous. They can  occur  from 
l e a c h i n g  of PVC p i p e s  i n  t h e  t a n k s .  We have d e t e c t e d  p h t h a l a t e s  i n  some 
"pureH l o t s  o f  CS2. C e r t a i n  p h t h a l a t e s  a r e  a l s o  n a t u r a l l y  p r e s e n t  i n  
s e a  wa te r .  I t  i s  necessa ry  t o  s e p a r a t e  t h e s e  con taminan t s  from t h e  
hydrocarbon e x t r a c t s  b e f o r e  sample a n a l y s i s .  S e v e r a l  i n f r a r e d  s c a n s  of 
t h e  p h t h a l a t e  mix tu re  were, t h e r e f o r e ,  measured and t h e  sample was found 
t o  be r e l a t i v e l y  s t a b l e  i n  t h e  i n f r a r e d  beam. 

f i g u r e  I-E-12 shows t h e  uncompensated and compensared i n f r a r e d  spec-  
trum of t h e  p h t h a l a t e  mix tu re  i n  CS2. A s  can be s e e n ,  t h i s  sample h a s  
many more a b s o r p t i o n  bands i n  t h i s  i n f r a r e d  r e g i o n  t h a n  d i d  t h e  p r e v i o u s  
mix tu re .  There fo re ,  it  would be expec ted  t h a t  t h e  r a t e  of s c a n  necessa ry  
f o r  measurement of an  a c c u r a t e  spectrum would be 150  cm-l/min. w i t h  
speed s u p p r e s s i o n  o f  4 ,  o r  p o s s i b l y  s lower .  I t  would be very d e s i r a b l e  
t o  be a b l e  t o  i n c r e a s e  t h e  s c a n  r a t e ,  ana one way t o  a l low f o r  a  f a s t e r  
s c a n  wi thout  s a c r i f i c i n g  s p e c t r a l  accuracy  might be t o  i n c r e a s e  t h e  s l i t -  
width .  Th i s  would i n c r e a s e  energy throughput  t o  t h e  d e t e c t o r .  There is ,  
however, a  l o s s  o f  s p e c t r a l '  r e s o l u t i o n  wi th  i n c r e a s e  i n  s l i t - w i d t h .  

F i g u r e  14-13 shows t h e  i n f r a r e d  s p e c t r a  of  t h e  p h t h a l a t e  mix tu re  
measured wi th  t h e  s l i t - w i d t h  s e t  f o r  .3mm and f o r  .45 mm a t  3000 cm-1. 
The s p e c t r a  show t h a t  w i t h  a  50% i n c r e a s e  i n  s l i t - w i d t h ,  r e s o l u t i o n  i s  
no t  s a c r i f i c e d  t o  any a p p r e c i a b l e  degree .  

I n f r a r e d  s p e c t r a  o f  t h e  m i x t u r e  were then  measured a t  150  
cm-l/min., va ry ing  t h e  speed s u p p r e s s i o n  from 4 t o  0 ,  y i e l d i n g  f i v e  
s p e c t r a .  S u b t r a c t i o n  of t h e  spectrum measured a t  speed s u p p r e s s i o n  0  
from t h a t  measured a t  speed s u p p r e s s i o n  4  y i e l d i n g  t h e  s t r a i g h t  l i n e  i n  
F i g u r e  14-13. Thus by opening t h e  slits t o  .45  mm a t  3000 cm-1, we a r e  
a b l e  t o  scan approximate ly  t w i c e  a s  f a s t  a s  a  s l i t - w i d t h  o f  . 3 m m .  

The computer programs were n e x t  t e s t e d  on s e p a r a t i o n  o f  p h t h a l a t e s  
from hydrocarbon samples .  The t o p  spect rum of  F igure  1 4 - 1 4  i s  t h a t  o f  a  
m i x t u r e  of Kuwait o i l  and p h t h a l a t e s  i n  CS2. The middle  spect rum is  
t h e  r e s u l t  of  s u b t r a c t i n g  a  spect rum of t h e  p h t h a l a t e  spect rum from t h e  
t o p  spect rum,  y i e l d i n g  a  spectrum of  o i l .  The bottom spect rum i s  o f  t h e  
pure  o i l  i n  CS2. 

The two lower s p e c t r a  a r e  a lmos t  i d e n t i c a l  i n d i c a t i n g  a  s u c c e s s f u l  
s e p a r a t i o n  of p h t h a l a t e s  from t h e  mix tu re .  

The s u b t r a c t i o n  program is a l s o  d i r e c t l y  a p p l i c a b l e  t o  t h e  s e p a r a t i o n  
of d i s p e r s a n t  from a m i x t u r e  o f  o i l  and d i s p e r s a n t .  The meso-tank exper-  
imen ts  were des igned s o  t h a t  t h e  f a t e  o f  o i l  i n  wa te r  and t h a t  of  o i l  
c a r r i e d  i n t o  t h e  wa te r  column by a  d i s p e r s a n t  were moni tored under 
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i d e n t i c a l  condi t ions.  O i l  was " s p i l l e d u  i n t o  one tank wh i le  o i l  and 
d ispersant  were s ,p i l led  i n t o  the  other  tank. Water samples of both tanks 
were c o l l e c t e d  a t  vary ing depths and the  hydrocarbons were then extracted 
w i t h  C S i .  

To determine the types and amounts of petroleum hydrocarbons present 
i n  the  o i l / d i spe rsan t  tank samples, i t  i s  necessary t o  separate the  o i l  
from the dispersant.  L ike  the o i l ,  the dispersant i s  a lso  a complex mix- 
t u r e  of hydrocarbons which has a very st rong and complex i n f r a r e d  spec- 
trum. . - 

/ 

Figure-  1 4 - 1 5  shows the i n f ra red  spectra of o i l  on CS2 as w e l l  as 
d ispersant  i n  CS2 i n  the 4000-650 cm-I region. As can be seen, the  

, - dispersant  has hydrocarbon bands between 3000 and 2900 cm-1 which over-. 
l a p  with the  hydrocarbon bands due t o  the  Kuwait o i l .  The 2930 cm-1 

Band i s  used f o r  q u a n t i t a t i v e  ana lys is  o f  petroleum hydrocarbons.. There- 
fore, i t  i s  necessary t o  e l im inate  the  overlapping dispersant band i n  
t h i s  region. Looking a t  the  f i n g e r p r i n t  region (1355-655 cm-I), i t  can 
be seen t h a t  the  dispersant a lso  has r e l a t i v e l y  in tense bands which over- 
l a p  with the bands of the  o i l .  To perform q u a l i t a t i v e  a n a l y s i s  o f  the  
petroleum, the  absorpt ion bands due t o  the  dispersant must be e l im inated 
as we l l .  

I 
Since dispersants and petroleum are both  complex mixtures o f  hydro- 

carbons, chemical separat ion o f  these two mixtures i s  extremely d i f f i -  
c u l t ,  if not a l together  impossible. 

To determine the f e a s i b i l i t y  o f  separat ing these two mixtures spec- 
t r a l l y ,  a mixture of Kuwait o i l  and dispersant was placed i n  CS2. The 
top  spectrum i n  Figure I-E-16 i s  of t he  mixture.  The concentrat ion o f  
the  o i l  and the  dispersant were both  known. A CS2 s o l u t i o n  o f  a known 
amount o f  dispersant was a l so  prepared. 

The middle spectrum i s  the r e s u l t  o f  the  subt rac t ion  o f  the  spectrum 
o f  t h e  dispersant from t h a t  o f  the  o i l / d i spe rsan t  mixture. The .bottom 
spectrum i s  of Kuwait o i l .  Comparison of the lower two spectra shows 
them t o  be almost i d e n t i c a l ,  i n d i c a t i n g  a successful separat ion o f  o i l  
and dispersant.  The f i n g e r p r i n t  of the  o i l  i s  f ree  f rom, i n t e r f e r i n g  
d ispersant  bands and can be used f o r  q u a l i t a t i v e  analys is .  

When subt rac t ing  the d ispersant  from the mixture, a f a c t o r  i s  calcu- 
l a t e d  and t h i s  f a c t o r  i s  used t o  scale the spectrum o f  the  pure d isper-  
sant so t h a t  the  i n t e n s i t y  of the dispersant bands i n  the  pure s o l u t i o n  
match t h a t  of the dispersant bands i n  the mixture. The sca l i ng  f a c t o r  
should provide a means t o  determine the  amount of a component i n  a mix- 
tu re .  

. The concentrat ion o f  dispersant i n  CS2 was known. By m u l t i p l y i n g  
the  sca l i ng  f a c t o r  obtained from the  sub t rac t i on  i n  F igure .I-E-16 by the  
known concent r a t  ion,  a concent r a t i o n  of 540-545 ppm was obtained. The 
concentrat ion o f  the dispersant i n  the  mix ture  was, known t o  be 542 ppm. 
Knowing the  concentrat ion of dispersant i n  the  mixture,  we can now deter-  
mine the  amount of hydrocarbon due t o  petroleum. 
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S o l u t i o n s  o f  pure  compounds i n  CS2 were used f o r  t h i s  s e r i e s  o f  
tests o f  t h e  computer programs. However, samples from t h e  t a n k  e x p e r i -  
ments a r e  CS2 e x t r a c t s  o f  t h e  o i l ,  o i l / d i s p e r s a n t  and d i s p e r s a n t  from 

. s e a  wa te r .  To de te rmine  how t h e s e  samples d i f f e r  from CS2 s o l u t i o n s  of 
t h e  n e a t  compounds, l a b o r a t o r y  exper iments  were conducted i n  which o i l ,  
o i l / d i s p e r s a n t  and d i s p e r s a n t  were " s p i l l e d "  i n t o  l a r g e  c o n t a i n e r s  of s e a  
wa te r .  One l i t e r  samples  o t  t h e s e  " s p i l l s "  were t h e n  e x t r a c t e d  w i t h  
CS2, a long  w i t h  a  c o n t r o l .  

The top  s ~ e c t r u m  i n  F i g u r e  1 4 - 1 7  is  o f  t h e  n e a t  o i l  i n  CS2. The 
spec t rum of t h e  c o n t r o l  was s u b t r a c t e d  from t h a t  o f  t h e  CS2 e x t r a c t  o f  
t h e  o i l  from t h e  wa te r .  D i f f e r e n c e s  i n  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  
bands can  be seen  between cor respond ing  bands i n  each spectrum. 

The t o p  spect rum i n  F i g u r e  14-18 i s  t h a t  of  t h e  'CS2 e x t r a c t  of t h e  
o i l / d i s p e r s a n t  m i x t u r e  from w a t e r ,  minus i ts  c o n t r o l .  The middle  spec-  
trum i s  of t h e  CS2 e x t r a c t  o f  t h e  d i s p e r s a n t  from water  minus c o n t r o l .  
The b ~ t t 0 m  spect rum i s  t h e  r e s u l t  o f  t h e  s u b t r a c t i o n  o f  t h e  middle spec-  
trum from t h e  t o p  spec t rum,  y i e l d i n g  a  spectrum of  t h e  o i l  c a r r i e d  i n t o  
t h e  w a t e r  by t h e  d i s p e r s a n t .  

I n  F igure  14-19 ,  t h e  t o p  spectrum i s  t h e  r e s u l t  of  t h e  s u b t r a c t i o n  
shown i n  F igure  14-18, i . e . ,  t h e  o i l  c a r r i e d  i n t o  t h e  wa te r  by t h e  d i s -  
p e r s a n t .  The middle  spect rum is  t h e  r e s u l t  o f  t h e  s u b t r a c t i o n  i n  F i g u r e  
1 4 - 1 7 ,  i . e ,  t h e  o i l  i n  wa te r .  The bottom spectrum i s  o f  n e a t  o i l  i n  
CS2. The t h r e e  s p e c t r a  a r e  obv ious ly  d i f f e r e n t  i n  c o n t o u r s  and r e l a t i v e  
i n t e n s i t i e s ,  i n d i c a t i n g  a  d i f f e r e n c e  i n  chemical  composi t ion between 
samples .  

2 )  GC Sof tware  and GUMS Sof tware  

Computer programs f o r  massage o f  t h e  GC d z t a  were developed by t h i s  
l a b o r a t o r y .  

a )  Program D e s c r i p t i o n s  

i )  GCPE - can  a c q u i r e  GC d a t a  f o r  any l e n ~ t n  o f  t ime.  From t h e  u s e r  
i n p u t  i n f a r m a t i o n ,  i n i t i a l  t e m p e r a t u r e ,  f i n a l  t e m p e r a t u r e ,  r a t e  and 
number of minu tes ,  t h e  program de te rmines  how many t imes  t o  a c q u i r e  3600 
c o n s e c u t i v e  d a t a  p o i n t s  i n  a  'do- loop. '  The d a t a  a c q u i s i t i o n  r a t e  is  
t h r e e  p ~ i n t s  p e r  second s o  a  f o r t y - f i v e  minute run w i l l  have 8100 d a t a  
p o i n t s  o r  w i l l  need t~ c y c l e  t h e  'do-loop'  t w i c e  (2x3600=7200) and 
a c q u i r e  t h e  l a s t  900 p o i n t s  ( r e m a i n d e r )  o u t s i d e  o f  t h e  'do- loop. '  Along 
w i t h  s t o r i n g  t h e  d a t a  and d a t a  name, t h e  i n i t i a l  t e m p e r a t u r e ,  r a t e  and 
number of minutes  a r e  2 1 ~ 0  s t o r e d  ( F i g u r e  I-E-20). 

ii) SMOTHS - t h i s  9 p o i n t  smoothing r o u t i n e  w i l l  open any d a t a  f i l e  
c r e a t e d  by GCPE and d i s p l a y  t h e  smoothed chromatogram on a  Houston 
Ins t rument  Complot. Th i s  program i s  r e a l l y  t h e  r e v e r s e  o f  GCPE i n  t h a t  
it g e n e r a t e s  t h e  smoothed d a t a  i n  3600 d a t a  p o i n t  a r r a y s  and then  
g e n e r a t e s  t h e  remainder  of' t h e  d a t a  p o i n t s .  A g r a p h i c a l  example of t h e  
smoothing is  shown i n  F i g u r e  1 4 - 2 1 .  1 th rough  1-4 canno t  be  c a l c u l a t e d  

- ?  due t o  t h e  n a t u r e  of t h e  g e n e r a l  smoothing formula .  
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' ( i i i )  M.SRC.FR - scans  and acqu i r e s  da ta  from t h e  GUMS system. 
s t o r e s  da t a  on d i s k  f o r  subsequent da t a  processing and d i sp l ay .  Uses 
subrout ine  GO.IS.SR. Outputs a 0 t o  -10 VDC s t a i r c a s e  vo l tage  ramp i n  400 
s t e p s .  . A t  every s t e p  (corresponding, t o  one amu, 400 amu f u l l  scan)  a 
s i ,gnal  is taken o f f  t h e  e l e c t r o n  m u l t i p l i e r  vie t h e  Nova AOC. 

' ' 

TOTION.FR - p l o t s  ou t  on t h e  p l o t t e r  a recons t ruc ted  gas  chromato- 
.gram f o r  t h e  en t i r e '  ana lys i s .  This is  c a l l e d  a t o t a l  ion p l o t .  For .  each 
recons t ruc ted  GC peak, a mas: spectrum may be d i sp layed  v i a  program ' 

MSPLT . FH . o r  MASSPLOT. FR.. . . 

MSPLT .FR - p l d t  ou t  i nd iv idua l  mass s p e c t r a  on CHT. 

MASSPLOT.Ff3 - p l o t  ou t  i no iv idua l  mass spec t r a  on p l o t t e r ,  same a s  
flaw diagram f.or F?SPLT.FR. 

MSSERCH.FR - determines i f  a p a r t i c u l a r  s3ss i s  presen t  i n  an 
a n a l y s i s .  
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APPENDIX 1 

Colony Types o f  B a c t e r i a l  I s o l a t e s  
fr0.m t h e  Laboratory  Experiment 

The c r i t e r i a  f o r  t h e  colony d e s c r i p t i o n  a r e  g iven  i n  t h e  fo l lowing  
o r d e r :  s i z e ,  c o l o r ,  r e a c t i o n  t o  l i g h t ,  g r a n u l a r  o r  smooth, e l e v a t i o n  and 
border .  S i z e  was c a t e g o r i z e d  a s  s m a l l  ( 2  mm o r  l e s s ) ,  medium (2-5 m m ) ,  
and l a r g e  ( g r e a t e r  t h a n  5 mm). Reac t ion  t o  l i g h t  was d e s i g n a t e d  a s  
t r a n s p a r e n t ,  t r a n s l u c e n t ,  o r  opaque. The appearance of each  colony type  
was d e s c r i b e d  a s  rough o r  smooth and if t h e  colony g l i s t e n e d  t h i s  was 
no ted .  Colony e l e v a t i o n  was d e s c r i b e d  a s  f l a t ,  r a i s e d ,  convex,  umbonate, 
o r  d r o p - l i k e .  The b o r d e r  of t h e  c o l o n i e s  were d e s c r i b e d  a s  e n t i r e  
( c i r c u l a r  w i t h  no i r r e g u l a r i t i e s ) ,  u n d u l a t i n g ,  s c a l l o p e d ,  o r  i r r e g u l a r .  
The symbols used a r e  numbers 1 though 35 (number o f  colony i s o l a t e d ) ,  K 
(growth on Kuwait c r u d e  a g a r ) ,  N (growth on naph tha lene  a g a r ) ,  H (growth 
on n-hexadecane a g a r ) ,  and OZR (growth on OZR medium). B a c t e r i a  t h a t  
me tabo l i zed  a hydrocarbon o r  Kuwait c r u d e  o i l  s u b s t r a t e  were Gram s t a i n e d  
and were r e p o r t e d  a s  Gram p o s i t i v e ,  Gram n e g a t i v e ,  o r  Gram v a r i a b l e ,  and 
were c l a s s i f i e d  a s  e i t h e r  a rod o r  coccus .  

1 H: Medium,. yellow-green,  opaque, smooth, convex,  e n t i r e ,  Gram nega- 
t i v e  rod.  

Medium, yellow-orange,  opaque, .smooth, umbonate, s l i g h t l y  i r r e g -  
u l a r  b o r d e r ,  Gram p o s i t i v e  rod w i t h  some f i l a m e n t s  p r e s e n t .  

Medium, grey-brown, opaque- t rans lucen t  i n  r i n g s ,  smooth, f l a t ,  
e n t i r e ,  Gram n e g a t i v e  rod .  

Medium, whi te ,  opaque, smooth, r a i s e d ,  e n t i r e ,  Gram p o s i t i v e  rod.  

Medium-large, w h i t e ,  t r ans lucen t -opaque ,  smooth, f l a t ,  s c a l l o p e d -  
hazy b o r d e r ,  .Gram n e g a t i v e  rod . .  

Medium, b u f f ,  opaque,  smooth, convex,  e n t i r e ,  no Gram s t a i n ,  
bacter ium was l o s t .  

Medium, yellow-green,  opaque, smooth, convex,  e n t i r e ,  Gram p o s i -  
t i v e  rod.  

Medium, whi te ,  opaque c e n t e r  w i t h  t r a n s l u c e n t  b o r d e r ,  smooth 
border  w i t h  g r a n u l a r  c e n t e r ,  wr ink led  and umbonate, o l d e r  
c o l o n i e s  a r e  s t a r r e d  i n  c e n t e r ,  s c a l l o p e d  b o r d e r ,  Gram v a r i a b l e  
rod.  

Medium-large, w h i t e ,  opaque,  smooth, r a i s e d ,  s t a r r e d  i n  c e n t e r  
when o l d ,  e n t i r e ,  Gram n e g a t i v e  rod.  

Medium, w h i t e ,  t r ans lucen t -opaque ,  smooth and g r a n u l a r  c e n t e r ,  
umbonate, e n t i r e ,  gram n e g a t i v e  rod.  

11 K:  ~ e d i u m - l a r g e ,  w h i t e ,  t r a n s l u c e n t  t o  opaque,  smooth, s l i g h t l y  
umbonate, e n t i r e ,  Gram n e g a t i v e  rod.  



1 2  N: Medium, yellow, opaque, smooth, r a i s ed ;  ':wmbonat< "hen - '  

o l d ,  e n t i r e ,  Gram p o s i t i v e  rod. i .. , ;  . . .  A ,  

. " . I _ , . .  .. . . . 

13 HNK: Medium, white ,  opaque, smooth, umbonate, s l i g h t l y  , u n d u l a t i n g  
. .  . . , .. . . . . .  . i ,  border ,  Gram p o s i t i v e  coccoid-rod. ' . 

14 N: Medium, green-yellow, opaque,, rough, f l a t  and below t h e  su r f ace  
of t h e  a g a r ,  i r r e g u l a r ,  Gram p o s i t i v e  rod. 

1 5  N: Medium, white  with brown c e n t e r ,  opaque, smooth, f l a t ,  sca l loped  
border ,  Gram v a r i a b l e  rod. 

16  H: Medium, white ,  opaque, smooth, convex, e n t i r e ,  Gram v a r i a b l e  rod. 

1 7  H: Medium-large, yellow with buff  border ,  opaque, smooth, and g l i s t -  
i ng ,  convex, e n t i r e ,  Gram nega t ive ,  coccoid t o  rod shaped. 

18 N: Medium t o  l a r g e ,  whi te ,  t r a n s l u c e n t  t o  opaque, smooth, umbonate, 
undula t ing ,  Gram p o s i t i v e  rod. 

19 K: .  Medium, white ,  opaque, smooth, s l i g h t l y  r a i s e d ,  e n t i r e ,  Gram 
nega t ive  coccoid t o  rod shaped. 

20 N: Medium, yellow-green, opaque, smooth, convex c e n t e r  w i t h  d i f f u s e  
e n t i r e  border ,  Gram p o s i t i v e  rod. 

21 N: Medium, a l t e r n a t i n g  r i n g s  of brown, grey ,  and white ,  t r a n s l u c e n t  
and opaque, smooth, f l a t ,  e n t i r e ,  Gram nega t ive  rod. 

22 N: Small t o  medium, white ,  opaque, g r anu la r ,  rough, r a i s e d ,  s l i g h t l y  
i r r e g u l a r  border ,  Gram p o s i t i v e  rod. 

23 HK: Small t o  medium, white ,  t r a n s l u c e n t  t o  opaque, smooth r a i s e d ,  
e n t i r e ,  Gram p o s i t i v e  rod. 

24 NH: Medium, yellow, opaque, smooth, r a i s e d ,  e n t i r e ,  gram p o s i t i v e  
coccoid t o  rod shaped. 

25 K :  Small, white-yellow, opaque, smooth, r a i s e d ,  e n t i r e ,  Gram posi-  
t i v e  rod. 

26 OZR: Small,  whi te ,  opaque, smooth, convex, e n t i r e .  

27 OZR: Small,  w h i t e ,  opaque, smooth, f l a t ;  e n t i r e .  

28 OZR: Small, whi te ,  opaque, smooth, f l a t ,  e n t i r e .  

29 OZR: Large, green-yellow, t r a n s l u c e n t  t o  opaque, rough, a g a r o l y t i c ,  
i r r e g u l a r .  

30 OZR: Large, brown and white r i n g s ,  t r a n s l u c e n t  t o  opaque, smooth, 
a g a r o l y t i c  , e n t i r e .  

31 OZR: Large, yellow, opaque, smooth, mucoid, convex, e n t i r e .  



32 OZR :. Small ; yellow, opaque, smooth, convex, en t i re .  

'33 OZR: Mediun, white, t rans lucent  t o  opaque, smooth, dropl ike,  e n t i r e .  

34 OZR: Medium, yel low, opaque, smooth, f l a t ,  e n t i r e .  



APPENDIX 2 

Repl ica P la t i ng :  Heterotrophic B a c t e r i a l  Populat ion d i v e r s i t y  and Hydro- 
carbon Degraders i n  the  Heterotrophic B a c t e r i a l  Populat ion During the  
Laboratory Experiment B a c t e r i a l  co lon ies  on OZR master p l a t e s  were enu- 
merated by colony type (colony types are given i n  Appendix 1). Colonies 
t h a t  grew on hydrocarbon r e p l i c a  p l a t e s  but  not  on the  basal  medium con- 
t r o l  p l a t e  are  designated by the  hydrocarbon p l a t e  they grew on. OZR 
master p l a t e s  were made from surface, water column, and sediment samples 
from four  aquaria w i t h  Narragansett Bay water p lus :  (1 )  c o n t r o l ,  ( 2 )  
Kuwait crude o i l  15 ppm (v /v ) ,  (3)  Kuwait crude o i l  15 ppm (v /v )  and 3 
ppm (v /v )  Corexi t  9527, and (4)  Corexi t  ,9527 3 ppm (v /v ) .  
Symbols : 

(1) Numbers 1-36: B a c t e r i a l  i s o l a t e s  as determined by colony morphology 
(see appendix 1 )  

(2)  OZR: Master p la tes  w i t h  OZR medium 

(3)  B: Number of bac te r ia  growing on the  basal medium 

I (4 )  N: Naphthalene u t i l i z e r s  

I (5 )  H: - n-Hexadecane u t i l i z e r s  



A. 'Water.Column Samples from oil aquarium. 

total 1 
colonics colony 

day OZR master type  

# of each 
colony 

type  

7 no data 

# colonies growth on 
growing on hydrocarbon 

basal medium substrate 



, total C of each 1 colonies qrowth on 
colonics colony cololly growj ng on hydrocar1)on 

day OZR master type t Y  Pe. basal medium substrate 

B. Water Column samples from oil and dispersant aquarium. 

0 no data 

7 no data 

10 65 



total # 
colonies colony 

day OZR master type 

# of each 4 colonies growth on 
colony growing on hydrocarbon 
tY Pe basal medium substrate 

C. Water column samples from dispersant aquarium. 
\ 



tn t ; \ l  A 
colonies colony 

day OZR masters type 

# of each 
colony 
type 

I co 
: grow 
basa'l 

lonics ' : growth on 
ing .on hydrocarbon 
mediuin' .' substrate 



total t . a.of each # colonies . qrowth on 
. colonies colony colony growing on hydrocarbon 

day OZR master type type basal medium substrate 

D. Water column samples from control aquarium. 



t o t a l .  # # o f  each t c o l o n i e s  g r o w t h  on 
c o l o n i e s  c o l o n y  colo.riy g r o w i n g  o n  h y d r o c a r h o n  

d a y  OZR master t y p e  t y p e '  basal medium s u b s t r a t e  

E .  S e d i m e n t  s a m p l e s  f r o m  o i l  a q u a r i u m .  
<2  



total # 
colonies 

day OZR master' 
colony 
type 

# of ,:each # colonies growth on 
colony growing on hydrocarbon 

t Y  Pe basal medium substrate 



total # # of each 4 colonies growth on 
colorlics colony colony qrow i t l q  on hyc1roc;lrbon 

day OZR master type tY Pe basal medium substrate 

F. Sediment samples oil and dispersant aquarium. 



day 

2 

total A 
colonies 

OZR master 

. . # of each II col.onics -growth on 
colony colony growing on hydrocarbon 
type 'type basal medium substrate 



t o t a l  1 1 o f  tach . II colonics c(rowt11 o n  
c o l b n i c s  co lony co lony  qrowi.111~ 011 hycirocarbon 

day OZR master t y p e  type b a s a l  medium substrate .  

G .  Sediment samples  d i s p e r s a n t  aquarium. - 

no data  



total # 
colonies colony 

day OZR master type 

# of each 
colony 
type 

# colonies growth on 
rowing on . hydrocarbon 
sal medium substrate. 

H. Sediment samples control aquarium. 



. ,4 . , . . , .. . r .. . 3. , . . .  . .  . .. . c .  ,' . . '. r. 

. . total t i of each 4'co~6Ai&s qx-owt~, o n  
. ,  . c o l o n i e s -  co1 ,ony:  c o l o n y  . ;i growirlg .on i: ;hy.dr.ocarbon 

day :; OZR:.medium . type .; type . : basal; medium. ,: ;substrate 
. . : i . . :. . . . . r . . ' .  i ' , . .  , :  ,.; . . . . .% . . 

2 60 31  15. 
! 29 11 ..: 3 

32 17 .. 7 
3 3  3  . . 
30 2 . . 

28 6 .: ....'. 3  
27 4 ; .. . 
19 2 . . 

18 no data 

21 no data 



Surface samples from oil aquarium. 

total. C! , ' . . # of. each 4 ,  colonies. 
colonies. colony.' colony . ., .growing on.. 

OZR medium' type tY Pe basal .medium 

, ' 21. '13 ' .. . . 32. 2 
. . .  .29 . . 1 .  

. . . . 
. . 

27 29 
. . 

. .. 28 . . . .  . 
41 

. . 

J: .Surface.samples from ~ i l ' a n d  dispersa.nt aquarium. 
. .  . 

. . 

.1' 50, . . : . .31 6 2 

. - 
.29 . '  11 2 

. .  . 
. . . . . 3 0 ' . '  5 2 

3'2 3 
. . 

. .  . 27 15 ' .  , '  2 
2 8.' 8 ' 

. . 19. 2 

. . .  5- 

growth on 
hydrocarbon. 
substrate 



1 1 
colonies colony 

day OZR medium type 

4 cr T c;lcll f l  clo 1 on i c.s clrowth 01) 

colony growiny OII hydrocarbon 
type basal medium substrate 

21 . n o d a t a  

K. Surface samples from dispersant aquarium. 



total 4l t of cach ff colotlics qrowth on 
. colol~ics colony coivr~y growi~lcj 0 1 1  hydrocilrbon 

day OZR medium ' type type basal medium substrate 

( a ) ~ o o  difficult to distinguish between colony type 
27 and 29 on this plate; therefore combined the 
totals. 

L. Surface samples from control. aquarium. 
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6. Pr foming  Orgonirotiom Cod. 

n 

mbrlrOct T-Sa,e r e s u l t s  o f  a  se r ies  o f  s tud ies  conducted t o  
determine the  p r a c t i c a b i l i t y  and f e a s i b i l  i t  o f  im dispersants t o  m i t i g a t e  t h e  
impact o f  an o i l  s p i l l  on the  environment a n S I h s t h o d  o f  approach i s  h o l i s t i c  i n  
t h a t  i t  combines the  physical ,  chemical , h i c r o b i a l  and macro-fauna response t o  a  
s p i l l  t r e a t e d  w i t h  d ispersants and compares t h i s  w i t h  s p i l l s  t h a t  a re  l e f t  un t rea ted  
The program in teg ra tes  mathematical , labo ra to ry ,  meso-scale ( t h ree  20 f o o t  h igh  by 
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analyses t o  determine if the  use o f  d ispersants i s  an e f f e c t i v e  o i l  s p i l l  c o n t r o l  
agent. 

I n  summary, it appears v i a b l e  t o  use d ispersants as determined on a  case by case 
bas is .  The case f o r  us ing  d ispersants 'has  t o  be based on whether o r  n o t  t h e i r  use 
w i l l .  m i t i g a t e  the  environmental impact o f  the  s p i l l .  I n  t he  case o f '  an open ocean 
s p i l l  t h a t  i s  being d r i ven  i n t o  a  r i c h  i n t e r - t i d a l  community, t h e  use o f  d ispersants 
cou ld  g r e a t l y  reduce the  environmental impact. Even i n  the  h i g h l y  p roduct ive  George' 
Bank area a t  t he  he igh t  o f  t he  cod spawning season, t h e  impact o f  t h ?  use o f  d isper -  
sants i s  we11 w i t h i n  the  l i m i t s  o f  na tu ra l  v a r i a b i l i t y  when the  th resho ld  t o x i c i t y  
l e v e l  i s  assumed t o  be as low as 100 ppb, a  l e v e l  which i s  o f t e n  found i n  the  open 
ocean. Thus.,. i t  appears t h a t  d ispersants can and should be used when i t  i s  ev ident  
t h a t  t h e i r  use w i l l  m i t i g a t e  t h e  impacts o f  t h e  s p i l l .  The i r  use i n  areas where the re  
i s  poor c i r c u l a t i o n  and the re fo re  1  i t t l e  p o s s i b i l i t y  o f  r a p i d  d i l u t i o n  i s  more 
quest ionable and should be a  sub jec t  o f  f u t u r e  s tud ies .  . . 
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