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A N  ANALYTICAL ANALYS I S OF THE D I SPERS ION PRED I CT IONS 
FOR EFFLUENTS FROM THE SATURN V AND SCOUT-ALGOL I I I 

ROCKET EXHAUSTS 

J. Briscoe Stephens 
Michae 1 Susko 

John W .  Kaufman 
C .  Kel ly  H i l l  

SUMMARY 

The NASA/MSFC Mul t i l aye r  Diffusion Model i s  used t o  p r e d i c t  
t h e  d i s p e r s i o n  of e f f l u e n t s  from t h e  rocket  motors du r ing  t h e  launch 
of Apollo 16 on A p r i l  16, 1972 a t  Kennedy Space Center and f o r  a Scout- 
Algol 111 v e h i c l e  launched on August 13,  1972 a t  Wallops I s l a n d ,  
V i r g i n i a .  P r e d i c t i o n s  f o r  two launches were made i n  r e a l  time t o  g a i n  
experience i n  making such p r e d i c t i o n s  under o p e r a t i o n a l  cond i t ions .  The 
ana lyses  o f  t h e  d i s p e r s i o n  of the r o c k e t  exhaust e f f l u e n t s  from t h e  
Sa tu rn  V v e h i c l e  provide concen t r a t ion  i s o p l e t h s  f o r  l a r g e  l i q u i d  rocke t  
motors. On t h e  o t h e r  hand, ana lyses  of the e f f l u e n t s  r e s u l t i n g  from 
t h e  launch of t h e  Scout-Algol I11 show ground l e v e l  concen t r a t ions  from 
a small  s o l i d  rocke t  motor. 

The analyses  i n d i c a t e d  t h a t  ground level  concen t r a t ions  of potential  
t o x i c  e f f l u e n t s  r e s u l t i n g  from both launches a r e  w e l l  below e x i s t i n g  
primary and secondary ambient a i r  q u a l i t y  s t anda rds .  



DEFINITION OF SYMBOLS & TERMS 

S ymbo 1 

F 
C 

F 
I 

FM 

Q 

F 
Q 

D e f i n i t i o n  

buoyancy f l u x  

gQF 
TPC P 1 

i n i t i a l  buoyancy t e r m  

percentage by*weight of p o l l u t a n t  material  i n  
t h e  f u e l  from Table  1 

r e s p e c t i v e  h e a t  con ten t s  of l i q u i d  and s o l i d  f u e l s  

dep th  of t h e  s u r f a c e  mixing l a y e r  

molecular  weight 

ambient p r e s s u r e  (mb) 

i n t e g r a l  of t h e  Gaussian p r o b a b i l i t y  f u n c t i o n  
between minus i n f i n i t y  and t h e  t o p  of t h e  K-th 
l a y e r  z 

TK 

t o t a l  weight of exhaust  product's i n  t h e  s t a b i l i z e d  
exhaust  c loud 

rate of h e a t  r e l e a s e d  

H O W  + H  O W  
L L S  S 

by burning f u e l  

2 



Svmbo 1 D e f i n i t i o n  

e f f e c t i v e  hea t  r e l eased  ( c a l )  

Q 
K 

snurce s t r e n g t h  i n  u n i t s  of  mass per u n i t  depth  
o f  t h e  K-th layer  

QR 
f u e l  expendi ture  r a t e  from Table 1 

0 ambient a i r  temperature ( K) T 

r e s p e c t i v e  f u e l  expendi ture  r a t e s  f o r  l i q u i d  
and s o l i d  f u e l  

he igh t  above ground of  any s e l e c t e d  l aye r  

s p e c i f i c  hea t  o f  a i r  a t  cons t an t  pressure  cal/(OKg) 

Z 

C 
P 

2 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  ( 9 . 8  m/sec ) 

i n i t i a l  cloud r ad ius  a t  t h e  s u r f a c e  r 
R 

s = -  g a Q  
T dz s t ab i 1 it y pa r ame t e r 

t* t i m e  of l a y e r  breakdown 

t i m e  r equ i r ed  f o r  t h e  cloud t o  r eacn  t h e  
s t a b i l i z a t i o n  he ight  

t H 

t i m e  a f t e r  i g n i t i o n  i n  seconds 
R 

t 

t i m e  i n  seconds requi red  f o r  t h e  v e h i c l e  t o  r each  
the  he igh t  z of  maximum r i s e  of  t h e  ground cloud 

mI 
(obtained from Equation 1) 

t z  
R m I  

- 
U mean wind speed 

he igh t  o f  s t a b i l i z e d  cloud Z 

2' midpoint o f  t he  K-th l a y e r  
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Svmbol 

z 
BK 

z 
BL 

z 
L 

z 
mC 

z 
mI 

Z 
TK 

z 
TL 

z 
R 

Y 
C 

Y 
I 

0 
xK 

0 
XLK 

CKI xo 

Definition 

height of the base of the K-th layer 

height of the base of the L-th layer 

height in the L-th layer at which the concentration 
is calculated 

maximum height of c loud  r i se  for a c c x t ~ n w ~ s  
source 

maximum rise for an instantaneous source 

height of the top of the K-th layer 

height of the top of the L-th layer 

altitude above the pad in meters 

entrainment constant 

en t r a inme nt cons t ant 

standard deviation of the concentration 
distribution of the stabilized ground cloud 

standard deviation of the alongwind concentration 
distribution in the K-th layer at distance x 

standard deviation of the alongwind concentration 
distribution in the L-th layer for the source 
originating in the K-th layer 

standard deviation of the alongwind concentration 
distribution in the K-th layer at cloud 
stabilization 

standard deviation of the crosswind concentration 
distribution in the K-th layer at cloud stabilization 
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Symbol 

- 5 CKI - 
20 

Z L K  
0 

P 

ae 
a2  

X 
P 

C e n t e r l i n e  : 

Concen t ra t ion  : 

Dosage : 

Ground Cloud : 

Plume Cloud : 

D e f i n i t i o n  

s tandard d e v i a t i o n  of t h e  v e r t i c a l  concen t r a t ion  
d i s t r i b u t i o n  i n  the K-th l a y e r  a t  cloud 
s t a b i l i z a t i o n  

s tandard d e v i a t i o n  of the crosswind concen t r a t ion  
d i s t r i b u t i o n  i n  the  K-th l a y e r  a t  d i s t a n c e  x 

standard d e v i a t i o n  of the crosswind concen t r a t ion  
d i s t r i b u t i o n  i n  the  L-th l a y e r  f o r  t he  source 
o r i g i n a t i n g  i n  the  K-th l a y e r  

s tandard d e v i a t i o n  of t h e  v e r t i c a l  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 n  the L-th l a y e r  f o r  t he  source 
o r i g i n a t i n g  i n  t h e  K-th l a y e r  

d e n s i t y  of ambient a i r  (glm 3 

v e r t i c a l  g r a d i e n t  o f  ambient p o t e n t i a l  tempera- 
t u r e  

peak or  c e n t e r l i n e  concen t r a t ion  

TERMS 

The r a d i a l  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  mean 
wind d i r e c t i o n  whose o r i g i n  i s  the  launch s i t e .  

- 

i s  t h e  amount o f  the e f f l u e n t  p r e s e n t  a t  a s p e c i f i c  
t i m e .  The average c o n c e n t r a t i o n  i s  the  average 
aimtint p r e s e n t  rl i~ring t h e  event .  

i s  the  measure o f  t he  t o t a l  amount o f  e f f l u e n t  
( t i m e  i n t e g r a t e d  concen t r a t ion )  due t o  t h e  
v e h i c l e  launch a t  a s p e c i f i c  l o c a t i o n .  

That cloud o f  rocket  e f f l u e n t s  emi t t ed  du r ing  
t h e  i n i t i a l  phase of v e h i c l e  launch. 
has an  e l l i p s o i d  shape. 

This  c loud 

The cloud of rocket  e f f l u e n t s  emi t t ed  from t h  
v e h i c l e  i n  f l i g h t .  
shape whose he igh t  i s  de f ined  by t h e  v e r t i c a l  
t h i c k n e s s  of t h e  l aye r .  

This  c loud has a c y l i n d r i c a l  
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P o t e n t i a  1 i s  t h e  temperature  a volume of d r y  a i r  would 
Temperature ( e )  have i f  brought a d i a b a t i c a l l y  from i t s  i n i t i a l  

s t a t e  t o  t h e  s t anda rd  p res su re  of 1OOOmb. 

Qua s i ad  i a ba t i c  
Layer : i s  a l a y e r  i n  which t h e  v e r t i c a l  p o t e n t i a l  

temperature  g r a d i e n t  i s  ze ro  o r  l e s s .  

S t a b l e  Layer : i s  a l a y e r  i n  which t h e  v e r t i c a l  p o t e n t i a l  
temperature  g r a d i e n t  i s  p o s i t i v e .  
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SECTION I. INTRODUCTION 

The NASA/MSFC Mul t i l aye r  D i f fus ion  Program has been u t i l i z e d  
t o  p r e d i c t  t h e  d i s p e r s i o n  of t h e  e f f l u e n t s  from t h e  boos te r  du r ing  t h e  
la~nches cf the A p l l o  16 (Apollo Sa tu rn  511) on A p r i l  16 ,  1972 a t  
Kennedy Space Center and of a Scout v e h i c l e  launched on August 13, 1972 
a t  Wallops I s l a n d ,  V i rg in i a .  

The Na t iona l  Environmental P o l i c y  Act of 1969 and t h e  A p r i l  23, 
1972, g u i d e l i n e s  of t h e  Council on Environmental Qual i ty  r e q u i r e  
s t a t emen t s  covering proposed f e d e r a l  a c t i o n s  t h a t  might a f f e c t  t h e  
environment. Such s t a t emen t s  a r e  r equ i r ed  f o r  a s s e s s i n g  t h e  environ-  
mental  impact of t h e  Space S h u t t l e  and o the r  NASA space v e h i c l e  rocke t  
motor e f f l u e n t s .  Development o f  q u a n t i t a t i v e  procedures f o r  e s t i m a t i n g  
t h e  space v e h i c l e  r o c k e t  motor t o x i c  f u e l  hazard has  been underway f o r  
over a decade a t  t h e  NASA Marshal l  Space F l i g h t  Center .  Computerized 
and g r a p h i c a l  procedures f o r  e s t i m a t i n g  t o x i c  f u e l  hazards  have been 
developed [l] u t i l i z i n g  a Lagrangian model f o r  e s t i m a t i o n s  i n  t h e  
t roposphere.  I n  a d d i t i o n  t o  e s t i m a t e s  of atmospheric t r a n s p o r t ,  d i s -  
p e r s a l  and decay of a l l  a i r b o r n e  t o x i c  m a t e r i a l  r e l e a s e d  a s  a r e s u l t  
of normal launch o p e r a t i o n s ,  e s t i m a t e s  must a l s o  be provided f o r  cases  
invo lv ing  f u e l  s p i l l a g e ,  v e h i c l e  a b o r t ,  o r  v e h i c l e  d e s t r u c t  s i t u a t i o n s .  

U n i v e r s a l l y  accepted and adequately v a l i d a t e d  p r e d i c t i o n  
techniques f o r  t h e  r o c k e t  motor e f f l u e n t  problem a r e  no t  a v a i l a b l e ,  
and much u n c e r t a i n t y  e x i s t s  concerning very important  a s p e c t s  of t he  
problem, such a s  t h e  amount and composition of t h e  r o c k e t  engine 
e f f l u e n t s ,  and t h e i r  d i s p e r s a l  and t r a n s p o r t  i n  t h e  atmosphere. The 
a v a i l a b l e  atmospheric measurements t o  a s c e r t a i n  t h e  r e l i a b i l i t y  of t h e  
d e s c r i p t i o n  o f  r o c k e t  e f f l u e n t  d i s p e r s i o n  models i n  the  atmosphere a r e  
s p a r s e  and of ques t ionab le  accuracy. On the o t h e r  hand, t he  r e q u i r e -  
ments f o r  e s t i m a t i n g  t o x i c  f u e l  hazards c i e a r i y  e x i s t  i n  o rde r  t o  
e s t a b l i s h  s p e c i a l  c o n s t r a i n t s  on ope ra t ions ,  t e s t ,  and launch a c t i v i t i e s  
t o  a s su re  a l lowable concen t r a t ions  of these e f f l u e n t s  w i l l  no t  be 
exceeded. The need f o r  implementing a program f o r  monitoring rocke t  
engine exhaust  e f f l u e n t s  has  been recognized f o r  many y e a r s .  A s  a 
r e s u l t  of informal  d i s c u s s i o n s  between r e p r e s e n t a t i v e s  of NASA Head- 
q u a r t e r s ,  Marshal l  Space F l i g h t  Center ,  Langley Research Center, and 
Kennedy Space Center ,  i t  became apparent  t h a t  a NASA inhouse r o c k e t  
engine e f f l u e n t  p r e d i c t i o n  and measurement program was d e s i r a b l e ,  
p o s s i b l e ,  and f e a s i b l e .  

The announcement by t h e  P res iden t  on January 5 ,  1972, t h a t  t h e  
United S t a t e s  should proceed a t  once wi th  t h e  development o f  t h e  Space 
S h u t t l e  Program r e s u l t e d  i n  renewed i n t e r e s t  i n  t h e  d i s p e r s i o n  of 
p o t e n t i a l l y  t o x i c  engine e f f l u e n t s .  The subsequent d e c i s i o n  by NASA 
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t o  power t h e  f i r s t  s t a g e  o f  t h e  S h u t t l e  by S o l i d  Rocket Motors added 
s i g n i f i c a n t  importance t o  t h e  problem, s i n c e  t h e i r  major exhaust  
c o n s t i t u e n t s  con ta in  l a r g e  amounts of  carbon monoxide (CO), hydrogen 
c h l o r i d e  ( H C l ) ,  and aluminum oxide (A1203), a l l  of  which may be  c l a s s i -  
f i e d  a s  a i r  p o l l u t a n t s  and t o x i c .  

To i n i t i a t e  t h e  program of  p r e d i c t i n g  and measuring downwind 
concent ra t ions  of exhaust  e f f l u e n t s  , such p r e d i c t i o n s  and measurements 
o f  the ground cloud and upper a l t i t u d e  plume genera ted  by t h e  Sa tu rn  V 
v e h i c l e  and, subsequent ly ,  a Scout v e h i c l e  were made. Our o b j e c t i v e  
i s  t o  provide lead  informat ion  f o r  S o l i d  Rocket Motors Programs whereby 
t h e  va r ious  i n v e s t i g a t o r s  may g a i n  an i n s i g h t  i n t o  t h e  behavior of  t h e  
EraIzSnnrt  r-- - nf  the tcxic exhaust  e f f l u e n t s ,  sad to Impr:o\;e t h e  acc i i racy  
of  va r ious  empi r i ca l  parameters  u t i l i z e d  i n  our  d i s p e r s i o n  c a l c u l a t i o n s .  
To t h i s  end, we have s e l e c t e d  two d i f f e r e n t  a c t u a l  examples -- a l a r g e  
l i q u i d  rocke t  engine ,  t h e  Sa turn  V ,  and a smal l  s o l i d  rocke t  motor,  t h e  
Scout -- t o  provide an i n i t i a l  b a s e l i n e  f o r  t h e  i n v e s t i g a t i o n s  of t h e  
d i s p e r s i v e  e f f l u e n t  t r a n s p o r t .  

The v a r i o u s  d e s c r i p t i o n s  f o r  t h e  models o f  d i s p e r s i v e  t r a n s p o r t  
o f  the rocke t  exhaust  a v a i l a b l e  w i t h  the  NASAIMSFC M u l t i l a y e r  D i f fus ion  
Program requ i r ed ,  because o f  t h e  v a r i o u s  phases of  plume development 
and changing environment c o n d i t i o n s ,  a r e  summarized i n  t h e  next  s e c t i o n .  
The d e t a i l e d  formula t ions  f o r  t h e  a lgor i thms employed i n  t h e  models 
along w i t h  a t o x i c i t y  c r i t e r i a  a r e  a f forded  i n  t h e  appendix. Sec t ion  
I11 and I V  g ive  a d e t a i l e d  summary of  t h e  e f f l u e n t  t r a n s p o r t  p r e d i c t i o n s  
f o r  the  launch of Apollo 16 and f o r  t h e  launch of  a Scout v e h i c l e ,  
re spec t i v e  l y  . 
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SECTION 11. NASAIMSFC MULTILAYER DIFFUSION MODEL 

The s p a t i a l  d e s c r i p t i o n ,  i n  terms of concen t r a t ion  and dosage, 
of t h e  d i s p e r s i v e  t r a n s p o r t  of e f f l u e n t s  from a d i s c r e t e  source i s  
a f fo rded  by t h e  NASA/MSFC XiiItFlayer Di f fcs ien  ~ n d e l  
t h i s  a p p l i c a t i o n  o f  t h e  model i s  f o r  the p r e d i c t i o n  of t o x i c i t y  d i s t r i -  
b u t i o n  a s s o c i a t e d  w i t h  the rocke t  exhaust  e f f l u e n t s  emit ted du r ing  the  
launch of  a space v e h i c l e  i n  o rde r  t o  assess  the  r e s u l t i n g  environmental  
impact. The d i s p e r s i v e  d e s c r i p t i o n  accorded by the  Mul t i l aye r  D i f fus ion  
Model i s  i n i t i a t e d  a t  t h e  p o i n t  where t h e  cloud of e f f l u e n t s  reaches 
thermodynamic e q u i l i b r i u m  w i t h  t h e  environment and t h e r e f o r e  depends 
s t r o n g l y  on t h e  kinematic  and thermodynamic p r o f i l e s  of t h e  atmospheric 
c o n d i t i o n s  a long  w i t h  a knowledge of t he  exhaust e f f l u e n t s  p re sen t  i n  
t h e  cloud.  

S p e c i f i c a l l y ,  

The i n i t i a l  c o n s i d e r a t i o n s  i n  t h i s  s e c t i o n  a r e  given t o  t h e  
techniques of e s t a b l i s h i n g  t h e  s p a t i a l  l o c a t i o n  of t he  ground cloud 
e q u i l i b r i u m  (see d e f i n i t i o n s ) .  
Lagrangian d i s p e r s i o n  o f  a po in t  source i s  given. The f i n a l  d i s c u s s i o n  
i n  t h i s  s e c t i o n  e x p l a i n s  how t h e  Mult i layer  D i f fus ion  Model i nco rpora t e s  
t h e  g e n e r a l  d i f f u s i o n  d e s c r i p t i o n  t o  account f o r  t h e  two s t a g e s  of 
exhaust  emission and accounts f o r  t h e  environmental  e f f e c t s .  The 
s i g n i f i c a n t  mathematical  expres s ions  support ing these  d i s c u s s i o n s  have 
been included i n  Appendix I,II, and 111. 

Secondly, a g e n e r a l  d i s c u s s i o n  of t he  

a.  A l t i t u d e  o f  Cloud Equilibrium 

The e f f l u e n t  cloud r i se  r e l a t i o n s  a r e  employed t o  d e t e r -  
mine a t  what a l t i t u d e  t h e  ground cloud reaches e q u i l i b r i u m  w i t h  t h e  
environment. The importance of t h i s  l o c a t i o n  i s  t h a t  i t  se rves  a s  t he  
=rigin nf  the d i s p e r s i v e  d e s c r i p t i o n .  
a s  t h e  o r i g i n  i n  o r d e r  t o  e l i m i n a t e  complex thermodynamic c o n s i d e r a t i o n s  
and t o  l i m i t  t he  problem t o  s o l e l y  kinematics.  

This e q u i l i b r i u m  p o i n t  i s  chosen 

The burning of rocket  engines r e s u l t s  i n  the  formation of 
a cloud o f  ho t  exhaust  products which subsequently r i s e s  and e n t r a i n s  
ambient a i r  u n t i l  a n  e q u i l i b r i u m  wi th  ambient cond i t ions  i s  reached. 
For normal launches,  t h i s  cloud i s  formed p r i n c i p a l l y  by t h e  forced 
a s c e n t  o f  h o t  t u r b u l e n t  exhaust products  t h a t  have been d e f l e c t e d  
l a t e r a l l y  and v e r t i c a l l y  by the launch pad hardware and t h e  ground 
s u r f a c e .  The h e i g h t  a t  which t h i s  ground cloud s t a b i l i z e s  i s  determined 
by t h e  v e h i c l e  type and atmospheric s t a b i l i t y .  
mines whether a continuous o r  instantaneous source model i s  r equ i r ed .  I n  
the  in s t an taneous  source model, s p h e r i c a l  entrainment  i s  assumed; t h a t  
i s ,  t h e  e n t r a i n e d  ambient a i r  e n t e r s  t h e  exhaust  cloud uniformly from 
a l l  d i r e c t i o n s .  I n  t h e  continuous source model, c y l i n d r i c a l  entrainment  

The v e h i c l e  type d e t e r -  
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i s  assumed; t h a t  i s ,  t h e  e n t r a i n e d  ambient a i r  e n t e r s  t h e  cloud 
uniformly on ly  on t h e  s i d e s  of t h e  c y l i n d e r  and n o t  t h e  ends. Thus, 
t h i s  terminology -- continuous o r  i n s t an taneous  source -- i n  r e f e r e n c e  
t o  t h e  cloud r ise model does n o t  imply t h e  d u r a t i o n  o f  t h e  exhaust  
cloud, a s  it does i n  the  d i f f u s i o n  model, b u t  on ly  imp l i e s  t h e  form 
o f  t h e  entrainment  process .  
the r e s idence  t i m e  of t h e  v e h i c l e  on the  pad. Experience t o  d a t e  
i n d i c a t e s  t h a t  t h e  buoyant r ise  o f  exhaus t  c louds from normal launches 

The entrainment  process  i s  a- f u n c t i o n  of 

of so l id - fue led  and sma l l  l i qu id - fue led  v e h i c l e s  i s  b e s t  p r e d i c t e d  by 
using a cloud r i s e  model f o r  instanta ,neous sou rces ;  t h e  cloud r i s e  f o r  
large l i qu id - fue led  v e h i c l e s  i s  b e s t  p r e d i c t e d  by t h e  use of a cloud 
r i s e  model f o r  continuous sources .  While no cloud r i s e  d a t a  a r e  
a v a i i a b i e  f o r  on-pad a b o r t s ,  cloud r i s e  d a t a  from s t a t i c  t e s t s  of 
l i qu id - fue led  r o c k e t s  i n d i c a t e s  t h a t  t he  use of a cloud r i s e  mddel f o r  
continuous sources  i s  a p p r o p r i a t e .  

Each of t h e  models f o r c l o u d  he igh t  i s  subdivided i n t o  
two c a t e g o r i e s  t o  account f o r  t he  atmospheric temperature l a p s e  r a t e .  
The model assumes t h a t  t he  atmosphere i s  e i t h e r  q u a s i - a d i a b a t i c  o r  
s t a b l e .  Here t h e  q u a s i - a d i a b a t i c  i s  where t h e  a d i a b a t i c  atmosphere i s  
the l i m i t ,  which means t h a t  t h e  p o t e n t i a l  temperature  d i f f e r e n c e  ( A e )  
i s  zero o r  less ,  where t h e  p o t e n t i a l  temperature d i f f e r e n c e  i s  given by 
Ae = cloud h e i  h t"sur face '  I f  t h i s  p o t e n t i a l  temperature d i f f e r -  
ence i s  p o s i t i v e ,  t ken  t h e  atmosphere i s  t r e a t e d  a s  s t a b l e .  
most c a s e s  of i n t e r e s t  t h e r e  w i l l  be an i n v e r s i o n  l a y e r  p r e s e n t ,  t h e  
s t a b l e  cloud r i s e  formula i s  the  normally u t i l i z e d  r e l a t i o n .  

Since i n  

b. Generalized Di f fus ion  Model 

The gene ra l i zed  d i f f u s i o n  model d e s c r i b e s  the  kinematic  
t r a n s p o r t  -- i n  terms of t h e  temporal and s p a t i a l  l e v e l s  of concen- 
t r a t i o n  and dosage -- of t h e  exhaust e f f l u e n t  c o n s t i t u e n t s  assuming 
the  e f f l u e n t  cloud i s  i n  e q u i l i b r i u m  wi th  t h e  environment. A Lagrangian 
model i s  assumed, where volumetr ic  cloud expansion i s  about a r e fe rence  
point  i n  a homogeneous f l u i d .  For d i a g n o s t i c  and i n t e r p r e t a t i o n  
f l e x i b i l i t y ,  t h i s  model i s  formated i n  a modular form f o r  both concen- 
t r a t i o n  and dosage. 

The gene ra l i zed  c o n c e n t r a t i o n  model f o r  a n e a r l y  i n s t a n -  
taneous source i s  expressed a s  t h e  product of f i v e  modular terms: 

Concentrat ion = {Peak Concentrat ion Term} x [Alongwind Term] x 

{ L a t e r a l  Term] x [ V e r t i c a l  Term] x 

{Deplet ion Term] ; 



whereas, t h e  gene ra l i zed  dosage model f o r  a n e a r l y  in s t an taneous  source 
i s  de f ined  by iiie prodtizt  af  fnur  modular terms: 

Dosage = {Peak Dosage Terms} x { L a t e r a l  Term} 

Thus, t h e  mathematical d e s c r i p t i o n  f o r  t h e  c o n c e n t r a t i o n  
and dosage models p e r m i t  f l e x i b i l i t y  i n  a p p l i c a t i o n  t o  v a r i o u s  sources  
and f o r  changing atmospheric parameters while always maintaining a 
r i g o r o u s  mass balance.  

Two obvious d i f f e r e n c e s  e x i s t .  F i r s t ,  t h e  peak concen- 
t r a t i o n  t e r m  r e f e r s  t o  t h e  concen t r a t ion  a t  the po in t  x ,  y = 0,  z = H 
(where x i s  the  wind d i r e c t i o n  
t h e  expres s ion  

Q 

and H i s  any h e i g h t )  and i s  def ined by 

(1) 

where Q i s  the source s t r e n g t h  
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  
dosage term i s  given by 

and cy i s  t h e  s tandard d e v i a t i o n  of 
i n  the  ith d i r e c t i o n ;  whereas, the peak 

i 

Q 
2 r r u a a  

¶ 

Y Z  

where u i s  the mean wind speed. The second d i f f e r e n c e  between these  
models i s  t h a t  t he  concen t r a t ion  con ta ins  a modular alongwind term t o  
account f o r  downstream temporal e f f e c t s  not  considered i n  t h e  dosage 
model. The alongwind term a f f o r d s  an exponent ia l  decay i n  c o n c e n t r a t i o n  
a s  a f u n c t i o n  of :  cloud t r a n s i t  t ime,  concen t r a t ion  distribution and 
t h e  mean wind speed. 

The l a t e r a l  term - which i s  common t o  both models - i s  
ano the r  exponen t i a l  decay term, and i s  a f u n c t i o n  of the Gaussian 
spreading r a t e  and the  d i s t a n c e  l a t e r a l l y  from t h e  mean wind azimuth. 
The v e r t i c a l  term - aga in  common t o  both models - i s  a r a t h e r  complex 
decay f u n c t i o n  s i n c e  i t  con ta ins  a mul t ip l e  r e f l e c t i o n  t e r m  f o r  t he  
p o i n t  source which s t o p s  t h e  v e r t i c a l  cloud development a t  t h e  t o p  of 
mixing l a y e r  and e v e n t u a l l y  changes the form of t h e  v e r t i c a l  concen- 
t r a t i o n  d i s t r i b u t i o n  from Gaussian t o  r ec t angu la r .  The l a s t  modular 
i n  both models i s  t h e  d e p l e t i o n  term. This term accounts f o r  t he  l o s s  

g r a v i t a t i o n a l  s e t t l i n g .  
I of m a t e r i a l  by simple decay p rocesses ,  p r e c i p i t a t i o n  scavenging o r  
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Each of t h e  modular terms i n  t h e s e  two r e l a t i o n s  i s  
heav i ly  dependent upon empi r i ca l  parameters .  For t h i s  r eason ,  i t  i s  
necessary t o  perform r e l i a b l e  i n v e s t i g a t i o n s  of  a s  many rocke t  launches 
a s  poss ib l e  and t o  perform c o n t r o l l e d  i n v e s t i g a t i o n s  o f  r o c k e t  exhaus ts  
experiments t o  i n s u r e  t h e  maximum r e l i a b i l i t y  i n  t h e s e  e m p i r i c a l  
parameters.  This  w i l l  i n  t u r n  a f f o r d  a more accu ra t e  d i s p e r s i o n  
d e s c r i p t i o n  from these  models. 

c.  The Desc r ip t ion  of  t h e  Models i n  t h e  NASAIMSFC Mult i -  
l aye r  D i f fus ion  Model 

The normal launch environment w i l l  u s u a l l y  involve an  
atmospheric s t r u c t u r e  comprised of  s e v e r a l  horiznntal m e t e c r ~ l s g L c a ?  
l a y e r s  wi th  d i s t i n c t i v e  wind v e l o c i t y ,  t empera ture ,  and humidi ty  regimes 
between t h e  s u r f a c e  and a 5 k i lometer  a l t i t u d e .  Large h o r i z o n t a l  
s p a t i a l  v a r i a t i o n  i n  these  meteoro logica l  parameters  may a l s o  occur  i n  
t h e  su r face  l a y e r  a s  a consequence of  changes i n  t e r r a i n  o r  land-water 
i n t e r f a c e s ,  which i s  accounted f o r  by t h e  d i f f u s i o n  model. The g e n e r a l  
d i f f u s i o n  model f o r  t he  concen t r a t ion  (Equat ion 1) and t h e  dosage 
(Equation 2)  assumes an expanding volume about a moving po in t  of  
r e fe rence  i n  a homogeneous environment.  

To overcome t h e  obvious shortcomings of  t h e  gene ra l  
d i f f u s i o n  model but  t o  s t a y  w i t h i n  t h e  e s t a b l i s h e d  bounds of c l a s s i c a l  
f l u i d  mechanics [ 2  1, a mul t ip l e  l a y e r  concept  i s  in t roduced  t o  cope 
w i t h  the v e r t i c a l  and h o r i z o n t a l  atmospheric g r a d i e n t s .  Here,  t h e  
gene ra l  d i f f u s i o n  model i s  app l i ed  t o  i n d i v i d u a l  h o r i z o n t a l  layers i n  
which the meteoro logica l  s t r u c t u r e  i s  reasonably  homogenous and indepen- 
den t  of t h e  neighboring l a y e r s .  These l a y e r s  have boundaries  which a r e  
placed a t  po in t s  of  major d i s c o n t i n u i t i e s  i n  t h e  v e r t i c a l  p r o f i l e s  o f  
wind v e l o c i t y ,  t empera ture ,  and humidity.  Since t h e  Mul t i l aye r  D i f fus ion  
Model has imposed t h e  gene ra l  r e s t r i c t i o n  of  l a y e r  independence (no 
f l u x  of p a r t i c l e s  o r  gases  e n t e r i n g  o r  l eav ing  an i n d i v i d u a l  l a y e r ) ,  
s p e c i a l  p rov i s ion  must be made f o r  s p a t i a l  changes i n  t h e  h o r i z o n t a l  
meteorology and f o r  g r a v i t a t i o n a l  s e t t l i n g  o r  p r e c i p i t a t i o n  scavenging. 
I n  a d d i t i o n ,  t he  type of  source w i t h i n  a l a y e r  must be cons idered;  
t h a t  i s ,  whether t h e r e  i s  a ground cloud source o r  a plume cloud 
source  ( see  d e f i n i t i o n s ) .  

The NASA/MSFC Mul t i l aye r  D i f fus ion  Model has  s i x  models 
(Figure 1) which account f o r  t h r e e  c a t e g o r i e s  of d i s p e r s i v e  c o n s t r a i n t s :  
The source d i s t r i b u t i o n ,  t h e  environmental  e f f e c t s  and t h e  d e p o s i t i o n a l  
e f f e c t s ,  This  f l e x i b i l i t y  i s  r equ i r ed  t o  d e a l  w i t h  t h e  s t a g e s  of  t h e  
development o f  t he  exhaust  cloud and the  complex p o t e n t i a l l y  va ry ing  
meteoro logica l  cond i t ions .  These models can  be used a lone  t o  
desc r ibe  a l l  t he  environmental  l a y e r s  o r  i n  superimposed combinations 
where v a r i a t i o n s  i n  l a y e r  meteorology r e q u i r e  d i f f e r e n t  modeling. For 
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CONCENTRATION, DOSAGE, AND DEPOSITION MODELS 

I. SOURCE D I S T R I B U T I O N  

1. E L L I P T I C - C Y L I N D R I C A L  SOURCE EXTENDS VERTICALLY 
THROUGH E N T I R E  DEPTH OF LAYER AND TURBULENT MIXING 
I S  OCCURRING 

3. E L L I P S O I D A L  SOURCE DOES NOT EXTEND VERTICALLY 
THROUGH E N T I R E  DEPTH OF LAYER 

11. ENVIRONMENTAL EFFECTS 

2. SOURCE EXTENDS VERTICALLY THROUGH E N T I R E  DEPTH OF 
LAYER AND TURBULENT MIXING I S  NOT OCCURRING 

4. FULL TRANSITION MODEL FOR STEP-CHANGE I N  LAYER 
STRUCTURE 

111. D E P O S I T I O N  EFFECTS 

5. P R E C I P I T A T I O N  SCAVENGING 

6 .  GRAVITATIONAL S E T T L I N G  * 
.t 

LOGIC S E C T I O N  1 

TRATION PATTERNS AND SURFACE 
D E P O S I T I O N  DUE TO P R E C I P I T A T I O N  

CALCULATES DOSAGE AND CONCEN- 

SCAVENGING: M@DELS 1: 2 ,  3 ,  4 ,  5 

L O G I C  S E C T I O N  2 
CALCULATES PEAK 
DOSAGE AND PEAK 
CONCENTRATION : 
MODELS 1, 2 ,  3 

- 1  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CALCULATES D E P O S I T I O N  DUE 
TO GRAVITATIONAL SETTLING:  

4 X - 4 
LOGIC SECTION 4 
CALCULATES ISOPLETHS 
OF DOSAGE AND CONCEN- 
TRATION I N  THE y - z  
PLANE: MODELS 1, 2 ,  3 

LOGIC SECTION 3 
CALCULATES ISOPLETHS OF DOSAGE 
AND CONCENTRATION I N  THE X-y 
PLANE: MODELS 1, 2 ,  3 

Y I - 

I 

FIGURE 1. BLOCK DIAGRAM OF THE COMPUTER PROGRAM FOR THE NASA/MSFC 
MULTILAYER D I F F U S I O N  MODEL. 
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t he  in t roduc to ry  overview, however, t h e s e  combinations w i l l  n o t  be 
considered. 
regimes of the concen t r a t ion  and dosage i s o p l e t h s  and c e n t e r l i n e  p r o f i l e s  
f o r  concen t r a t ion  and dosage. 

The primary ou tpu t  of a l l  models i s  a mapping of  t h e  

The fundamental ca t egory  of d i s p e r s i v e  c o n s t r a i n t s  i s  t h e  
source d i s t r i b u t i o n .  The two d i s t r i b u t i o n s  a re :  

1. The e l l i p t i c - c y c l i n d r i c a l  source which assumes a 
two dimensional Gaussian d i s t r i b u t i o n  i n  the  x-y plane and a uniform 
d i s t r i b u t i o n  i n  t h e  v e r t i c a l  d i r e c t i o n .  

2. The e l l i p s o i d a l  source which assumes a t h r e e -  
dimensional Gaussian d i s t r i b u t i o n .  

Mode1,l  i s  f o r  t he  e l l i p t i c - c y l i n d r i c a l  source whose 
v e r t i c a l  expansion i s  c o n s t r a i n t e d  by the  l a y e r  boundaries -- t hus  has 
on ly  a two dimensional expansion i n  t h e  h o r i z o n t a l  plane due t o  t u r -  
bulence mixing. This model i s  normally used t o  d e s c r i b e  t h e  r o c k e t ' s  
i n f  l i g h t  plume cloud. 

Model 3 i s  f o r  t he  e l l i p s o i d a l  source and i s  assumed t o  
expand i n  a l l  t h r e e  dimensions a s  t h e  e f f l u e n t s  a r e  propagated down- 
stream. When the  e l l i p s o i d i c a l  source reaches t h e  t o p  of t h e  mixing 
l a y e r ,  the d i s t r i b u t i o n  o f  t h e  c o n s t i t u e n t s  i s  r e f l e c t e d  back i n t o  
t h e  expanding v e r t i c a l  d i s t r i b u t i o n .  On the  o t h e r  hand, t h a t  f r a c t i o n  
no t  l o s t  i n  s u r f a c e  d e p o s i t i o n  i s  a l s o  r e f l e c t e d  back i n  a s i m i l a r  
manner. Af t e r  s u f f i c i e n t  mixing, t h e  e l l i p s o i d a l  d i s t r i t u i o n  becomes 
a e l l i p t i c - c y l i n d r i c a l  d i s t r i b u t i o n  (Model 1). While Model 3 i s  
normally used t o  d e s c r i b e  the d i s p e r s i o n  of t h e  r o c k e t ' s  ground c loud ,  
i t  could be used t o  model upper a i r  exp los ions .  The formulat ion f o r  
Model 3 has been provided i n  Appendix 11. 

The second category i s  environmental  e f f e c t s .  The two 
e f f e c t s  a re :  

1. No turbulence mixing i n  the upper atmosphere. 

2. Changes i n  me teo ro log ica l  cond i t ions  a s  t he  con- 
s t i t u e n t s  a r e  t r a n s p o r t e d  downstream. 

Model 2 i s  t he  same a s  Model 1 except  i t  i s  assumed t h a t  
t h e r e  i s  no t u r b u l e n t  mixing. This imp l i e s  t h a t  t h e  exhaust m a t e r i a l  
j u s t  meanders a long t h e  l aye r  without  d i s p e r s i n g .  While t h e  Model. 2 
i s  not g e n e r a l l y  used, movies of r o c k e t  f i r i n g s  c l e a r l y  show t h a t  under 
some s p e c i a l  me teo ro log ica l  c o n d i t i o n s  t h i s  model i s  r equ i r ed .  While 
the  Mult i layer  D i f fus ion  Model i s  g e n e r a l  i n  a p p l i c a b i l i t y ,  i t  i s  
s p e c i f i c  i n  meteorological  parameters and launch d e s c r i p t i o n .  
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Model 4 updates t h e  d i f f u s i o n  model w i t h  changes i n  
metzcrolcgical conditions and s t r u c t u r e  which can occur as the  con- 
s t i t u e n t s  propagate  downstream. This model assumes t h a t  t h e  v e r t i c a l  
c o n c e n t r a t i o n  of m a t e r i a l  has become uniform throughout each l a y e r  when 
a step-change i n  t h e  meteorological  condi t ions i s  in t roduced ,  r e s u l t i n g  

o f  new l a y e r  boundaries.  
t i m e  a r e  t r e a t e d  a s  new sources .  In  those new l a y e r s  which now comprise 
more than  one o ld  l a y e r ,  t h e  o ld  concen t r a t ion  i s  mapped a s  two indepen- 
den t  c o n c e n t r a t i o n  sources  and then  superimposed f o r  t h e  r e s u l t i n g  
c o n c e n t r a t i o n  and dosage mappings. 

- -  irk t h e  d z s t r u c t i o n  of the  o r i g i n a l  l a y e r  boundaries and t h e  formation 
The concen t r a t ion  f i e l d s  which e x i s t  a t  t h i s  

T h e - t h i r d  category of d i s p e r s i v e  c o n s t r a i n t s  i nc ludes  t h e  
d e p o s i t i o n  due to :  

1. P r e c i p i t a t i o n  scavenging 

2. G r a v i t a t i o n a l  s e t t l i n g  

Model 5 accounts f o r  p r e c i p i t a t i o n  scavenging. An example 
of where Model 5 must be used i s  i n  s o l i d  rocke t  launches du r ing  t h e  
occurrence o f  r a i n ,  because t h e  HC1 w i l l  be scavenged by t h e  r a i n .  
Model 6 d e s c r i b e s  t h e  ground d e p o s i t i o n  due t o  g r a v i t a t i o n a l  s e t t l i n g  
of p a r t i c l e s  o r  d r o p l e t s .  Wind shea r s  a r e  inco rpora t ed  i n  t h i s  model 
t o  account f o r  t h e  e f f e c t  of t h e  s e t t l i n g v e l o c i t y  of t h e  p a r t i c u l a t e  
ma t t e r .  There a r e  two forms f o r  t h e  source i n  t h i s  model; namely: 

1. The source t h a t  extends v e r t i c a l l y  through t h e  
e n t i r e  l a y e r  w i t h  a uniform d i s t r i b u t i o n  -- t h i s  i s  t h e  same source 
model a s  used w i t h  Models 1 and 2 ,  and 

2. A volume source i n  the K-th l a y e r  -- t h i s  i s  t h e  
same source model a s  used wi th  Model 3. 

Model 6 i s  ve ry  important i n  t h e  a n a l y s i s  of t h e  s e t t l i n g  
of A1203 p a r t i c l e s  r e l e a s e d  i n  s o l i d  rocket f i r i n g s .  

The t reatment  of cold s p i l l s  and f u e l  l eaks  t h a t  occur 
near  ground level  r e q u i r e s  a continuous source,  but  t h e  models t h a t  
have been considered so  f a r  a r e  f o r  d i s c r e t e  sou rces ;  t h e r e f o r e ,  t h e  
models must be adapted f o r  t h e  use i n  p r e d i c t i n g  concentrat ion-dosage 
l e v e l s  downwind from continuous sources .  

The l a y e r  of t h e  environment inf luenced by t h e  ground-level 
s p i l l s  and l eaks  can be t r e a t e d  a s  homogeneous; t h e r e f o r e ,  t h e  g e n e r a l  
formula f o r  c o n c e n t r a t i o n  and dosage (Equations 1 and 2) presented i n  
t h e  i n i t i a l  d i s c u s s i o n  would be app l i cab le  i f  s p i l l s  and l eaks  a r e  
t r e a t e d  a s  continuous sources .  To v i s u a l i z e  t h i s  adap t ion  f o r  t h e s e  
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formulas,  assume a source cloud w i t h  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  
t h a t  implies  a given dosage a t  a p o i n t  f o r  t h i s  cloud; t h a t  i s ,  t h e  
dosage per  even t ,  I f  t h e r e  a r e  a number of s i m i l a r  c louds ,  d i s c r e t e l y  
spaced, t hen  f o r  each cloud w e  o b t a i n  a dosage f o r  each cloud whose 
sum corresponds t o  t h e  t o t a l  dosage f o r  t h e  e n t i r e  event .  

I n  the  l i m i t  a s  t h e  spacing between clouds approaches ze ro  
and the number of c louds becomes l a r g e ,  t h e  d i s c r e t e  source approaches 
a continuous source whose c o n c e n t r a t i o n  i s  the  p o i n t  dosage per u n i t  
t i m e ,  The r e l a t i o n  f o r  t h e  continuous c o n c e n t r a t i o n ,  which fo l lows  
d i r e c t l y  from t h i s  argument, i s  

Concentrat ion = (Peak Concentrat ion)  x ( L a t e r a l  Term) 

x ( V e r t i c a l  Term x (Deplet ion Term) 

0 ( 3 )  

- 
where Q i s  t h e  source s t r e n g t h ,  u i s  t h e  mean wind speed, o. i s  t h e  
concen t r a t ion  d i s t r i b u t i o n  i n  the  i - t h  d i r e c t i o n  and t i s  t h e  
r e l e a s e  t i m e .  R 

The L a t e r a l  Term, V e r t i c a l  Term, and the  subse t  of 
equat ions d e f i n i n g  o and o a r e  t h e  same a s  f o r  t h e  p o i n t  source 
dosage (Equation 2)  .’ The continuous dosage i s  then  t h e  continuous 
concen t r a t ion  t imes t h e  r e l e a s e  t i m e .  

z 

I n  summary, t he  Mul t i l aye r  D i f fus ion  Model i s  composed of 
s i x  submodels. Models 1 and 3 a r e  designed t o  d i s t i n g u i s h  between t h e  
two sources of t o x i c  cloud formation -- t h e  ground cloud du r ing  t h e  
i n i t i a l  launch phase (Model 3)  and t h e  plume cloud a f t e r  t h e  i n i t i a l  
launch phase (Model 1). From t h e  s t and  p o i n t  of environmental  impact,  
t h e  d e s c r i p t i o n  of t he  f i e l d s  of t h e  ground d e p o s i t i o n  of m a t e r i a l s  
from the ground cloud i s  of primary s i g n i f i c a n c e  -- t h i s  d e s c r i p t i o n  
i s  afforded by Model 3.  General ly ,  t h i s  model i s  employed i n  the  
su r face  l a y e r ,  but  can be employed i n  any l a y e r  where the  source does 
n o t  extend through t h e  e n t i r e  l a y e r .  

Model 2 was designed t o  account f o r  a l ack  of t u r b u l e n t  
mixing which can occur i n  the  upper atmosphere. Model 4 i s  employed 
when a change i n  me teo ro log ica l  c o n d i t i o n  occurs  du r ing  t h e  downstream 
t r a n s p o r t  of the cloud. I n  t h e  event  of r a i n ,  t h e  p r e c i p i t a t i o n  
scavenging -- both of gases  and p a r t i c l e s  -- can be accounted f w i n  
Model 5. The f a l l o u t  of p a r t i c u l a t e  ma t t e r  on t h e  ground i s  t h e  domain 
of Model 6. These s i x  submodels form t h e  b a s i c  set  of equa t ions  which 
a r e  a v a i l a b l e  t o  t r e a t  t h e  d i f f u s i o n  problem. To model a s p e c i f i c  
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launch of a v e h i c l e ,  i t  i s  necessa ry  t o  blend these equa t ions  t o g e t h e r  
and a d j u s t  t h e  model. parai i lc tera  t o  t h e  spee i f l c  m c t e = r = l ~ g i c a l  conditi~ns 
o f  t h e  launch, t o  the  s p e c i f i c  t e r r a i n  around t h e  launch s i t e  and t o  
t h e  s p e c i f i c  v e h i c l e  being launched; t hus  the  degree of complexity 
i n  t h e  d i f f u s i o n  model. 
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SECTION 111. PREDICTIONS OF THE DISPERSIVE TRANSPORT OF SATURN V 
ENGINE EXHAUST EFFLUENTS I N  THE TROPOSPHERE (APRIL 1 6 ,  1972) 

Concentrat ion mappings of  t h e  exhaus t  e f f l u e n t s  from 
t h e  launch o f  t h e  Apollo 16 miss ion  (Apollo Sa tu rn  511) at 1754 Univer- 
s a l  T i m e  (UT) (1254 EST) from Kennedy Space Center  ob ta ined  from t h e  
NASA/MSFC Mul t i l aye r  D i f fus ion  Model are  presented  i n  t h i s  s e c t i o n .  
S ince  t h e  c a l c u l a t i o n  of  the exhaust  e f f l u e n t  d i s p e r s i o n s  p re sen ted  i n  
t h i s  r e p o r t  are l i m i t e d  t o  a l t i t u d e s  below 18 km, only  t h e  exhaust  
e f f l u e n t s  from t h e  f i r s t  s t a g e  (S-1C) of t h i s  Sa tu rn  V have an e f f e c t  
upon the  concen t r a t ion  mapping and t h e  e f f l u e n t s  from t h e  r ema i~ l ing  
s t a g e s  can be neglec ted  he re .  

The two important  i npu t  parameters  i n  t h e  Mul t i l aye r  D i f fus ion  
Model a r e  t h e  v e h i c l e  f u e l  p r o p e r t i e s  and t h e  meteoro logica l  cond i t ions ;  
t h e s e  input  parameters  w i l l  be  d iscussed  as an i n t r o d u c t i o n  t o  t h e  
a c t u a l  model parameters  employed and t h e  p r e d i c t i o n s  obta ined .  

a.  Sa turn  V (S-1C) Engine Exhaust E f f l u e n t s  

It h a s  been e s t a b l i s h e d  t h e o r e t i c a l l y  and from observa-  
t i o n s  t h a t  low a l t i t u d e  c louds  of engine exhaust  and en t r a ined  gases  
are formed dur ing  t h e  launch of t h e  S-1C boos ter  [3]. 
S-1C veh ic l e ,  t h e s e  c louds  r e g u l a r l y  r ise  and s t a b i l i z e  a t  an a l t i t u d e  
of about 2 km, depending upon meteoro logica l  cond i t ions .  The engine  
exhaust e f f l u e n t s  conta ined  i n  t h i s  c loud  are produced du r ing  t h e  pe r iod  
from rocket  i g n i t i o n  t o  t h e  t i m e  t h a t  i t  ascends t o  t h e  a l t i t u d e  as 
which t h e  exhaust ground cloud s t a b i l i z e s .  For a cloud s t a b i l i z a t i o n  
a l t i t u d e  of two k m ,  t h e  ground cloud con ta ins  t h e  exhaust  e f f l u e n t s  
produced du r ing  app3oximately t h e  f i r s t  43 seconds of  engine  i g n i t i o n ,  
o r  about 6.524 x 10  kg (Table  I ) .  The composition of t h e s e  l i q u i d  
engine  exhaust e f f l u e n t s  a t  engine  ex i t  and a f t e r  r e a c t i o n  w i t h  t h e  
atmosphere c o n s i s t s  p r i m a r i l y  (99.9 p e r c e n t ,  see Table  11) of water 
vapor (H20), carbon monoxide (CO) and carbon d i o x i d e  (CO2). 
gases ,  t h e  only two t h a t  a r e  cons idered  t o x i c  a r e  carbon monoxide and carbon 
d ioxide  ( see  Appendix 11, T o x i c i t y  C r i t e r i a ) .  The s t a b i l i z e d  ground cloud 
from Apollo 16 contained about 2.85 x lo5 kg of  carbon monoxide [ 4 ] .  

I n  t h e  case  of  t h e  

O f  t h e s e  

The s i n g l e - s t a r t  F-1 engine ,  w i th  a f i x e d  t h r u s t  of  6.8 x 
10 N ,  u s e s  l i q u i d  oxygen as t h e  o x i d i z e r  and F P - 1  as t h e  f u e l .  Water, 
hydrocarbons,  and o t h e r  carbon compounds make up t h e  majo5 b u l k  of t h e  
engine  exhaust .  Eight  minutes b e f o r e  l i f t - o f f  , 5.02 x 10 kg/sec  
(8,000 ga l lons /minute)  of water are sprayed i n t o  t h e  t r e n c h  (F igu re  2).  
A t  2 minutes b e f o r e  l i f t - o f f  , 1.26 x lo3  kg / sec  (20,000 ga l lons /minute)  
of water are sprayed on to  t h e  mobile l aunche r ,  launch pad,  and i n t o  the: 
t r ench  f o r  coo l ing  purposes .  S i x  seconds a f t e r  i g n i t i o n ,  t h e  F-1 

6 
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TABLE I 

EXHAUST MATERIALS EMITTED AS A FUNCTION OF ALTITUDE FROM THE S-1C STAGE 

A l t i t u d e  Range 
( km) 

0-2 
2-4 

4-6 
6-8 
8-10 
0-12 
2-14 

4-16 
6-18 

8-20 
0-22 

2-24 

4-26 
6-28 
8-30 
0-40 

0-50* 
0-60 
3-70 

Range T i m e  a t  Top of Layer 
(set) 

36** 

49 

58 
66 
72 

78 
83 
88 

92 

96 
100 

104 
107 
110 

113 
128 

140 
151 
160 

Exhaust Material E m i t t e  
(kilograms) 

5.460 x lo5 
1.690 x lo5 

5 1.170 x 10 
5 1.040 x 10 
4 7.800 x 10 
4 7.800 x 10 
4 6.500 x 10 
4 6.400 x 10 
4 5.200 x 10 
4 5.200 x 10 
4 5.200 x 10 
4 5.200 x 10 
4 3.900 x 10 
4 3.900 x 10 
4 3.900 x 10 
5 1.950 x 10 
5 1.456 x 10 
5 1.144 x 10 
4 9.360 x 10 

*Layer i n  which IBECO occurs;  only fou r  engines  burn a f t e r  T + 135.96 
seconds.  

**Total e f f l u e n t  c a l c u l a t i o n s  based on 4 3  seconds i n  t h a t  i g n i t i o n  1 
I occur s  a t  T - 7 seconds.  
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TABLE I1 

F-1 EXHAUST COMPOSITION 

:omp on en t 

OH 

H2° 

0 

O2 

co 

c02 

CHO 

H 

HC 

P a r t i c u l a t e s  

Nox 

Weight Percent  
a t  E x i t  

1 . 1 3  

.22 

26.6 

.005 

.011 

42.2 

27.8 

.002 

.022 

1 . 6 0  

.0575 

0 

Estimated Weight 
Percent  Af t e r  Reactioi  
wlbtmosphere ;? 

27.5 

43.6 

28.8 

.0575 

.0005 

Hydrocarbons and p a r t i c u l a t e s  
Hydrocarbons a r e  expected t o  burn when mixed w i t h  primary f low and 
atmosphere. 

r e s u l t  p r i m a r i l y  from t u r b i n e  exhaus t .  

Primary exhaust  products  are based on t h e o r e t i c a l  d a t a .  Imperfect  m i x -  
i n g  i s  t h e  primarymechanism which might cause  t h e  measured composi t ion 
t o  d i f f e r  from t h e o r e t i c a l  . 
Measured t u r b i n e  exhaus t  composition ag rees  v e r y  w e l l  w i t h  p r e d i c t e d  
composition but  no d a t a  have been l o c a t e d  t o  confirm t h e  expected 
r e a c t i o n  wi th  primary f low and atmospheric  oxygen. 

*These e s t i m a t e s  were made by S&E-AERO-AT, Marsha l l  Space F l i g h t  
Center ,  Alabama, Nat iona l  Aeronaut ics  and Space Adminis t ra t ion .  
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engines  produce about  1 .34  x 10" c a l o r i e s  of  h e a t  p e r  second. 
a f t e r  evapora t ive  coo l ing  from t h e  water sp ray  d u r i n g  i n i t i a l  launch,  
on ly  about 1.27 x lo1' c a l o r i e s  of h e a t  pe r  second are emi t ted  [ 4 ] .  

However, 

The exhaust  cloud from t h e  Apollo 1 6  launch  w a s  monitored 
photographica l ly  a t  two-second i n t e r v a l s  t o  provide  empi r i ca l  d a t a  t o  
eva lua te  cloud r i se  c a l c u l a t i o n s  from t h e  Mul t i l aye r  D i f fus ion  Model. 

The cloud r ise and growth r a t e  d a t a  were e x t r a c t e d  from 
t h e  s e q u e n t i a l  set of photographs by u s i n g  s c a l i n g  f a c t o r s  t o  account  
f o r  t h e  d i s t a n c e  between t h e  camera and t h e  c louds ,  f o r  t h e  d iameter  o f  
t h e  top  of t h e  c louds  and f o r  t i m e  (F igures  3 and 4 ) ,  

The p r e d i c t e d  maximum cloud rise and t h e  f i t t e d  curves  of 
t h e  observed rates of t h e  bimodal cloud f o r  Apollo 1 6  launch are shown 
i n  Figure 3. The g r e a t e r  r ise r a t e  of t h e  r i g h t  plume is  due t o  
d e f l e c t i o n  by t h e  21-degree i n c l i n a t i o n  of t h e  sou th  end of t h e  c o n c r e t e  
f lame t rench.  However, t h e  two c louds  even tua l ly  rise t o  an  equa l  
he igh t  and u n i t e  a t  t h e  t i m e  t hey  become s t a b l e  wi th  t h e  ambient a i r .  

b.  Atmospheric Condit ions a t  t h e  Time of  Launch of  Apollo 16 I 
P r e d i c t i o n s  of  t h e  concen t r a t ion  and movement of  r o c k e t  

motor e f f l u e n t s  r e q u i r e  i n p u t s  of  s e v e r a l  meteoro logica l  parameters  
va ry ing  i n  complexity from r e l a t i v e l y  s t r a i g h t  forward ones such a s  
p o t e n t i a l  temperature  and wind v e l o c i t y  t o  r a t h e r  complex ones such a s  
s tandard  d e v i a t i o n s  of t he  wind azimuth and e l e v a t i o n  ang le s  a t  a l l  
a l t i t u d e s  of i n t e r e s t .  S e l e c t i o n  of  meteoro logica l  i n p u t s  begins  w i t h  
t h e  assignment of  l a y e r  boundaries  based upon t h e  v e r t i c a l  p r o f i l e s  of  
wind, temperature ,  and humidity w i t h i n  t h i s  volume. 

The sources  f o r  meteoro logica l  in format ion  a t  Kennedy 
Space Center a t  t h e  t i m e  of  launch of  Apollo 16 inc luded  the ' J imsphere  
and radiosonde measurement systems,  United S t a t e s  A i r  Force weather  
reconnainssance a i r c r a f t  o p e r a t i n g  i n  t h e  a r e a ,  and t h e  NASA 150-meter 
Ground Wind Tower on Merrit t  I s l a n d .  Other  sources  of a tmospheric  
d a t a  included synopt ic  weather  maps and upper a l t i t u d e  atmospheric  
p re s su re  and wind c h a r t s .  Meteoro logis t s  from MSFC s t a r t e d  ana lyses  
o f  meteoro logica l  d a t a  about two days before  t h e  launch o f  Apollo 16 t o  
make pre l iminary  p lans  f o r  a i r c r a f t  sampling p r o f i l e s .  These ana lyses  
continued up t o  t h e  t i m e  of  launch. 

The atmospheric cond i t ions  i n  t h e  v i c i n i t y  o f  Kennedy 
Space Center Launch Complex 39 (LC39A) a t  t h e  t i m e  o f  launch on A p r i l  16 
were inf luenced p r i m a r i l y  by d r y  s t a b l e  a i r  a s soc ia t ed  w i t h  an a n t i -  
cyc lon ic  system centered  o f f  t h e  e a s t  c o a s t  of  F l o r i d a .  Loca l ly ,  t h e r e  
were only a few s c a t t e r e d  cumulus c louds  w i t h  bases  a t  about  two km. A 
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I 
I sea breeze had pene t r a t ed  inland from t h e  sou theas t  a c r o s s  much of Cape 

~ 

~ e n n e d y  h u t  had n o t  reached a s  f a r  a s  LC 39A. 
almost a l l  a l t i t u d e s  from the s u r f a c e  t o  an a l t i t u d e  of 15 km (Figure 5). 
These p e r s i s t e n t  southwest winds were r e spons ib l e  f o r  de l ay ing  and 1 r educ ing  t h e  e f f e c t  of t he  sea b reeze ,  Wind speeds ranged from 5.0 m/sec 

, st t h e  s u r f a c e  t o  26 .1  mlsec a t  11.9 km a l t i t u d e .  I n  a d d i t i o n  t o  wind 
d a t a ,  a c r u c i a l  parameter i n f l u e n c i n g  t h e  a l t i t u d e  a t  which t h e  ground 
exhaust  cloud w i l l  s t a b i l i z e  i s  atmospheric s t a b i l i t y .  A t  t he  time of 
t h e  Apollo 16 launch, a subsidence inve r s ion  e x i s t e d  over KSC, w i th  
a base of about  2000 m. This i n v e r s i o n  had a profound e f f e c t  on the 
ground exhaust  clocld dynamics, and subsequently on t h e  concen t r a t ion  of 
r o c k e t  engine e f f l u e n t s  both a t  t he  ground cloud and ground su r face  
l e v e  Is. 

The wind was southwest a t  

The southwester ly  wind p a t t e r n  developed over F lo r ida  a s  
a consequence of  a low p res su re  trough moving eastward from the  
M i s s i s s i p p i  Val ley.  A s  t h i s  trough s h i f t e d  t o  t h e  higher  p re s su re  
e x i s t i n g  over F l o r i d a ,  t h e  p re s su re  g rad ien t  i nc reased  through the 
t roposphere r e s u l t i n g  i n  f a i r l y  s t rong  southwester ly  winds. A r a p i d l y  
moving cold f r o n t  a s soc ia t ed  wi th  t h e  trough a l o f t  was loca ted  over 
extreme northwest  F l o r i d a  a t  launch t ime, but t h e  r a i n  shower a c t i v i t y  
produced by t h i s  weather system w a s  confined 
o f  t h e  f r o n t ;  t h e r e f o r e ,  the f r o n t  had no d i r e c t  e f f e c t  on the  l o c a l  
weather c o n d i t i o n s .  However, t h e  inf luence of t h e  weather system 
dominated t h e  wind p r o f i l e ,  and t h i s  f a c t o r  was c r i t i c a l  i n  making 
p r e d i c t i o n s  of t he  ground exhaust cloud movement. 

t o  t h e  immediate v i c i n i t y  

c. Meteorological  and Source Inputs t o  t h e  Model 

Based on the v e h i c l e  used, i n  t h i s  ca se  the Sa tu rn  V ,  and 
t h e  meteorological  cond i t ions  a t  t h e  launch t i m e ,  a se t  of va lues  f o r  
me teo ro log ica l  and source model i npu t  parameters f o r  t h e  MSFCINASA 
M u l t i l a y e r  D i f fus ion  Xodei a r e  def ined.  Time-lapse photographs are =sed 
p r i m a r i l y  as an  empi r i ca l  s t anda rd  comparison f o r  t he  observed and p r e d i c t e d  
exhaust  c loud r i s e  and volume. A d e t a i l e d  l i s t  of t h e  gene ra l  i n p u t  
parameters r equ i r ed  by t h e  model i s  given i n  Appendix 111. The s p e c i f i c  
v a l u e s  t h a t  were employed i n  t h e  model t o  o b t a i n  t h e  concen t r a t ion -  
dosage mapping f o r  t he  launch o f  t h e  Saturn V v e h i c l e  i n  t h e  Apollo 16 
mission a r e  given. 

Ca lcu la t ions  of t h e  maximum height  ( z  ) of r i se  o f  t h e  
Apollo 16 engine exhaust  ground cloud, t o  d e f i n e  &e l o c a t i o n  and s i z e  
of t h e  sou rce ,  were made us ing  rawinsonde soundings a t  6 hours 39 
minutes be fo re  launch (1115 UT) t o  f o r e c a s t  and a t  10 minutes a f t e r  
launch (1804 UT) t o  p r e d i c t  t h e  environmental d i s p e r s i o n  o f  t hese  
exhaust  e f f l u e n t s .  The v a l u e s  o f  t h e  ambient temperature (T) , t h e  
p o t e n t i a l  temperature g r a d i e n t  ( a e l a z ) ,  and t h e  mean wind speed (u)  
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f o r  t h e s e  two soundings a r e  given i n  Table 111. This  p o s i t i v e  
p ~ t c ~ t i a l  t e ~ p e r a t u r e  g r a d i e c t  i m p l i ~ _ ~  t h a t  2 s tab le  c l o i ~ d  relation 
i s  r e q u i r e d  (Equation A-2 o r  A-4). The r e l a t i v e l y  slow rise of t h e  
S a t u r n  V ground Cloud d i c t a t e s  t h e  u s e  of t h e  continuous cloud r ise  
r e l a t i o n  f o r  t h e  s t a b l e  source.  The i n i t i a l  v e r t i c a l  plume v e l o c i t y  

are r e q u i r e d  i n  t h e  cloud r ise  c a l c u l a t i o n  and are based on t h e  c h a r a c t -  
e r t i s t ics  of t h e  Sa tu rn  V v e h i c l e  [ 4 ] .  
(Equation A-4) f o r  t h e  1804 UT sounding i s  2000 meters. This  a n a l y t i c a l  
p r e d i c t i o n  of t h e  h e i g h t  i n  F igu re  3 i s  compared t o  tk observed cloud 
r ise h e i g h t s  ( s o l i d  curve) obtained using t ime-lapse photographs [ 5 3 .  
(While F igure  3 on ly  g ives  a s i n g l e  a n a l y t i c a l l y  pkedicted cloud rise 
h e i g h t ,  a p r e d i c t e d  cloud rise curve can be a n a l y t i c a l l y  generated 
w i t h  Equation A-4.) 

\ w o / ,  I-- \ +L- L l l C  G - C C : ~ ~  I L b A b A U L  raa:,,c L U Y I U Y  (r0), the  e n t r 2 i P m x l t  ceefffcient  (y) (Table  IrI> 

The maximum cloud r ise  c a l c u l a t e d  

The he igh t  of c loud s t a b i l i z a t i o n  i s  then  employed i n  t h e  
e m p i r i c a l  p r e d i c t i o n  of t h e  cloud diameter (Figure 4 )  based on t h e  MSFC l i b r a r y  
of c loud growth obse rva t ions .  For comparison of t h e  p r e d i c t e d  wi th  
observed cloud diameter ,  t h e  photographical ly  observed cloud growth 
as a f u n c t i o n  of time w a s  made. 

The ground cloud became s t a b l e  w i t h  t h e  a n b i e n t  a i r  150 
seconds a f t e r  launch and had a maximum he igh t  of about 2000 meters. A t  
t h i s  time, t h e  cloud contained 5.460~105 kilograms of t h e  rocke t  engine 
e f f l u e n t s  from approximately t h e  f i r s t  43 seconds of eng ine  ope ra t ion .  
C a l c u l a t i o n s  of t h e  p a r t s  p e r  m i l l i o n  (ppm) of carbon monoxide i n  t h e  
s t a b i l i z e d  cloud i n d i c a t e d  about 130 ppm i f  uniform mixing occurred;  
however, i n  t h e  a p p l i c a t i o n  of t h e  MSFC/NASA M u l t i l a y e r  D i f fus ion  Model 
it i s  assumed the exhaust e f f l u e n t s  i n  t h e  cloud are Gaussian d i s t r i b u t e d  
i n  t h e  p l a n e  of t h e  horizon,  r e s u l t i n g  i n  a h ighe r  c e n t e r l i n e  concen- 
t r a t i o n  of carbon monoxide than  the average v a l u e  j u s t  given.  Photo- 
graphs of t h e  cloud a t  6.0 minutes a f t e r  launch r evea led  t h a t  t h e  ground 
cloud had assumed a shape modeled by o b l a t e  s p h e r i o d a l  (Figure 6 ) .  
axes w a s  2000 meters i n  t h e  x and y d i r e c t i o n s  and t h e  minor a x i s  was 
800 meters i n  the z d i r e c t i o n  ( t h e  x-axis i s  i n  t h e  alongwind d i r e c t i o n ;  
y i s  i n  t h e  crosswind d i r e c t i o n ;  and z is i n  t h e  v e r t i c a l  d i r e c t i o n ) .  

The major 

A d e t a i l e d  examination of t he  a p p r o p r i a t e  a i r  temperature  
and dew p o i n t  (Figure 7 ) ,  and wind speed and d i r e c t i o n  (F igu re  8) a t  
the time of t h e  launch of 'Apollo 16 ind ica t ed  t h e  atmosphere should be 
i n i t i a l l y  assumed t o  c o n s i s t  of n ine  layers,  The t o p  of seven o f  t h e s e  
l a y e r s  are de f ined  by t h e  meteorological  parameters i n d i c a t e d  i n  t h e s e  
f i g u r e s ,  and t h e  o t h e r  two l a y e r s  a r e  defined by cloud dimensions. 
t h e  MSFC M u l t i l a y e r  Atmospheric D i f fus ion  Model 1 (source extends v e r t i c a l l y  
through t h e  e n t i r e  depth o f  t h e  l a y e r  and v e r t i c a l  mixing i s  occur r ing )  was 
a p p l i e d  t o  i n i t i a t e  t h e  d i s t r i b u t i o n s .  
exhaust  c loud ,  i t  w a s  assumed t h e r e  was l a y e r  breakdown between t h e  lowest 
s i x  l a y e r s ,  and t h e r e f o r e  t u r b u l e n t  mixing would occur  i n  t h e  f i r s t  2000 
meters above t h e  launch pad. 
l a y e r  s t r u c t u r e ) ,  w i t h  a p p r o p r i a t e  layer  breakdown formulas was used t o  s imula t e  

I n i t i a l l y ,  

A f t e r  s t a b i l i z a t i o n  o f  t h e  ground 

Model 4 ( f u l l  t r a n s i t i o n  model f o r  step-change i n  

27 
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0 - P O I N T S  WHICH D E F I N E  L A Y E R  B O U N D A R I E S  

FIGURE 7 .  A I R  TEMPERATLTRE AND DEW-POINT TEMPERATURE P R O F I L E S  FROM 
THE 1804 UT RAWINSONDE ON A P R I L  1 6 ,  1972 AT GAPE KENNEDY 
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0 - P O I N T S  W H I C H  D E F I N E  L A Y E R  BOUNDARIES 
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t h e  e f f e c t s  of t h i s  t u r b u l e n t  mixing of t h e  s ix  lowest  l a y e r s .  
a l t i t u d e s  of 2000 meters and 4000 meters ( a l t i t u d e  of t h e  nex t  i n v e r s i o n  
l a y e r ) ,  Model 3 ( v e r t i c a l  extend of t h e  source i s  less than  t h e  dep th  
of t h e  l a y e r )  w a s  assumed. 
e f f l u e n t s  of t h e  ground exhaust cloud t h a t  were above an  a l t i t u d e  of 
2000 meters w i t h i n  t h e  a l t i t u d e  r e g i o n  2000 t o  4000 m. 
t h e  ground exhaust cloud contained between a l t i t u d e s  of 1800 and 2000 
meters w a s  assumed t o  mix and d i f f u s e  downward t o  t h e  ground. 

Between 

This  r e s u l t e d  i n  t r a p p i n g  of a l l  engine 

The p o r t i o n  of 

Source and me teo ro log ica l  i npu t  parameters f o r  t h e  MSFC/ 
NASA Mul t i l aye r  D i f fus ion  Model are  de f ined  i n  Appendix I11 (Tables 
A - I  and A - 1 1 1 ) .  The va lues  of t h e  me teo ro log ica l  i npu t  i n  Table IV 
a r e  f o r  a l l  nine l a y e r s  p r i o r  t o  t h e  breakdown of t h e  l a y e r s .  Values 
f o r  t h e  source dimensions and source s t r e n g t h s  i i i  a r e s p e c t i v e  layzr 
were obtained r e l a t i v e  t o  t h e  s t a b i l i z e d  ground cloud (F igu re  6) 
u t i l i z i n g  t h e  r e l a t i o n s  i n  Appendix I11 (Equation A-39, A-40, and A-41). 
The r e s u l t i n g  source parameter f o r  t h e  launch of Apollo 16 a r e  g iven  
i n  Table V.  These meteorological  and source  inpu t  parameters  (Tables 
N and V) are t h e  b a s i s  of t h e  e f f l u e n t  d i s p e r s i o n  r e s u l t s  f o r  t h e  
launch of Apollo 16 t h a t  were o3tained w i t h  t h e  NASA/MSFCMultilayer 
D i f fus ion  Model. 

d. P r e d i c t i o n s  of t h e  Concentrat ion Contours from Exhaust 
E f f l u e n t s  f o r  Apollo 16  by t h e  NASA/MSFC M u l t i l a y e r  
D i f fus ion  Model 

The fol lowing p r e d i c t i o n s  f o r  t h e  d i s p e r s i o n  of t h e  Sa tu rn  
V exhaust e f f l u e n t s  from t h e  Apollo 16 mission w i l l  focus on t h e  
d i s p e r s i o n  o f  carbon monoxide and carbon d iox ide  because t h e s e  a re  t h e  
only two c o n s t i t u e n t s  t h a t  are p o t e n t i a l l y  t o x i c  and have a p o t e n t i a l  
impact on t h e  environment a i r  q u a l i t y  i n  t h e  t roposphere.  Carbon 
monoxide i s  s e l e c t e d  a s  t h e  trace gas i n  t h e  i s o p l e t h s  and c e n t e r l i n e  
concen t r a t ion  p r o f i l e s  t h a t  are d i scussed  because t h e  concen t r a t ions  of 
carbon monoxide a r e  2.4 t i m e s  s t r o n g e r  t h a n  t h o s e  of carbon d iox ide  
and because t h e  t o x i c i t y  l e v e l s  f o r  carbon monoxide are much less than  
those f o r  carbon d iox ide  (Appendix IV); t h a t  i s ,  i f  t h e r e  i s  n o t  an 
environmental hazard from carbon monoxide during t h e  launch of a S a t u r n  V 
v e h i c l e ,  t hen  it can be assumed t h a t  t h e  o t h e r  c o n s t i t u e n t s  i n  t h e  exhaust 
e f f l u e n t s  w i l l  no t  a f f o r d  an environmental  hazard.  

To a s c e r t a i n  t h e  s u r f a c e  concen t r a t ions  of carbon monoxide 
a nine l a y e r  atmosphere s t r u c t u r e  (F igu res  7 and 8 )  w a s  employed, based 
on the  atmospheric thermodynamic and kinematic  soundings a t  launch t i m e ,  
i n i t i a l l y  i n  Model 1 of t h e  NASAIMSFC M u l t i l a y e r  D i f fus ion  Model (as 
discussed i n  t h e  l a s t  s e c t i o n )  and run f o r  one second. Then Model 4 
w a s  invoked t o  merge t h e  f i r s t  s i x  l a y e r s .  The t o p  of t h i s  new s u r f a c e  
l aye r  was d i c t a t e d  by t h e  temperature  i n v e r s i o n  a t  2 k i lome te r s .  The 
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METEOROLOGICAL MODEL INPUTS FOR THE N I N E  LAYERS 

Units 

-1 m sec 

-1 rn sec 

-1 rn sec 

0 
K 

s ec 

- 
1 

5.24 

- 

5.0 

9.3 

301. ( 

301.5 

8.66 

9.08 

4.92 

600 

1 

- 

- 
2 - 

9.3 

9.6 

301.9 

301.7 

4.92 

4 .54  

600 

1 

- 

- 
3 

9.6 

9.4 

301.7 

301.8 

4 .54  

4.34 

600 

1 

- 

Layer 

4 

3.4 

10.1 

301.8 

301.9 

4.34 

4.19 

600 

1 

- 

- 
5 

LO. 1 

3.9 

301 9 

301 8 

5.19 

$. 14 

600 

1 

- 

- 
6 

9.9 

11.1 

301.8 

302.1 

4.14 

4.09 

600 

1 

- 

- 
7 

11.1 

10.5 

302.1 

305. € 

4.09 

2.0 

600 

1 

- 

- 
8 - 

L0.5 

3.1 

305. t 

308, I 

2.0 

1.0 

600 

1 

- 

9 

8.1 

6.7 

308.3 

309.5 

1.0 

1.0 

600 

1 
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z 
R 

BK 

TK 

K 

YO 

xo 

z 

z 

7 

0 CKI 

3 CKI 

Q 
K 

- ~~ 

Units 

m 

m 

m 

sec 

m 

m 

ppm m-1 

1 2  

3 

2 400 

400 800 

180 180 

0 0  

0 0  

0 0  

7 

3 
- 

800 

1200 

180 

0 

0 

0 

- 

- 
4 - 

1200 

1600 

180 

0 

0 

0 

- 

Layer 
- 

5 - 

1600 

1800 

180 

0 

0 

0 

I_ 

6 

1800 

2000 

180 

300.2 

300.2 

1.694 
x 108 

7 
~ 

2000 

2200 

180 

445.3 

445.3 

4.411 
x 108 

180 180 

445.3 300.2 

445.3 300.2 

4.539 2.118 
x 108 x 108 
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r e s u l t i n g  i s o p l e t h s  a r e  shown i n  Figure 9.  These i s o p l e t h s  r e p r e s e n t  
t h e  s p a t i a l  ixapping a t  the bottom of the o r i g i n a l  s i x  l a y e r s .  
s p a t i a i  s e i e c t i o n  r e p r e s e n t s  the s i g n i f i c a n t  l o c a t i o n s  (de f ined  by 
me teo ro log ica l  c o n d i t i o n s )  r e q u i r e d  i n  an environmental  inventory of 
t h e  impact of t h e  r o c k e t  exhaust e f f l u e n t s .  Of obvious importance are 
t h e  s u r f a c e  ( 2  m e t e r  level) i s o p l e t h s ,  which reveal t h a t  t h e  maximum 
c o n c e n t r a t i o n  of carbon monoxide was l e s s  t han  2 ppm from t h e  launch of 
Apollo 1 6 .  This  i s  w e l l  below t h e  pub l i c  exposure l e v e l  of 25 ppm i n  
a n  one-hour pe r iod  recommended by t h e  Environmental P r o t e c t i o n  Agency 
(Appendix IV, Table A - 1 1 1 ) .  The maximum c e n t e r l i n e  downwind concen t r a t ions  
of CO and CO a t  t h e  bottom of t h e  l a y e r s  between t h e  source c e n t e r  
(2 .2 k i lome tg r s )  and t h e  s u r f a c e  are shown i n  Table-VI. 
mixing and d i f f u s i o n  processes  d i l u t e d  t h e  c o n s t i t u e n t s  r a p i d l y ,  a s  can 
be observed from t h e  s m a l l  q u a n t i t i e s  t h a t  reached ground level. To 
conve r t  c o n c e n t r a t i o n s  of CO (as i n d i c a t e d  by t h e  i s o p l e t h s  i n  F igu re  9)  
t o  C02,  it i s  necessa ry  t o  m u l t i p l y  by a conversion f a c t o r  of .4203. 
The f a c t o r  was determined from t h e  following r e l a t i o n s h i p :  

This 

Turbulent 

28.8% CO 
PPm (CO) x 2 x molecular WT of co = ppm ( c o 2 )  ( 4 )  

2 
43.6% CO molecular WT of CO 

The 28.8% C02 and 43.6% CO va lues  i n  the  above equa t ion  r e p r e s e n t  t h e  
e s t ima ted  percentage by weight of t h e s e  S a t u r n  engine exhaust  c o n s t i t u e n t s  
a f t e r  r e a c t i o n  w i t h  t h e  atmosphere. 

Four downwind maximum c e n t e r l i n e  concen t r a t ions  of carbon 
monoxide w e r e  c a l c u l a t e d ,  ranging i n  a l i t u t d e  from 2.2 k i lome te r s ,  
which was t h e  c e n t e r  of t h e  s t a b i l i z e d  ground cloud,  t o  17.5 k i lome te r s .  
The upper t h r e e  a l t i t u d e s  (3 .5 km, 8.5 km, and 17.5 km) were s e l e c t e d  
t o  correspond t o  t h e  a l i t u t d e s  a t  which A i r  Force a i r c r a f t  o3 ta ined  
samples. The ground cloud ( 2 . 2  kin) w a s  t r e a t e d  as a n  o b l a t e  spheroid 
( t h i s  i s  t h e  o r i g i n a l  ground cloud) u t i l i z i n g  Model 3 .  I n  the remaining 
three levels, t h e  sou rce  i s  t h e  plume cloud of uniform c y l i n d r i c a l  con- 
c e n t r a t i o n .  The c y l i n d e r s  are assumed to  have a h e i g h t  of 1.0 k i lome te r  
and a diameter  of 400 meters a f t e r  a cloud s t a b i l i z a t i o n  t i m e  of 30 
seconds (F igu re  10).  The h e i g h t  of t h e s e  l a y e r s  a f f e c t  t h e  c o n c e n t r a t i o n  
because Model 1, which assumes a uniform ver t ica l  c o n c e n t r a t i o n ,  i s  used. 
The concen t r a t ions  downwind are g iven  i n  F igu re  11 f o r  t h e s e  f o u r  
a l t i t u d e s .  This  f i g u r e  shows t h a t  the downwind concen t r a t ions  a t  8.5 
k i lome te r s  and 17.5 k i lome te r s  a l t i t u d e  a r e  g r e a t e r  t han  t h o s e  a t  3.5 
k i lome te r s  beyond a downwind d i s t a n c e  of 20  k i lome te r s ;  showing c l e a r l y  
the support  t r a n s p o r t  e f f e c t  of the isothermal  l a y e r  a t  an a l t i t u d e  of 
about 4.0 k i lome te r s .  The reason t h a t  the c o n c e n t r a t i o n s  dec reases  as 
a f u n c t i o n  of i n c r e a s i n g  a l t i t u d e  i s  t h a t  t h e  v e h i c l e  g a i n s  speed as i t s  
a l t i t u d e  i n c r e a s e s  and t h e r e f o r e  spedds less time i n  each l a y e r  as it 
ascends.  
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CONCENTRATIONS ( ppm) (CONCENTRATIONS GREATER THAN 0.5 
HAVE BEEN ROUNDED OFF "0 THE NEAREST I N T E G E R )  
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I n  summary, t h e s e  c a l c u l a t i o n s  i n d i c a t e d  maximum ground 
level concen t r a t ions  of CO of less t h a n  2 ppm f o r  t h e  Apollo 16 launch,  
w e l l  below t h e  25 pprn naximum a l lowab le  one-hour c o n c e n t r a t i o n s  allowed 
by t h e  Environmental P r o t e c t i o n  Agency, 
c e n t r a t i o n  of CO i n  t h e  ground exhaust  c loud a t  an a l t i t u d e  of 2200 
meters w a s  295 ppm, r a p i d l y  diminishing t o  23 ppm by t u r b u l e n t  mixing 
and d i f f u s i o n  processes  a t  a downwind d i s t a n c e  of about 30 km. 

The maximm c a l c u l a t e d  con- 
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SECTION IV.  PREDICTIONS OF THE DISPERSIVE TL4NSPORT OF SCOUT-ALGOL I11 
MOTOR EW4UST EFFLUENTS I N  THE TROPOSPFSRE (AUGUST 13, 1972) 

Concentrat ion mappings of t h e  exhaust e f f l u e n t s  from t h e  launch 
of t h e  Scout-Algol I11 v e h i c l e  a t  1510 Universal  T i m e  (UT)*(1110 EDT) 

D i f fus ion  Model are p resen ted  i n  t h i s  s ec t ion .  The c a l c u l a t i o n  of t h e  
exhaust e f f l u e n t  d i s p e r s i o n  p resen ted  i n  t h i s  r e p o r t  are l i m i t e a  t o  
a l t i t u d e s  below 500 meters because t h e  exhaust e f f l u e n t s  r e l e a s e d  by 
t h e  Scout v e h i c l e  are r e l a t i v e l y  s m a l l ;  t h e r e f o r e ,  on ly  t h e  ground cloud 
a f f o r d s  a s u f f i c i e n t l y  i n t e n s i t y  source of e f f l u e n t s  f o r  a meaningful 
a n a l y s i s  a t  t h e  su r face .  I n  c o n t r a s t  t o  the Sa tu rn  V exhaust  e f f l u e n t s ,  
t h e  Scout exhaust  e f f l u e n t s  c o n t a i n  more p o t e n t i a l l y  t o x i c  c o n s t i t u e n t s  and, 
obviously,  because o f  t h e  s i z e  of t h e  Scout, t h e  concen t r a t ions  of 
t h e s e  e f f l u n e t s  a r e  much less. 

ir0111 V Z ~ ~ G ~ S  I s l ~ i i d ,  v i r g i i i i ~ ,  ~ b t ~ i i i e d  froiil the NASA/MSFC i v i u l t i i a y e i -  

A s  it w a s  i l l u s t r a t e d  i n  t h e  l a s t  s e c t i o n ,  t h e  two important 
pa rame t r i c  i npu t s  i n  t h e  MSFC/NASA Mul t i l aye r  D i f fus ion  Model a r e  t h e  
v e h i c l e  f u e l  p r o p e r t i e s  and t h e  meteorological  c o n d i t i o n s ;  t h e s e  Scout- 
Algol i npu t  parameters w i l l  be d i scussed  as  an  i n t r o d u c t i o n  t o  t h e  a c t u a l  
model parameters employed and t h e  p r e d i c t i o n s  obtained.  

a .  Algol 111 Motor Exhaust E f f l u e n t s  

It has been e s t a b l i s h e d  t h e o r e t i c a l l y  and from observa- 
t i o n s  t h a t  low a l t i t u d e  clouds of motor exhaust and e n t r a i n e d  gases  are 
formed during t h e  laanch of t h e  Algol I11 boos te r .  
Algol I11 v e h i c l e ,  t h e s e  clouds r e g u l a r l y  rise and s t a b i l i z e  a t  an  a l t i t u d e  
of about 400 meters (based on e m p i r i c a l  obse rva t ions )  depending upon 
me teo ro log ica l  cond i t ions .  The motor exhaust e f f l u e n t s  contained i n  
t h i s  cloud are  produced during t h e  per iod from rocke t  i g n i t i o n  t o  t h e  
time t h a t  i t  ascends t o  t h e  a l t i t u d e  a t  which the  exhawt ground cloud 
s t a b i l i z e s .  
ground cloud con ta ins  t h e  exhaust  e f f l u e n t s  produced during t h e  f i r s t  
e i g h t  seconds o f  motor i g n i t i o n ,  o r  about 1592 kg of m a t e r i a l  
(Table V I I ) .  
e f f l u e n t s  c o n s i s t s  p r i m a r i l y  (98.3 pe rcen t ,  see Table ' J I I L )  o f ,  i n  o rde r  of 
desaending c o n c e n t r a t i o n ,  alumina (A1203), carbon nonoxide (CO),  hydrogen 
c h l o r i d e  ( H C l ) ,  n i t r o g e n  (N2) ,  water vapor (H20), hydrogen ( H 2 ) ,  and 
carbon dioxide.(C02).  Four are p o t e n t i a l l y  t o x i c  (see Appendix IV). The 
s t a b i l i z e d  ground cloud from t h e  Scout-Algol I11 contained about 511 kg 
of alumina, 436 kg of carbon monoxide, 328 kg of hydrogen c h l o r i d e ,  and 
on ly  33 kg of carbon dioxide.  

I n  t h e  c a s e  of t h e  Scout- 

For a cloud s t a b i l i z a t i o n  a l t i t u d e  o f  400 mete r s ,  t h e  

The composition of t hese  s o l i d  r o c k e t  motor exhaust  

The rocke t  plume from the  Scout-Algol I11 b e f o r e  l i f t - o f f  
impinges on a steel  p l a t e  surrounded by conc re t e  i n  c o n t r a s t  t o  t h e  flame 
t r e n c h  w i t h  water t h a t  i s  employed f o r  Saturn launches.  The r e s u l t i n g  
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TABLE VIII. 

FUEL PROPERTIES OF THE SCOUT-ALGOL I11 FIRST-STAGE MOTOR 

Exhaust Products a t  Exi t  (percent by weight): 

I Alundum 

Carbon Monoxide - C O W  

Hydrogen Chloride - HC1* 

Nitrogen 

Water Vapor 

Hydrogen 

Carbon Dioxide - co2* 

- N2 

- H O  

- H  
2 

2 

3 2 . 1  

27.4 

20.6 

7.2 

6.4 

2.5 

2 . 1  

Other 1.7 

-1, Fuei Expenditure iiate ( g  sec J 

Fuel Heat Content ( c a l  g'l) 979.4 

To ta l  Burn T i m e  (sec) 78 

$<Exact values  are given i n  Table V I 1  - t h i s  value i s  t h e  average over 
t he  i n i t i a l  13.3 seconds of ascent.  

**Potentially t o x i c  (see Appendix I V )  
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Scout-Algol I11 plume i s  c y l i n d r i c a l l y  symmetrical r a t h e r  than a bimodal 
Sa tu rn  V plume. Another d i f f e r e n c e  Setween t h e  Scout and S a t u r n  v e h i c l e  
launches i s  t h a t  t h e  Scout l i f t - o f f  i s  mi l l i s econds  a f t e r  i g n i t i o n ,  
r a t h e r  t han  t h e  7 seconds a s s o c i a t e d  wi th  t h e  Saturn.  A s  a r e s u l t  of 
t h e s e  f a c t o r s ,  t h e  vast amount o f e n t r a i n e d  water  found i n  the S a t u r n  V 
ground cloud i s  no t  present  i n  the  Scout ground cloud.  

The exhaust  c loud from t h e  Scout-Algol I11 launch w a s  
monitored pho tograph ica l ly  a t  f ive-second i n t e r v a l s  t o  provide e m p i r i c a l  
d a t a  t o  e v a l u a t e  cloud r i se  c a l c u l a t i o n s  from t h e  M u l t i l a y e r  D i f fus ion  
Model. Two cameras were employed i n  a n  or thogonal  c o n f i g u r a t i o n  w e s t  
and south of t h e  launch area, p o i n t i n g  toward t h e  launch a rea .  

The cloud r i se  and growth r a t e  d a t a  were e x t r a c t e d  
from the  s e q u e n t i a l  se t  of photographs by u s i n g  s c a l i n g  f a c t o r s  t o  
account f o r  t h e  d i s t a n c e  between t h e  camera and t h e  c louds ,  f o r  t h e  
diameter of t h e  top  of t h e  clouds and f o r  t i m e .  

b. Atmospheric Coitditions a t  t h e  T ime  of Launch of 
t h e  Scout-Algol I11 

P r e d i c t i o n s  of t h e  c o n c e n t r a t i o n  and movement of r o c k e t  
motor e f f l u e n t s  r e q u i r e  inpu t s  of several me teo ro log ica l  parameters 
varying i n  complexity from r e l a t i v e l y  s t r a i g h t  forward ones such as 
p o t e n t i a l  ternperature and wind v e l o c i t y  t o  r a t h e r  complex ones such as 
s tandard d e v i a t i o n s  of t h e  wind azimuth and e l e v a t i o n  ang le s  a t  a l l  
a l t i t u d e s  of i n t e r e s t .  S e l e c t i o n  of me teo ro log ica l  i n p u t s  begins w i t h  
t h e  assignment of l a y e r  boundaries based upon t h e  ver t ical  p r o f i l e s  of 
wind, temperature,  and humidity w i t h i n  t h i s  volume. 

The sources  f o r  me teo ro log ica l  information a- t  Wallops 
I s l a n d  a t  t h e  t i m e  launch of t h e  Scout included rawinsonde measurements, 
and t h e  two NASA 76-meter Ground Wind Towers. Other sources  of atmospheric 
d a t a  included synop t i c  weather maps and upper a l t i t u d e  atmospheric 
p re s su re  and wind c h a r t s .  Me teo ro log i s t s  from MSFC s t a r t e d  ana lyses  of 
meteorological  d a t a  about two days b e f o r e  t h e  launch of t h e  Scout-Algol 111 
v e h i c l e  t o  make p re l imina ry  p l ans  f o r  a i r c r a f t  sampling p r o f i l e s .  These 
analyses  continued up t o  the t i m e  of launch. 

The atmospheric c o n d i t i o n s  i n  t h e  v i c i n i t y  of t h e  
Wallops I s l a n d  launch s i t e  a t  1510 UT on August 13,  1972 were dominated 
by p a r t i a l l y  cloudy s k i e s ,  l i g h t  winds and a s u r f a c e  temperature  of 2 5 O C .  
No s t rong  s u r f a c e  p r e s s u r e  systems were i n  t h e  immediate area, a l though 
a weak c o l d  f r o n t  over no r the rn  V i r g i n i a  w a s  moving toward t h e  launch 
s i te .  P r e c i p i t a t i o n  w a s  no t  e v i d e n t  i n  t h e  Wallops area a t  launch t i m e  
and cloud l a y e r s  were p r i m a r i l y  h igh  (4km t o  6km). This  f r o n t a l  system 
was i n  con junc t ion  w i t h  a s h o r t  wave o f  low p r e s s u r e  a l o f t  moving through 
t h e  long wave p a t t e r n  e s t a b l i s h e d  over t h e  east c o a s t  of t h e  United S t a t e s  
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and t h e  wes te rn  A t l a n t i c  Ocean. 
The rawinsonde sounding (Figures  1 2  & 13) taken 40 minutes p r i o r  t o  
launch (1430 UT), i n d i c a t e d  a b a r o c l i n i c  s p i r a l i n g  of t h e  wind d i r e c t i o n  
such t h a t  a t  2 k i l o m e t e r s  t h e  wind d i r e c t i o n  had s h i f t e d  t o  a w e s t e r l y  
d i r e c t i o n .  The wind speed, however, decreased w i t h  a l t i t u d e  t o  a near  
c a l m  a t  t h e  base  of t h e  e l e v a t e d  inve r s ion  (1.2 k i l o m e t e r s ) ;  a t  t h e  t o p  
of t h i s  i n v e r s i o n  (1.5 k i lome te r s )  it increased w i t h  a l t i t u d e  t o  about 
3 m/sec a t  2 .6  k i lome te r s .  The temperature soundings shows a n e a r l y  
d r y  a d i a b a t i c  l a p s e  ra te  from t h e  s u r f a c e  t o  an a l t i t u d e  of 262 meters 
and a g a i n  above 805 meters, 
w a s  a s t a b l e  l a y e r  which i s  c r i t i c a l  t o  the p r e d i c t i o n  of t h e  top  of 
t h e  s u r f a c e  mixing l a y e r .  

The s u r f a c e  wind w a s  s o u t h e r l y  a t  3 . 9  m/sec. 

The l a y e r  between 262 meters and 805 meters 

c .  Meteorological  and Source Inpu t s  t o  t h e  Model 

Based on t h e  v e h i c l e  used, i n  t h i s  ca se  the  Scout-Algol 
111, and t h e  meteorological  cond i t ions  a t  t he  launch t i m e ,  a se t  o f  v a l u e s  
f o r  me teo ro log ica l  and source model i n p u t  parameters f o r  t h e  MSFClNASA 
Mul t i l aye r  D i f fus ion  Model were def ined.  
used p r i m a r i l y  a s  an empi r i ca l  comparison between p red ic t ed  and observed 
exhaust  cloud r i s e  and volume. A d e t a i l e d  l i s t  of t h e  g e n e r a l  i n p u t  
parameters r equ i r ed  by the  model i s  g iven  i n  Appendix 111. The s p e c i f i c  
v a l u e s  t h a t  were employed i n  t h e  model t o  o b t a i n  t h e  c o n c e n t r a t i o n  
mappings f o r  t he  launch of t h e  Scout-Algol 111 v e h i c l e  a r e  given. 

Time-lapse photographs were 

Ca lcu la t ions  of the maximum h e i g h t  (2,) of r i s e  o f  t h e  
Scout motor exhaust ground c loud ,  t o  de f ine  t h e  l o c a t i o n  and s i z e  
o f  t h e  s o u r c e ,  were made us ing  rawinsonde soundings f o r t y  ( 4 0 )  minutes 
be fo re  launch (1430 UT) t o  p r e d i c t  t h e  environmental  d i s p e r s i o n  of t h e s e  
exhaust  e f f l u e n t s .  The va lues  of t h e  ambient temperature  ( T ) ,  and t h e  
p o t e n t i a l  temperature  g r a d i e n t  (%/az) f o r  t h i s  sounding i s  given i n  
Table I X .  This p o s i t i v e  p o t e n t i a l  temperature g r a d i e n t  implies  t h a t  a 
s t a b l e  cloud r ise  r e l a t i o n  i s  r equ i r ed  (Equation A-2 o r  A-4). ' Because 
of t he  almost  i n s t an taneous  r i s e  of t h e  s o l i d  f u e l  r o c k e t s ,  t h e  i n s t a n -  
taneous r ise  o f  t he  s o l i d  f u e l  r o c k e t s ,  the in s t an taneous  cloud r i s e  
r e l a t i o n  ( s p h e r i c a l  entrainment)  f o r  a s t a b l e  environment (Equation A-2) 
i s  r equ i r ed  t o  d e s c r i b e  t h e  S c o u t ' s  ground cloud r i se .  The i n i t i a l  
r a d i u s  a t  t h e  s u r f a c e  (r  ) and the  entrainment c o e f f i c i e n t  (8) i n  Table I X  
are r equ i r ed  i n  t h e  c lou8  r i s e  c a l c u l a t i o n s  and a r e  based on c h a r a c t e r i s t i c s  
of t h e  Scout-Algol I11 v e h i c l e .  Based on l imi t ed  experience i n  p r e d i c t i n g  
cloud r i s e  from s o l i d  r o c k e t  motor launches a t  Vandenberg A i r  Force Base, 
t h i s  assumption appears  t o  be j u s t i f i e d .  The t i m e  r e q u i r e d  f o r  t he  cloud 
t o  r each  t h e  s t a b i l i z a t i o n  h e i g h t  i s  given by t h e  expres s ion  
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TABLE IX. 

1. Ambient a i r  temperature 

THE SCOUT-ALGOL 111 INPUT PARAMETERS TO PLUME RISE FORMULAS 

1 

T 

A .  General 

1. I n i t i a l  c loud r a d i u s  a t  t h e  s u r f a c e  

2. A i r  d e n s i t y  

3 .  Entrainment  cons t an t  

4 .  S p e c i f i c  h e a t  of a i r  a t  c o n s t a n t  
pressure 

t 

r 

P 

R 

yI 
C 
P 

- 

0 

167 glm 

0.64 

0.24 cal/g°K 

2. V e r t i c a l  p o t e n t i a l  temperature  ae 
grad i e n  t 1 

298.16'K 

0.005°K/m 
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where g i s  t h e  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 ,  T i s  the  ambient teiiiperature, 
and ae / az  i s  the p o t e n t i a l  temperature g rad ien t .  The t i m e  r equ i r ed  f o r  
t h e  ground cloud t o  r each  s t a b i l i z a t i o n  height  was c a i c u i a t e d  t o  be &E2 
seconds f o r  t he  parameters given i n  Table I X .  The maximum he igh t  of 
c loud r i s e  (Equation A - 2 )  based on t h e  1430 UT sounding i s  417 meters. 
This  a n a l y t i c a l  p r e d i c t i o n  of t h e  he igh t  compares w e l l  w i t h  t h e  observed 
cloud r ise  h e i g h t s  (Figure 14) obtained using t ime-iapse phocographs [ '  1. 
(While on ly  a s i n g l e  a n a l y t i c a l l y  predicted cloud r i s e  h e i g h t  has been 
determined, a p r e d i c t e d  cloud r i s e  curve can be a n a l y t i c a l l y  generated 
wi th  Equation A-2.) 

The he igh t  of c loud s t a b i l i z a t i o n  i s  then  employed i n  
t h e  e m p i r i c a l  p r e d i c t i o n  of t h e  cloud diameter based on the MSFC l i b r a r y  
of cloud growth obse rva t ions .  The expres s ion  f o r  t h e  dimensions.of t h e  
s t a b i l i z e d  ground cloud i s  c a l c u l a t e d  a s  the s t anda rd  d e v i a t i o n  o f  t h e  
r e l a t i v e  Lagrangian d i s t a n c e  between two p a r t i c l e s  and i s  given by 

where o cr , and cr a r e  the v e r t i c a l ,  crosswind and alongwind 
s t anda rd  d e v i a t i o n s  f o r  t h e  dimensions. For t h e  Scout-Algol I11 launch, 
t he  s p h e r i c a l  entrainment  l eads  d i r e c t l y  t o  t h e  above assumption of a 
symmetric s t a b i l i z e d  ground cloud. The s tandard d e v i a t i o n  f o r  t h e  
p r e d i c t e d  dimensions i s  124 meters. For comparison o f  t h e  p red ic t ed  
w i t h  observed cloud diameter ,  t h e  photographical ly  observed cloud growth 
a s  a f u n c t i o n  o f  t i m e  was made (Figure 15).  The e m p i r i c a l  cloud diameter ,  
t hen ,  was determined t o  be 400 meters a t  an a l t i t u d e  o f  417 meters 
(Figure 16). I n  t h e  model f o r  t h e  source,  t h e  s t anda rd  d e v i a t i o n  f o r  thesource 
dimensions -- u t i l i z i n g  a Gaussian d i s t r i b u t i o n  -- i m p l i e s  t h a t  95% of 
t h e  m a t e r i a l  i n  t he  ground cloud was photographical ly  v i s i b l e  compared t o  
an  expected 98%; t h a t  i s ,  a 3% d i f f e r e n c e  e x i s t s  between t h e  e m p i r i c a l  
r e s u l t s  and t h e  a n a l y t i c a l  r e s u l t s .  

20' yo xo 

The ground cloud became s t a b l e  wi th  t h e  ambient a i r  482, 
seconds a f t e r  launch and had a maximum height  o f  about 400 meters.  A t  
t h i s  t i m e ,  t he  cloud contained 1592 kilograms of t h e  r a c k e t  engine 
e f f l u e n t s  from approximately t h e  f i r s t  8 seconds of engine ope ra t ion .  It 
w i l l  be noted t h a t  t h e  cloud s t a b i l i z a t i o n  t i m e  implied by t h e  photographic 
a n a l y s i s  (Figures  14 and 15) i s  about 2 minutes;  whereas, t h e  a n a l y t i c  
r e s u l t s  ob ta ined  us ing  Equation 5 i s  about 8 minutes.  The d i f f e r e n c e s  
between t h e  e m p i r i c a l  and a n a l y t i c a l  va lues  obtained f o r  t h e  s t a b i l i z a t i o n  
t i m e  and dimension a re -exp la inab le  us ing  t h e  fol lowing argument. The r a t e  
of change i n  t h e  ground clouds growth and a l t i t u d e  fol lows an exponen t i a l  

ob ta ined  through photographic a n a l y s i s  are  l i m i t e d  i n  accuracy; t he re fo re ;  
e m p r i c i a l  v a l u e s  ob ta ined  i n  t h i s  manner a f f o r d  on ly  about 80% of  t h e  

I decay a s  t h e  p o i n t  of s t a b i l i z a t i o n  i s  approached. The e m p i r i c a l  v a l u e s  
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t o t a l  ground cloud development. 
is i l l u s t r a t e d  i n  the  cu rve  (Figurc ' 7 '  A' / of LL L I E  r a i e  ' s  f o r  Lhe cioud 
r a d i u s  t o  cloud a l t i t u d e  ( r / z )  a s  a func t ion  of t i m e  a f t e r  launch. This 
r a t i o  ( r / z )  i s  e q u a l  t o  t h e  in s t an taneous  entrainment  c o e f f i c i e n t  ( y ) .  
The entrainment  c o e f f i c i e n t  r equ i r ed  i n  the cloud r i se  c a l c u l a t i o n s  i s  

average va lue  of t h e  entrainment .  The cloud s t a b i l i z a t i o n  can be 
de f ined  a s  t h e  time when t h e  instantaneous entrainment  c o e f f i c i e n t  
approaches a cons t an t  l i m i t i n g  v a l u e ,  

This exponent ia l  decay of t h e  growth 

the average e f i t r a i ~ m ~ ~ t  f r ~ m  lsunch t~ ch i id  s i a b i i i a a t i o n ,  which i s  the 

A d e t a i l e d  examination of t h e  a p p r o p r i a t e  a i r  temperature 
and dew p o i n t  (F igu re  1 2 ) ,  and wind speed and d i r e c t i o n  (Figure 13) a t  
t h e  t i m e  of t h e  launch of  Scout-Algol 111, on August 13, 1972, i n d i c a t e d  
the atmosphere should be t r e a t e d  a s  a s i n g l e  l aye r  w i th  regard t o  the  
ground c loud ,  r a t h e r  t han  the  nine l a y e r  model t h a t  was employed wi th  
Apollo 16. The NASA/MSFC Mul t i l aye r  D i f fus ion  Model 3 ( s p h e r i c a l  source)  
was a p p l i e d  t o  analyze the d i s p e r s i v e  t r a n s p o r t  of e f f l u e n t s  from t h e  
launch of t h e  Scout-Algol I11 launch. (This model i s  summarized i n  the  
S e c t i o n  I1 and d e t a i l s  f o r  i t  a r e  given i n  Appendix 11.) 

Source and meteorological  i n p u t  parameters f o r  t h e  NASA/ 
MSFC Mul t i l aye r  D i f fus ion  Model a r e  defined i n  Appendix 111 (Tables 
A - I  and A - 1 1 1 ) .  The va lues  of t he  meteorological  i n p u t s ,  the source 
dimensions,  and t h e  source s t r e n g t h  i n  the l a y e r  were obtained r e l a t i v e  
t o  t h e  s t a b i l i z e d  ground cloud (Figure 16) u t i l i z i n g  t h e  r e l a t i o n s  i n  
Appendix 111 (Equation A-39, A-40, and A-41) .  These me teo ro log ica l  
and source i n p u t  parameters (Table X) a r e  t h e  b a s i s  o f  t h e  e f f l u e n t  
d i s p e r s i o n  r e s u l t s  f o r  t he  launch of the Scout-Algol I11 v e h i c l e  on 
August 13, 1972 t h a t  were obtained w i t h  the NASAIMSFC Mul t i l aye r  D i f fus ion  
Mode 1. 

d .  P r e d i c t i o n s  of the Cen te r l ine  Concentrat ion of Exhaust 
E f f l u e n t s  from the Launch of t he  Scout-Algol ,111, 
August 13,  1973, by use of t he  NASA/MSFC Mul t i l aye r  
D i f fus ion  Model 

The fol lowing p r e d i c t i o n s  f o r  t he  d i s p e r s i o n  of t h e  
Algol 111 exhaust  e f f l u e n t s  from the  Scout launch w i l l  focus on t h e  
d i s p e r s i o n  of hydrogen c h l o r i d e  ( H C l ) ,  carbon monoxide (CO) and alumina 
( A 1  0 ) because these  a r e  t h e  only t h r e e  c o n s t i t u e n t s  produced i n  
s i g i i l i c a n t  amounts t h a t  a r e  p o t e n t i a l l y  t o x i c  and have a p o t e n t i a l  
impact on t h e  environmental  a i r  q u a l i t y  i n  t h e  t roposphere.  While 
carbon d iox ide  i s  produced and i s  p o t e n t i a l l y  t o x i c ,  t h e  amount i s  so 
small  t h a t  i t  can be omitted from these  discussions. .  

The r e s u l t s  of t he  model c a l c u l a t i o n s  us ing  Model 3 
of t h e  NASAIMSFC Mul t i l aye r  D i f fus ion  Model Program and t h e  meteorological  
and source i n p u t s  i n  Table X a r e  shown i n  Figures  18 through 20. 
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TABLE X. 

METEOROLOGICAL AND SOURCE INPUT PARAMETERS FOR THE 
SCOUT-ALGOL I11 LAUNCH OF AUGUST 13, 1972 

Parameter 

QK - HCl 

co 

'3 - 
R 

TK 

RK 

U 

U 

Z 

- 

gm{ToK} 

(TATK {7 OK 1 
E R  

ETK 

K 

OK 

xo yo zo 

K 

cr 

cr 

7 

7 

(T = ( T  = ( T  

a 

PK 

BK 

TK 

BK 

Z 

Z 

6 

'TK 

HK 
X 

X 

X 

X 

z 

rz 

r Y  

Rz 

RY 

K 

Units 

3 

3 
PPm m 

PPm m 

mg 

m sec 

m sec 

meters  

degrees 

degrees 

degrees 

degrees 

seconds 

seconds 

meters  

dimensionless 

dimensionless 

meters  

meters  

degrees 

degrees 

meters 

meters 

meters 

meters 

meters 

meters 

-1 

-1 
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Model Input 

8 

8 

8 

2.153 x 10 

3.730 x 10 

5.033 x 10 

3.9 

1.43 

2 

5 

5 

4.8 

4.8 

482 

600 

124.13 

1 

1 

0 

1770 

165 

280 

417 

100 

100 

0 

0 
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FIGURE 19. MAXIMUM CENTERLINE CO CONCENTRATIONS AT THE SURFACE 
AND AT CLOUD STABILIZATION HEIGHT FOR THE SCOUT-ALGOL 111 
LAUNCH OF AUGUST 13, 1972 AT WALLOPS ISLAND, VIRGINIA 
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FIGURE 20 .  MAXIMUM CENTERLINE A 1 2 0  CONCENTRATIONS AT THE SURFACE 
AND AT CLOUD sTABILIzAT~ON HEIGHT FOR THE SCOUT-ALGOL III 
LAUNCH OF AUGUST 13,  1972 AT WALLOPS ISLAND, VIRGINIA 
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The maximum hydrogen ch lo r ide  concen t r a t ions  downwind 
from t h e  Scout-Algol I11 launch of August 13, 1972 a t  a he igh t  of 
2 meters above t h e  s u r f a c e  and a t  the cloud s t a b i l i z a t i o n  he igh t  of 417 
meters  a r e  given i n  Figure 18. I n s p e c t i o n  of t h i s  f i g u r e  shows t h a t  
hydrogen c h l o r i d e  concen t r a t ions  a t  417 meters a l t i t u d e  decrease from about 2.3 
p a r t s  p e r  m i l l i o n  near  the source t o  l e s s  than 0.1 p a r t s  per m i l l i o n  a t  
a d i s t a n c e  of 6 k i lome te r s  downwind from the source.  Ground-level 
hydrogen c h l o r i d e  concen t r a t ions  r each  a maximum of  about 0.3 p a r t s  pe r  
m i l l i o n  about 1.5 k i lome te r s  downwind from the  source.  A t  d i s t a n c e s  
beyond 3 k i lome te r s  from t h e  source,  t he  hydrogen c h l o r i d e  concen t r a t ions  
a t  t h e  cloud s t a b i l i z a t i a n  h e i g h t  and the  su r face  a r e  n e a r l y  equal .  

The concen t r a t ions  o f  carbon monoxide and alumina were 
determined a t  t h e  s u r f a c e  and a t  a he igh t  of 417 meters above t h e  s u r f a c e .  
Maximum concen t r a t ions  of carbon monoxide a t  t h e  ground su r face  do n o t  
exceed 0.52 p a r t s  p e r  m i l l i o n  (Figure 19) and f o r  alumina do n o t  exceed 
0.7 mil l igrams p e r  cubic  meter (Figure 20). It should be noted t h a t  t h e  
c a l c u l a t i o n  of alumina concen t r a t ions  was made under t h e  assumption t h a t  
t h e  alumina emi t t ed  by t h e  Scout-Algol I11 v e h i c l e  cons i s t ed  o f  f i n e l y  
d iv ided  p a r t i c u l a t e s  w i th  no apprec i ab le  s e t t l i n g  v e l o c i t i e s .  

The c e n t e r l i n e  concen t r a t ions  a t  t h e  su r face  and a t  
t h e  cloud s t a b i l i z a t i o n  a l t i t u d e  become approximately equa l  3 k i lome te r s  
downstream. This implies  t h a t  t he  v e r t i c a l  d i s t r i b u t i o n  of e f f l u e n t s  
becomes uniform a t  t h i s  p o i n t  and t h e  d i s p e r s i o n  of e f f l u e n t s  i s  r e a l l y  
being conducted a s  a Model 1 d i s p e r s i o n  beyond t h i s  p o i n t  i n  s p i t e  of 
t h e  f a c t  t h a t  Model 3 i s  being u t i l i z e d .  

The concen t r a t ion  l e v e l s  f o r  t h i s  Scout launch were a t  
l e a s t  a f a c t o r  of approximately 10 less than t h e  p u b l i c  exposure l i m i t s  
(Appendix I V ) .  Due t o  t h e  small  amount of e f f l u e n t s  from the  Scout ,  t h e  
i s o p l e t h s  of t h e  concen t r a t ions  become meaningless; t h e r e f o r e ,  they have 
no t  been included.  
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APPENDIX I. CLOUD R I S E  FORMULA [l] 

I n  o rde r  t o  determine whether an  a d i a b a t i c  o r  s t a b l e  c loud 
r i s e  r e l a t i o n  should be u t i l i z e d ,  i t  i s  necessary  t o  determine t h e  
v e r t i c a l  p o t e n t i a l  temperature  g r a d i e n t  which i s  desc r ibed  by 

where e and T a r e  the  p o t e n t i a l  and ambient temperature ,  g i s  t h e  
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 ,  and c i s  t h e  s p e c i f i c  h e a t  of  a i r .  I f  

P 

- ae l o  
a. 

t h e  a d i a b a t i c  cloud r i s e  r e l a t i o n  i s  used. 

The maximum cloud r i s e  z downwind from an in s t an taneous  
source in  an  a d i a b a t i c  atmospheremEs given by 

(A-3)  

whereas, t h e  maximum cloud r i s e  z downwind from an in s t an taneous  
source i n  a s t a b l e  atmosphere i s  g iven  by m I  

(A-4 )  

where F i s  the  in s t an taneous  buoyancy parameter 

(;;;;pT) 

, Q, is the 
I 

i s  the  ' yI 
e f f e c t i v e  h e a t  r e l e a s e d ,  P i s  t h e  d e n s i t y  of  ambient a i r  
entrainment  c o e f f i c i e n t ,  r i s  t h e  i n i t i a l  c loud r a d i u s  a t  t h e  s u r f a c e ,  
s accounts f o r  t h e  v e r t i c a l  g r a d i e n t  of  t h e  p o t e n t i a l  t empera ture ,  and 
x i s  t h e  d i s t a n c e  t o  r each  s t a b i l i z a t i o n .  The s u b s c r i p t  I means 
ins tan taneous  and i s  used t o  f l a g  a d i f f e r e n c e  i n  t h e  cloud r ise  models. 
The buoyancy terms, whi'ch i s  a f u n c t i o n  o f  t h e  h e a t  r e l e a s e d  and t h e  
type o f  en t ra inment ,  s p h e r i c a l  and c y l i n d r i c a l ,  r e f l e c t  t h e  major 
d i f f e r e n c e  i n  t h e  two sources .  

R 

SI 
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Equat ions (A-3) and (A-4) assume t h a t  t h e  i n i t i a l  ups;ard 
momentum imparted t o  +_!I? exhaust  gascs  by r e f l ec t io i l  from t he  ground 
s u r f a c e  and launch pad hardware i s  i n s i g n i f i c a n t  i n  comparison w i t h  
t h e  thermal  buoyancy f lux .  These r e l a t i o n s  a r e  normally used w i t h  
s o l i d  r o c k e t  motors. 

The fo l lowing  formulas f o r  t he  maximum buoyant r i s e  of  c louds  
from cont inuous sources  a r e  a l s o  based on procedures  s i m i l a r  t o  those  
g iven  by Briggs (1970).  The maximum cloud r ise  z downwind from a 
cont inuous source  i n  an a d i a b a t i c  atmosphere i s  g iven  by 

mc 

(A-5) 

The maximum cloud r i s e  z downwind from a cont inuous source mc 
i n  a s t a b l e  atmosphere i s  g iven  by 

where F i s  t h e  cont inuous buoyancy f l u x  parameter  and i s  equal  t o  
C 

gQc 
npc T 

. The s u b s c r i p t  c imp l i e s  t h a t  the a s soc ia t ed  parameter i s  

P 
unique t o  t h e  cont inuous source .  
cont inuous source  r e l a t i o n s  i s  t h a t  the  temperature  c o n s t r a t n t  i n  t he  
s t a b l e  atmosphere r e s u l t s  i n  a buoyancy damping. 

The primary d i f f e r e n c e  i n  these  

Equat ions (A-5) and (A-6) assume t h a t  t h e  i n i t i a l  momentum 
f l u x  imparted t o  t h e  cloud by dynamic fo rces  i s  n e g l i g i b l e  i n  comparison 
buoyancy f l u x .  Again, exper ience  i n  c a l c u l a t i n g  cloud r i s e  f o r  normal 
launches of  l a r g e  l i q u i d  fue l ed  r o c k e t s  and f o r  s t a t i c  f i r i n g s  has  
shown t h a t  t h i s  assumption i s  reasonable  [6-10]. 
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APPENDIX 11. CONCENTRATION-DOSAGE FORMULATION FOR NASA) 
MSFC MULTILAYER DIFFUSION MODEL 

The fundamental r e l a t i o n  f o r  t h e  concentration-dosage ca l cu -  
l a t i o n  w i l l  be presented f o r  t h e  e l l i p s o i d a l  source used i n  Model 3 .  
These r e l a t i o n s  a r e  a p p r o p r i a t e  t o  t h e  e l l i p t i c - c y l i n d r i c a l  d i s t r i b u t i o n  
of Model 1 i f  t h e  v e r t i c a l  d i s p e r s i v e  i n t e r a c t i o n  i s  neg lec t ed .  Th i s  
p a r t  of t h e  Appendix i s  complex; t h e r e f o r e ,  only recommended when 
a d e t a i l e d  s c i e n t i f i c  knowledge i s  r equ i r ed .  

by the expres s ion  

where Q 

i n  t h e  l a y e r  and H i s  t h e  he igh t  of t he  c e n t r o i d  of t h e  s t a b i l i z e d  
cloud. 

corresponds t o  t h e  source s t r e n g t h  o r  t o t a l  mass of m a t e r i a l  
K 

K 

The s t anda rd  d e v i a t i o n  o f  t h e  v e r t i c a l  dosage d i s t r i b u t i o n  
i s  de f ined  by the  expres s ion  GJ zK) 
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where 'J' 

a n g l e ,  xzK g ives  t h e  v e r t i c a l  v i r t m 1  d i s t m c e  
d i f f u s i o n ,  and x i s  t h e  d i s t a n c e  over which r e c t i l i n e a r  v e r t i c a l  

expansion occurs  downwind from an i d e a l  po in t  source i n  the K-th l a y e r .  

d e s c r i b e s  t h e  mean s t anda rd  d e v i a t i o n  of t he  wind e l e v a t i o n  
EK * ' r K  accounts  for v e i - i i c a i  

r zK 

I n  t h e  s u r f a c e  l aye r  (K = l) ,  the s t anda rd  d e v i a t i o n  of t h e  
wind e l e v a t i o n  angle  (0 ) a t  t he  height  z 

ER R 
i s  descr ibed by 

CJ {K=l} = (&) (A-9) EK 

where t h e  power-law exponent (4) f o r  the v e r t i c a l  p r o f i l e  of the 
s t anda rd  d e v i a t i o n  o f  t h e  wind e l e v a t i o n  angle  i n  t h e  s u r f a c e  l a y e r  i s  

( A - 1 0 )  

here aETK{K=l] i s  t h e  s tandard d e v i a t i o n  of t he  wind e l e v a t i o n  ang le  
a t  t he  t o p  of t h e  s u r f a c e  l a y e r .  Above the s u r f a c e  l a y e r  (Dl), t h e  
s t anda rd  d e v i a t i o n  of t h e  wind e l e v a t i o n  angle i s  

(A- 11) 

where 0 and CJ a r e  t h e  s tandard d e v i a t i o n s  of t he  wind e l e v a t i o n  
angle  a t  t h e  top  and t h e  base of t h e  l aye r .  

ETK EBK 

The v e r t i c a l  v i r t u a l  d i s t a n c e  x - ~ ,  i s  given by the  expres s ion  

(A-12) 
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where o 

a t  x 
the  K-th l a y e r .  

{K] i s  the s t anda rd  d e v i a t i o n  of t h e  v e r t i c a l  dosage d i s t r i b u t i o n  

the d i s t a n c e  from t h e  source where t h e  measurement i s  made i n  
20 

RZK' 

The remaining terms a r e  common a l s o  t o  Model 1; t h a t  i s ,  what 
has  j u s t  been d i scussed  i s  t o  account f o r  t h e  v e r t i c a l  expansion of 
t h e  source cloud. 

The q u a n t i t y  i n  Equation (A-7) i s  the  mean cloud t r a n s p o r t  
speed i n  the  K-th layer! 
height  p r o f i l e  i s  def ined according t o  t h e  power-law expres s ion  

I n  t h e  s u r f a c e  l aye r  ( K = l ) ,  t he  wind speed- 

(A-13)  

where ii i s  t h e  mean wind speed measured a t  t h e  r e f e r e n c e  he igh t  z and 
t h e  power-law exponent (p)  f o r  t he  wind speed p r o f i l e  i n  the  s u r f a c e  
l aye r  i s  descr ibed by 

R R 

(A-14) 

he re  u 
su r face  l a y e r  (Zm{K=l]) , Thus, i n  the s u r f a c e  l a y e r ,  t he  mean cloud 

t r a n s p o r t  speed <u{K=l] ) i s  

{K=l ]  corresponds t o  t h e  mean wind speed a t  t h e  t o p  of t h e  TK 

" 

which reduces t o  
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I n  l a y e r s  above t h e  s u r f a c e  l a y e r  (Dl), t h e  wind speed-height p r o f i l e  
(C{zK,W1]) i s  assumed l i n e a r  and defined a s  
\ - -  I 

where ii 
TK BK 

( K > l ) ,  t he  mean cloud t r a n s p o r t  speed 

and < d e s c r i b e  t h e  mean wind speed a t  t he  top  of t h e  

l a y e r  and a t  t he  base of t h e  l a y e r ,  I n  t h e  K-th l a y e r  

3- ii BK )/2 TK ii. { K > l }  = (a K * ( A - 1 8 )  

The s t anda rd  d e v i a t i o n  of t h e  crosswind dosage d i s t r i b u t i o n  
(oyK) i s  de f ined  by 

( A - 1 9 )  

f 

where 0 '  { T  1 corresponds t o  the  mean layer  s tandard d e v i a t i o n  of t h e  
AK K 

wind azimuth f o r  t h e  cloud s t a b i l i z a t i o n  t i m e .  T . I n  t h e  s u r f a c e  
l a y e r  ( K = l ) ,  

( K) 

where t h e  s t anda rd  d e v i a t i o n  of t h e  wind azimuth ang le  

h e i g h t  z and f o r  t h e  cloud s t a b i l i z a t i o n  t i m e  7 i s  
I 

I R K 

(A-2 1) 
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i s  t h e  s t anda rd  d e v i a t i o n  of t h e  wind azimuth ang le  
ARETOK’I 

here  0 

a t  he igh t  z-- and f o r  t h e  r e f e r e n c e  t i m e  p e r i o d  7 , and t h e  power-law 
R OK) \ - - /  

exponent (m) f o r  t h e  ver t ica l  p r o f i l e  of t h e  s t anda rd  d e v i a t i o n  of t h e  
wind azimuth a n g l e  i n  t h e  s u r f a c e  l a y e r  i s  

The11 

where 0 {T ,K=1] i s  t h e  s t anda rd  d e v i a t i o n  of t h e  wind azimuth 
ATK OK 

angle  a t  t h e  top  of t h e  s u r f a c e  l a y e r  f o r  t h e  r e f e r e n c e  t i m e  pe r iod .  
For l a y e r s  above t h e  s u r f a c e  (Dl), 

( A - 2 4 )  

where 

( A - 2 5 )  
U ’  
ATK 

here 0 

t h e  t o p  of t h e  l a y e r .  

] i s  t h e  s t anda rd  d e v i a t i o n  o f t h e  wind azimuth a n g l e  a t  
ATK OK 

( A - 2 6 )  

he re  0 { T  ] is  t h e  s t anda rd  d e v i a t i o n  of t h e  wind azimuth a n g l e  
ABK OK 

i n  degrees a t  t h e  base  o f  t h e  l a y e r  f o r  t h e  r e f e r e n c e  time pe r iod  

eo.> 
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The crosswind v i r t u a l  d i s t a n c e  is 

(A-2 7 )  

o r  

h e r e 0  

i n  t h e  l a y e r  a t  downwind d i s t a n c e  x 

r e c t i l i n e a r  crosswind expansion occurs  downwind from an  i d e a l  p o i n t  
source,  a n d a  d e s c r i b e s  t h e  l a t e ra l  d i f f u s i o n  i n  t h e  l a y e r .  The 

ver t ica l  wind d i r e c t i o n  shear  ( ne k' i n  t h e  l a y e r  i s  

[K} i s  t h e  s t anda rd  d e v i a t i o n  of t he  l a t e ra l  sou rce  dimension 

x is  t h e  d i s t a n c e  over which 
YO 

RyK' ryK 

K 

(A-29)  

where FI and Q are t h e  m a n  wind d i r e c t i o n  a t  t h e  t o p ,  and a t  t h e  
" TK " BK 

base  of t h e  l a y e r ,  r e s p e c t i v e l y ,  

The c o n c e n t r a t i o n  a lgo r i thm is of t h e  same form f o r  t h e  f i r s t  
t h r e e  models; however, t h e  dosage t e r m  (DK) does depend on which model 

has been u t i l i z e d ,  and thus  a d j u s t s  t h e  concen t r a t ion  d e s c r i p t i o n  t o  
t h e  s p e c i f i c  model of i n t e r e s t .  

The maximum concen t r a t ion  f o r  the f S s t  t h r e e  models i n  t h e  
K-th l a y e r  i s  g iven  by t h e  expres s ion  

(A-30) 
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where t h e  s t anda rd  d e v i a t i o n  of t h e  alongwind 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  bxK) i n  t h e  l a y e r  i s  

( A - 3 1 )  

and t h e  alongwind cloud l e n g t h  L{xK] 
a t  t he  d i s t a n c e  x from t h e  sou rce  i s  

f o r  a p o i n t  sou rce  i n  t h e  l a y e r  0 
K 

( A - 3 2 )  

where i s  t h e  ver t ica l  wind speed shea r  i n  t h e  l a y e r  and i s  de f ined  
as K 

A; K {IC=l} ti TI< {I<=l} - \ ( A - 3 3 )  

o r  

- 
( A - 3 4 )  - a  'TK BI< 

Aii {li>1} = I< 

and 0 

i n  t he  l a y e r  a t  t h e  p o i n t  of  cloud s t a b i l i z a t i o n .  
f o r  L{xJ i s  based on t h e  t h e o r e t i c a l  and empi r i ca l  r e s u l t s  r e p o r t e d  
by Tyldesley and Wallington (1967) [ll] who analyzed ground-level  
concen t r a t ion  measurements made a t  d i s t a n c e s  of 5 t o  120 k i lome te r s  
downwind from instantaneous l i ne - source  releases. 

{q i s  t h e  s t anda rd  d e v i a t i o n  of t h e  alongwind source  dimension 
The above equa t ion  xo 

The maximum c e n t e r l i n e  c o n c e n t r a t i o n  f o r  t h e  model i n  t h e  K - t h  
l aye r  i s  given by t h e  expres s ion  

xCK{xK, yK=% zK} = x K /{LATERAL TERM} 
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The average alongwind concen t r a t ion  is  def ined as 

where t h e  ground cloud passage t i m e  i n  seconds is 

4.3 c /ii $K x K K  

(A-36) 

A-37) 

The time nean a lmgwind c o n c e n t r a t i o n  i n  t h e  K-th l a y e r  i s  de f ined  by 
t h e  expres s ion  

(A-38) 

where TA i s  t h e  time i n  seconds over which c o n c e n t r a t i o n  i s  t o  be 
averaged. The t i m e  mean alongwind concen t r a t ion  i s  e q u i v a l e n t  t o  t h e  
average alongwind concen t r a t ion  when t equals  T . This  complex set 
of r e l a t i o n s ,  t hen ,  are t h e  computatiogg perfonneb i n  Model 3 t o  o b t a i n  
t h e  concentrat ion-dosage mappings. 
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APPENDIX 111. INPUT PARAMIU'ERS FOR THE NASAIMSFC 
MULTILAYER DIFFUSION MODEL 

There are t o  groups of i npu t  parameters  f o r  t h e  model. The 
source inpu t  parameters which are v e h i c l e  and m e t e o r o l o g i c a l l y  depen- 
dent  (Table A-I) and t h e  me teo ro log ica l  i npu t  parameters  which are 
s t r i c t l y  dependent on me teo ro log ica l  c o n d i t i o n s  a t  launch t i m e  
(Table A - T I ) .  These parameters i nc lude  t h e  s p e c i a l  set  employed i n  
t h e  l a y e r  breakdown model -- Model 4 .  

and t h e  s t anda rd  d e v i a t i o n  of t h e  alongwind source  i s  

The source s t r e n g t h  i n  t h e  K-th l a y e r  i s  

(A-39) 

(A-40) 

(A-41)  

where YCK] and XCK] d e s c r i b e  t h e  crosswind and alongwind dimensions of 
t h e  cloud i n  t h e  K-th l a y e r ,  and Q i s  t h e  t o t a l  sou rce  s t r e n g t h  i n  t h e  
ground cloud i n  u n i t s  of m a s s .  

T 

Equations (A-39) and (A-40) are  based on t h e  assumption t h a t  
t h e  alongwind and crosswind d i s t r i b u t i o n  of material  i n  each l a y e r  i s  
Gaussian and t h a t  t h e  v i s i b l e  edge of t h e  cloud r e p r e s e n t s  t h e  p o i n t  
a t  which t h e  concen t r a t ion  i s  one-tenth t h e  c o n c e n t r a t i o n  a t  t h e  cloud 
cen te r  i n  t h e  K-th l a y e r .  Equation (A-41) assumes t h a t  t h e  cloud i s  
sphe ro ida l  i n  t h e  plane of t h e  ho r i zon  and t h a t  t h e  t o t a l  sou rce  
s t r e n g t h  i n  t h e  K-th l a y e r  i s  g iven  by t h e  relative cloud volume i n  
the K-th l a y e r .  Because t h e  models r e q u i r e  t h e  sou rce  s t r e n g t h  pe r  
u n i t  h e i g h t ,  t h e  t o t a l  sou rce  s t r e n g t h  i n  t h e  K-th l a y e r  must be d iv ided  
by the  depth of the l a y e r .  

The f i r s t  n i n e  me teo ro log ica l  parameters fol low d i r e c t l y  from 
t h e  thermodynamic and kinematic  p r o f i l e s  of t h e  atmosphere. 
i ng  two parameters ( l a y e r  model) are  empi r i ca l  atmospheric c o n s t a n t s .  

The remain- 
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TABLE A - I  

SOURCE INPUTS FOR THE MULTILAYER MODEL CALCULATIONS 

PARAMETER 

.ayer 
lode1 1, 
! ¶  3 

R 

BK 

TK 

K 

r YK 

’ C Q  

c K3 

YO 

xo 

K 
Q 

J 

Layer Break- 
down Model: 4 

z 
R 

BL 
z 

I- 
L 

rYL 
X 

t J: 

DEFINITION 

~~ ~~ 

Reference he igh t  i n  t h e  s u r f a c e  l a y e r  

Height of t h e  l a y e r  base  

Height of t h e  l a y e r  t o p  

Source (cloud) s t a b i l i z a t i o n  time 

Distance over which r e c t i l i n e a r  lateral  
expansion occurs downwind from an i d e a l  
p o i n t  sou rce  

Standard d e v i a t i o n  of t h e  crosswind source  
dimension i n  t h e  K-th l a y e r  

Standard d e v i a t i o n  of t h e  alongwind source  
dimension i n  the K-th l a y e r  

T i m e  of l a y e r  breakdown 

Source s t r e n g t h  i n  t h e  l a y e r  

Sca l ing  c o e f f i c i e n t  
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TABLE A - I 1  

LIST OF METEOROLOGICAL MODEL INPUTS 

,ayer 
Iodel: 1, 
I ,  3 

\R 

1 
BK 

TK 
- 
1 

1 
BK 

I 
TK 

'ABK CT OK 3 

r 
OK 

Y 
K 

AMETER 
Layer Break- - 
down Model: 4 

U 
RL 

BL 

TL 

- 
U 

- 
U 

0 
BL 

e TL 

0 CT 3 
ARL O L  

0 CT 3 ABL OL 

0 c7. 3 ATL OL 

O L  

CY 
L 

pCL=13 

0 
ERL 

0 
EBL 

U 
ETL 

DEFINITION 

~ ~ 

lean wind speed a t  r e f e r e n c e  h e i g h t  z 

lieat1 wind speed a t  t h e  base  of t h e  i a y e r  

R 

4ean wind speed a t  t h e  t o p  of t h e  l a y e r  

4ean wind d i r e c t i o n  a t  t h e  base  of t h e  l a y e r  

4ean wind d i r e c t i o n  a t  t h e  t o p  of t h e  l a y e r  

Standard d e v i a t i o n  of t h e  wind azimuth a n g l e  
s t  h e i g h t  z 

standard d e v i a t i o n  of t h e  wind azimuth ang le  
s t  t h e  base of t h e  l a y e r  

Standard d e v i a t i o n  of t h e  wind azimuth ang le  
s t  t h e  top  of t h e  l a y e r  

Reference t i m e  pe r iod  

R 

Lateral d i f f u s i o n  c o e f f i c i e n t  

Power-law exponent of t h e  wind speed p r o f i l e  
i n  t h e  s u r f a c e  l a y e r  

Standard d e v i a t i o n  of t h e  wind e l e v a t i o n  

R 
a n g l e  a t  h e i g h t  z 

Standard d e v i a t i o n  of t h e  wind e l e v a t i o n  
a n g l e  a t  t h e  base  of t h e  L-th l a y e r  

Standard d e v i a t i o n  of the wind e l e v a t i o n  
a n g l e  a t  t h e  top of t h e  L-th l a y e r  

Vertical  d i f f u s i o n  c o e f f i c i e n t  

72 



APPENDIX IV.  TOXICITY CRITERIA 

Real i s t ic  e v a l u a t i o n  of t h e  po ten t i a l*haza rd  a r i s i n g  from 
h igh  n e a r - f i e l d  concen t r a t ions  of t o x i c  e f f l u e n t s  from s o l i d  rocke t  
exhaust  r e q u i r e s  b o t h  a knowledge of the s u r f a c e  d e p o s i t i o n  of t h e s e  
e f f l u e n t s  -- which can  b e  obtained w i t h  the  MSFC/NASA M u l t i l a y e r  
D i f f u s i o n  Model (Appendix I I ) , a n d  a t o x i c i t y  c r i te r ia  t o  e v a l u a t e  t h e  
hazard from t h i s  s u r f a c e  d e p o s i t i o n  of e f f l u e n t  -- which i s  t h e  incum- 
bency f o r  t h i s  d i scuss ion .  The Fede ra l  A i r  Q u a l i t y  Cri ter ia  does no t  
p r e s e n t l y  inc lude  any of t h e  l i q u i d  o r  s o l i d  r o c k e t  exhaust e f f l u e n t s ;  
however, t h e  Na t iona l  Academy of Sciences does a f f o r d  d e f i n i t e  guide- 
l i n e s  f o r  t h e  exposure t o  the t o x i c  e f f l u e n t s  a s s o c i a t e d  w i t h  t h e s e  
exhaus t s ,  These g u i d e l i n e s  are e c o l o g i c a l l y  sound, based on t h e  c u r r e n t  
l i m i t e d  knowledge of t h e  e f f e c t s  of t h e s e  e f f l u e n t s ,  and are t h e  b a s i s  
of t h e  t o x i c i t y  c r i t e r i a  t h a t  w i l l  be* given [ 1 2 ,  131. 

The primary e f f l u e n t s  from any s o l i d  r o c k e t  exhaust are: 
aluminum oxide,  ( A 1  0 ), hydrogen c h l o r i d e  (HCl), carbon monoxide (CO),  
carbon d i o x i d e  (Cop?, hydrogen (H2) ,  n i t rogen  (N2) and water vapor 
(H20). 
c o n c e n t r a t i o n s ,  t h e r e  i s  always a p o t e n t i a l  hazard of s u f f o c a t i o n  
from any gas  which r e s u l t s  i n  t h e  r e d u c t i o n  of t h e  p a r t i a l  p r e s s u r e  of 
oxygen t o  a level below 135 mm Hg (18% by volume a t  STP). Oxygen l e v e l  
r e d u c t i o n  does n o t  appear t o  be a hazard from r o c k e t  exhaust due t o  t h e  
l a r g e  volume of a i r  which i s  e n t r a i n e d  i n t o  t h e s e  exhaust c louds;  
t h e r e f o r e ,  t h i s  p o t e n t i a l  hazard can be neglected i n  t h i s  d i s c u s s i o n  and 
t h e  a t t e n t i o n  d i r e c t e d  t o  oniy t h e  i n i t i a l  f o u r  t o x i c  compounds. (A 
l i q u i d  r o c k e t  motor has on ly  one t o x i c  e f f l u e n t  -- carbon monoxide,) 

3 

While only t h e  f i r s t  fou r  compounds are  t o x i c  i n  s i g n i f i c a n t  

The exposure level f o r  t o x i c  e f f l u e n t s  are d iv ided  i n t o  t h r e e  

The publ ic  exposure l e v e l s  are 
c a t e g o r i e s :  p u b l i c  exposure l e v e l ,  emergency p u b l i c  exposure level,  
and occupatfonal  exposure !evel. 
designed t o  p reven t  any de t r imen ta l  h e a l t h  e f f e c t s  bo th  t o  a l l  classes 
of human beings ( c h i l d r e n ,  men, women, t h e  e l d e r l y ,  t hose  of poor 
h e a l t ,  etc.)  and t o  a l l  forms of b i o l o g i c a l  l i f e .  The emergency level 
i s  designed as a l i m i t  i n  which some de t r imen ta l  e f f e c t s  may occur ,  
e s p e c i a l l y ,  t o  b i o l o g i c a l  l i f e .  The occupat ional  level g ives  t h e  
maximum a l lowab le  concen t r a t ion  which a man i n  good h e a l t h  can t o l e r a t e  -- 
t h i s  level could be hazardous t o  v a r i o u s  forms of b i o l o g i c a l  l i f e .  

The t o x i c i t y  c r i t e r i a  f o r  t h e  t o x i c  e f f l u e n t s  i n  s o l i d  rocke t  
exhausts  are g iven  i n  Table A - 1 1 1 .  
ox ide  are n o t  g iven  because t h e  experience w i t h  these p a r t i c u l a t e  i s  
so  l i m i t e d  t h a t ,  a t  b e s t ,  t h e  i n d u s t r i a l  l i m i t s  are j u s t  good e s t ima tes . .  

Pub l i c  h e a l t h  levels f o r  aluminum 
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TABLE A - 1 1 1 .  A I R  ,QUALITY T O X I C I T Y  STANDARDS** 

TIME 
INTERVAL 
(MINUTES) 

10 

68 
30 

$80 

10 
30 
60 

CON CENTRAT I O N  

P U B L I C  EMERGENCY OCCUPATIONAL 

5.0 mg/m3 X 50 mg/m3 
2 . 5  mg/m3 X 25 mg/m3 
1.5 m g j m  _- n 15 mg/iii3 
1.0 mg/m3 X 10 m a l m 3  

4 P P m  7 PPm 30 P P m  
2 P P m  3 PPm 20 P P m  
2 P P m  3 PPm 10 P P m  

W;ik 

3 

90 PPm 
35 P P m  
25 P P m  

H y d r o g e n  C h l o r i d t  
(HC1) 

C a r b o n  M o n o x i d e  
(CO) 

DOSAGE : 

C a r b o n  D i o x i d e  
(COP 1 

275 p p m  
100 p p m  
66 PPm 

1000 (1500;';) p p i n  
500 (800*) p p m  
200 (4005;) p p m  

480 
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200 p p m /  
t i m e  interval 

X X A v e r a g e  - 5000 ppn 
X X Peak - 6250 p p m  



Hydrogen c h l o r i d e  i s  an  i r r i t a n t ;  t h e r e f o r e ,  t h e  c o n c e n t r a t i o n  
Since hydrogen c r i t e r i o n  f o r  an i n t e r v a l  should not be exceeded [ 1 3 3 .  

c h l o r i d e  i s  d e t r i m e n t a l  t o  b i o l o g i c a l  life, and i n  view of t h e  f a c t  
t h a t  most launch s i tes  are  encompassed by wild l i f e  r e fuges ,  the 
emergency and i n d u s t r i a l  c r i te r ia  f o r  hydrogen c h l o r i d e  are no t  appro- 
p r i a t e  t o  t h e  e c o l o g i c a l  c o n s t r a i n t s .  
a i r  e n t r a i n e d  i n  the exhaust cloud, the p o t e n t i a l  hazard from carbon 
monoxide and carbon d iox ide  can be,  i n  gene ra l ,  neglected.  

Because of t h e  l a r g e  volume of 

Any d e t r i m e n t a l  h e a l t h  e f f e c t s  due t o  combined t o x i c o l o g i c a l  
a c t i o n  of t h e s e  i n g r e d i e n t s  has been omitted beca-e of a l a c k  of 
knowledge i n  t h i s  area. However, i n v e s t i g a t i o n s  a r e  c u r r e n t l y  underway 

hydrogen c h l o r i d e .  
I t o  s tudy  t h i s  problem and t o  l e a r n  more about t h e  b i o l o g i c a l  e f f e c t s  of 

75 



REFERENCES 

1. Dumbauld, R. K . ,  J. R. Bjorklund,  and J. F. Bowers: NASA/MSFC 
Mul t i l aye r  D i f fus ion  Models and Computer Program f o r  Opera t iona l  
P r e d i c t i o n  of Toxic Fuel  Hazards. Report under Contract  No. 
NAS8-29033. TR-73-201-02, March 1973. 

2 .  Laudau, L. D.  and E.  M. L i f s h i t z :  F l u i d  Mechanics, Volume 6 of 
Course of T h e o r e t i c a l  Phys ic s ,  Pergamon P r e s s ,  1959. 

3. Susko, Michael,  John W. Kaufman, and Ke l ly  H i l l :  Rise Rate and 
Growth of S t a t i c  Tes t  Vehicle  Engine Exhaust Clouds , NASA 
TM X-53782, pp  146-166, October 15,  1968. 

4. Thayer, S c o t t  D . ,  Mart in  W. Chandler,  and Roland T. Chu: Rise and 
Growth of Space Vehicle Engine Exhaust and Associated D i f f u s i o n  
Models. NASA CR-61331, J u l y  1970. 

5 .  Susko, Michael and J .  W. Kaufman, "Exhaust Cloud Rise and Growth 
f o r  Apollo Sa tu rn  Engines,  Jou rna l  of Spacec ra f t  and Rockets ,  
May 1973. 

Paper presented a t  t he  1970 I n t e r n a t i o n a l  Union of A i r  P o l l u t i o n  
Prevention. Associat ions , Atmospheric Turbulence and D i f f u s i o n  
Laboratory,  Nat ional  Oceanic and Atmospheric Admin i s t r a t ion ,  
Oak Ridge, Tennessee,  USA,  ATDL, No. 38, 1970. 

6 .  Briggs,  G. A , ,  "Some Recent Analyses of Plume Rise Observat ions,"  

7 .  Hanna , Steven R . ,  "Cooling Tower Plume Rise and Condensation" 
Paper presented a t  A i r  P o l l u t i o n  Turbulence and Di f fus ion  
Symposium, Las  Cruces,  New Mexico, December 7-10, 1971. 

8. Smith, Michael R.  and Richard E. Forbes,  "Mass-Energy Balance f o r  
an  S-IC Rocket Exhaust Cloud During S t a t i c  F i r i n g , "  NASA 
CR-61357, August 4 ,  1971. 

9. Church, H. W. , "Cloud Rise from High-Explosives Detonations , I 1  

TID-45000 (53rd Ed) UC-41, Health & S a f e t y ,  SC-RR-68-903, 
Sandia Labora to r i e s ,  Albuquerque, June 1969. 

10. Tucker, G. L. Maj., H. E .  Malone, and Capt. R. W. Smith, "Atmospheric 
D i f fus ion  of Beryll ium - P r o j e c t  Adobe" Report No. AFRPL-TR-70-65, 
Three Volumes, D i r e c t o r  of Labora to r i e s ,  A i r  
Command, J u l y  19 7 1. 

11. Tyldesley,  J. B. ,and C. E. Wallington, The E f f e c t  
V e r t i c a l  D i f fus ion  on Hor i zon ta l  Dispersion.  
Met. SOC. , 91, 1967, 158-174. 

Force System 

of Wind Shear and 
Q u a r t .  J. Roy. 

76 



REFERENCES (Continued) 

12. Na t iona l  Primary and Secondary Ambient A i r  Qua l f ty  S tanda rds ,  
Environmental P r o t e c t i o n  Agency, Pa r t  I1 of Fede ra l  R e g i s t e r ,  
1.7=1. 3 6 ,  Pk!. 84,  April 1971 (LTpdatzd Nov. 1971). 

13. "Guides f o r  Short-Term Exposures of the Pub l i c  t o  A i r  P o l l u t a n t s ,  
Vol. 11. Guide f o r  Hydrogen Chloride,  "Committee on Toxicology 
of t h e  Na t iona l  Academy of Sciences - Nat iona l  Research Counci l ,  
Washington, D. C. ,  August 1971 

77 

~ NASA-Langley, 1973 - 13 


