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SUMMARY 

This  w o r k  c o n t r i b u t e s  t o  the   s tudy  by the   Na t iona l   Aeronau t i c s  and  Space 
Adminis t ra t ion (NASA) of t h e   p o s s i b i l i t y   t h a t   p r e c i p i t a t i o n   s c a v e n g i n g  of HCQ 
f r o m   l a r g e   s o l i d  rocket (SRM) exhaust   c louds may l e a d  to unacceptab ly   ac id ic  
r a i n   i n   t h e  C a p e  Canavera l ,   F lor ida ,  area before   a tmospheric   dispers ion  has  
reduced the p o t e n t i a l   h a z a r d  to  safe limits. Washout c o e f f i c i e n t s  are der ived,  
a previously  developed HCJL(g) washout  model for ra in   scavenging   of  SRM clouds 
is r e f i n e d  and general ized,   and  the  model  is a p p l i e d  to n ine   independent ly  
determined SRM c loud   d i spe r s ion  cases. 

Derived  washout   coeff ic ients  A = AHb, g i v e n   i n  sec-l, are summarized i n  
terms of r a i n f a l l  rate H ,  g i v e n   i n  mm rain/hr ,   and  empir ical   constants   (A,b)  
as fol lows:  Washout  of HCQ (9) w a s  based   on   the   modi f ied   Fr6ss l ing   equat ion   for  
convec t ive   d i f fus ion   of  HCQ (9) t o  a f a l l i n g   d r o p l e t ;  ( A  = 1.80 x 
b = 0.565) appl ied   for   the   Marsha l l -Pa lmer  (M-P) r a i n d r o p   s i z e   d i s t r i b u t i o n ,  
and  (1.08 x 0.625) a p p l i e d   f o r  Kelkar's ex tens ive   r a ind rop   s i ze - in t ens i ty  
data fo r   ave rage   r a ins .  Washout of HCR(g + a q )  was also derived,  based  on 
r e c e n t   l a b o r a t o r y  data on   ra in   scavenging  of d i l u t e d  and  humidified SRM exhaust  
aerosol; (1.52 x 0 .658)   app l i ed   fo r   t he  M-P d i s t r i b u t i o n .   S i n c e   t h i s  
r e su l t  stemmed f rom  l imi t ed   da t a  and was s t a t i s t i c a l l y   e q u i v a l e n t  t o  A f o r  
HCQ (4)  washout, it is p r o v i s i o n a l l y  recommended t h a t   t h e   g e a n e t r i c  mean A f o r  
HC%(g), i.e. (1.39 x 0.595), be used t o  c h a r a c t e r i z e  H a  washout f r a n  SRM 
clouds. 

The  washout model treats t h e   i d e a l i z e d  case of an independent ly   generated 
v e r t i c a l   r a i n f a l l   t h a t   o v e r r i d e s  and  scavenges  an  independently  advecting  and 
d i s p e r s i n g  SRM cloud  under s tab le  s t r a t i f i c a t i o n   c o n d i t i o n s   i n   t h e  lower tropo- 
sphere.  The r e s u l t a n t  pH of r a i n  and HCQ d e p o s i t i o n  ra te  are c h a r a c t e r i z e d   i n  
terms of (a)  i n i t i a l   s o u r c e   s t r e n g t h   o f  HCQ; (b )   d i spe r s ive   decay  of v e r t i c a l  
HCk (9)  column d e n s i t y  U e x p r e s s e d   i n  terms of c a s e s p e c i f i c   e m p i r i c a l  con- 
s t a n t s  01 and B and downwind d i s t a n c e  (time), v i s ,  0 = ax-B; and (c) mean 
wind speed, downwind l o c a t i o n  of r a i n f a l l   o n s e t ,  A ,  and H.  Cumulative areal  
depos i t ion   o f  H a  Gx is c h a r a c t e r i z e d   i n  terms of ground  coordinates  when 
(a) to (c) are s p e c i f i e d  and t h e  SRM cloud  geanetry is assumed to be an  expand- 
i n g   r i g h t  c i rcular  cy l inde r .  

The  washout  model w a s  a p p l i e d  to a r e f i n e d   " s p r i n g   f a i r  weather'' (SFW) 
Space   Shu t t l e  case and e i g h t   T i t a n  I11 (60 p e r c e n t  less exhaus t )   d i spe r s ion  
cases. These 0 decays were previously  deduced by a p p l i c a t i o n  of a m u l t i l a y e r  
Gaussian  diffusion  model  to seven   s tandard   meteoro logica l   reg imes   for   over land  
advect ion a t  Cape  Canaveral .   The  Titan I11 dispers ive   decays  of (5 and  hence 
p o t e n t i a l  pH, def ined  as volumetric average pH a t  f i r s t   o n s e t  of r a i n f a l l ,  
d i f f e r e d   g r e a t l y  among the  seven  regimes.  A range of more than  2 pH u n i t s  was 
spanned a t  X h 100 km downwind and t 2 2 hr .  A t  sho r t e r   d i s t ances   t he  t o t a l  
span was less, bu t  still exceeded 1 pH u n i t  for X > 1 0  km and t > 0.2  hr. 
Env i ronmen ta l ly   s ign i f i can t  pH's (6 1.5) for infrequent   exposures  were shown 
p o s s i b l e  a t  X 6 50 km and t 6 5 h r   f o r   t h e  t w o  most seve re ,  l eas t  disper-  



s i v e   T i t a n  I11 cases. T h i s  resul t  c o n t r a s t s   w i t h  a measured  volumetric  average 
pH of 4.61 & 0.22   (month ly   s tandard   devia t ion)   for  rains a t  Cape  Canaveral  over 
t h e  l as t  2 yea r s .  

Detailed examples  of downwind rainwater  pH and Gx, f o r   bo th   po ten t i a l   and  
progressive  washout ,  are shown f o r   t h e  least and most d i s p e r s i v e   T i t a n  I11 cases 
and t h e   r e f i n e d  SFW S h u t t l e  case. Both pH and Gx i nc reased   w i th  H, as a con- 
sequence  of b < 1 . O .  High H occur r ing  close t o  the  launch si te r e s u l t e d   i n  
much g r e a t e r  Gx t han  lower H o c c u r r i n g   f a r t h e r  o u t .  Nearly  complete HCR 
washout could   occur   wi th in  30 )an a t  high H. Al though  po ten t ia l  pH a p p l i e s  
s t r i c t l y  a t  r a in fa l l   onse t ,   p rog res s ive   washou t  a t  low H o v e r   l a r g e  X 
r e s u l t e d   i n  slw pH change.  Thus, damage t o  ground-receiver   surfaces  may tend 
to  be g r e a t e r  (lower pH) and more e x t e n s i v e   ( l o n g e r   f o o t p r i n t )  a t  lower H. 

S e v e r a l   f a c t o r s   a f f e c t   t h e   v a l i d i t y   o f   t h e   p r e d i c t e d  pH's and HCk deposi- 
t i o n s .  Firs t ,  t h e  model a p p l i c a t i o n   s p e c i f i c a l l y   e x c l u d e s   c o n v e c t i v e   a c t i v i t y  
and, p a r t i c u l a r l y ,  dynamics  of ra inout   p rocesses  when HCJ? and a lumina   i n t e rac t  
w i th   na tu ra l  clouds.  This   exc lus ion  reduces t h e   u t i l i t y  of t h e  model, s i n c e  
c o n v e c t i v e   a c t i v i t y  occurs f r e q u e n t l y  a t  C a p e  Canavera l .   Clear ly  a more real- 
ist ic atmospheric  dynamics model is needed  along  with  parameterizations of t h e  
essent ia l   c loud  microphysics-scavenging  processes .   Second,   uncertaint ies  
related to  t h e   d i s p e r s i o n   c a l c u l a t i o n s ,  and  hence B d e c a y   i n p u t s ,   a f f e c t   t h e  
v a l i d i t y   o f   p r e d i c t i o n s ,   e s p e c i a l l y  a t  l a r g e  X. I nc lus ion   o f  (a)  convect ive 
loss of HCR from t h e  SRM cloud's  upper  boundary, (b) HCR s o r p t i o n  a t  ground 
l e v e l ,  and (c) a more real is t ic  t r ea tmen t  of h o r i z o n t a l  wind s h e a r   e f f e c t s  
would  have i n c r e a s e d   p o t e n t i a l   r a i n  pH. However, the   va lues  of 0 were based 
on va r i ances   de r ived   f rom  r e l a t ive ly  small-scale turbulence  measurements;   var i -  
ances   sca led  more a p p r o p r i a t e l y  to  cloud s i z e  would have resulted i n  smaller 
but more rea l i s t ic  values  of f.3 a t  l a r g e  X and t, similar t o  those  observed 
e x p e r i m e n t a l l y   f o r   r e c e n t   T i t a n  I11 clouds .   This   modi f ica t ion  would decrease 
p o t e n t i a l   r a i n  pH. Such  competing e f f e c t s   r e q u i r e  complex ana lyses ,  and t h e i r  
n e t   e f f e c t s  are p resen t ly   no t   p red ic t ab le .   Th i rd ,   t he  model a p p l i e s   f o r  ideal- 
i z e d  H a  washout by r a i n   o f   s p e c i f i e d   i n t e n s i t y   a n d   a v e r a g e   p o l y d i s p e r s i t y .  
N a t u r a l l y   o c c u r r i n g  rains vary  widely  in   both respects, a n d   t h e i r  temporal- 
s p a t i a l   c h a r a c t e r i s t i c s  are only   roughly   p red ic tab le .   F ina l ly ,   the   washout  of 
H c Q ( ~  + a q )  s t i l l  remains  an  uncertainty.  Although  HCk(g) w i l l  predominate  over 
HCR (aq)   on   ch lor ided-a lumina   nuc le i   a f te r   s ign i f icant  cloud d i l u t i o n  a t  low- 
to-moderate humid i t i e s ,   t he   p re sen t   va lues  of A f o r  HC%(g + aq) may be s i g n i f -  
i c a n t l y   i n  error a t  very  high  humidi t ies   (approximately  295  percent) ,  which f r e -  
q u e n t l y   e x i s t  a t  Cape  Canaveral. 

INTRODUCTION 

NASA has  been  examining  the  possible  environmental   impacts  of i t s  Space 
S h u t t l e  Program for   about  8 yea r s .  Formal Environmental  Impact  Statements were 
p u b l i s h e d   i n   J u l y   1 9 7 2   ( r e f .  1) and  Apr i l   1978  ( re f .   2 ) .  One of t h e  c i ted 
p o t e n t i a l  problem areas, a tmospher ic   po l lu t ion ,  stems mainly  from  use of a 
so l id -p rope l l an t  rocket motor (SRM) booster design. The t roposphe r i c   po r t ion  
of th i s   envi ronmenta l  problem c e n t e r s  on t h e  possible e f f e c t s  of r e l a t i v e l y  
l a rge ,   l oca l i zed ,   l ow- leve l  releases of SRM exhaust   products ,   which  include 
more than 70 metric tons  of  hydrogen c h l o r i d e  (Ha) and  about  110 metric tons  
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of aluminum oxide particles (0.01 t o  20 pm) emi t t ed  per launch below 4-km a l t i -  
tude.  More s p e c i f i c a l l y ,  the p o s s i b i l i t y   e x i s t s   t h a t   p r e c i p i t a t i o n   s c a v e n g i n g  
of HCR may l e a d  to  loca l i zed   depos i t i on   o f   unaccep tab ly  acidic (hydroch lo r i c  
a c i d )   r a i n  on nearby   land  areas or p r o t e c t e d  waters before  atmospheric  disper- 
s i o n  has e f fec t ive ly   r educed   t he   po ten t i a l   haza rd  to  s a f e  limits. 

One purpose of t h i s   p a p e r  is t o  r e f i n e  and g e n e r a l i z e  a previously  devel-  
oped  model (ref. 39 which   cha rac t e r i zed   t he   i dea l i zed  washout  of  gaseous HCQ 
and r e s u l t a n t   d e p o s i t i o n  of a c i d i c  r a i n  f r a n  an advec t ing  and d i s p e r s i n g  SRM 
cloud. A second  purpose is to c h a r a c t e r i z e   t h e   p o s s i b l e   e f f e c t s   t h a t   v a r i o u s  
meteoro logica l   condi t ions  a t  Cape  Canaveral ,   Flor ida,  may have  on acidic r a i n  
depos i ti on. 

Obviously  the  development of understanding and quant i ta t ive   methodology 
f o r   p r e d i c t i n g  HCR scavenging  and  for   assessing  possible   environmental   conse-  
quences of v a r i o u s   a c i d   r a i n   d e p o s i t i o n  is an e s s e n t i a l  precursor t o  s p e c i f i -  
c a t i o n   o f   s a f e ,  real is t ic  l aunch   cons t r a in t s .  The or ig ina l   Envi ronmenta l  
Impact  Statement (EIS)  f o r   t h e   S p a c e   S h u t t l e  Program (July  1972)  states, ". . . f o r   t h e   ( p r e d i c t e d )   o v e r l a n d  trajectories of the  exhaust   c loud,   the  
poss ib l e   ha rmfu l   e f f ec t s  of r a i n   c o n t a i n i n g  HCR w i l l  be ana lyzed   pr ior  to each 
f i r i n g .   I f   t h e   c a l c u l a t i o n s   p r e d i c t   u n f a v o r a b l e   c o n d i t i o n s ,   t h e   l a u n c h  w i l l  
be postponed."   The  recent   revis ion of t h e  EIS (F ina l ,   Apr i l   1978)  states, 
'I. . . the resu l t s  of t h i s  program . . . to m o d e l  the   occurrence of a c i d i c  
r a i n  . . . and to p r e d i c t   t h e   a c i d i t y  of r a i n f a l l   t h a t  might occur . . . will 
provide a model to de f ine   i n   advance   t he  go-no-go ( l a u n c h   c o n s t r a i n t s )  cri- 
t e r i a  t o  minimize   unacceptab le   envi ronmenta l   e f fec ts   f ran  acidic r a i n f a l l . "  

The absorp t ion   of  H c Q ( ~ )  by f r e e - f a l l i n g   a q u e o u s   d r o p l e t s  was p rev ious ly  
s tud ied   exper imenta l ly   ( re f .  3 ) .  The d a t a  were shown to  be well c h a r a c t e r i z e d  
by t he   mod i f i ed   F ross l ing   equa t ion   w i th   an   appropr i a t e   b ina ry   d i f fus ion   coe f -  
f i c i e n t '   f o r  HCQ i n  a i r .  Also, a n   i d e a l i z e d  ra in  scavenging  model was developed 
and  used t o  cha rac t e r i ze   t he   washou t  of HCR(g) from SRM exhaust c louds   ( re f .  3 ) .  
T h i s  model t r e a t e d   t h e   s i m p l i f i e d  case of an independen t ly   gene ra t ed   ve r t i ca l  
r a i n f a l l   t h a t   o v e r r i d e s  and  scavenges by washout  processes  an  independently 
d i spe r s ing  SRM exhaust  cloud.  The model was developed to  a p p l y   s t r i c t l y   a t  low- 
to-moderate SRM cloud relative humidities,   where  HCQ(g)  tends  to  predominate 
over   the  aqueous acid aerosol component a f t e r  a few  minutes  of  cloud  dilution, 
and  under s t a b l e   s t r a t i f i c a t i o n   c o n d i t i o n s   i n   t h e  laver troposphere.  

The model i n   r e f e r e n c e  3 was used to p r e d i c t   t h e   r e s u l t a n t   c h a r a c t e r i s t i c s  
of a c i d   r a i n   d e p o s i t i o n   f o r  an SFW Space   Shu t t l e  SRM exhaus t   c loud   d i spers ion  

' A l t h o u g h   t h e   i n i t i a l l y  assumed b i n a r y   d i f f u s i o n   c o e f f i c i e n t  D m  of 
0.20 cm2/sec f o r  HCQ i n  N2 ( a i r )  was shown t o  f i t   t h e   f o u r  column-length- 
residence-time sets o f   d rop le t   abso rp t ion   da t a  well and  thus was used  through- 
o u t  t he   r e f e rence  3 a n a l y s i s ,   t h e   f o u r   d a t a  sets were best f i t   s t a t i s t i c a l l y  
by D m  = 0.175 cm2/sec. I t  was subsequent ly   found  tha t   use  of a t h e o r e t i c a l  
equa t ion  based on  modern k ine t ic   theory   and   the   Lennard-Jones   express ion   for  
i n t e r m o l e c u l a r   f o r c e s   ( r e f .  4 )  l e d  to a ca lcu la ted   va lue   o f  0.1 70 cm2/sec a t  
25OC and 1 atm. T h i s  la t ter  value was adop ted   fo r   t he   p re sen t  paper and  then 
co r rec t ed  to 0.187  cm2/sec a t  15OC and  0.85 atm. 
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case, der ived   independent ly   f rom  appl ica t ion   of  a Gauss i an   mu l t i l aye r   d i f fus ion  
model, MDM-4 (11) , t h a t  was developed a t  t h e  NASA Marsha l l   Space   F l igh t   Cen te r  
(MSFC). The SFW d i s p e r s i o n  case was based on  one of seven  s tandard meteorol- 

o g i e s  documented for t h e  Cape Canaveral  area. These  meteorologies were 
o r i g i n a l l y   s e l e c t e d  to  r e p r e s e n t  a r a n g e   o f   c h a r a c t e r i s t i c  cases of  overland 
a d v e c t i o n   w i t h   t u r b u l e n t   d i f f u s i o n   i n   t h e   p l a n e t a r y   b o u n d a r y   l a y e r   i n   o r d e r  to 
e s t a b l i s h   a n   i n i t i a l   b a s i s   f o r   a s s e s s i n g   p o s t l a u n c h  HC!2 c o n c e n t r a t i o n   h i s t o r i e s  
a t  t h e   E a r t h ' s   s u r f a c e   ( r e f .  5). 

In   t he   p re sen t   pape r ,   t he   i dea l i zed   washou t  model is f i r s t   r e f i n e d  and  gen- 
e r a l i z e d  and then  is a p p l i e d  to nine  independent ly   determined  exhaust  cloud d is -  
pe r s ion  cases ( r e f .  6 and  an  unpublished  paper by G. L. Pe l l e t t )  which were 
derived  from  the set of   seven  s tandard  meteorological   condi t ions.  The  model 
improvements   and  addi t ions  consis t  of (a)  inc lud ing  more rep resen ta t ive   va lues  
f o r   a i r   p r o p e r t i e s  and HCR d i f f u s i o n   c o e f f i c i e n t ;   ( b )   d e v e l o p i n g  a more compre- 
hens ive   ana ly t i c   app roach   fo r   gene ra l i z ing  HCk(g) abso rp t ion  and  washout  and 
t h u s   r e s u l t a n t   r a i n  pH and HCk d e p o s i t i o n   c h a r a c t e r i s t i c s ;  (c) d e r i v i n g  two new 
HCk(g)  washout coe f f i c i en t   exp res s ions   based   on  t h e  modi f ied   Fross l ing   equat ion  
and in tegra ted   over   bo th   the  well-known  Marshall-Palmer (M-P) r a i n d r o p   s i z e  dis- 
t r i b u t i o n  and   the   p rev ious ly  used Kelkar r a i n d r o p   s i z e - i n t e n s i t y  data; and 
(d )   de r iv ing  a new HCk(g + aq) washout c o e f f i c i e n t   e x p r e s s i o n   f o r  SRM exhaust  
aerosol   based  on a de t a i l ed   r ev iew and a n a l y s i s  of pub l i shed   l abo ra to ry  data  
on  ra in   scavenging of s o l i d  rocket exhaus t   and   i n t eg ra t ed   ove r   t he  M-P distri-  
bution.  While  the  previous  washout model was app l i ed   on ly  t o  t h e   S h u t t l e  SFW 
meteorological  case, the  refined  washout  model is a p p l i e d  to  (a) an  improved 
v e r s i o n   o f   t h e   S h u t t l e  case, (b) a l l  seven  s tandard  meteorological  cases f o r  
t h e  smaller but   chemical ly  similar T i t a n  I11 SRM propel led  vehicle ,   which 
exhausts  -40 p e r c e n t  of t h a t   f o r   t h e   S h u t t l e   i n   t h e   a l t i t u d e   r a n g e  0 t o  4 km, 
and (c) an  abnormal  (pad abort) T i t a n  I11 case. The T i t a n  I11 cases p rov ide  
a basis for   de ta i led   compar isons   wi th   ex is t ing   in -c loud   da ta   on   T i tan  111 
launch   e f f luen t s   and  also a s s o c i a t e d  acidic r a i n f a l l   i n  one case. F i n a l l y ,  
t h e   c h a r a c t e r i s t i c s   o f  acidic r a i n f a l l  which  might r e su l t  from e i t h e r   v e h i c l e  
under va r ious   me teo ro log ica l   cond i t ions  are c lear ly   demonst ra ted ;  i. e. , 
e x p l i c i t   a n a l y t i c   p r e d i c t i o n s  of downwind rainwater  pH and HCk ground deposi- 
t i o n  are given  for   var ious  meteorologies ,   assumed  onsets  of r a i n f a l l ,  and r a in -  
f a l l   i n t e n s i t i e s .  

Use of trade names or names of   manufacturers   in   this   paper   does  not   const i -  
t u t e  an of f ic ia l   endorsement ,   expressed  or implied,  of  such  products  or manu- 
f a c t u r e r s  by NASA. 

SYMBOLS 

A e m p i r i c a l   c o n s t a n t   i n  power-law expres s ion   fo r   washou t   coe f f i c i en t  
(eq. (41 ) ) , sec-l 

b empir ica l   exponent   in  power-law expres s ion   fo r   washou t   coe f f i c i en t  
(eq. (41 ) ) , dimensionless 
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t 
c (HcQ) 

(HCR) 

Cf 

DAB 

DX 

G X  

GX, Y 

H 

Hm 

kX 

MA 

m (HCQ) 

m, 

n 

Ani 

Atii 

c o n c e n t r a t i o n   o f   H a ( g  + aq) i n   d i l u t e d  SRM exhaust ,  as used by Fenton 
and Purce l l   ( re f .   25)   and   expressed   in   d imens ionless  volume/volume 
u n i t s ,  ppmv 

peak va lue  of measured  in-cloud HCk concen t r a t ion ,   exp res sed   i n  dimen- 
s i o n l e s s  volume/volume u n i t s ,  ppmv 

molar air dens i ty ,  3.60 x 1 0'5 mol air/an3 a t  15OC and  0.85 atm 

b i n a r y   d i f f u s i o n   m e f f i c i e n t   f o r  HCk i n  N2 or air;  0.187 cm2/sec is 
used a t  15OC and  0.85 atm (see f o o t n o t e   1 )  

e f f ec t ive   d i ame te r  of c y l i n d r i c a l   ( r i g h t  c i rcular)  SRM exhaust  cloud 
i n  ho r i zon ta l   p l ane ,  m 

ra indrop   d iameter ,  cm 

c o l l e c t i o n   e f f i c i e n c y   f o r   f a l l i n g   d r o p  of diameter d which collects 
aerosol particles and droplets of r ad ius  a; e f f i c i e n c y   r e p r e s e n t s  
f r a c t i o n a l   c o l l e c t i o n   o f  particles and/or d rop le t s   w i th in   geomet r i c  
c r o s s - s e c t i o n a l  area Td2,  dimensionless 

cumulat ive  deposi t ion of a q u e o u s  HCR ( in   ra inwater )   on   g round,  a t  
l o c a t i o n  X a long SRM cloud-centroid  path,  g HCQ/m2 

cumulat ive  deposi t ion of a q u e o u s  HCQ ( i n   r a i n w a t e r )  on  ground, a t  
l o c a t i o n  (X,Y) a long  SRM cloud  path,  g HC%/m2 

rate of depos i t i on  of aqueous HC% ( in   r a inwa te r )   on   round ,  a t  loca- 
t i o n  X along SRM cloud-centroid  path,  g HCQ/hr-m 3 

r a i n f a l l   a c c u m u l a t i o n  rate, nun ra in/hr  

upper bound  of s u r f  ace mixing   layer ,  m 

gas-phase mass- t r ans f  er m e f  f i c i e n t ,  mol HCR/cm2-sec 

mass concen t r a t ion   o f  HC%(g + aq) i n   d i l u t e d  SRM exhaus t ,  as used by 
Fenton  and  Purcel l   ( ref .   25) ,  g HCR/m3 

m o l a r i t y  of aqueous HCk in   d rop le t s ;   mix ing -cup   ave rage   mo la r i ty   fo r  
p o l y d i s p e r s e   r a i n ,  mol HC%/L 

i n i t i a l  mass of  HCQ i n  SRM exhaust   c loud,  g HCk 

number of   ra indrops per u n i t  volume  of a i r ,  

incremental  number of   ra indrops per u n i t  volume f o r   s i z e  class i, 
cm-3 

r a i n d r o p   i n t e n s i t y   f o r   r a i n d r o p s  of s i z e  class i, m-2-sec-1 
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PH 

QI 

RA 

Sh 

t 

t e  

t0  

t ' 

UC 

VW 

WA 

X 

X 0  

xcs 

Xr 

'A0 

'Aw 

average  concentration of HCg(g) i n  parcel of diluted SRM exhaust, 
expressed i n  dimensionless volume/uolume u n i t s ,  ppmv 

i n i t i a l  value of  p(HCR) before HCk(g) washout begins a t  t = 0,  
P P V  

measure  of acidity due to  H+(aq);  defined  for an idealized  solution 
of f u l l y  dissociated HCk(aq) by loglo [l/m(HCR) 3 

effective  heat  release  for  solid  rocket  propellant combustion, cal/g 
propellant ( 1  cal = 4.184 J) 

rate of HCR scavenging by individual  droplets, g HCk/sec 

Sherwood  number based on droplet diameter  (eq. ( 3 )  ) , dimensionless 

elapsed time after onset of ground deposition due t o  HCR washout, sec 

exposure time for  droplet  absorption  during f a l l  through parcel of 
gas containing HCR, sec 

elapsed time corresponding to  X,, hr 

t ransi t  time for  droplet  to  fall  to  Earth's  surface from altitude 
z, sec 

mean unidirectional wind speed which describes  horizontal motion of 
SRM exhaust  cloud, m/sec 

droplet  terminal  velocity  during  free f a l l  through parcel of a i r ,  
cm/sec 

molar flow of HCR(g)  to  droplet  surface  during HCk(g)  absorption, 
mol  HCR/sec 

unidirectional downwind distance from launch s i t e ,  X, + Xcs, km 

virtual  source  distance upwind from SRM cloud stabilization  point  at 
x,, = 0,  km 

unidirectional downwind distance from SRM cloud stabilization  point, 
km 

unidirectional downwind distance from launch s i t e  where onset of uni- 
form rain  occurs  (before  arrival of SRM cloud), km 

mole fraction of HCR (9) i n  equilibrium a t  gas-droplet  interface 

mole fraction of HCR (9) i n  b u l k  gas 
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Y perpendicular   dis tance  f rom  cloud-centroid  path,  )an 

zm SRM cloud-centroid  height,  m 

z v e r t i c a l   d i s t a n c e   f o r   d r o p l e t   f a l l   t h r o u g h  SRM exhaust   c loud,  m 

= top   he igh t   o f  SRM cloud  top  above  ground, m 

a,$ c o n s t a n t s  which d e f i n e  power-law decay  of HCk (9) column d e n s i t y  (5 

i n  d i s p e r s i n g  SRM exhaust  cloud; a is e q u i v a l e n t  to ppmv-m a t  
X = 1 km, and 6 is dimensionless  exponent  of X i n   e q u a t i o n   ( 4 8 )  

h washout c o e f f i c i e n t   d e f i n e d  by equat ion  (8)   and  general ized by equa- 
t i o n  ( 4 1 ) ,  sec-l 

Vf k inemat ic   v i scos i ty  of a i r ,  0.172 cm2/sec a t  15OC and  0.85 atm 

Pair mass d e n s i t y  of a i r ,  1041  g air/m3 a t  15OC and  0.85 atm 

CT v e r t i c a l  HC$(g)  column d e n s i t y ,  ppmv-m 

Subsc r ip t :  

P o t   p o t e n t i a l  

Abbreviations:  

cc cloud c e n t r o i d  

CFP cold f ron t   pas sage  

F-P Fenton  and  Purcell  

FFW f a l l  f a i r  weather 

FW, Pre-CF f a i r   w e a t h e r   p r e - c o l d   f r o n t  

LLSB 

MDM 

M-P 

POS t-CF 

SB 

SEW 

SRM 

law-level sea breeze 

mu1 t i l a y e r   d i f f u s i o n   m o d e l  

Marshall  and  Palmer 

pos t - c o l d   f r o n t  

sea breeze 

s p r i n g   f a i r   w e a t h e r  

s o l i d  rocket motor 
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DEVELOPMENT  OF  WASHOUT  MODEL 

The  first  two  sections  of  this  development  follow  closely  that  given  in 
reference  3,  but  the  coefficients  have  been  revaluated  to  conform  to  the  revised 
HCQ(g)  diffusion  coefficient  and  the  newly  defined  ambient  conditions  at  15OC 
and 0.85 atm,  which  more  closely  represent  average  conditions  aloft  at  Cape 
Canaveral.  Subsequent  equations  depend on these  coefficients.  The  next  section 
on  washout  coefficient  for  monodisperse  rain  serves  a  dual,  although  not  immed- 
iately  obvious,  purpose.  First,  it  defines  the  washout  process  in  terms  of 
droplet  characteristics,  and  this  leads  to a set  of  analytic  expressions  that 
can  be  used  independently  to  characterize  washout  by  droplets  of  specified  size. 
Second,  it  serves to define  expressions  that  are  needed  later  in  the  derivation 
of  washout  by  polydisperse  rain,  when  raindrop  intensity  data  (e.g.,  Kelkar) 
are  used  to  evaluate  washout  coefficients  at  various  rainfall  intensities. 

HCk  Absorption  and  Resultant  pH  of  Falling  Droplets 

Hydrogen  chloride is a  highly  soluble  gas,  and  within  an SRM cloud, HC.%(g) 
transfer  to  a  falling  droplet  may  be  considered  to  be  gas-phase  diffusion 
limited.  For  low  mass-transfer  rates  and  where  gas-phase  mass-transfer  resis- 
tance  controls,  droplet  absorption  can  be  described  by  (ref. 7 )  

Now  XAo  will  always  be  much  smaller  than  unity  in  an SRM cloud.  Further- 
more,  it  will  be  shown  later  that,  for  all  practical  cases  of  HCQ(g)  washout 
(i.e.,  for 20.5-mm rain/hr  falling  through  a  dispersing SRM cloud),  XAo  will 
always  be  much  smaller  than XA~. This is due  to  the  high  solubility  of  HCQ 
and  to  the  expected  range  of  HCk(g)  column  densities  and  concentrations.  How- 
ever,  note  that,  for  the  potentially  reversible  case  of  in-cloud  scavenging, 
xAo and xAw  will  tend  to  converge  as  HC%  equilibrium is approached  in  cloud 
aerosol  droplets,  since  they  are  much  smaller  and  also  have  substantially  longer 
residence  times.  Thus 

The  Frossling  semiempirical  mass-transfer  correlation  (ref. 8 ) ,  as  modified 
by Ranz  and  Marshall  (ref. 9 ) ,  has  been  successfully  applied  to  a  number  of 
cases  of  mass  transport  to  (or  from)  a  sphere  immersed  in  a  moving  fluid 
(ref. 7 ) .  The  dimensionless  Sherwood  number  (diameter  basis)  is  given  in  terms 
of the  Reynolds  and  Schmidt  numbers  as 
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By t a k i n g  values f o r   t h e  properties of a i r  a t  15OC and  0.85 atm (see symbols) 
and  adopting a v a l u e   f o r  the b i n a r y   d i f f u s i o n   c o e f f i c i e n t  (Dm = 0.170 cm2/sec 
a t  25OC and 1 atm, c o r r e c t e d  to D m  = 0.187 cm2/sec a t  15OC and  0.85  atm; see 
f o o t n o t e  1) , equa t ion   (3 )  becomes 

Sh = 2 + 1.407 (dv,) (4) 

Recogniz ing   tha t  p(HC%) = 1 06XAm and s u b s t i t u t i n g  for k, and XA, i n  
equat ion ( 2 ) ,  a pa i r   o f   exp res s ions2  is o b t a i n e d   f o r   t h e  molar abso rp t ion  rate: 

WA = 1 O'6cfDm7Td (Sh) p (HCa) 

WA = 10-I1(4.23d + 2.98d3/2VJ/2)p(HCQ) 

The r e s u l t i n g   m o l a r i t y   o f  HCQ i n  a f a l l i n g   d r o p l e t   a f t e r  an  absorpt ion  exposure 
time te is 

m(HC%) = 6 X 10-3~fD,,d-~(sh)p(HC%) te 

m(H&)  = 10-8(8.08d-2 + 5.68d-3/2Vm1/2)p(HCk) te 

Assuming t h a t   t h e   a b s o r b e d  HCR is 100 p e r c e n t   d i s s o c i a t e d  t o  H', ignoring 
f o r  a moment t h e   i n i t i a l  H+ c o n c e n t r a t i o n   i n  a r a i n  d r o p l e t ,  and t ak ing   t he  
exposure time for a d r o p l e t   f a l l i n g  a t  t e rmina l   ve loc i ty   t h rough  a cloud  of 
d i l u t e  H a  (9) , z meters t h i c k ,  te = 100z/Vm ( n o   n e t   v e r t i c a l  a i r  motion i n  
t h e  SRM c l o u d ) ,   t h e   f i n a l  p H  of a f a l l e n   d r o p l e t   o b t a i n e d  is 

1 06d2Vm 

c8.08 + 5.68(dV,)1/qp(HCR)z 
pH = l o g  ~ ~~ 

Appl i cab i l i t y   o f   I r r eve r s ib l e   Absorp t ion   Assumpt ion  

The a p p l i c a b i l i t y  of   equat ions (2 )  to (7)  to an SRM cloud is now checked 
for a typical case. An ana lys i s   o f   t he  SFW Shu t t l e   exhaus t   c loud   d i spe r son  
case, desc r ibed  la ter ,  l e d  to p red ic t ed   va lues  of  p(HC2)  and z at  va r ious  

2The second  expression is included to i n d i c a t e  d and V, dependencies 
and also to  f a c i l i t a t e  user computations. 
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d i s t a n c e s  from the launch  si te.  Two sets of va lues   w i th in   t he   ma in   r eg ion  of 
i n t e r e s t ,   1 0  to 100 km, have  been used i n   e q u a t i o n  (7b) to calculate pH and 
molarity for r a i n  droplets i n  t h e  s i z e  range of i n t e r e s t ,  0.3 to  0.03 m. 
R e s u l t s  are shown i n  table I along  with X A ~  values   cor responding  to e q u i l i b -  
rium vapor   pressures  of t h e  respective HCR s o l u t i o n s  a t  15OC and 0.85 atm 
(calculated from ref. 10  vapor-pressure  formulas) .  

TABLE I.- SAMPLE  CALCULATIONS AND CHECK ON APPLICABILITY OF EQUATION (2)  

FOR  DROPLETS  FALLING  THROUGH AN SRM EXHAUST CLOUD* 

xAo 1 

HCR a t  
gas- l iqu id  
i n t e r f a c e  

i- 
PH m(HCk) = 1 O-PH, X A d  

(1 00% i on ized  mol H ~ / L  HCR i n  
to H') i n  droplet bulk   gas  
" . . " . .. . .  . . 

po(HCR) z = 2 x l o 4  ppmv-m a t  X = 10.9 km downwind d i s t ance*  
" - 

0.0257 0.0001 x 10-6 5 x 10-6 
.211  .0057 5 

.05  .986 .140 5 
3.44 7.94 5 

. 

po(HC%)z = 103 ppmv-m a t  X = 67.5 Ian downwind d i s t ance*  
. . - ~ - "" ~ " 

<O. 00001 x 1 0-6 
.25  .00002 
.25  .00035 

.03  .172  .25  .0038 
. .  

*Based  on f u l l y   m o d i f i e d  SFW Shu t t l e   exhaus t   c loud   d i spe r s ion  case 

?XAo is based  on empirical f i t  (ref. 10)   o f   equi l ibr ium HCk vapor- 
developed l a t e r  i n   t h i s  paper: po(HC%)z = 1 06X-1*64 and mo = 61 x 1 06. 

p r e s s u r e   d a t a   f o r  15%  aqueous HCk and  0.85 atm. 

I n   g e n e r a l ,   t h e   c a l c u l a t e d  pH v a l u e s   i n   t a b l e  I i n d i c a t e   a c i d i t i e s  less 
than  1 mol HC%/L. The obvious   except ion  is f o r   d r o p l e t s  smaller than  0.05 cm 
f a l l i n g  a t  a close d i s t a n c e  (11 km) t o  the   l aunch  s i t e .  Although  the  basic  
assumption  used i n   d e r i v i n g   e q u a t i o n   ( 2 ) ,  i.e., XAoD >> X A ~ ,  is v a l i d   f o r  
0.05-an droplets f a l l i n g  a t  11 km downwind, it f a i l s  for d r o p l e t s  of smaller 
size  (e.g. ,   0.03 c m )  t h a t   f a l l  close to  t h e   l a u n c h  site. However, a t  l a r g e r  
d i s t a n c e s  (or a l t e r n a t e l y ,   w i t h   i n i t i a l l y  lower H a  column d e n s i t i e s  and/or 
s h o r t l y   a f t e r   w a s h o u t   b e g i n s ) ,   t h e   i r r e v e r s i b i l i t y   a s s u m p t i o n  is adequa te   fo r  
d r o p l e t s  as small as 0.03 cm; a t  a d i s t ance   o f  68 km, the   assumption is h igh ly  
v a l i d   f o r  a l l  d r o p l e t   s i z e s .  

Thus, for t h i s   r a n g e  of r a i n d r o p   s i z e ,   t a k i n g   i n t o   c o n s i d e r a t i o n   t h e  rela- 
t i v e   c o n t r i b u t i o n s  of va r ious  droplet s i z e s  to  i n t e g r a t e d  HCk(g)  washout (dis- 
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cussed  later),  the  use of equation (2) in  the  present  model is considered  ade- 
quate  for  rainfall  rates >0.5-mm rain/hr  at  all  relevant  distances (210 km) from 
the  launch  site or, alternately,  whenever  HCR  column  density  is  smaller  than 
2 x 104 ppmv-m. 

Washout  Coefficient  for  Monodisperse  Rain 

In order  to  describe  the  effective  transient  HCk(g)  concentration  in  an 
SRM cloud  t  seconds  after  the SRM cloud  encounters  a  steady  overriding  rain, 
a  solution  to  the  scavenging-rate  equation €or irreversible  washout  (refs. 11 
to 1 4 )  is  required.  Thus 

The  washout  coefficient A can  be  seen  to  satisfy  its  operational  definition 
as  the  ratio of scavenging  rate  to  the  concentration of the  scavenged  component. 
The solution of equation ( 8 )  which  applies to a  finite  thickness  z(m)  of 
the SRM cloud is 

p(HC%) z = po(HC%) z exp ( -At )  (9) 

For  idealized  monodisperse  rain,  of  droplet  size  d  and  number  density  n,  it 
can  be  shown  from  (a)  the  operational  definition  of I\ and  (b)  rearrangement 
of  equation  (5a)  that  the  washout  coefficient is simply 

Since  the  monodisperse  rainfall  rate is defined  by 

rearrangement  of  equation ( 1 1 )  and  substitution  for  n  in  equation (10) yields 

rain: 
A a  pair  of  alternative  expressions  for  the  washout  coefficient  for  monodisperse 
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Note,  from  equation  (12a),  that A is  essentially  proportional  to DAB since 
Sh is  only  weakly  dependent  on D m  in  equation  (3) . 

Since  equations (7) and (1 2)  contain  (a)  droplet  terminal  velocity V,, 
which  depends  on  d  (refs. 14 and  15)  and on air  properties,  and  (b)  Sh,  which 
depends  on  both  d  and V,, it is desirable  to  express  the  product  Sh/(d2Vd 
in  terms  of d only  to  facilitate  calculations  of  pH  and A for  the  monodis- 
perse  rainfall  case. 

Values  of  Sh/(d2VJ  were  calculated  for  convective  diffusion  of  HCk  (in 
air  at  15OC  and  0.85  atm)  to  water  droplets  falling  at  terminal  velocity. 
Equation  (4)  was  used  to  calculate  Sh.  The  water  droplet  terminal  velocities 
tabulated  in  Mason  (ref.  15)  for  2OoC  and 1 atm  were  corrected  to  conditions 
of  15OC  and  0.85  atm  by  applying  a  factor  of  1.0665.  This  factor  was  calculated 
from  an  expression  developed  by  Foote  and Du Toit  (ref.  l6),  and  it  is  assessed 
by Mason  (ref.  15).  Results  which  illustrate  the  slightly  curvilinear  power-law 
variation  of Sh/(d2V,) with  d  are  shown  in  figure 1. A best-fit  straight 
line  is  described  by 

Sh 

d 2V, 
- =  0.022d-2J5 

A more  accurate  fit,  also  shown  in  figure 1, is 

Sh 

d 2Vm 
- =  2.61(10d)-2*15 + 0.175 In (loa) 

Either  equation  (13)  or  equation  (14)  can  be  substituted  into  equa- 
tions  (7a) , (9) , and (1 2a)  to  obtain  expressions  that  characterize  washout  by 
monodisperse  rainfall.  Use  of  the  simpler  but  less  accurate  expression,  equa- 
tion (1 3)  , results  in 
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where p(HCR)z is t h e   e f f e c t i v e   v e r t i c a l  HC%(g)  column d e n s i t y   ( i n  ppnv-m) 
t s e c o n d s   a f t e r   t h e   o n s e t  of ra in   depos i t ion .  

S u b s t i t u t i o n  of equat ion   (16)   in to   equat ion   (15)   y ie lds  a mmbined expres- 
s i o n   t h a t  can be used to c a l c u l a t e  the pH of  monodisperse-droplet   rain a t  ground 
l e v e l  any time a f t e r  onset of rainfall deposi t ion:  

Note t h a t  pH a p p l i e s   o n l y  to H+ de r ived  f ran HCC; also, t = 0 a p p l i e s   i n  a 
practical sense  when t h e   i d e a l i z e d   m o n o d i s p e r s e   r a i n f a l l   f i r s t   r e a c h e s   g r o u n d  
l e v e l .  

Washout C o e f f i c i e n t   f o r   P o l y d i s p e r s e   R a i n  

For n a t u r a l l y   o c c u r r i n g   p o l y d i s p e r s e   r a i n ,   d r o p l e t   s i z e  spectra can be 
cha rac t e r i zed  by va r ious   f r equency-d i s t r ibu t ion   func t ions  d (n) /d   (d)   ( in  
drops/cm4),  which  depend  on r a i n f a l l  rate and type o f   r a i n   ( r e f s .  14 ,  15, 
and 17) .   These  funct ions  can be used to de f ine  (see r e f .   1 4 )   a n   i n t e g r a t e d  
i n t e n s i t y ;  by us ing   equat ion  ( 1 1 )  , 

and  the washout  m e f f i c i e n t   f o r   h i g h l y   s o l u b l e   g a s e s ,   f r a n   e q u a t i o n  ( l o ) ,  

Note t h a t   t h e   g e n e r a l i z e d   i n t e g r a l   e x p r e s s i o n   f o r  A i n  terms of ra in-droplet  
c o l l e c t i o n   e f f i c i e n c y   E ( a , d )  is g iven   ( re fs .  11 to 14)  by 
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w h e r e   o o l l e c t i o n   e f f i c i e n c y   f o r   c o n v e c t i v e   d i f f u s i o n   w i t h   i r r e v e r s i b l e  
abso rp t ion  is 

Express ions   for   E(a ,d)  , which   apply   for   Brownian   d i f fus ion ,   in te rcept ion ,   and  
impact o o l l e c t i o n   o f  aerosol particles and/or   droplets  of r a d i u s  a by r a in -  
drops  of diameter d are discussed by S l i m  (ref. 14) and  Pruppacher  and Klett 
( r e f .   17 ) .  

Although  equat ion  (20)  can be i n t e g r a t e d  by us ing   numer i ca l   subs t i t u t ion  t o  
o b t a i n  A a t  va r ious  H €or any  given  ra indrop spectra, the   fo l lowing   a l te rna-  
t ive   approach  was taken to  e l imina te   t he   imp l i c i t   dependence   on  V, (contained 
in   Sh) .   This   approach   grea t ly   s impl i f ies   subsequent   numer ica l   in tegra t ions  for 
A by hav ing   func t ions   t ha t   con ta in   on ly  d and H. Va lues  of d (Sh)  were 
ca l cu la t ed   fo r   convec t ive   d i f fus ion   o f  HC% ( i n  a i r  a t  15OC and 0.85 atm) t o  water 
d r o p l e t s   f a l l i n g  a t  t e r m i n a l   v e l o c i t y .  R e s u l t s  which i l l u s t r a t e   t h e   s l i g h t l y  
c u r v i l i n e a r  power-law v a r i a t i o n  of d(Sh)   wi th  d are shown i n   f i g u r e  2. A 
b e s t - f i t   s t r a i g h t   l i n e  is 

N o w  t h a t  d (Sh) is accura t e ly   expres sed  as a s imple   func t ion  of d only,  
subs t i t u t ion   o f   equa t ion   (23 )   i n to   equa t ion   (20 )  leads to a conven ien t   i n t eg ra l  
expres s ion  which  can be used to e v a l u a t e  I\ f o r   r a i n s  of known d r o p l e t   s i z e  
d i s t r i b u t i o n  

Washout  C o e f f i c i e n t  Based on  Marshal l -Palmer  Distr ibut ion 

The  Marshall-Palmer (M-P) ra indrop   s ize   d i s t r ibu t ion   ( re f .   18)   has   been  
used i n  a number of s t u d i e s  to calculate p rec ip i t a t ion   s caveng ing   cha rac t e r i s -  
tics. (See r e f .  14 . )  The e x p r e s s i o n   f o r   t h e  M-P d i f f e r e n t i a l  number d i s t r i b u -  
t i on   fo r   r a ind rops   w i th  diameters between d and d + d ( d )  i s  given by L 
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Before  the M-P d i s t r i b u t i o n  is adopted   for  u s e  i n   t h i s   a n a l y s i s ,  it is 
impor t an t   t ha t  its p r i n c i p a l   a t t r i b u t e s  and l imitat ions  be  recognized.   Mason's  
i n i t i a l   a s s e s s m e n t   ( r e f .   1 5 )   o f   t h e  M-P e x p r e s s i o n   f o r   r a i n d r o p   s i z e   d i s t r i b u -  
t i on ,   equa t ion   (25 ) ,  was t h a t  it provided a good average f i t  to the   exper imenta l  
da ta   o f  Laws and  Parsons (ref. 19) ,   apar t   f rom a tendency to ove res t ima te   t he  
numbers of small drops.  Based  on  four more recent   independent  sets of da ta   (up  
to 1962,  ref.   20),  Mason ( r e f .  15) concluded,  "While  the  Marshall-Palmer 
d i s t r i b u t i o n   r e p r e s e n t s   q u i t e  well t h e   a v e r a g e   s i z e   d i s t r i b u t i o n   o f  a l a r g e  num- 
ber of samples from  cont inuous  cyclonic  or warm-frontal   rain,  or the   cha rac t e r -  
istics of   t he  ra in  averaged  over a c o n s i d e r a b l e   i n t e r v a l   o f  time, samples t a k e n  
over periods of  only a few minutes may show cons ide rab le   dev ia t ions  from t h e s e  
spec t ra . "   S l inn   ( re f .   14)   d i scussed   the   p roblem  of   def in ing   an   appropr ia te  
r a i n d r o p   s i z e   d i s t r i b u t i o n ,   e s p e c i a l l y   f o r   p r e d i c t i o n s   o f   t h e   w a s h o u t   c o e f f i -  
c i e n t .  H e  compared empirical formulas f o r   s e v e n   d i f f e r e n t   s i z e   d i s t r i b u t i o n s  
and   asser ted ,  "The difference  between real  data  and  these  smooth  empirical   func- 
t i ons   can  be v e r y   l a r g e ,   e s p e c i a l l y  for convect ive storms where   f requent ly  
t h e y ' r e   n o t   e v e n   q u a l i t a t i v e l y  similar." S l i n n  also po in ted  o u t  t ha t   even   fo r  
c o n t i n u o u s   f r o n t a l   r a i n ,  as s t u d i e d  by Waldvogel  (ref.  21)  and Joss, t h e  param- 
e t e r s   i n   t h e  M-P d i s t r i b u t i o n  had l a r g e   v a r i a t i o n s   d u r i n g  a s i n g l e  storm. 
Finally,   Pruppacher  and Klett ( re f .   17)   p rovided  a very   recent  and  comprehensive 
assessment  of the M-P a n d   o t h e r   d i s t r i b u t i o n   f u n c t i o n s  used to c h a r a c t e r i z e  
r a i n f a l l  under a v a r i e t y  of   condi t ions .  

By c o n s i d e r i n g   t h e   l i m i t a t i o n s   o f   t h e  M-P r a i n d r o p   s i z e   d i s t r i b u t i o n  and 
also r e c o g n i z i n g   t h a t   t h i s   d i s t r i b u t i o n  s t i l l  remains   an   acceptab le   s tandard   for  
pred ic t ive   compar isons ,  it can now be app l i ed  to  the   de te rmina t ion   of  HC%(g) 
washout c o e f f i c i e n t  as a f u n c t i o n   o f   r a i n f a l l   i n t e n s i t y .   S u b s t i t u t i o n   o f   e q u a -  
t ion   (25)   in to   equat ion   (24)   wi th  DAB = 0.187 cm2/sec followed by numerical 
i n t e g r a t i o n   o v e r   t h e   f i n i t e   d r o p l e t   s i z e   r a n g e  0.01 6 d S 0.6 c m  for   each   of  
several   H-values   in   the  range 0.1 6 H 6 100 mm/hr l e a d s  t o  t h e   r e s u l t s  shown 
i n   f i g u r e  3. The c a l c u l a t e d  results (circles) are well c h a r a c t e r i z e d  by t h e  
e m p i r i c a l   f i t  

Washout Coeff ic ient   Based  on Kelkar Ra indrop   In t ens i ty  Data 

Experimental   data   in   the  form  of   ra indrop  intensi ty   ( in   drops/m2-sec)   ver-  
s u s  s i ze   can  also be used t o  deduce  the  washout   coeff ic ient   and its dependence 
o n   r a i n f a l l  rate. Kelkar (ref. 22)  published  the results of   an   ex tens ive  s e t  
of   ground-level   ra indrop  measurements   and  gave  the  intensi ty   of   ra indrops as 
a f u n c t i o n  of dropiet diameter f o r   s e v e r a l   d i f f e r e n t   r a i n f a l l  rates. The d a t a  
used i n   t h e   p r e s e n t   a n a l y s i s   r e p r e s e n t   a v e r a g e s  of  grouped results ( t a b l e  2 of 
r e f .  22)  obtained  during 8 r a i n  periods, with 49 000 drops  counted.  They are 
confined to g e n e r a l   r a i n s ,  as opposed to  Kelkar's o t h e r   s t u d i e s   o f   d r i z z l e s ,  
l ight  showers,   moderate  showers,   and monsoon thunde r s to rm  r a ins   ( r e f .   23 ) .  The 
d a t a  are grouped i n t o  sets, wi th   ave raged   va lues   o f   t he   r a in fa l l   i n t ens i ty   and  
t h e  number of  drops/m2-sec  tabulated  for 21 in tens i ty   g roups   (0 .20  to 34 mm/hr) 
and  16  diameter  groups (0  to 0.25 mm up to  3.75 t o  4.00 mm i n  0.25-mm 
increments).  
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In   o rde r  to u t i l i z e   t h e  Kelkar r a i n d r o p   i n t e n s i t y   d a t a  to  c a l c u l a t e  A 
f o r   p o l y d i s p e r s e   r a i n s ,  w e  f i r s t   d e n o t e   t h e s e   i n c r e m e n t a l   d a t a  by A l i i  f o r   t h e  
i t h  class of mean d iameter   d i   and   cor responding   te rmina l   ve loc i ty  V,, and 
then express t h e   i n c r e m e n t a l   d a t a   i n  terms of  Ani: 

Equation  (20) is r e w r i t t e n  as 

Dividing  equation  (28) by equat ion  (1  9)  g i v e s  

When equation  (13) is s u b s t i t u t e d  as the   s imple  power-law e x p r e s s i o n   f o r  Sh/d2V,, 
the   respec t ive   in tegra ls   o f   equa t ion   (29)  are approximated by f i n i t e  sums, 
and &i is s u b s t i t u t e d   f o r  V, hi, the   fo l lowing   expres s ions   fo r  A are 
obtained: 

6000 N 
d i 3  A t i i  

i= l  

6ooo\d2Vw/ 
m 
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where  the  weighted mean is de f ined  by 

0.022 d i0*85  Ah i 
i=l 

&f 1=1 

Kelkar's ave raged   r a ind rop   i n t ens i ty  data were used to  calculate (Sh/d2Vm)m 
through  appl ica t ion   of   equa t ion   (32)  to h i s  21 sets  of combined d r o p l e t   i n t e n -  
s i t y   da t a ,   each   co r re spond ing  to  an   ave rage   r a in fa l l  rate. The r e s u l t s  shown 
i n   f i g u r e  4 i n d i c a t e   t h a t  

r e p r e s e n t s  a good e m p i r i c a l   f i t  of t he   da t a   ove r   t he   en t i r e   expe r imen ta l   r ange   o f  
r a i n f a l l  rate.  S u b s t i t u t i o n  of equa t ion   (33 )   i n to   equa t ion   (31 )  resul ts  i n   a n  
expres s ion   fo r   t he   washou t   coe f f i c i en t   fo r  H d l  (9) based  on DAB = 0.187 cm2/sec 
and t h e  Kelkar r a i n d r o p   i n t e n s i t y   d a t a :  

Respec t ive   va lues  €or A c a l c u l a t e d   d i r e c t l y  frcxn equa t ion   (30 )   fo r  each of 
Kelkar's 21 sets o f   ave raged   r a ind rop   i n t ens i ty   da t a  are shown i n   f i g u r e  3 
(squares) and are f a i r e d   w i t h  a s t r a i g h t   l i n e   r e p r e s e n t i n g   e q u a t i o n   ( 3 4 ) .  

The  somewhat more accurate e x p r e s s i o n   f o r  Sh/d2Vrn, equat ion   (14) ,   could  
have  been s u b s t i t u t e d   i n t o   e q u a t i o n   ( 2 9 )  to de f ine  a ref ined  (and more complex) 
f i n i t e  sum expression  for   analogous to equat ion  (30) .  B u t  t h i s   t r e a t m e n t  
of t h e  K e l k a r  da t a   d id   no t   appea r  to be j u s t i f i e d   i n  view  of t h e   r e l a t i v e l y  
l a r g e  drop s i z e   i n t e r v a l  used: e .g . ,   e spec ia l ly   ove r   t he   i nc lus ive  lower bound 
i n t e r v a l  ( 0  to 0.025 an), where t h e   r e l a t i v e   d i f f e r e n c e   i n   a c c u r a c y   b e t w e e n  

.', equations  (14)  and  (13) i s  t h e   g r e a t e s t .  

The e x p r e s s i o n   f o r  H& (9) washout coef f ic ien t   based   on  Kelkar's data,   equa- 
t i o n  (34),   can be compared wi th   Enge lmann ' s   g raph ica l ly   i l l u s t r a t ed  A f o r  
iodine  (12)   washout   ( ref .  11 1, which was based  on  an  independent  numerical  eval- 
uat ion  of   equat ions  (3)   and  (20)   using  the same Kelkar r a i n   i n t e n s i t y   d a t a .  The 
present  author 's   measurement  of  Engelmann's slope (0 .62)   for   log   versus  

17 



I I I  II 

log H i nd ica t ed   nea r ly   exac t   ag reemen t   w i th   t he   p re sen t  H5I8 dependence. 
Also, t h e   e s t i m a t e d  ratio o f   mu l t ip ly ing   f ac to r s   (2 .6  for 25% and 1 atm) was 
ve ry  close to an es t ima ted  ra t io  of molecular d i f f u s i o n   c o e f f i c i e n t s ,  as 
c a l c u l a t e d   f r a n   t h e   i n v e r s e   s q u a r e  root of the  molecular-weight  ra t io  (2.64). 
Thus ,   the   p resent   de te rmina t ion   of  A f o r  HC!L(g) washout,  using Kelkar's da t a ,  
is consis tent   with  Engelmann's   independent   predict ion  of  A for washout of 
I 2  vapor. 

HCk(g + aq) Washout From SRM Exhaust  Scavenging 

The  HC%(g) washou t  ooe f f i c i en t s   can  now be compared with  scavenging results 
o b t a i n e d   f r m   e x p e r i m e n t a l   s t u d i e s  of solid-propellant exhaust.   Consecutive 
studies by Knutson  and  Fenton  (ref. 24)  and  Fenton  and Purcell ( r e f .  25) of the 
I l l i n o i s   I n s t i t u t e   o f  Technology  Research   Ins t i tu te  ( I I T R I )  are of p a r t i c u l a r  
r e l evance ,   s ince   t hey   r ep resen t   t he   on ly   pub l i shed  attempts known to  t h i s  writer 
to measure ra in   scavenging  rates i n   l a b o r a t o r y   s t u d i e s  of s o l i d  rocket exhaust.  
Because of   the  potent ia l   importance  of   resul ts   der ived  f rom  these data, t h e s e  
s t u d i e s  are f i r s t   t ho rough ly   r ev iewed  and c r i t i q u e d   i n   a p p e n d i x  A. Then 
the  Fenton-Purcel l  (F-P) r e s u l t  is c o r r e c t e d ,  and t h e  data are r eana lyzed   i n   t he  
fo l lowing  t w o  subsec t ions .  

Correct ion  of   Fenton-Purcel l  A Expression 

Close i n s p e c t i o n  of t h e  A express ions   der ived  by  Fenton  and Purcell 
(see appendix A and also p. 53 of r e f .  25) c l e a r l y   i n d i c a t e s   t h a t   b o t h  are 
i n c o r r e c t   a l g e b r a i c a l l y .  The r a t i o  M A ~ * ~ ~ ~ / ~ A  was w r i t t e n  to be ~ ~ 0 . 1 7 6  
ins t ead   o f  M A - O - ~ ~ ~ .  T h i s  error has a r e l a t i v e l y   l a r g e   e f f e c t  on t h e  calcu- 
lated values  of A at  a l l  r e l e v a n t  HCk concen t r a t ions  (0.1 to 100 ppnv) . The 
power-corrected F-P equat ion   should  be 

f o r   t h e   p r e s e n t l y  selected atmospheric   condi t ions a t  1 5OC and  0.85 atm. R e s u l t s  
calculated f r an   t h i s   power -co r rec t ed   expres s ion  are shown i n   f i g u r e  5 f o r  HCR 
concentrat ions  ranging  f rom 0.1 t o  100 ppmv. Canparable results for t he  
o r i g i n a l  F-P expres s ion   (no t  shown) were i n c o r r e c t l y  low by a f a c t o r  of 1 0  for 
1 ppmv H a ,  fo r   example .   F ina l ly ,   no te   t ha t   t he   s ing le  solid l i n e   r e p r e s e n t i n g  
t h i s  writer's a n a l y s i s  of t h e  F-P d a t a  (shown la ter)  crosses through  the   var ious  
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power-corrected F-P r e s u l t s   f o r   d i f f e r e n t  HCE concen t r a t ions .  Details of the  
a n a l y s i s  are d e r i v e d   i n   t h e   n e x t   s u b s e c t i o n  of t h i s  paper. 

Although  the HCR c o n c e n t r a t i o n  dependence of  the  power-corrected F-P expres- 
s i o n  is r e l a t i v e l y  weak ,  it is e v i d e n t  i n  f i g u r e  5 t h a t   s i g n i f i c a n t   i n c r e a s e s   i n  
A with   decreas ing  p(HCR) would r e s u l t   f o r  a realist ic range  of p(HCR). A 
review  of t h e  F-P results, however, i n d i c a t e s   t h a t   t h e  s ta t is t ical  s i g n i f i c a n c e  
of the  der ived HCI?, concentrat ion  dependence was not  demonstrated.  Furthermore, 
t h i s  dependence appears doubtful   because of t h e   l a r g e   d a t a  scatter, inc lus ion   o f  
t he   p rev ious ly   d i scussed   h igh -concen t r a t ion   r e fe rence  24 data ,   and  the  presence 
o f   l a r g e   r u n - t o - r u n   v a r i a t i o n s   i n  relative humidity. 

Alternate   Analysis   of   Fenton-Purcel l   Scavenging Data 

An a l t e r n a t e   a n a l y s i s  of t h e  F-P d a t a  is naw p resen ted  to (a) examine  the 
v a l i d i t y   o f   t h e   c o r r e c t e d   w a s h o u t   c o e f f i c i e n t s  and  (b)   f ind a simpler expression 
f o r  A which is c o n s i s t e n t   w i t h  the d a t a .  Note t h a t   F e n t o n  and Purce l l   based  
t h e i r   r e f e r e n c e  25 a n a l y s i s  on t h e  major a p r io r i   a s sumpt ion   t ha t  the  parameter 
RA/PairV,d2 c o r r e c t l y  scales t h e  combined e f f e c t s  of va r i ab le   d rop le t   d i ame te r  
and d r o p l e t   f a l l  speed on scavenging rate.  I n   o r d e r  t o  (a)  allow a s t r a i g h t f o r -  
ward  examination o€ t h i s  assumption and (b )   e l imina te   t he   appa ren t ly  w e a k  depen- 
dence  of A on HCR concen t r a t ion  (statistical s i g n i f i c a n c e   u n c e r t a i n ) ,  it was 
assumed p r o v i s i o n a l l y   t h a t   t h e   e x p e r i m e n t a l  ra te  of ch lor ide   scavenging  RA is 
d i r e c t l y   p r o p o r t i o n a l  to chamber HCR(g + aq) concen t r a t ion  C(HCR) for   each   of  
the   th ree   d rople t - s ize- f   a l l - speed   combina t ions   inves t iga ted .  

The present   au thor ' s   ca lcu la ted   ( f rom  tabula ted   da ta )   scavenging  rates RA 
are p l o t t e d   a g a i n s t  C(HC&)  i n   f i g u r e s  6, 7, and 8 for average   d rople t  diam- 
eters of 0.055, 0.11, and  0.30 an, r e spec t ive ly .  A l l  29 u s a b l e   d a t a  runs, mn- 
t a i n e d  i n  t a b l e  V I  of r e f e r e n c e  25  and a s s e r t e d  to be r e l i a b l e ,  were i n c l u d e d   i n  
these   log- log   p lo ts .   Exper imenta l  chamber r e l a t i v e   h u m i d i t i e s  are shown adja- 
c e n t  to each  point .   Al though  the data scatter is s u b s t a n t i a l  and sune r u n s  are 
c l e a r l y   o f  lower q u a l i t y   t h a n   o t h e r s  because of the r e l a t i v e l y   l a r g e   r a i n w a t e r  
c h l o r i d e  corrections r e q u i r e d  sanetimes (starred da ta) ,  t h e   e n t i r e   d a t a  se t  is 
used   th roughout   the   p resent   ana lys i s .  The 45O l i n e s   i n   e a c h   p l o t   r e p r e s e n t  mean 
values  of RA/C(HCC) in   accordance   wi th   the   p rev ious   assumpt ion   of   l inear  con- 
centrat ion  dependence.   Inspect ion  of   the data f a i l s  to  indica te   the   p resence   o f  
a s t a t i s t i c a l l y   s i g n i f i c a n t   e f f e c t  of  chamber r e l a t ive   humid i ty   on  RA, which is 
i n  agreement  with  the F-P assessment.  

The mean values   of  RA/C(HCC), which e f f ec t ive ly   r ep resen t   washou t   coe f f i -  
c i e n t s  on a per-droplet  basis for   each   monodisperse   d rople t   s ize ,  are p l o t t e d  as 
a func t ion   of  d i n  f i g u r e   9 .  The least-squares expres s ion  

is a good c o r r e l a t i o n  of the d a t a .  The v e r t i c a l   b a r s   i n d i c a t e  1 s tandard  devia-  
t i on   o f   t he  mean values .   Since  the molar m l l e c t i o n  rate per droplet is given 
by Wi = RA/36.45 (pr ime  denotes  HCR (g + aq) c o l l e c t i o n ) ,   e q u a t i o n   ( 3 6 )  is 
equ iva len t  to 
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106Wi 
= 94. 5d2*I3  (37) 

when the p r e s e n t   v a l u e   f o r  cf a t  15%  and  0.85 atm is used. 

The corresponding washout c o e f f i c i e n t   f o r   p o l y d i s p e r s e   r a i n  is now def ined  
by a n   i n t e g r a l   e x p r e s s i o n ,  similar to tha t   de f ined   p rev ious ly ,  as 

A f t e r   s u b s t i t u t i n g   t h e  M-P r a i n d r o p   s i z e   d i s t r i b u t i o n   f u n c t i o n ,   e q u a t i o n   ( 2 5 ) ,  
A can be evaluated  numerical ly  from 

A =  [ O"" (94.  5d2- 13) [O. 08 exp (-41H-O. 21d) 1 d (d)  
lo. 01 

Calcu la t ed   va lues   fo r  A a t  v a r i o u s   r a i n f a l l  rates (circles) are shown i n  
f i g u r e  10. An e x c e l l e n t   f i t  of t hese  results f o r  H&(g + aq) washout is 

(39) 

Equat ion  (26)   for  HCk (9) washout is also p l o t t e d   i n   f i g u r e  10. Note t h a t  
both  apply to t h e  same ambien t   and   d rop le t   s i ze   d i s t r ibu t ion   and   i n t eg ra t ion  
cond i t ions .   Su rp r i s ing ly ,   t he   r e spec t ive   va lues  of A for   these  independent  
cases are remarkably close over   the  normal   range of r a i n f a l l  rate. I n   f a c t ,  
they  are s t a t i s t i c a l l y   i d e n t i c a l  when t h e   d a t a  scatter i n   f i g u r e  9 (+30 per- 
cen t )  is cons ide red .   Unfo r tuna te ly ,   t he   r eason   fo r   t h i s   co inc idence   o f  
scavenging results cannot be eva lua ted   quant i ta t ive ly   wi thout   measurements  
of aerosol s i z e   d i s t r i b u t i o n  and a n a l y t i c   c o n s i d e r a t i o n s  of  aqueous aerosol 
growth  and  scavenging, as discussed  previously.  

SUnU'tIary Of Expres s ions   fo r  HC&(g)  Washout 

The HCP, washout c o e f f i c i e n t s  based on   t he  M-P r a i n d r o p   s i z e   d i s t r i b u t i o n  
and t h e  Kelkar r a i n d r o p   i n t e n s i t y   d a t a  are cha rac t e r i zed  by a gene ra l i zed  
empirical express ion  
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The v a l u e s  of A and b f o r   t h e s e  HC&(g)  washout cases are summarized i n  
t a b l e  11, a long   wi th   va lues   for   the   geometr ic  mean of t h e  two determina- 
t i o n s .  The author  * s prev ious ly   eva lua ted   expres s ion   ( r e f .  3 ) ,  based  on an 
a l t e r n a t e   t r e a t m e n t  of t h e  same K e l k a r  da ta ,   an   ou tda ted   b inary   d i f fus ion   coef -  
f i c i e n t  (0.20 cm2/sec), and  s tandard a i r  properties at 25OC and 1 atm, is shown 
for canparison;  al though the previous   va lue  of A, 1.11 x 1 0-4, was very close 
t o  t h e  present one, 1.08 x t h i s  small d i f f e r e n c e   p a r t l y   r e f l e c t s  compen- 
s a t i n g   e f f e c t s .  

TABLE 11.- SUWARY OF HCk WASBOUT OEFFICIENTS IN TERMS OF CXNERALIZH) EXPRESSION A = AHb 

Temperature, oc 

15 

15 

~ - .~ 

15 

25 

15 

15 

15 

?ressure,  
atm 

0.85 

0.85 

0.85 

1.00 

1.00 

0.85 

0.85 

source 

Present 

Present 

Present 

Previous 
( r e f .  3) 

Knutson 
and 
Fenton 
( r e f .  24) 

Presently 
corrected 
F-P 
r e s u l t ,  
eq. (35a) 

Present 
a n a l y s i s  
of F-P 
( r e f .  25) 

Scavenging 
r a t e  

Modified 
Frossling 

Modified 
Frossl inc 

Modified 
Friisslinc 

Modified 
Frijssling 

Data with 
50% of 
modified 
F r k s l i n g  

Data 

3alculated 
f ran 
data 

Raindrop 
d i s tr ibut ion;  
A-equation 

M-P; eq. (26) 

Kel kar ; 
eq. (34) 

Geometric 
mean of M-P, 
Kel kar ; 
eq. (42) 

~ 

Kel kar 

M-P 

M-P; eq. (35) 

HC% i n  
(note ppnv 

A-factor 1 

M-P; eq. (40) 

1.80 X 10-4 

1.08 X 10-4 

1.39 X 10-4 

1.11 X 10-4 

.a3 X 10-4 

1.52 X 10-4 

b 

0.565 

0.625 

0.595 

0.625 

0.567 

0.773 

0.658 

The SRM exhaus t   r a in   s caveng ing  resu l t s  reviewed  on  pages 18 to  20 and 
41 to  44 o f   t h i s  paper are also summarized i n  table 11. While  Knutson  and 
Fenton  (ref.   24)  used 0.173 cm2/sec f o r   t h e i r  HC%(g) d i f f u s i o n   c o e f f i c i e n t  a t  
lS°C and 1 atm and a i r  properties under the  same cond i t ions ,   mu l t ip l i ca t ion  
of t h e i r  A value by 2 (= 1.66 x 10-4) y i e l d s  a va lue  of A which is approxi- 
mate ly   equiva len t  to t h e   p r e s e n t   r e s u l t   ( f i r s t  row) when t h e   d i f f e r e n c e   i n  
a tmospher ic   p ressure  is fu l ly   accoun ted   fo r .   A l though   t he   co r rec t ed  F-P 
expression (eq. (35)) y i e l d s  A v a l u e s   t h a t  agree roughly   wi th   those   der ived  
f r a n   t h e   r e a n a l y s i s  of t h e i r   d a t a  (eq. ( 4 0 ) ) ,  t h e  l a t te r  is preferred  because 
of its s impl i c i ty   and  also the  absence  of  a clear experimental  dependence  of 
A on HCR concent ra t ion  and  humidity. 
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Two recommendations are now o f f e r e d .   F i r s t ,   s i n c e  (a) equat ion  (40)  for 
HCR(g + aq) washout is s t a t i s t i c a l l y   e q u i v a l e n t  to equa t ion  (26)  f o r  H a  (9) 
washout   over   the  re levant  H range  and  (b)   the  physics   of   Ha(g)   washout  are 
more f i r m l y   e s t a b l i s h e d ,  it is p r o v i s i o n a l l y  recommended t h a t  rocket exhaust  
HCt washout  analyses be based  on  values  of A which  apply t o  ra in   scavenging  
of H a  (9). I f  a t  sane later p o i n t  new aerosol s i z e  d i s t r i b u t i o n   i n f o r m a t i o n  
and d e t a i l e d  SRM cloud  microphysics   and  scavenging  calculat ions lead to  well- 
d e f i n e d   a l t e r n a t i v e  expressions tha t   app ly ,  for example, a t  h igh   humidi t ies  
(approximately b 95 p e r c e n t ) ,   t h e n   r e c o n s i d e r a t i o n  w i l l  be necessary.  Second, 
it is recommended t h a t   t h e   g e a n e t r i c  mean of t h e  M-P and Kelkar i n t e g r a t e d  
HCR (9) washout mef f   i c i en t s   (bo th   based   on   t he   mod i f i ed   F ross l ing   equa t ion )   be  
used   for   p red ic t ive   purposes ;  i. e., 

This  canpromise is considered  both a reasonable  and c o n s e r v a t i v e   e x p r e s s i o n   f o r  
c h a r a c t e r i z i n g  HCll ( g ) / H m  (g + aq) washout   under   the   p resent ly   se lec ted  atmo- 
s p h e r i c   c o n d i t i o n s  a t  15%  and 0.85 atm, s i n c e   n e i t h e r  of t h e   r a i n d r o p   s i z e  
i n t e n s i t y   d i s t r i b u t i o n s  is considered  unequivocal. 

Resu l t an t  pH of   Polydisperse  R a i n  

Using  the H a  (9) washout   coef f ic ien t ,   def ined  for ave rage ,   na tu ra l ly  occur- 
r i n g ,   p o l y d i s p e r s e   r a i n s  by equa t ion  ( 4 1 ) ,  A = AHb, a genera l   express ion  for t h e  
pH of r a i n  a t  ground  level   can be der ived.  First, for   the   monodisperse   ra in  
case, equation  (1  2a) is rearranged as 

Sh  6000h 
- = -  
d2Vw ~ A B  

and t h e n   s u b s t i t u t e d   f o r  Sh/ (d2Vw) i n   equa t ion   (7a )  to e l i m i n a t e   t h e  explicit 
dependence  of pH on d, V,, and  Sh; t hus  

PH = l og  [ ] H 

3600~fAp(HCQ) z 

Subs t i t u t ing   equa t ion   (9 )   fo r  p(HCR)z g i v e s  

c H A t  
pH = log + -  

3600cfApo (HCR) 

(43) 
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Note tha t   fo r   g round   depos i t i on   cons ide ra t ions  t > 0 p e r t a i n s  to time lapse 
after uniform-size  ra indrops  of   diameter  d (used   i n  eq. (1 8) ) f i r s t   r e a c h  
ground  level .   Thus,   whi le   washout   actual ly   occurs  a t  sane earlier average time 
t - t ', its e f f e c t  is not  measured a t  g r o u n d   l e v e l   u n t i l  t > 0. 

Since A is  the   on ly  term in  equations  (43)  and  (44)  which  depends  on  the 
d i s t r i b u t i o n  of r a ind rop   s i ze   ( a s suming   f i xed  H ) ,  equa t ion   (41)  may be   subs t i -  
t u t e d   f o r  A to  y i e l d   a n  expression f o r   t h e  pH o f   p o l y d i s p e r s e   r a i n  a t  ground 
l e v e l :   t h u s  

H 1-b 
p H =   l o g  [ - ] + - 

3600cfAp0 (HCa) z I n  10 

A H b t  

When the g e a n e t r i c  mean A i n   equa t ion   (42 )  (i. e., A = 1.39 x 1 0-4 and 
b = 0.595) is used,  equation  (45)  reduces to 

. ( 4 5 )  

S e v e r a l   f e a t u r e s  of equat ion (45)  s h o u l d  be n o t e d .   F i r s t ,  it c o n s i s t s  of 
two A- and  H-dependent terms: one relates t o  HCk(g)  column d e n s i t y  a t  t h e  
onse t  of r a i n f a l l   d e p o s i t i o n ,  and   one   r ep resen t s   t he   e f f ec t  of p rogres s ive  wash- 
o u t .  Second, it represents  the  mixing-cup  (volume-weighted  average) pH of s t e a d y  
r a i n f a l l   r e c e i v e d  a t  ground  level ;   thus ,  it has been  assumed t h a t   d i f f e r e n c e s   i n  
t r a n s i t  times 6 t '   f o r  the v a r i o u s   d r o p l e t   s i z e s  which c o n t r i b u t e  most to  
(dominate)   volumetr ic   average pH are small compared wi th   incrementa l   va lues  of 
t which a l ter  pH s i g n i f i c a n t l y   i n   e q u a t i o n   ( 4 5 ) .   I n   p r a c t i c e ,   a n   i n s t a n t a n e o u s  
mixing-cup  average pH would no t  be r e a l i z e d   e x a c t l y ,   s i n c e   d r o p l e t s  of d i f f e r e n t  
s i z e  do have d i f f e r e n t   t r a n s i t  times through  the  SFiM cloud.  Thus, a f i n i t e  
sampling time is a p p r o p r i a t e   f o r  practical appl ica t ion   of   equa t ion   (45) ,  partic- 
u l a r l y   d u r i n g   i n i t i a l   s t a g e s  of r a i n f a l l  and, i n   g e n e r a l ,   f o r  any n a t u r a l   r a i n -  
f a l l ,   s i n c e   l a r g e  spa t ia l  and temporal v a r i a t i o n s   i n   r a i n d r o p   s i z e   d i s t r i b u t i o n  
u s u a l l y  occur dur ing  a g i v e n   r a i n f a l l   e v e n t .  Note t h a t   f o r   c a l c u l a t i o n  of t h e  
f i n a l  to ta l  a c i d i t y  pHf of a raim tha t   has  an i n i t i a l   a c i d i t y  pHo, t h e   r e l a t i o n  

can be used .   This   sa t i s f ies   the   p roblem of an i n c o r r e c t  asymptotic limit f o r  
pH i n  equations ( 7 ) ,  (1 5), (1 8 ) ,  and (43) to (46)   for   very  long  washout  times 
and/or  very low v e r t i c a l  HCk(g)  column d e n s i t i e s .  
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SRM EXHAUST CLOUD DISPERSION 

Specific  applications of the NASA/MSFC cloud r i se  preprocessor and the var- 
iously modified  Gaussian multilayer  diffusion models (MDM) of exhaust cloud dis- 
persion  for  tropospheric  air  quality  predictions  at ground level  are  described 
i n  references 26 t o  32.  Same  of these  references  focus on the  inherent mathe- 
matical and physical  limitations of t h i s  basical ly   s ta t is t ical   analyt ic  approach 
(ref.  32),  parametric  studies of the  principal  variables upon which the MDM 
models are based (refs. 26 and 3 2 ) ,  and comparisons of calculated  rocket  effluent 
concentrations a t  ground level w i t h  those  obtained from other  advective d i f f u -  
sion models (ref.  32). 

The parameters used i n  t h i s  paper to  characterize HCQ source strength mo 
and vertical  HCC column density 0 are documented by t h i s  author i n  refer- 
ence 6 and  an unpublished  paper. The original SRM cloud dispersion  calculations, 
from  which these  parameters were derived, were obtained through use of the NASA/ 
MSFC cloud r i se  preprocessor and Gaussian MDM described and  documented i n  refer- 
ences 28 to  30 for  operational  prediction of toxic  fuel hazards.  Dispersion 
calculations us ing  Model 4, version I1 of the MDM codes, designated  here  as 
M D M - B ( I I ) ,  comprise the  basis of parameters used throughout t h i s  s tudy.  Simul-  
taneous inclusion of the  precipitation scavenging subroutine is indicated by the 
designation of MDM-5(11). 

Standard  Meteorological Regimes for Cape Canaveral 

The meteorological regimes selected  for t h i s  work consist of the  set  of 
standard  meteorologies  (ref. 5) that  were originally used to  assess atmospheric 
dispersion of rocket  exhaust  effluents i n  the Cape Canaveral,  Florida,  area. 
They represent  the major meteorological  conditions which lead  to  overland  trans- 
port and are  likely  to be encountered i n  the Cape Canaveral area. The meteoro- 
logical  profiles of temperature, wind speed, and wind direction  for  al l  seven 
meteorological regimes are shown i n  figures 1 1  (a)  to 11 ( g ) ,  as  obtained from 
references 33 and 28 (for  sea breeze ( S B ) )  , and are  discussed i n  appendix B. 
Meteorological  data  for  specific  launch  occasions  are  generally  tabulated i n  
separate  publications  (e.g. , refs. 34 t o  36) .  

Characteristics of Altitude-Stabilized SRM Source Clouds 

The SRM cloud r i s e  preprocessor  portion of the MDM-4 (11) model numerically 
calculates  the  vertical and horizontal  distribution of HCP. which resul ts  from 
buoyant cloud r i s e  w i t h  turbulent  air  entrainment under a specified  potential 
temperature  gradient  (refs. 26 to  36). The resulting  vertical  source-strength 
distribution is then assigned a multilayer  structure, based on the  meteorologi- 
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tal p r o f i l e s ,  which  includes a s p e c i f i c   g e o m e t r i c   s h a p e   i n   t h e   v e r t i c a l  cross 
s e c t i o n  to d e f i n e   t h e   i n i t i a l   d i s t r i b u t i o n   o f   e x h a u s t  mass i n   t h e   a l t i t u d e -  
s t a b i l i z e d  SRM c l o u d .   I n   t h e  case of Model 4 ,  a c o n i c a l  body o f   r evo lu t ion ,  
having a diamond-shaped cross sec t ion   symmet r i ca l   abou t   t he   ve r t i ca l   cen t ro id  
a x i s ,  is used to bound t h e   h o r i z o n t a l   l a y e r s .  Examples f o r   t h e  SB, c o l d   f r o n t  
passage (CFP) , and  post-cold  f ront   (Post-CF) cases are shown i n   f i g u r e  1 2  and 
are d iscussed   in   appendix  C. 

3 

Source-Strength  Considerat ions 

Although  the  ver t ical- l ine-source-s t rength  input   funct ion  (propel lant  mass 
burn ra te  v e r s u s   a l t i t u d e )  is accura t e ly  known f o r  any p resc r ibed   T i t an  I11 or 
Shu t t l e   mi s s ion ,   t he   c loud  r ise process d e t e r m i n e s   r e s u l t a n t   v e r t i c a l  and hori-  
z o n t a l  SRM e x h a u s t   d i s t r i b u t i o n s ,  which a p p l y   a f t e r   a l t i t u d e   s t a b i l i z a t i o n  
has   occurred.   Thus,   the   calculated  layer   source  s t rengths ,   which  lead to  corre- 
s p o n d i n g   i n i t i a l  HC% c o n c e n t r a t i o n s   i n   t h e  MDM s u b d i v i d e d   s t a b i l i z e d  SRM cloud,  
a lways   d i f f e red  from t h e   a c c u r a t e l y  known input   source-s t rength  increments .  
Moreover ,   the   resul tant   cumulat ive HCk source   s t r eng th   i n   t he   su r f ace   mix ing  
l a y e r  was a lways   smal le r   than   the  cumula t ive  input   o f  HCR mass exhausted up to 
t h e   d e f i n e d   s t a b i l i z a t i o n   a l t i t u d e .   F i n a l l y ,   b o t h   t h e   r e s u l t a n t  Layer  and cumu- 
l a t i v e  HCk s o u r c e   s t r e n g t h s   v a r i e d   s i g n i f i c a n t l y  as f u n c t i o n s  of t h e   v a r i o u s  
p o t e n t i a l  temperature p r o f i l e s .  

I n p u t   h i s t o r i e s  and r e s u l t a n t  HCR source s t r e n g t h s  which p e r t a i n  t o  t h e  
chemically similar SRM boosters for   both  Space  Shut t le   and  Ti tan I11 launch 
v e h i c l e s  are shown i n   f i g u r e   1 3 .  The cumulat ive HCR i n p u t s  to  t h e  MDM fo r   bo th  
S h u t t l e  ( ref .  37)  and T i t a n  I11 ( r e f .  28) launches are based on p r o p e l l a n t  con- 
sumption rates and launch  mission trajectories.  They d i f f e r  by a f a c t o r  of 2.44 
up to an a l t i t u d e   o f  2.0 km. The r e s u l t a n t   p r e p r o c e s s e d  f a l l  f a i r   wea the r  (FFW) 
cumulat ive HCR s o u r c e   s t r e n g t h   i n   t h e  MDM s t a b i l i z e d   c l o u d   f o r   T i t a n  111 is also 
shown i n   f i g u r e   1 3   f o r   a l t i t u d e s  up to  2 km. The so-called o r i g i n a l   s p r i n g  
f a i r  weather (SFW) cumulative source s t r e n g t h   i n   t h e  MDM s t a b i l i z e d  cloud,  used 
i n   p r e v i o u s  acid r a i n   c a l c u l a t i o n s   ( r e f .   3 ) ,  is shown as a s i n g l e   p o i n t  ( 4  km, 
89 t HCa) . I n  view o f  the Mission 2, November 1973  design  ( ref .   37)  , it is too 
l a r g e  by about  30 t for a 4-km upper c loud   a l t i t ude   boundary .  

Summary of   Exhaust   Cloud  Character is t ics  

Table I11 summarizes,   for  Titan I11 launches and the  seven  s tandard meteo- 
rological regimes a t  Cape Canavera l ,   F lor ida ,  SRM e x h a u s t   c l o u d   c h a r a c t e r i s t i c s  
deduced  from  application  of  the MDM-4 (11) i n   r e f e r e n c e  6 and an unpublished 
paper by G. L. P e l l e t t .   I n  some cases t h e  mean t r a n s p o r t  wind speed f o r   t h e  
cloud Uc, which relates d i s t a n c e  to time i n  t h e   m o d e l ,   d i f f e r s   s i g n i f i c a n t l y  
from  the wind speeds  of  the i n d i v i d u a l   l a y e r s .  
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TABLE 111.- SRM EXHAUST CLOUD CHAPACTERISTICS, AS DEFINED  FROM  APPLICATION  OF M)M-4(11) To TITAN  I11 

LAUNCHES,  FOR  SEVEN STANDARD METEOROLOGICAL CASES AT  CAPE  CANAVERAL,  FLORIDA ~Fa~~~l~~ regime 1 abre:;: 1 d e W 1  1;:: 1 a t  1:; 1 :;:s i R ? O r t i  Oo), 1 1:; ~ 
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The c l o u d   s t a b i l i z a t i o n  times from the  model were used to  estimate downwind 
d r i f t   d i s t a n c e s   f r a n   t h e  Paunch  pad to  the po in t   where   c loud   a l t i t ude   s t ab i -  
l i z a t i o n   t h e o r e t i c a l l y   o c c u r s .   T h e s e   c l o u d   s t a b i l i z a t i o n   d r i f t   d i s t a n c e s  are 
canpared wi th   t he   empi r i ca l ly   de t e rmined   v i r tua l   sou rce   d i s t ances  X, (Xo was 
needed to  o b t a i n   s t r a i g h t - l i n e  power-law f i t s  of u versus  X ) .  Fina l ly ,   t he  
r e s u l t a n t  HCR s o u r c e   s t r e n g t h s   f o r   t h e   s t a b i l i z e d  SRM clouds  mo are also sum- 
m a r i z e d   i n   t a b l e  111. They a p p l y   f r a n   t h e   E a r t h ' s   s u r f a c e  t o  t h e  MDM upper 
cloud  boundary  and are conserved   th roughout   the  SRM c l o u d   d i s p e r s i o n   h i s t o r y   ( i n  
the  absence of r a i n ) ,   s i n c e  no loss terms were app l i ed  a t  t h e  SRM cloud 
boundaries. 

Vertical HCk Column Densi ty   Determinat ions 

The MDM-4(11) c a l c u l a t e d  downwind ver t ical  HCQ p r o f i l e s   a n d   t h e  empirical 
power-law f i t s  of (J versus  downwind d i s t ance  X = X,, + X, are i l l u s t r a t e d   i n  
r e fe rence  6 and an unpublished paper by G. L. Pel le t t  f o r   e a c h  of t h e   T i t a n  I11 
cases s tudied .  The o r i g i n a l  SFW S h u t t l e  case used i n   r e f e r e n c e  3 i s  reproduced 
i n   f i g u r e   1 4 ,  and the present  power-lawdecay-modified SFW S h u t t l e  cases ( t w o )  
are shown i n   f i g u r e  15. The s o l i d   l i n e   i n   f i g u r e  15 r e p r e s e n t s   t h e   o r i g i n a l  
source s t r eng th ;   t he   dashed   l i ne ,  the p r e s e n t   f u l l y   m o d i f i e d   s o u r c e s t r e n g t h  
case. 

The  d e c a y   e x p r e s s i o n s   f o r   v e r t i c a l  HCk column dens i ty  a = aX-B are sum- 
m a r i z e d   i n   t a b l e  I V  f o r   t h e   T i t a n  I11 a n d   S h u t t l e  cases, a long   wi th  HCR source 
s t r e n g t h ,  mean transport wind speed,   and  other   re levant   exhaust  cloud properties 
der ived  from the MOM-4 (11) calculations.   Corresponding  t ime-dependent  decay 
expres s ions  for a are also given. The empirical f i t s  for a were e x c e l l e n t  
th roughout   the   da ta   range ,  1 S X 6 100 Ian, fo r  a l l  t he   T i t an  I11 meteoro logica l  
cases s tud ied .  I t  w i l l  be shown l a t e r  tha t   t he   demons t r a t ion  of adequate power- 
law express ions   for  a l e a d s   t o   s u b s t a n t i a l   a n a l y t i c   s i m p l i f i c a t i o n ,   e s p e c i a l l y  
for subsequent   ca lcu la t ion  and parameter iza t ion  of acid r a i n   c h a r a c t e r i s t i c s .  
S a n e   e f f e c t s  of  meteorology  on  expressions  for a i n   t a b l e  I V  are now dis -  
cussed.  Although  the  deduced  values of a can be r e f e r r e d  to  as an HC4. column 
d e n s i t y  source s t r e n g t h  a t  un i t   d i s t ance ,   t he   r eade r   shou ld   r ecogn ize   t ha t  01 
is i n h e r e n t l y   s e n s i t i v e  to  X,. I n  tu rn ,  X, i s  i n f l u e n c e d   i n   t h e  MDM-4(11) 
cloud r ise c a l c u l a t i o n s  by t h e   v e r t i c a l   p r o f i l e s  of temperature and  wind speed 
as well as the  placement of ver t ica l   l ayer   boundar ies .   Thus ,   the   phys ica l   s ig-  
n i f   i cance   o f  a is approximate  and is not p r e c i s e l y   d e f i n e d .  

A n o t e w o r t h y   i n t e r n a l   c o n s i s t e n c y   e x i s t s   f o r   t h e  t w o  Post-CFP meteorologi- 
cal cases, which apply  to  a normal  launch  and a pad abort s i t u a t i o n .  The 
r e s p e c t i v e  X, and B values  were i d e n t i c a l ,  and t h e  r a t io  of CY values   (and 
0 values)  (0.71) was i d e n t i c a l  to t h e  r a t io  of % values .   In   the   absence   o f  

simple l i n e a r   s c a l i n g  law would  apply to  o ther   meteoro logica l  cases. 
, o the r  similar p a i r e d   c a l c u l a t i o n s  €or T i t a n  III's, it is not  known whether a 

A roughly similar canparison can be made between t h e   f u l l y   m o d i f i e d   S h u t t l e  
SFW and T i t an  I11 SFW cases, but  it is not as e x a c t   s i n c e   a d d i t i o n a l   m u l t i l a y e r  
s t r u c t u r e  bounded a t  an a l t i t u d e  of  4000 m was u s e d   f o r   c a l c u l a t i n g   t h e   S h u t t l e  
case, whereas   the  Ti tan I11 case was terminated a t  2000 m. Whi le   the   respec t ive  
f3 va lues   d i f f e red  (1.64  and 1.98),  t h e  X, values  were t h e  same (4.0 km), and 
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TABLE IV.- EMPIRICAL SRM EXHAUST CLOUD PROPERTIES W R A C l ' E R I Z I N G  M)IWh'IND DISPERSIVE DECAY  OF  VEKPICAL  HCk C D L W  DENSITY 

Deduced f r a u   a p p l i c a t i o n   o f  MDM-I(I1) to  T i t a n  I11 l a u n c h e s   f o r   s e v e n   s t a n d a r d   m e t e o r o l o g i c a l  cases a t  Cape   Canavera l ,  
F l o r i d a ;  the present  power-law-decay-modified SFW S h u t t l e  case is shown f o r   b o t h   o r i g i n a l l y   u s e d   s o u r c e   s t r e n g t h  
m, = 89 x lo6 g HCk ( r e f .  3) and p r e s e n t l y   r e d u c e d   s o u r c e   s t r e n g t h  m, = 61 x lo6 g HCk m n s i s t e n t   w i t h  more recent 
S h u t t l e   m i s s i o n  design ( r e f .  37) 1 
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t h e  ra t io  of a v a l u e s  (3.85) was f a i r l y  close to t h e  ra t io  of m, values  
(4.21).  I n  terms of co r rec t ed   d i s t ance   f rom  l aunch  site, t h e   p o i n t  a t  which  the 
ratios of u values  and % values  were equal  to 4.21 was X = 1.3 km, which 
is still close to  t h e   l a u n c h  site. Thus,   these  comparisons  between  Titan I11 
and S h u t t l e   f o r  SFW meteoro logy   sugges t   t ha t   app rox ima te ly   l i nea r   s ca l ing   o f  U 
with source s t r eng th   app l i ed .  

WASHOUT OF DISPERSING SRM EXHAUST  CLOUDS 

App l i ca t ion  to a Dispersing SRM Cloud 

Equa t ion   (45 )   and   r e l a t ed   expres s ions   fo r   p red ic t ing   r a in  pH and  ground 
depos i t i on   o f  HCQ, can be a p p l i e d  to  independent ly   d i spers ing  SRM clouds  once  the 
temporal and spatial v a r i a t i o n   o f   v e r t i c a l  H b l  mlumn  dens i ty  is s p e c i f i e d   i n  
terms of time and/or  ground  coordinates. The power-law  decay  of U which 
r e s u l t e d  from a p p l i c a t i o n   o f  MDM-4(11) is now de f ined  by t h e   i n t e g r a l   e x p r e s s i o n  

0 = (6'"' po, ( H a )  d z  = po  (HCk)z = 

where p,,,(HCQ,) is the HCk (9) c o n c e n t r a t i o n  a t  altitude z ,  po(HC%) repre- 
s e n t s  a ve r t i ca l ly   ave raged   concen t r a t ion   ove r  z, X is t h e  downwind d i s t a n c e  
from  launch s i te ,  and a and B r e p r e s e n t   e m p i r i c a l   c o n s t a n t s .  

For   s impl ic i ty ,  it is now assumed t h a t   t h e  SRM cloud  gecanetry is an  expand- 
i n g   r i g h t  circular cy l inde r  of  diameter DX ( a x i s   v e r t i c a l )   w i t h  m a s s  conserva- 
t i o n   f o r  HCk a t  concent ra t ion   po(HCk) .   S ince   the  HCk scavenging  model  applies 
to  i r r e v e r s i b l e   a b s o r p t i o n  and t h u s   e x h i b i t s  a direct propor t iona l i ty   be tween 
r a in   mo la r i ty   and  HCk(g)  column d e n s i t y ,   t h e  actual  d i s t r i b u t i o n  of HCR(g) i n  
t h e   v e r t i c a l   d i r e c t i o n  is unimpor tan t .   In   o rder  to  calculate  r a i n  pH and  ground 
depos i t i on   pe r   un i t  area a long   t he  SRM cloud-centroid  path (CC pa th ) ,   t he   ho r i -  
z o n t a l   d i s t r i b u t i o n   o f   v e r t i c a l  HCk mlumn  dens i ty   a long   the   p ro jec ted   c loud  
diameter is normally assumed uniform.   For   calculat ion of  two-dimensional  acid 
f o o t p r i n t s ,  or g r o u n d   d e p o s i t i o n   i s o p l e t h s ,   t h e   v a r i a t i o n   o f   v e r t i c a l  HC% column 
dens i ty   wi th   g round  coord ina tes  X and Y m u s t  e i t h e r  be uniform  beneath  the 
SRM cloud or else s p e c i f i e d .  

S u b s t i t u t i o n  of equat ions   (41)  and ( 4 8 )   i n t o   e q u a t i o n   ( 9 )   y i e l d s  an expres- 
s i o n  for t h e   r e d u c t i o n   o f   v e r t i c a l  HC% column d e n s i t y  by d ispers ive   decay   and  
w a s h o u t  f o r  X > 0 and t 2 0; t h u s  



S u b s t i t u t i o n  of equat ion  (48)  is made w i t h   t h e  t ac i t  assumpt ion   tha t  SRM cloud 
d i s p e r s i o n  is unaf fec ted  by the  development   and  presence  of   an  overr iding  ra in;  
t hus ,   t he  SRM cloud is denoted as independent ly   d i spers ing .  

Now l e t  Uc ( i n  m/sec) r e p r e s e n t   t h e   s t e a d y  mean wind speed tha t  charac te r -  
i z e s  SRM c loud   t r anspor t ,  and X, ( i n  km) r e p r e s e n t   t h e  closest d i s t a n c e  from 
launch s i te  where a s t e a d y ,   o v e r r i d i n g ,   v e r t i c a l   r a i n f a l l  commences be fo re  
a r r i v a l  of   the SRM cloud.  Thus t = l O O O ( X  - X r ) / U c  sec rep resen t s   t he   e f f ec -  
t i v e  time lapse a f t e r   t h e  SlU4 e x h a u s t   c l o u d   e n c o u n t e r s   r a i n f a l l .   S u b s t i t u t i o n  
of t h i s   e x p r e s s i o n   f o r  t in   equat ion   (49a)  leads to  an   equa t ion ,   i n  terms of 
downwind d i s t ances   on ly ,  which describes t h e  combined e f f e c t s  of d ispers ion   and  
washout  on v e r t i c a l  HCR column d e n s i t y   f o r  0 < X, 6 X; t hus  

R e s u l t a n t  pH From a Dispers ing  SRM Cloud 

An e x p r e s s i o n   f o r  t h e  p H  of po lyd i spe r se   r a in  a t  ground  leve l  is obta ined  by 
s u b s t i t u t i n g   e q u a t i o n  (48)  i n t o   e q u a t i o n   ( 4 5 )   a n d   l e t t i n g  t = l O O O ( X  - Xr) /Uc.  
For X 2 X, 2 1 km, 

p H  = l o g  ( + B l og  ( X )  + (=)( - HI-b 

3600cfAa I n  10  UJlOOO 

For the   geometr ic  mean A (eq. (42) ) , equat ion   (50)  reduces to 

In   equat ion   (50)  there are t h r e e  terms which affect  rainwater  pH: The 
f i r s t  relates to  a c o m b i n a t i o n   o f   r a i n f a l l   i n t e n s i t y ,  washout c o e f f i c i e n t ,  and 
HCR soucce s t r e n g t h  a t  u n i t   d i s t a n c e ;   t h e   s e c o n d   d e p e n d s   s o l e l y   o n  SRM cloud 
dispersion;  and the  t h i r d   a c c o u n t s  for progressive  removal of H a  (9) through 
washout.  Exclusion  of t h e  l a t t e r  term, which is e q u i v a l e n t  t o  s e t t i n g  x = x,, 
a l lows  formation of an e x p r e s s i o n   f o r   p o t e n t i a l   r a i n  pH,  de f ined   he re in  as t h e  
rainwater  pH a t  ground  leve l  j u s t  a f t e r   t h e  f i r s t  onse t  of r a in .   Succ inc t ly ,  it 
rep resen t s  the maximum r a i n   a c i d i t y  to  be expec ted   i n   t he   even t  of ra in   occur -  { 

rente downwind; t h u s  
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Resul tant   Acid  Deposi t ion From a Dispe r s ing  SRM Cloud 

The areal depos i t i on  rate ( f lux )   fo r   aqueous  H a , ,  a t  any   po in t  X on   t he  
SRM cloud-centroid (CC) path  where  washout is occurr ing  overhead,  is (averaged 
ove r   pas sage   o f   f i n i t e  SRM cloud)  

ex = 36.45 X 10’pHH (53) 

For a uniformly mixed c y l i n d r i c a l  SRM c loud   o f   e f f ec t ive   d i ame te r  DX, conserva- 
t i o n  of  H b l  ( in   the   absence   o f  w e t  or d ry   depos i t i on ,   abso rp t ion  a t  t h e   E a r t h ’ s  
su r face ,  and  convective losses a t  t h e  top) d i c t a t e s   t h a t  

Thus t h e   e f f e c t i v e  SRM cloud diameter a long   t he  CC pa th  is 

S ince   t he  time lapse f o r  complete passage of t h e  SRM cloud  over  any  point  on  the 
CC pa th  is D,/Uc, t h e   s t a t i o n a r y   g r o u n d   r e c e i v e r   o n  t h i s  p a t h  w i l l  experience a 
to ta l  depos i t i on  per u n i t  area of 

G, = G,Dx/3600Uc (56)  

Subs t i tu t ion   o f   equa t ions   (53)   and   (55)   in to   equat ion   (56)   y ie lds   an   in te rmedi -  
ate resul t  i n  terms of ra inwater  pH; t hus  

1 /2 

(57)  

Subs t i t u t ion   o f   equa t ion  (50) f o r  pH and  rearrangement  of terms leads to a gen- 
e ra l i zed   p red ic t ive   expres s ion   fo r   cumula t ive  ( t o t a l )  areal  H b l  depos i t ion   a long  
t h e  CC pa th   fo r  a l l  X 2 Xr: 
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For  the  geometric mean ll (eq. 42 ) ) ,   equa t ion   (58 )  reduces to  

Ground r e c e i v e r s  located a t  some d i s t a n c e  Y ( i n  km) normal to 
exper ience ,   for   the   wel l -mixed   cy l indr ica l -c loud  case, t h e  same 
value  but   cumulat ive areal d e p o s i t i o n s  of 

f o r  a l l  Y < Dx/2. 

The to ta l  HCR depos i t ion   exper ienced  a t  X = X, after t h e  

t h e  CC p a t h  w i l l  
t r a n s i e n t  pH 

f i r s t   o n s e t   o f  
r a i n f a l l  and f o r  complete SRM cloud  passage is de f ined   he re in  as p o t e n t i a l  
d e p o s i t i o n  and is ob ta ined  by s e t t i n g  X = X, i n   equa t ion   (58 ) .   Fo r   t he  pres- 
e n t  v a l u e  of cf (3.60 x mol air/cm3), t h e   p o t e n t i a l   d e p o s i t i o n  is simply 

C o l l e c t i v e   R e s u l t s   f o r   D i s p e r s i v e  Decay of U and P o t e n t i a l   R a i n  pH 

The power-law  decay  of 0 for e i g h t   T i t a n  I11 cases is shown as a f u n c t i o n  
of corrected dis tance  f rom  launch s i te  X i n   f i g u r e  16  and also as a f u n c t i o n  
of   e lapsed  t ime  af ter   launch X/3.6Uc i n   f i g u r e   1 7 .  The f u l l y   m o d i f i e d  SFW 
S h u t t l e  case is shown as a dashed   l i ne   i n   each   f i gu re .  Two a d d i t i o n a l   o r d i n a t e  
scales, i l l u s t r a t i n g   t h e   c o r r e s p o n d i n g   v a l u e s   o f   p o t e n t i a l   r a i n  pH f o r   r a i n f a l l  
rates of  1.5  and 25 mm/hr, are also shown i n   f i g u r e s  16  and  17.  This  dual scale 
is deduced from  eitheK  equation  (46)  with t = 0 or equa t ion   (52 )   u s ing   t he  
geometric mean washout   coef f ic ien t .  

The most not iceable   fea ture   o f   f igures   16   and   17  is t h a t   t h e   d i s p e r s i v e  
decay  of U and p o t e n t i a l   r a i n  pH d i f f e r   g r e a t l y  among the   seven   s tandard  
meteorological  regimes.  A range  of more than 2 orders of  magnitude i n  u and 
p o t e n t i a l   a c i d i t y  (more than 2 pH u n i t s )  is spanned a t  X h 100 km downwind 
and/or t h 2 hr   pos t launch   e lapsed  time. A t  s h o r t e r   d i s t a n c e s  and times t h e  
t o t a l  span   in  U and p o t e n t i a l   a c i d i t y  is somewhat less bu t  still  exceeds  an 
order of  magnitude  for X > 10 km and t > 0.2 hr.  These resul ts  tend to con- 
f i rm  earlier expec ta t ions   o f   l a rge   var ia t ions   in   a tmospher ic   d i spers ion   under  
w i d e l y   d i f f e r e n t   m e t e o r o l o g i c a l   c o n d i t i o n s ,  and  they  serve to emphasize  the  need 
for   developing a comprehensive  atmospheric  dynamics model (e.g., see r e f s .  10 
and  38) to d e a l   e f f e c t i v e l y   w i t h   t h i s   l a r g e  source of v a r i a b i l i t y .  

A second  impor tan t   fea ture   o f   f igures   16   and   17  is tha t   envi ronmenta l ly  
s i g n i f i c a n t   p o t e n t i a l   r a i n   a c i d i t i e s   ( e . g . ,  pH 2 1.5 results in   sho r t - t e rm 
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damage t o  vegetat ion;  see r e f s .  39 and 40) are shown to be p o s s i b l e   f o r  rela- 
t i v e l y   l a r g e  downwind d is tances   f rom  launch  site and f o r   l o n g   e l a p s e d  times. 
If t h e   v a l i d i t y   o f   t h e  two me teo ro log ica l  cases, which  tend to  def ine  upper  
bounds f o r  U (FFW and FW, Pre-CF), is a c c e p t e d ,   t h e n   i n i t i a l   r a i n  pH values  
between  1.0  and  1.5  (for  1.5 5 H 5 25 mm/hr) could  occur  a t  downwind d i s -  
tances up to 50 h and e l apsed  times up to 5 hours.   Although  these estimates 
are de r ived  from the  t w o  least d i s p e r s i v e   m e t e o r o l o g i c a l  cases, they  are no t  
considered  excessively  conservat ive.   For   example,  somewhat more severe  s tagna-  
t i o n  cond i t ions  are conceivable;   no  addi t ional   uncer tainty  bounds  have  been 
imposed;  and t h e  real  p o s s i b i l i t y 3  of a s i g n i f i c a n t l y   i n c r e a s e d   r a i n d r o p  collec- 
t i o n  e f f i c i ency   due  to  a predominance of l a r g e  (?lO-pm diameter)  aerosol d r o p  
l e t s  has   no t   been   accounted   for .   Whi le   the   p red ic t ions   in   f igures   16  and  17 
also i n d i c a t e   v a l u e s  of p o t e n t i a l   r a i n  pH of 2 or less a t  downwind d i s t a n c e s  up 
to 200 Ian and  e lapsed times exceeding 10  hr,   one mus t  r ecogn ize   t ha t   t he   va l id -  
i t y   o f   t h e s e   l o n g e r   r a n g e  resul ts  becomes less c e r t a i n   w i t h   i n c r e a s i n g   d i s t a n c e  
and time. 

Some compet ing   e f fec ts ,   which   bo th   reduce   and   increase   the   po ten t ia l   ra in  
a c i d i t y ,  are now i d e n t i f i e d .  Firs t ,  t h e  MDM c a l c u l a t i o n s   d o   n o t   i n c l u d e  loss 
of HCk from the  SRM cloud's  upper  boundary or HCk s o r p t i o n  a t  ground  level .  
Also, they   do   no t   inc lude   var iab le   advec t ion   (wind   speed   and   d i rec t ion)   for   the  
r e s p e c t i v e  MDM c loud   l aye r s .   Inc lus ion  of these processes  would tend to reduce 
U and ,   hence ,   i nc rease   po ten t i a l   r a in  pH a t  p r o g r e s s i v e l y   l a r g e r   d i s t a n c e s .  
Second,   the  var iances   used  in   the  present  MDM-4(11) c a l c u l a t i o n s  were o r i g i -  
na l ly   based   on   f i e ld  data which a p p l i e d  to  r e l a t i v e l y  small-scale atmospheric 
t u rbu lence   ( r e f s .  34 to 36) .  I t  is well known ( r e f .   4 2 ) ,  however, t h a t  as the  
r e l e v a n t   t u r b u l e n c e  scale inc reases   fo r   a tmosphe r i c   d i spe r s ion   o f   ve ry   l a rge  
p lumes ,   the   appropr ia te   var iances   and   overa l l   d i spers ion  rates tend to become 
weaker power-law f u n c t i o n s  of t h e   c h a r a c t e r i s t i c  scale s ize   (e .g . ,  s o u r c e  c loud 
diameter) and downwind distance.   Thus,   the  exponent 6, which c h a r a c t e r i z e s   t h e  

' decay  of 0 with X, c o u l d  dec rease  to -0.5 a t  l a r g e  X, i n  a f a s h i o n  similar 
t o  t h a t   o b s e r v e d   i n   l a r g e - s c a l e   d i s p e r s i o n  s t u d i e s  ( re f .  42)  and t h a t   a c t u a l l y  
observed €or T i t a n  I11 exhaust  c louds.  The most extreme  and  best  documented 
example o u t  o f   e igh t   T i t an  I11 cases observed  thus fa r  ( ref .  43) was for t h e  
September  5, 1977, Launch. Here, 45 data p o i n t s  for maximum in-cloud HCE con- 
cent ra t ion ,   ob ta ined   over   the   pos t launch   per iod   of  3 t o  300 min, were cha rac t e r -  
ized by B = 0.54 i n   t h e   e m p i r i c a l   e x p r e s s i o n  

I n  summary, t h e  sets of p o t e n t i a l   r a i n   a c i d i t y  resul ts  i n   f i g u r e s   1 6  and 17  
cha rac t e r i ze   t he   r ange   o f   d i spe r s ive   decay  0 and i n i t i a l   r a i n   ( p o t e n t i a l )  p H  
t h a t  might   be  expected  for   Ti tan I11 launches.   Respective  envelopes  bounding 
t h e   c o l l e c t i v e  results would  encompass a l l  seven  s tandard  meteorological   condi-  
t i o n s  a t  Cape  Canaveral   but   would  not   include  the  other   uncertaint ies   ment ioned.  

" 

31nformal  communication  of  unpublished resul ts  ob ta ined  by A. N. Dingle 
and B. H e i k e s ,  U n i v e r s i t y  of Michigan, Ann Arbor,  Michigan.  See also refer- 
ences 10  and 41. 
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The upper limit f o r   t h e   p o t e n t i a l  rain pH o r d i n a t e  is based upon an assumed 
r a i n f a l l  rate of 25 mm/hr. The areas beyond X = 100 km downwind and 10 hr 
post launch  should be treated wi th   an   add i t iona l   l eve l   o f   unce r t a in i ty ,  as dis- 
cussed previously.   Thus the  respec t ive   inc lus ive   envelopes   o f  these r e s u l t s  
d e f i n e  a regime  of most probable i n i t i a l   r a i n   ( p o t e n t i a l )  pH when i t  is recog- 
n i z e d   t h a t   t h e  model a p p l i c a t i o n  is r e s t r i c t e d  to condi t ions   o f  l o r t o -  
InodecaLe SRM cloud  humidity (HCR most ly   in   gas   phase)   and to ground  loca t ions  
benea th   the  SRM CC on  which   an   independent ly   genera ted   over r id ing   ra infa l l  
commences under s tab le  s t r a t i f i c a t i o n   c o n d i t i o n s   a l o f t .  

Examples  of Acidic Ra in  Depos i t ion   Charac te r  is tics 

Before detailed examples  of calculated r a i n  pH and HCR d e p o s i t i o n  due to  
SRM cloud washout are p resen ted ,   cons ide r   b r i e f ly   t he  characteristics of n a t u r a l  
r a i n  and c o n t r a s t  these w i t h  the   reg ime  of   concern   for   ind iv idua l   l aunch  
events ,  where p o t e n t i a l   r a i n  pH may be <3 and sometimes <l. Figure  18 shows 
some c h a r a c t e r i s t i c s  of r a i n   a c i d i t y   f o r   t h e  Florida area  (refs. 44 and 45) and 
a l s o  a set o f   pa rame t r i c   r e l a t ionsh ips  among p o t e n t i a l  pH, e f f e c t i v e  SRM cloud 
th i ckness ,  and v e r t i c a l l y   a v e r a g e d  HCR(g) concen t r a t ion .  The pH was c a l c u l a t e d  
f r m  equat ion (46) a t  a c o n s e r v a t i v e   r a i n f a l l   i n t e n s i t y  of 25 mm/hr. 

The volume-weighted  average  rain pH i n   t h e  Cape  Canaveral area was deter- 
mined to be 4.61 It 0.22 (month ly   s tandard   devia t ion) ,  based on  an e x t e n s i v e  
s tudy of r a i n w a t e r   c h a r a c t e r i s t i c s  (ref. 45) over   the  period J u l y  1977 t o  June  
1979. Although  the  range of r a i n  pH f o r   n o r t h - c e n t r a l  Florida dur ing   t he  1967- 
1968 p e r i o d  (5.3 t o  6.8) is based on  only  four   measurements   ( ref .  44) and is 
t h e r e f o r e   n o t   n e c e s s a r i l y   r e p r e s e n t a t i v e ,   t h e s e   u n u s u a l l y   h i g h   v a l u e s  are con- 
s i s t e n t   w i t h  a downward temporal t r e n d   i n  pH deduced for the   no r theas t e rn  
United States ove r   t he  l a s t  25 y e a r s   ( r e f s .  46 to 50). More s p e c i f i c a l l y ,  a 
recent  comprehensive  study of r a i n w a t e r   c h a r a c t e r i s t i c s   i n  Florida (ref. 51) 
leads to the  conclusion t h a t  a s i g n i f i c a n t  decline i n  pH and bicarbonate  con- 
cen t r a t ion   has  occurred fo r   no r the rn  and c e n t r a l  Florida over   the past t w o  
decades. 

The  open circles i n   f i g u r e  18 r e p r e s e n t   p o t e n t i a l  pH corresponding to  t h e  
source-strength-modified SFW S h u t t l e  case i l l u s t r a t ed  i n   f i g u r e  15. Obvi- 
ous ly ,   t hese   p red ic t ions   o f   s ing le -even t   r a in   ac id i ty  are s i g n i f i c a n t   e v e n   f o r  
r e l a t i v e l y   l a r g e   d i s t a n c e s  when compared w i t h  t h e  pH of n a t u r a l   p r e c i p i t a t i o n .  

Detailed p r e d i c t i o n s  of downwind pH (eq. (50) or (51)) and  cumulative HCP. 
d e p o s i t i o n  G, (eq. (58) or (59)) are i l lustrated i n   f i g u r e s  19 to 24 f o r  
t h e  FFW T i t a n  111, SFW T i t a n  111, and f u l l y  modified SFW S h u t t l e  cases. Poten- 
t i a l   q u a n t i t i e s ,  pHPt f r m  equat ion (52) and G X l p o t  from  equation (61 ) , 
which  apply a t  t he  f i r s t  onse t  of r a i n  are shown as dashed  lines.  Examples of 
progress ive   washout   for   var ious  assumed o n s e t s   o f   r a i n f a l l  a t  each of three 
d i f f e r e n t   i n t e n s i t i e s  are shown as so l id   l i nes .   Cumula t ive  areal  d e p o s i t i o n  
a p p l i e s   a l o n g   t h e  CC pa th ;   o f f -ax is   depos i t ion   can  be c a l c u l a t e d  from equa- 
t i o n  (60) , w i t h   t h e   e f f e c t i v e  SRM cloud diameter DX evaluated  from equa- 
t i o n  (55). Note tha t   a t t a inmen t   o f  0 2  e q u i l i b r a t i o n  a t  pH = 5.7 implies 
t h a t  100 percent  washout  of  the HC.% has  occurred upwind. Nearly complete wash- 
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o u t  can r ead i ly   occu r   w i th in  30 km a t  h i g h   r a i n f a l l  rates. F i n a l l y ,   t h e  corre- 
sponding downwind growth  of SRM cloud  diameter is shown i n   f i g u r e  25 f o r   e a c h  
of t hese  three cases. 

Seve ra l   obse rva t ions  of t h e  pH and Gx r e s u l t s  shown i n   f i g u r e s  19 to 24 
are now cited br ie f ly .   Whi le  ra in  a c i d i t y   d e c r e a s e s   w i t h   i n c r e a s i n g   r a i n f a l l  
rate, total  d e p o s i t i o n   i n c r e a s e s .  Also, h i g h   r a i n f a l l  rates occur r ing  close to 
the  launch s i te  resul t  i n   s i g n i f i c a n t l y   g r e a t e r   d e p o s i t i o n s   t h a n  lower r a i n f a l l  

r a i n  pH, due   exc lus ive ly  to d ispers ive   decay   of  HCk column d e n s i t y  for any  given 
r a i n f a l l  rate, is much slower f o r   t h e  FFW case t h a n   t h e  SFW T i t a n  I11 case. 
These cases c o n s t i t u t e   t h e  t w o  l i m i t i n g   d i s p e r s i o n   e x t r e m e s   w i t h   r e s p e c t  to 
downwind d i s t a n c e .  Note t h a t   f o r   b o t h   t h e  FFW and SFW cases t h e  p H  of a l i g h t  
d r i z z l e  (1 mm/hr), beginning a t  15 km downwind and con t inu ing  o u t  to 100 km, 
increases   very   s lowly   wi th  respect to p o t e n t i a l  p H  (e.g., 0.6 to 0.8 pH u n i t s ) ,  
and is abou t   equ iva len t  to  t h e   p o t e n t i a l  pH f o r  heavy r a i n f a l l  (25 mm/hr) o n s e t  
a t  -80 km. 

' rates o c c u r r i n g   f a r t h e r   o u t .  The p r o g r e s s i v e   i n c r e a s e   i n  downwind p o t e n t i a l  

Whi le   the   main   th rus t   o f   th i s   sec t ion   has   cen tered   on   the   p red ic t ion   of  
a c i d   r a i n   c h a r a c t e r i s t i c s ,  some c l o s i n g  remarks on the   poss ib le   consequences   o f  
SRM cloud  washout are now given .   In   genera l ,   ra in   ac id i ty   der ived   f rom  washout  
of  an  overhead SRM cloud w i l l  tend to d e t e r m i n e   t h e   r e s p e c t i v e   t r a n s i e n t  rates 
of ac id   r eac t ion   w i th   va r ious   exposed   su r f aces ,   e i t he r  manmade or n a t u r a l .  The 
du ra t ion   ( and   ac id i ty )  of any  primary  exposure,  and  hence  degree  of  reaction 
during  exposure,  w i l l  depend  on SRM c l o u d   c h a r a c t e r i s t i c s ,  wind speed,  and loca- 
t ion.   Subsequent   c leansing or' nontrapping  surfaces   and  di lut ion  of   accumulated 
acid r a i n  w i l l  occur i f   r a i n f a l l   c o n t i n u e s   a f t e r  SRM c loud   passage .   In   th i s  
case quenching or r educ t ion   o f   t he  rate of   ac id  a t tack w i l l  tend to occur ,   t he  
ex ten t   depending   par t ly   on   the   na ture  of each   sur face .  However, r e g a r d l e s s  of 

event  reoccurrence,   one mus t  still c o n s i d e r   t h e   p o s s i b i l i t y   t h a t   l o c a l i z e d  
exposures to r a i n   c o n t a i n i n g  HCR and  aluminum oxych lo r ides  may have  both  short  
and  long term e f f e c t s  on t h e  local ecology  ( re fs .  39 and 4 0 ) .  Long term damage 
e f f e c t s  may depend  not  only on t h e   c o n c e n t r a t i o n   h i s t o r y   o f   a c i d i c   r a i n ,   b u t  
also on t h e   d e p o s i t i o n   h i s t o r i e s  of  both acidic r a i n  and  subsequent  rainwater 
d i l u t i o n s ,  as well as to ta l  accumulated  deposit ion  and a host   of   other   environ-  
menta l   parameters .   Fur ther   gu idance   in   def in ing   poss ib le   long  term e f f e c t s  may 
be  obtained from r e c e n t   s t u d i e s   o f   r e g i o n a l  acid ra in   p roblems  in  parts of 
Europe and t h e   n o r t h e a s t e r n   U n i t e d   S t a t e s   ( r e f s .  46 t o  51).  Although sane of 
t h e  more obvious  and serious environmental effects have  already  been  defined 
i n   t h e s e  studies, it is clear that  understanding  of  the  problem is  f a r  from 
complete. 

1 any  subsequent   c leansing phenomena,  and also recogniz ing   the  l o w  p r o b a b i l i t y   o f  

Dispersive  Decays  of  Average H a  Concentrat ion 

Dispers ive   decays   o f   cor responding   ver t ica l ly   averaged  HCk c o n c e n t r a t i o n  
were deduced   fo r   t he   e igh t   T i t an  I11 cases, a n d   t h e   r e s u l t s  are shown as fune- 
t i ons   o f  X and e l apsed  time i n   f i g u r e s  26 and 27, respec t ive ly .   These  
averaged  peak-center-l ine H a  concen t r a t ions  were computed from expres s ions  
f o r  0 by (a) e s t ima t ing   e f f ec t ive   c loud   t h i cknesses   wh ich   app l i ed   fo r  
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X,, 2 5 km as i n d i c a t e d   i n  t ab le  I V ,  and (b) d i v i d i n g   t h e  appropriate expres- 
s i o n s  for 0 i n  table I V  by the   cor responding  cloud th icknesses .  

S ince   the   d i spers ive   decays   o f  HCR c o n c e n t r a t i o n   i n   f i g u r e s  26 and 27 cor- 
respond to decays   o f   po ten t i a l   r a in  pH i n   f i g u r e s  16 and 17, comparisons of 
t h e s e  f igure sets fac i l i t a te  prel iminary  assessments   of  acid r a i n   p o t e n t i a l  
based on  measurements  of  in-cloud HCR. Such canparisons  have  proven  useful i n  
co r re l a t ing   i n -c loud  HCR concent ra t ions   wi th   s imul taneous   ra in   composi t ion  data. ~ 

(See r e f .  43.) 

A comparison  of t he  c a l c u l a t e d   r e s u l t s   i n   f i g u r e  27 with   exper imenta l  mea- 
surements of peak in-cloud HCR concen t r a t ions  for e i g h t   T i t a n  I11 launches is 
i l l u s t r a t e d   i n   f i g u r e  28 (reproduced  from  ref.  43). Since  the  c a l c u l a t e d  dis- 
p e r s i o n   r e s u l t s  were de r ived  from a set of   s tandard   meteoro logies  for t h e  Cape 
Canaveral  area, they  have  no direct r e l a t i o n s h i p s  to  t h e  actual launch cases. 
However, c e r t a i n   f i r s t - o r d e r  features of t h e   r e s p e c t i v e  sets are in   agreement .  

F i r s t ,  to a good approximation, a l l  the  experimental   in-cloud HCR concen- 
t r a t i o n  data appeared to be adequa te ly   cha rac t e r i zed  by single-term power-law- 
decay  expressions,   such as shown to  apply for t h e  modeled resu l t s .   Next ,   the  
t o t a l  range of measured HCR concen t r a t ions  is approximately bounded  by t h e  
t o t a l  range  of predicted c o n c e n t r a t i o n s   a f t e r  =O. 2 hr (lower limit of model 
v a l i d i t y )  and up t o  the   i nd ica t ed   t e rmina t ion   o f   each   l aunch  data f i t  ( a t  0.5 
t o  5 h r ) .  Moreover, the  respec t ive   ranges  of h ighes t  to lowest HCR concentra- 
t i o n  were large;   e .g .  , t h e  ra t ios  of h ighes t  to  lowest HCC were -700 f o r   b o t h  
sets and i n c r e a s i n g   a f t e r  1 hr  postlaunch. Despite t h i s   i n t e r s e c t i o n   o f   t h e  
experimental  and c a l c u l a t e d  sets of HCR d e c a y   h i s t o r i e s ,   f o u r  of t h e  measured 
in-cloud p e a k  HCR c o n c e n t r a t i o n s   d e c a y e d   s i g n i f i c a n t l y  slower w i t h  time than 
t h e  slowest c a l c u l a t e d  (f3 = 0.83 for  FEW). Notably ,   the  worst-case model cal- 
c u l a t i o n s  of HCR concen t r a t ion   (h ighes t   va lues )  were par t ly   conf i rmed  exper i -  
mental ly .  The apparent  tendency of t h e  d i s p e r s i o n  model to  o v e r p r e d i c t   t h e  
r a t e  of  decay of p e a k  HCR concent ra t ions  is cons i s t en t   w i th   t he   de r iva t ion  of 
MDM empirical d i s p e r s i o n   c o e f f i c i e n t s ,   w h i c h  are e s s e n t i a l l y  based on correla- 
t i o n s  of r e l a t i v e l y  small-scale turbulence  measurements.  Thus, while  t h e r e  is 
s u r p r i s i n g l y  good overa l l   agreement   wi th  respect t o  HCR concen t r a t ions ,   t he  
p re sen t  MDM a p p l i c a t i o n  is be l ieved  to  be d e f i c i e n t   i n  t h a t  i t  f a i l s  to  account 
f o r   t h e  reduced e f f e c t   o f   l a r g e - s c a l e   t u r b u l e n t   d i f f u s i o n ,  bounded by an  inver- 
s i o n   l a y e r ,   t h a t   i n e v i t a b l y  applies to l a r g e   s t a b i l i z e d  SRM exhaust clouds sev- 
eral  minutes   a f te r   l aunch .  

Test of P r e c i p i t a t i o n   S c a v e n g i n g   S u b r o u t i n e   i n  MDM-5 (11) 

The p r e s e n t   a n a l y t i c  HCR (g ) washout model allows an independent  check  on 
the   ou tput  of the   mu l t i l aye r   ( and   e s sen t i a l ly   numer i ca l )   ca l cu la t ions  of 
MDM-5(11). The c a p a r i s o n  made here was to examine  the  progressive washout of 
HCR from  an SRM cloud, as now described. (Depos i t i on   ca l cu la t ions  were not  
avai lable . )   The FFW meteorology was selected; a washout   coeff ic ient   correspond-  
i n g  to  7.7 mm rain/hr  was s p e c i f i e d  ( A  = 4.68 x sec - l )  ; and t h e  elapsed 
time f r a n  cloud s t a b i l i z a t i o n   f o r   o n s e t  of r a i n  was def ined  ( t l  = 394 sec) . Two 
ca l cu la t ions   o f  vertical HCR(g) p r o f i l e s  were needed,  one  with MDM-5 (11) t h a t  

36 

I I 



a l l m e d   e v a l u a t i o n   o f   a ( w i t h   r a i n )  and a r e fe rence  
t h a t   d e f i n e d   a ( n o   r a i n ) .  The l a t t e r  was equ iva len t  

c a l c u l a t i o n   w i t h  MDM-4(11) 
t o  t h e   r e s u l t s   p r e s e n t e d  

i n   f i g u r e  16.  Equating (5 ( w i t h   r a i n ) / a ( n o   r a i n )   w i t h   t h e  ra t io  p(k%)/p,(HCP.), 
and p l o t t i n g   s e l e c t e d  results as a f u n c t i o n  of d i s t a n c e   f r a n   c l o u d   s t a b i l i z a t i o n  
X,, l e d  to  t h e   r e s u l t s  shown i n   f i g u r e  29. The s t r a i g h t   l i n e ,  which ag rees  
very well with the c a l c u l a t e d  po in t s ,  w a s  obtained  from an a l t e r n a t e  form  of 
equa t ions  (49) , i. e., 

Note t h a t  p(HCk)/po(HC%) = 1 a t  X, = 2.41 km, which corresponds to  t h e   o n s e t  
of r a i n  a t  t i  = 394 sec. R e s u l t s  of a similar test of MDM-S(I1) u s i n g   t h e  SFW 
meteorology are shown i n   f i g u r e  30 a n d   i n d i c a t e   e q u a l l y  good  agreement. The 
d i f f e r e n c e   i n  downwind HCR (9) washout h i s t o r i e s  between f i g u r e s  29 and 30 is due 
e n t i r e l y  to  t h e   d i f f e r e n c e   i n   a v e r a g e  SRM cloud speed Uc. 

These  comparisons  demonstrate  that   calculated HCR(g) washout,  evaluated by 
equat ions (9) and (49) f o r   t h e   p r e s e n t   a n a l y t i c  model, was quan t i t a t ive ly   equ iv -  
a l e n t  t o  tha t   eva lua ted   numer i ca l ly  by using MDM-5(11). As a f i n a l   n o t e  i t  is  
sugges t ed   t ha t   t he   s imp l i c i ty   o f   t he   p re sen t  model,  which r e q u i r e s   o n l y  a s i n g l e  
determinat ion of (5 decay i n  the absence of r a i n ,  allows subsequent  evalua- 
t i o n s  of a and  var ious HC% washout  and d e p o s i t i o n   c h a r a c t e r i s t i c s   w i t h   g r e a t l y  
reduced   canputa t iona l   e f for t .   Thus ,  a comprehensive  matrix  of  lengthy MDM-S(I1) 
c a l c u l a t i o n s  i s  no l onge r   r equ i r ed  t o  e v a l u a t e   t h e   e f f e c t s  of va r ious  combina- 
tions of assumed r a i n   o n s e t  time and  washout m e f f i c i e n t   c o r r e s p o n d i n g  t o  
assumed r a i n f a l l   i n t e n s i t y .  It is m n c e i v a b l e   t h a t   t h i s   m i g h t   p r o v e   v a l u a b l e  
f o r  real-time p r e d i c t i o n s  and p robab i l i t y   a s ses smen t s  of ac id   r a in   haza rds   du r -  
ing  prelaunch  muntdowns. 

SUMMARY OF RESULTS 

A previous ly   deve loped  HCR(g) washout model fo r   r a in   s caveng ing   o f   so l id  
rocket (SRM) exhaust  c l o u d s  w a s  r e f i n e d  and a p p l i e d  to  n ine   independent ly  
determined SFW exhaus t   c loud   d i spers ion  cases. The model   ref inements   consis t  of 
(a) inc lud ing  more r e p r e s e n t a t i v e   v a l u e s   f o r  a i r  p rope r t i e s   and  HCR d i f f u s i o n  
c o e f f i c i e n t ;   ( b )   d e v e l o p i n g  a more mmprehens ive   ana ly t ic   approach   for   genera l -  
i z i n g  HC%(g) absorp t ion ,   washout ,   and   resu l tan t   ra in  pH and HCR deposi t ion  char-  
acteristics as f u n c t i o n s  of d r o p l e t  diameter, t e r m i n a l   v e l o c i t y ,   r a i n d r o p   s i z e  
d i s t r i b u t i o n  and i n t e n s i t y ,  and   exhaus t   c loud   d i spe r s ion   cha rac t e r i s t i c s ;  
(c) d e r i v i n g  t w o  new HCR(g) washout m e f f i c i e n t   e x p r e s s i o n s ,   b a s e d   o n  an experi-  

menta l ly   ver i f ied   convec t ive   d i f fus ion   equat ion   (modi f ied   Fr i i ss l ing)   and   in te -  
grated  over  both  the  Marshall-Palmer (M-P) r a i n d r o p   s i z e   d i s t r i b u t i o n  and  the 
previously  used K e l k a r  r a i n d r o p   s i z e i n t e n s i t y   d a t a ;  and (d )   de r iv ing  a new 
HCa(g + aq) washou t   ooe f f   i c i en t   exp res s ion   fo r  SRM exhaust  aerosol, based  on a 
de ta i led   rev iew  and   ana lys i s  of pub l i shed   l abo ra to ry   da t a   on   r a in   s caveng ing  of 
SRM exhaust   and  integrated  over  the M-P d i s t r i b u t i o n .  
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The model treats t h e   i d e a l i z e d  case of   an   independent ly   genera ted   ver t ica l  
ra infa l l  t h a t   o v e r r i d e s  and  scavenges  an  independently  dispersing SRM exhaus t  
cloud under s t a b l e   s t r a t i f i c a t i o n   c o n d i t i o n s   i n   t h e  lawer troposphere.  The 
f i r s t  two r e l a t i o n s h i p s   f o r  washout c o e f f i c i e n t  A versus ra infal l  i n t e n s i t y  
H d e r i v e d   i n   t h i s  paper charac te r ize   washout  of  HC%(g).  These  apply a t  law-to- 
moderate  ambient  relative  humidities,   where it can be assumed t h a t  HCfi(g) w i l l  
predominate  over  the  aqueous  acid aerosol component a f t e r  a few  minutes  of SRM 
c loud   d i lu t ion .  T h e  gecmetr ic  mean  of t h e s e  two power-law expres s ions ,  
A = 1.39 x 10-4~0*595  sec-l, is recommended fo r   subsequen t   p red ic t ions  of HCQ (9) '. 
washout  under idea l ized   average   condi t ions .  

The t h i r d  I\ e x p r e s s i o n   c h a r a c t e r i z e s   H a ( g  + aq) washou t   fo r   d i lu t ed  
and humidified SRM exhaust  aerosol. This   express ion   has   the  same ana ly t i c   fo rm 
and is b o t h   s t a t i s t i c a l l y   a n d   n u m e r i c a l l y   e q u i v a l e n t ,  to a good approximation, 
t o  t h a t   o b t a i n e d   f o r  HCa(g) w a s h o u t .  Thus it is p r o v i s i o n a l l y   r e c m e n d e d   t h a t  
t he  geometric mean HCk(g) washout  c o e f f i c i e n t   s h o u l d  also be app l i ed  t o  charac- 
t e r i z e  HCk(g + aq) washout  from SRM exhaust  clouds under moderate ambient 
humidi ty   condi t ions   (595   percent ) ,   where   s ign i f icant   quant i t ies  of HCR (aq) may 
coexis t   wi th  HCR (9).  

The washout model has been g e n e r a l i z e d   f o r   a p p l i c a t i o n  to  SRM exhaust  
clouds as fo l lows .   The   resu l tan t  pH of r a i n  and HCQ d e p o s i t i o n  rate are char- 
a c t e r i z e d   i n  terms of (a)  t h e   i n i t i a l  source s t r e n g t h   o f  HCR; (b)  a power-law 
decay of v e r t i c a l  HCk(g)  column dens i ty  U = a r e ,  where X is downwind dis-  
tance  from  the  launch s i t e  and c1 and are empir ica l ly   de te rmined   cons tan ts ;  
and (c) the downwind d i s t a n c e  (time) a t  which a s t e a d y   o v e r r i d i n g   r a i n f a l l  com- 
mences a t  a s p e c i f i e d   i n t e n s i t y .  The cumulat ive  deposi t ion  of  HCR is then  char- 
a c t e r i z e d   i n  terms of  ground  coordinates when (a)  to  (c) are s p e c i f i e d  and t h e  
SRM cloud geometry i s  assumed to  be an expanding   r igh t  circular cy l inde r .  

The  washout model w a s  a p p l i e d  to a r e f i n e d   " s p r i n g   f a i r   w e a t h e r "  (SEW) 
Space   Shut t le   exhaus t  cloud d i s p e r s i o n  case and e i g h t   T i t a n  I11 d i s p e r s i o n  cases. 
A l l  nine cases were based  on  independently calculated downwind d ispers ive   decays  
of U, deduced  previously  f rom  appl icat ion  of   the NASA Marshal l   Space  Fl ight  
Center   Gauss ian   mul t i layer   d i f fus ion   model ,  MDM-4 (11) , t o  seven   s tandard  meteo- 
rological   regimes.  These regimes were o r i g i n a l l y  selected to  r e p r e s e n t  a range 
of c h a r a c t e r i s t i c  cases of o v e r l a n d   a d v e c t i o n   w i t h   t u r b u l e n t   d i f f u s i o n   i n   t h e  
p l ane ta ry   boundary   l aye r   fo r   t he  C a p e  Canavera l ,   F lor ida ,  area. 

R e s u l t s  o b t a i n e d   f r m   a p p l i c a t i o n  of the  washout  model t o  t h e   e i g h t  
T i t a n  I11 cases i n d i c a t e d   t h a t   t h e   d i s p e r s i v e   d e c a y s  of p o t e n t i a l   r a i n  @I, i. e., 
volumetr ic   average pH at  t h e   f i r s t  onset of r a i n f a l l ,   d i f f e r e d   g r e a t l y  among 
the   seven   s tandard  meteorological regimes. A range  of more than 2 pH u n i t s  was 
spanned a t  X 2 1 00 km dawnwind and/or t 2 2 hr post launch elapsed time. A t  
s h o r t e r   d i s t a n c e s  and times, the t o t a l  span was less but  still exceeded  an  order 
of  magnitude f o r  X > 1 0  km and t > 0 . 2   h r .   T h e s e   l a r g e   s p r e a d s   i n   p o t e n t i a l  
pH are c o n s i s t e n t   w i t h  earlier expec ta t ions  of a tmospheric   dispers ion  under  
wide ly   d i f f e ren t   me teo ro log ica l   cond i t ions .  They also h i g h l i g h t   t h e   n e e d   f o r  
developing a more rea l i s t ic  and  mmprehensive  atmospheric  dynamics  (with cloud 
microphysics-scavenging  processes) model to deal e f f e c t i v e l y   w i t h   t h i s  uncer- 
t a i n t y .   E n v i r o n m e n t a l l y   s i g n i f i c a n t   p o t e n t i a l   r a i n   a c i d i t i e s  (pH 2 1.5)   for  
one t ime   exposures  were shown to be p o s s i b l e   ( f o r  H 5 25 Whr) at  downwind 
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d i s t a n c e s  up to  50 km and e l apsed  times of 5 hr  for t h e  t w o  most seve re ,  least 
d i s p e r s i v e  T i t a n  I11 cases. This  result c o n t r a s t s   w i t h  a measured  volumetric 
average ps of 4.61 % 0 .22  ( m o n t h l y   s t a n d a r d   d e v i a t i o n )   f o r   n a t u r a l l y   o c c u r r i n g  
a c i d i c   r a i n s  i n  t h e  Cape Canaveral  area o v e r   t h e  l a s t  2 years .  

Detai led  examples   showing  calculated downwind h i s t o r i e s  of  rainwater pH and 
HCk d e p o s i t i o n   ( f o r   b o t h   p o t e n t i a l  and progressive  washout)  were shown for t h e  
least and most d i s p e r s i v e   T i t a n  I11 cases ( f a l l  f a i r  weather (FFW) and SEW) and 

, a modified SFW S h u t t l e  case. I n  general ,  rain ac id i ty   dec reased   w i th   i nc reas -  
i n g   r a i n f a l l  rate w h i l e   d e p o s i t i o n   i n c r e a s e d ;   t h i s  is a consequence  of  the < l .  0. 
power-law dependence   of   washout   coef f ic ien t   on   ra infa l l  rate. High r a i n f a l l  
rates occurr ing close to  the   l aunch  s i t e  r e s u l t e d   i n  much g r e a t e r   d e p o s i t i o n s  
than  lower r a i n f a l l  rates o c c u r r i n g   f a r t h e r  o u t .  Nearly complete washout of HCk 
from  an SRM c loud   could   occur   wi th in  30 km a t  h i g h   r a i n   i n t e n s i t i e s .   P r o g r e s s i v e  
washout a t  a low r a i n f a l l   i n t e n s i t y  (e.g., 1 Whr) over   l a rge   d i s tances   (e .g . ,  
15 to  100 Ian) results i n   r e l a t i v e l y  slaw decay   of   ra inwater   ac id i ty  ( 0 . 6  t o  
0.8 pH u n i t )  . Thus, damage to ground-receiver   surfaces  may tend to  be g r e a t e r  
(lower pH) and more ex tens ive   ( l onge r   foo tp r in t )  a t  lower r a i n f a l l   i n t e n s i t i e s .  

CONCLUDING REMARKS 

S e v e r a l  factors a f f e c t   t h e   v a l i d i t y  of the  p r e d i c t e d  pH values  and  ground 
depos i t i ons .  The  g r e a t e s t   u n c e r t a i n t i e s  stem f r a n   t h e   b a s i c   i d e a l i z e d  assump 
t i o n s  used t o  formulate   the  problem. The assumptions  of  an  independently 
d i s p e r s i n g  SRM cloud  tha t   exper iences   washout   f ran  an independent ly   generated 
o v e r r i d i n g   r a i n f a l l  under s t a b l e   s t r a t i f i c a t i o n   c o n d i t i o n s   s p e c i f i c a l l y   e x c l u d e  
(a) s i g n i f i c a n t   c o n v e c t i v e   a c t i v i t y   a s s o c i a t e d   w i t h  storm dynamics  and  (b)  rain- 

o u t  processes stemming fran t h e   i n t e r a c t i o n  of SRM c l o u d   c a n p n e n t s ,  HC%(g)  and 
HCR (aq) on c h l o r i d e d - a l u m i n a   n u c l e i ,   w i t h   n a t u r a l   c l o u d s .   S i n c e   r a i n f a l l   i n   t h e  
Cape CanaveraP area is f r e q u e n t l y   a s s o c i a t e d   w i t h   s i g n i f i c a n t   c o n v e c t i v e   a c t i v -  
i t y ,  it seems impera t ive   t ha t  a more real is t ic  atmospheric  dynamics  model  be 
deve loped   wi th   appropr ia te   parameter iza t ions  of the  essent ia l   c loud  microphysics-  
scavenging  processes.  

A d d i t i o n a l l y ,   u n c e r t a i n t i e s   r e l a t e d  to t h e  i n p u t  0 decays also a f f e c t   t h e  
v a l i d i t y  of the p r e d i c t i o n s ,   e s p e c i a l l y  a t  l a rge   d i s t ances   ( e .g . ,  X 2 100 km). 
A re f ined   i nc lus ion   o f  (a)  convect ive loss of H& f r m   t h e  SRM cloud 's   upper  
boundary,  (b) HCR s o r p t i o n  a t  ground  level,   and,  probably,  (c) a more real is t ic  
t r ea tmen t  of h o r i z o n t a l  wind  shear effects fo r   each   l aye r  would  have inc reased  
p o t e n t i a l   r a i n  pH. Since   the   decays  of 0 stemmed from MDM-4( 11) c a l c u l a t i o n s  
based   on   r e l a t ive ly  small-scale turbulence  measurements ,   use   of   var iances   scaled 
more a p p r o p r i a t e l y  to cloud s i z e  would  have r e s u l t e d   i n  smaller b u t  more realis- 
t i c  v a l u e s  of B a t  l a r g e  X and t, similar t o  those   obse rved   fo r   T i t an  I11 
clouds.  The e f f e c t   i n   t h i s  case would  be to d e c r e a s e   p o t e n t i a l   r a i n  pH a t  
large X. C lea r ly   t hese   oompe t ing   e f f ec t s   r equ i r e  oomplex ana lyses  beyond t h e  
soope of t h i s   p a p e r .  

F i n a l l y ,   t h e   r a i n   s c a v e n g i n g   r e l a t i o n s h i p s   d e r i v e d   i n   t h i s  paper a p p l y   f o r  
washout of HCk(g)  and HC%(g + aq) by r a i n  of s p e c i f i e d   i n t e n s i t y  and  average 
p o l y d i s p e r s i t y .   N a t u r a l l y   o c c u r r i n g   r a i n s   v a r y   w i d e l y   i n   b o t h  respects, and 
t h e i r   c h a r a c t e r i s t i c s  are v e r y   d i f f i c u l t  to p red ic t .   Ra inou t  of HCR associated 
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wi th   convec t ive   c loud   ac t iv i ty  may be important  or dominant  under many condi- 
t ions ,  bu t   t hese  processes have  not  been  examined  herein.  Although HCR (9) 
w i l l  tend t o  predominate  over HC% (aq) on  chlor ided-alumina  nuclei  after a few 
minutes   o f   c loud   d i lu t ion  a t  l o w  to moderate ambient   humidi t ies ,   the  applica- 
b i l i t y   o f   t h e  deduced €IC% (g + aq) washout   coef f ic ien t  is most ques t ionab le  a t  
very  high relative humdi t ies ,   say  295 percent ,   which   f requent ly   ex is t  a t  Cape 
Canavera l .   Thus   s ince   washout   coef f ic ien ts  for aerosols depend  uniquely  and 
s i g n i f i c a n t l y   o n  aerosol s i z e   d i s t r i b u t i o n   a n d   s i n c e   t h e   d i s t r i b u t i o n  of aero- 
sol s i z e s  and the  H d l  (aq) c o n c e n t r a t i o n   e x h i b i t  complex  microphysical time 
and concent ra t ion   dependencies ,   re f inements   in  t he  d e s c r i p t i o n  of HCR (g + aq) 
washout may r e q u i r e  detailed c loud   microphys ics   ca lcu la t ions .  

Langley Research Center  
National  Aeronautics  and  Space  Administration 
HamptOn, VA 23665 
March 13, 1981 
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APPENDIX A 

REVIEW OF  SCAVENGING  STUDIES 

Knutson  and  Fenton 

In  the  s tudy  of   Knutson  and  Fenton  ( ref .  24) 0.09-cm water drops,  a t  
te rmina l   ve loc i ty ,   scavenged   the   exhaus t   o f  a small, so l id -p rope l l an t  rocket 
motor i n  a 5.5-m-diameter s p h e r i c a l  chamber.  Bubblers were used to determine 
chamber HCR concen t r a t ion ,  which  included HCR(g) and HCR(aq) aerosol a t t a c h e d  to  
A6203 particulates. A log - log   p lo t  of C,Q- scavenged  against  chamber CQ,- concen- 
t r a t ion   i nd ica t ed   approx ima te ly  a u n i t y  slope based   on   e ight   da ta   po in ts .  How- 
e v e r ,   t h e   r e s u l t a n t   p r o p o r t i o n a l i t y   c o n s t a n t  was approximately 0.5 times t h e  
va lue   p red ic t ed  by the   mod i f i ed   F ras s l ing  correlation (eq. (3) ) . These  authors  
also obse rved   t ha t   r e l a t ive   humid i ty  i n  the  range  69 to 98 pe rcen t  had  no e f f e c t  
on  scavenging rate,  based   on   th i s   p lo t .   Re la t ive   humidi ty  was calculated  f rom 
total  i n i t i a l  water con ten t ,  a t  measured  dry  bulb  temperature,  without  account- 
ing   for   subsequent  HCQ, (aq )  aerosol formation  and  solute   vapor  pressure lowering 
e f f e c t s .  The a u t h o r s   c a l c u l a t e d  a washout coef f ic ien t   express ion   based   on   d rop-  
l e t  HCJ?,(g)  absorption a t  0.5 times the ra te  expressed by t h e  modified Frb 'ss l ing 
c o r r e l a t i o n ,   t h e  M-P r a i n d r o p   s i z e   d i s t r i b u t i o n ,   a n d  DAB = 0.1 73 cm2/sec 
a t  15%  and 1 atm. Numerical i n t e g r a t i o n  and e m p i r i c a l   f i t t i n g  of t h e  results 
l e d  to t h e i r  recommended e x p r e s s i o n   f o r  HCQ, washout  (ref.   24):  

h = 8.3 x 

Unfor tuna te ly ,   t he   s ign i f i cance  and u t i l i t y  of t h e  Knutson  and  Fenton wash- 
o u t  c o e f f i c i e n t  (eq. ( A l )  ) is unclear. F i r s t ,   t h e   e f f e c t i v e   a i r - e x h a u s t  mass 
r a t io  was about 225 f o r   s i x  o f   t he   e igh t  u s e f u l  data runs.  T h i s  c o n t r a s t s   w i t h  
exhaust  cloud ratios of Z105 a f t e r  a few minutes  coupled  with a much g r e a t e r  
a v a i l a b i l i t y  of water vapor i n   t h e  real  case. Thus,  co-condensation  of  HCQ(g) 
and  H20(9) i n  t h e  chamber experiments,  forming H C % ( a q )  on  chlorided-alumina 
n u c l e i  (see r e f s .  3,  52,  53,  and  54)  and  on t h e  walls ( d i s c u s s e d   i n   r e f .   2 4 ) ,  
f avored   l a rge  HCJ?, p a r t i t i o n i n g   a n d  water vapor pressure r e d u c t i o n   e f f e c t s .  
That is, a r e l a t i v e l y   h i g h   c o n c e n t r a t i o n  of hygroscopic par t ic les  competed f o r  
a r e l a t ive ly   l imi t ed   supp ly   o f   wa te r   vapor .  

A s  a check ,   t he   p re sen t   au tho r   ca l cu la t ed   t he   p rope r t i e s  of a f l a t - s u r f a c e  
( n o   K e l v i n   e f f e c t )   l o c a l l y   e q u i l i b r a t e d  HCR(aq)  aerosol based   on   the   c i ted  
e x p e r i m e n t a l   d a t a   a n d   a n   i t e r a t i v e   a n a l y t i c a l   s o l u t i o n   o f   t h e   r e s p e c t i v e   p a r t i -  
t i o n i n g   e q u a t i o n s   f o r  HCQ and H20  by us ing   the   methodology  ou t l ined   in   re fe r -  
ence 43. For  run 7 i n   r e f e r e n c e  24, e q u i l i b r i u m  HCR(aq)  aerosol formation  would 
r educe   t he   r e l a t ive   humid i ty  from 98 to  86.4 percent  and  would  leave  only 
7.76  ppnv HCR(g) o u t  of the  measured 200 ppmv  HCR(g + aq) dur ing   t he   r a in   s cav -  
enging   per iod .   S imi la r ly ,  for run 8 i n  r e fe rence  24, r e l a t i v e   h u m i d i t y  would be 
reduced  from  87 t o  83   percent ,   thus   l eav ing   on ly   16 .5  ppmv HC.Q,(g) o u t  o f   t he  
measured 100 ppmv  HCR(g + aq) . The r e s p e c t i v e  molalities of H C Q ( a q )  are 3.08 
and  3.64 f o r   r u n s  7 and  8.  These results i n d i c a t e  t h a t  on ly  small percentages 
of   the chamber HCR e x i s t e d  as HCR(g) (3.9  and  16.5  percent ,   respect ively)   and 

41 



APPENDIX A 

the   remainder   exis ted as concentrated H d l  (aq) aerosol wi th  a r e l a t i v e l y   f i n e  
b u t  e s s e n t i a l l y  unknown s i z e   d i s t r i b u t i o n .   T h e r e f o r e ,   s i n c e  washout of H a  (aq) 
aerosol by r a ind rops  is t y p i c a l l y   a n  order of  magnitude less e f f i c i e n t  for 
micrometer-sized droplets t h a n   f o r  H a  (9) bu t  is strongly  dependent  on aerosol 
s i z e   d i s t r i b u t i o n   ( r e f s .  14  and  171,  the data of r e fe rence  24 are of limited 
use fu lness ,   even   t hough   t he   obse rved   ove ra l l   t r end   (0 .5  times A f o r  HCa. (9) ) 
is  i n   t h e  expected d i r e c t i o n   f o r   m o d e r a t e l y  small (e.g., 1- to 5-pm diameter) 
aerosol s i z e s .   P a r e n t h e t i c a l l y ,   n o t e  tha t  a predominance  of submicrometer aero- 
sol s i z e s   c o u l d   d e c r e a s e   t h i s   f a c t o r  t o  values  approaching 0.1, while  a predomi- 
nance  of 10-pm aerosol s i z e s  c o u l d  i n c r e a s e   t h e  factor  to >> 1. (See ref. 14 . )  

Fenton  and  Purcel l  

The follow-on I I T R I  s tudy  by Fenton  and  Purcel l   ( ref .   25)  was an  a t tempt  
to  overcome some o f   t h e   e x p e r i m e n t a l   d i f f i c u l t i e s  of the  f i r s t   s t u d y ;  a number 
of anci l lary  measurements  were also conducted .   In   par t icu lar ,   they   sought  t o  
conduct  rain  scavenging  measurements  on  laboratory-produced rocket exhaust  
clouds a t  lower HCR concen t r a t ions   t han   be fo re ,   t yp ica l   o f   pos t s t ab i l i zed  SRM 
clouds. The sol id  p r o p e l l a n t  used was e s s e n t i a l l y  t he  same; the  rocket motor 
and p r o p e l l a n t  mass were similar b u t  a b o u t  50 p e r c e n t  smaller; and t h e   n o z z l e  
was i d e n t i c a l .  

The rocket motors were f i r e d   i n t o   t h e  same s p h e r i c a l   ( 5 . 5  m )  test chamber 
used previously,  b u t  the   exper imenta l   approach   d i f fe red   s ign i f icant ly   f rom t h i s  
po in t   on .  A t  p r e s e l e c t e d  times p a r t l y  d i l u t e d  SRM exhaus t   i n   t he   p r imary  
s p h e r i c a l  chamber was conducted  into a Teflon4 1 .5-m3 experimental  chamber v i a  
a spec ia l ly   des igned  aerosol t r a n s p o r t  tube ,  which inco rpora t ed  a p e r i p h e r a l  
t r a n s p i r a t i o n  a i r  sheath and allowed f u r t h e r   d i l u t i o n  and e f f i c i e n t   t r a n s p o r t  
of   the aerosol. 

The ra indrop   genera tor   used  t o  produce  uniform-size  droplets was essen- 
t i a l l y   t h e  same as be fo re   ( r e f .   24 ) .  However, t h r e e   d i f f e r e n t   d r o p l e t   s i z e s  
(0.055,  0.11,  and 0.30 c m )  were u t i l i z e d   i n s t e a d  of t h e   s i n g l e  s ize  (0.09 c m )  
used previously.   Terminal   veloci ty  was claimed to have  been  achieved a t  t h e  
r a i n d r o p   g e n e r a t o r   e x i t  for t h e  two smallest s i z e s  b u t  n o t   f o r   t h e  0.30-cm 
d r o p l e t s .  A g l a s s   f u n n e l  attached to  an N 2  purged  holding  f lask was used to  
collect the   r a in .   Th i s   r ep laced  the  mineral  o i l  c o l l e c t i o n  pan used previ-  
ous ly .   Exi t  ports located a long   the   per iphery  of t h e   f u n n e l  were used t o  
remove a matched flow of N2 shea th   gas .   Pa ren the t i ca l ly ,  a denser  gas  such 
as argon would have  been  superior.  

The concen t r a t ion  of H a  i n  t he  t e s t  chamber was measured wi th  a G e O m e t ,  
Inc.,  chemiluminescent detector ra ther   than   an  aqueous bubbler (impinger)  system 
used previously.  A s ingle   comparison  of  the  two methods  indicated tha t  the  bub- 
bler system  measured  about 1 0  pe rcen t  more chloride. T h i s  small d i f f e r e n c e  may 
n o t  have  been e x p e r i m e n t a l l y   s i g n i f i c a n t ,  b u t  it was c o n s i s t e n t   w i t h  expecta- 
tions of a d d i t i o n a l  aluminum oxychlor ide s a l t s  t rapped as chlorided-alumina  par- 
t iculates by t h e  bubbler. T h i s  result ooupled  with G e o m e t  H a  (aq) c a l i b r a t i o n  

~ 

4Teflon:   Regis tered trademark of E. I. du  Pont  de Nemours 61 C o . ,  Inc.  
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checks  appeared to conf i rm  tha t   t he  G e o m e t s  used to  monitor HCR i n   t h e   T e f l o n  
test chamber were measuring HCR(g + aq) bu t   no t   ch lo r ide   a s soc ia t ed   w i th   t he  
alumina. 

The r e s u l t s  of 33   ra in   scavenging  tests are summarized i n   t a b l e  V I  of r e f -  
erence 25. A s  a check   the   p resent   au thor   independent ly   ca lcu la ted  RA values  
by (a) assuming  var ious   e f fec t ive   scavenging   he ights   cons is ten t   wi th   the   a fore-  
mentioned setup, ( b )   u s i n g   t h e   t a b u l a t e d   r a i n  collection d a t a  to  e v a l u a t e  mr- 
rec t ed   r a ind rop   ch lo r ide   concen t r a t ions  to a t  l ea s t  t w o  s i g n i f i c a n t   f i g u r e s ,  and 
(c) us ing   t he   c i t ed   ave rage   r a ind rop   d i ame te r s .  An assumed scavenging   he ight  
of 145 cm was found to give  reasonable   agreement   with a l l  but   four   of   the   tabu-  
l a t e d  RA values  (2a,  2b, 4a, and 4f i n   t a b l e  V I  of  ref.   25).   These  appeared 
to rep resen t   ca l cu la t ion - typograph ica l  errors, and  with  one  except ion  (4f) ,  were 
not o b v i o u s   m i s f i t s   i n   t h e i r   f i n a l   p a r a m e t e r i z e d - d a t a   c o r r e l a t i o n   ( f i g .  18 of 
r e f .   25 ) .  

Fenton  and  Purcell   sought to  gene ra l i ze   t hese   s caveng ing   da t a  by d e f i n i n g  
a quasi-dimensionless  group of v a r i a b l e s ,  RA/PairVmd2, i n  g HC.k absorbed/g 
air .  They p lo t t ed   (on  a log-log scale) th i s   pa rame te r  as a f u n c t i o n   o f   d r i f t -  
corrected HCR (g + aq) concen t r a t ion ,  C(HC!L). Note t h a t   i n   t h e   a b s e n c e  of a 
more s p e c i f i c   d e f i n i t i o n   f o r  C(HCk)  it m u s t  be assumed t h a t  ppmv un i t s   app ly  
to  C (HCR) . 

Although  the  parameterized-data scat ter  was r e l a t i v e l y   l a r g e   i n   f i g u r e  18 
of   re fe rence   25 ,   bes t - f i t   empir ica l   express ions  were s t a t e d  to be 

RA 
= 2.82 x 10'7C(HC%)o*824 

Pairvmd2 

For the  l a t t e r ,  MA was def ined as the   equ iva len t  mass concent ra t ion   of  HCE, i n  
g HCR/m3. C l e a r l y   t h e   f i r s t   e x p r e s s i o n ,   i n  terms of C ( c H R ) ,  does  not  agree 
( f a c t o r  of  -1.2 t o  -2.5 h i g h )   w i t h   t h e   b e s t - f i t   l i n e  drawn i n   f i g u r e  18  of  ref- 
erence 25. Add i t iona l ly ,  it can  be shown t h a t   t h e  l a t t e r  e x p r e s s i o n   i n  terms of 
MA is i n c o n s i s t e n t   w i t h   t h e   f i r s t   e x p r e s s i o n  when an   appropr i a t e   va lue   fo r  lab- 
o r a t o r y  air  d e n s i t y  is used  and is i n   g r e a t e r   d i s a g r e e m e n t   w i t h   t h e   b e s t - f i t  
l i n e  shown i n   f i g u r e  18  of   reference 25 than  the C(CHk) expression.  Reasons f o r  
these  disagreements  are not   apparent .  

Fenton   and   Purce l l   then   eva lua ted  A as follaws. They  used  the  expression 
for   parameter ized  ra indrop  scavenging ra te  to e v a l u a t e  a washout   coef f ic ien t  f o r  
p o l y d i s p e r s e   r a i n .  They de f ined   an   i n t eg ra l   equa t ion   equ iva len t  t o  
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Fenton and P u r c e l l   u s e d   t h e  M-P raindrop d i s t r i b u t i o n  (eq. (25))  and  an approx- 
imate power-law expres s ion  for droplet t e r m i n a l   v e l o c i t y  to  perform numerical 
i n t e g r a t i o n s  for c a l c u l a t i o n  of h as a f u n c t i o n  of H. These  values of h 
were stated to be best f i t  by the   expres s ion   ( i nco r rec t ,   exponen t  for MA 
should be nega t ive )  

A = 4.21 X 10-8pairM~  0.176~0.773 

Using  pair - 1216 g air/m3 f o r   t h e i r   s t a n d a r d   c o n d i t i o n s ,   t h e y   o b t a i n e d  a 
f i n a l   e x p r e s s i o n  (also i n c o r r e c t )  for t h e  washout   coeff ic ient :  
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STANDARD METEOROLOGICAI; REGIMES FOR CAPE CANAVERAL 

The meteorological regimes for t h i s  work consist of the ent i re  set of stan- 
dard  meteorologies (ref. 5) that  were originally used to  assess atmospheric  dis- 
persion of rocket  exhaust effluents i n  the Cape Canaveral,  Florida,  area. These 
regimes represent  the major meteorological  conditions which lead  to  overland 
transport and are   l ikely  to  be encountered i n  the Cape area. 

The meteorological  profiles of temperature, wind speed, and  wind direction 
for a l l  seven meteorological regimes are shown i n  figures 11 ( a )   t o  11 (9) , as 
reproduced fran  references 33  and 28 (SB) . The profiles  are based on averages of 
selected  data  obtained from  Cape Canaveral rawinsonde releases and fran the NASA 
150-Meter Meteorological Tower a t  Kenndey Space Center,  as  tabulated i n  refer- 
ence 5. Inspection of these  profiles  indicates  large  differences i n  the  thermal 
structure and  wind characteristics  aloft. Note that  significant  deviations 
occur , at various  levels, from the preprocessor-calculated  average  values of 
wind speed U c  and  wind direction 8, (summarized i n  table I11 of  main  body  of 
t h i s  paper),  that were used i n  MDM-4(11) t o  describe average SRM cloud advective 
motion after  al t i tude  stabil ization. Thus,  horizontal wind shear effects  are 
not directly accounted for i n  the MDM-4(11) calculations  since  individual  layers 
i n  the  multilayer  structure  are not allowed to advect  independently, even though 
average  values for each layer  are  specified i n  the program output.  Instead,  the 
effects of horizontal and vertical wind shear,  relative  to average SRM cloud 
advective  speed and direction,  are simulated i n  each layer by respective  sets of 
horizontal  (cross  direction) and vertical  turbulence  parameters  applied  to each 
layer. These parameters are  standard  deviations of the wind azimuth O i  
and elevation angle  0; fluctuations. While these  standard  deviations can  be 
obtained from a  amprehensive se t  of local  meteorological  data  for  the Cape 
Canaveral area  (refs. 34  to  36 ) ,  they can also be deduced fran  the  profile mea- 
surements, such  as  those shown i n  figures l l ( a )   t o  11 (9) .  The la t te r  procedure 
was used for  the seven standard  meteorologies employed i n  t h i s  s tudy;  the meth- 
odology is  described i n  references 26 t o  32 and the  specific parameters used are 
tabulated i n  an unpublished paper by G. L. Pellett .  
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CHARACTERISTICS OF ALTITUDE-STABILIZED SRM SOURCE  CLOUDS 

An example  of   the  geometr ic   def ini t ion  of  a T i t a n  I11 s t a b i l i z e d  SRM 
exhaust   c loud is shown i n   f i g u r e   1 2 ( a )   f o r   t h e  sea breeze (SB) me teo ro log ica l  
regime a t  Cape Canaveral ,  as obtained  f rom  reference 28. The c a l c u l a t e d   h e i g h t  
of   the  c loud  centroid zm = 832 m is based   on   an   ear ly   va lue   for   the   e f fec-  
t i v e   h e a t  release QI = 691 c a l / g   p r o p e l l e n t ;  2790 ca l /g  is used  present ly .  
The f ine- layered   sur face   mix ing   layer   has   an   upper  bound (h = 800 m )  based 
on  the  onset   of  temperature i n v e r s i o n  a t  800 m as shown i n   f i g u r e  11 ( a ) .  The 
stem of t h e  so-called column cloud  begins a t  1300 m with a rad ius   o f  200 m. 
The r eason   fo r   a s s ign ing  1300 m as t h e   t r a n s i t i o n  from the   so-ca l led   s tab i -  
l i z e d  ground cloud t o  t h e   s t a b i l i z e d  column cloud is a p p a r e n t   i n   f i g u r e  1 1  ( a ) ,  
where  the temperature invers ion   te rmina tes   and   the   g rad ien t   o f  local (and 
po ten t i a l )   t empera tu re  t u r n s  negative.  

A second   s t ab i l i zed  SRM cloud is shown i n   f i g u r e   1 2 ( b )   f o r   t h e  post-cold 
f ront   passage   meteoro logica l   reg ime  appl ied  t o  t h e  case of an  on-pad abor t   o f  
t h e   T i t a n  I11 v e h i c l e  (Post-CF, pad abort). I n   t h i s  case, obtained  from refer- 
ence 28 and based on QI = 691 ca l /g ,   the  calculated he igh t  of t h e  CC is 
Z m  = 1 132 m, compared wi th  751 m for   the  normal   launch case (Post-CF) and  832 m 
f o r   t h e   p r e v i o u s l y  discussed SB case. Thus,   both  the  ver t ical   temperature   pro-  
f i l e  and t h e   i n p u t   s o u r c e   s t r e n g t h   i n f l u e n c e   t h e   d e t e r m i n a t i o n   o f  Z,. Note 
also tha t   t he   he igh t   o f   t he   su r f ace   mix ing   l aye r  (Hm = 1400 m, f i g .  1 1  (9 ) )  is 
g r e a t e r   t h a n   i n   t h e  SB case but  is n o t   d e f i n e d   s t r i c t l y  a t  t h e  minimum tempera- 
ture p o i n t  (1700 m )  i n   f i g u r e  11 (9) .  I n s t e a d ,  Hm is de f ined  a t  t h e   t u r n i n g  
p o i n t   i n   p o t e n t i a l  temperature. 

A t h i r d   T i t a n  I11 SRM cloud, also obta ined   f rom  re ference  28  and based  on 
QI = 691 cal /g ,  is shown i n   f i g u r e  12 (c) for the   co ld   f ron t   pas sage  (CFP) case. 
The c o r r e s p o n d i n g   v e r t i c a l   t e m p e r a t u r e   g r a d i e n t   i n   f i g u r e  1 1  ( f )  was not  so 
s t e e p  as i n  some cases, r e s u l t i n g   i n  a r e l a t i v e l y  low CC he igh t  ( Z m  = 675 m )  . 
However, t h e   t e m p e r a t u r e   p r o f i l e   d i d   n o t   e x h i b i t   a n   i n v e r s i o n  up to 2000 m, and 
thus   t he   su r f ace   l aye r  was assigned a depth  of  Hm = 2000 m; t h e   m u l t i l a y e r  
s t ructure  was a r b i t r a r i l y   t e r m i n a t e d  a t  t h i s   p o i n t .  Geometric d e f i n i t i o n s   f o r  
the  remaining  meteorological  cases were based   on   appl ica t ion   of   the  same prin-  
c i p l e s   f i r s t  described. Plots of t h e   l a y e r  structures and i n i t i a l   v e r t i c a l  
d i s t r i b u t i o n s  of H& f o r   t h e   p r e s e n t  cases (QI = 2790 c a l / g   p r o p e l l a n t )  are 
similar, based   on   th i s   au thor ' s   unpubl i shed   tabula ted  data. 
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Figure 1 .- Empirical  fits  of Sh/d2Vm parameter  for  convective  diffusion 
of HCi(g) to raindrops  (modified Friissling) falling  at  terminal  velocity 
in air  at 15OC and 0.85  atm. 
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Figure 2.- Empir ical  f i t  of d(Sh) parameter f o r   c o n v e c t i v e   d i f f u s i o n   o f  
HCk(g) t o   r a i n d r o p s   ( m o d i f i e d   F r o s s l i n g )   f a l l i n g  a t  t e r m i n a l   v e l o c i t y  
i n  a i r  a t  15OC and 0.85 atm. 
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Figure 3.- Empirical  fits of HCk(g)  washout  coefficients  based on modified 
Frassling  equation and applied to Marshall-Palmer (M-P) raindrop  size 
distribution  function  and Kelkar's raindrop  intensity data. Expressions 
apply at 15OC and 0.85 atm. 

53 

I 



l=- 
8 

cv 
v a 
\ 
G m 
U 

100 c I I 

0 Calculated 

.1 1 10 

Rainfall rate, H, mm/hr 

100 

Figure 4.- Empirical fit of weighted  mean Sh/d2Vm parameter for convective 
diffusion  of  HCR(g)  to  polydisperse  raindrops  (modified Frksling) falling 
with  intensities  measured by Kelkar for average rains. Expression  applies 
at 15OC and 0.85 atm. 
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Figure 5.- Empirically  deduced  relationships  for HC&(g + aq)  washout  based 
on  Fenton and Purcell’s (F-P) data (ref. 25) on scavenging of diluted SRM 
exhaust in laboratory  chamber by uniform-size  raindrops.  They  include 
power-corrected F-P expression (eq. ( 3 5 ) )  and  present  independently 
deduced  expression (eq. (40)). 
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Figure 6.- Analysis of Fenton and  Purcell's data (ref. 25)  on  laboratory 
scavenging of diluted SFW exhaust by 0.055-cm-diameter water  droplets 
falling at terminal velocity. Solid  line  represents  mean  value  of 
RA/C(HCk). Numbers represent  relative  humidity. 
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Figure 7.- Analysis of Fenton and Purcell's data (ref. 25) on laboratory 
scavenging of diluted SRM exhaust by  0.11-cm-diameter water  droplets 
falling at terminal velocity. Solid  line  represents  mean  value of 
RA/C(Ha).  Numbers  represent  relative humidity. Data  points  with 
asterisks had relatively  large  chloride  corrections  and  are  considered 
less reliable. 
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Figure 8 . -  Analysis of Fenton  and  Purcell's  data  (ref. 25) on laboratory 
scavenging  of  diluted SRM exhaust by  0.30-cm-diameter  water  droplets 
falling  at  accelerating  subterminal  velocity.  Solid  line  represents 
mean  value  of RA/C(HC~). Numbers represent  relative  humidity.  Data 
points  with  asterisks  had  relatively  large  chloride  corrections  and 
are  considered  less  reliable. 
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Figure 9.- Effect of droplet diameter on concentration-normalized HCR ( 
scavenging rate  on a per-droplet  basis.  Least-squares f i t  of log 
versus  log d is shown for mean values of RA/C (HCR) i l lustrated i n  f i g -  
ures 6 to 8 .  Vertical  bars correspond to  standard  errors of  mean values. 
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Figure 10.- Empirical fit of HCQ(g + aq)  washout  coefficients  (circles),  based 
on present  analysis of  Fenton and Purcell's SRM exhaust  rain  scavenging 
data (ref. 25)  and  Marshall-Palmer (M-P) raindrop  size distribution.  Equa- 
tion  (26)  for HCQ(g) washout, based on modified FrZjssling equation  and 
M-P distribution, is shown for comparison. 
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Figure 11.-  V e r t i c a l   p r o f i l e s  of temperature, wind speed, and  wind d i r e c t i o n  
a t  Cape Canaveral,  Florida. 
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(c) For  low-level  sea  breeze (LLSB) meteorological regime (from ref. 33). 

Figure 1 1  .- Continued. 
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(d)  For sea breeze (SB) meteorological regime  (from ref. 2 8 ) .  

Figure 11.-  Continued. 
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Figure 11 .- Continued. 
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(f) For cold front passage (CFP)  meteorological  regime  (from ref. 33). 

Figure 11.- Continued. 
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Figure 1 1 .- Concluded. 
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(a)  For sea breeze (SB) meteorological  regime.  Height of cloud  centroid  is 
832 m, and  surface  mixing-layer depth is  800 m (from ref.  28). 

Figure 12.-  Dimensions  of  stabilized  ground  cloud  of  Titan 111 exhaust  products 
(QI = 691 cal/g) at Cape  Canaveral, Florida. 
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(b)   For   pos t -co ld   f ront   meteoro logica l  regime during  normal  launch  (Post-CF) 
and  during on-pad abort (Post-CF, pad abort)  (from ref .  2 8 ) .  

Figure  12 . -  Continued. 
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(c) For cold  front  passage  (CFP)  meteorological  regime  (from ref. 28). 

Figure 12.- Concluded. 
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Figure 13.- Same HCR source-strength  characteristics for Space Shutt 
Titan I11 SRM launches. Note that cumulative  source  strength  in 
stabilized  cloud  is  less  than  cumulative  line  source input. 
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Figure 14.- Functional  relationship  used in reference 3 to  characterize 
downwind  dispersive  decay of 0 for Space  Shuttle SRM exhaust  cloud 
under SEW meteorological conditions. HCR source  strength  was 
mo = 89 x l o 6  g HCR. 
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Figure 15.- Virtual-source-distance  corrected  empirical  functions  which 
characterize  modified  downwind  dispersive  decay  of CI for Space  Shuttle 
SRM exhaust  cloud  under SFW meteorological conditions. Functions for 
both original (89 x 1 O6 g HCk) and  presently  modified (61 x 1 O6 g HCR) 
stabilized-cloud source  strengths  are shown. 
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Figure 16.- Dispersive  decay  of cr and potential  rain  pH  as  function  of  downwind 
distance, for eight  Titan  I11  cases  (solid  lines)  and  one  Space  Shuttle  case 
(dashed  line) of  exhaust cloud  dispersion.  Results  are based on application 
of MDM-4(11) to seven  standard  meteorological  regimes,  equation  (52) for 
pHpot  and equation  (42)  for A (geometric mean). 
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Figure 17.- Dispersive  decay of (5 and po ten t i a l   r a in  pH as   funct ion of  downwind 
d r i f t  time, for  seven  Titan I11 cases   ( so l id  l i n e s )  and  one  Space S h u t t l e  case 
(dashed  l ine) of exhaust  cloud  dispersion.  Results  are  based on appl ica t ion  
of MDM-4(11) t o  seven  standard  meteorological  regimes,  equation (52) for  

PHpot and equation ( 4 2 )  fo r  A (geanetric  mean). 
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Figure 18.- Characteristic  rain  acidity for Florida  area  and  relationships 
among  potential pH, effective SRM cloud  thickness,  and  vertically  averaged 
HCk(g) concentration. The latter case  was  calculated for rainfall  rate 
of 25 m / h r  u s i n g  equation  (46)  with t = 0. 
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Figure 19.- Calculated volumetric-average rain acidity due to H a  (9) washout for 
FFW Titan I11 case. Potential rain pH (dashed line) applies at first onset 
of rain; pH of steady rain (solid line) reflects progressive  washout, which 
was  begun at 15, 30, and 50 km downwind. 
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Figure 20.- Calculated  cumulative H a  deposition  per  unit  area  along cloud- 
centroid  path  due  to  HCQ(g)  washout  for FFW  Titan I11 case.  Potential 
deposition  (dashed  line)  applies  at  first  onset  of  rain  for  entire SRM 
cloud.  Deposition  after  start  of  steady  rain  (solid  line)  reflects 
progressive  washout,  which  was  begun  at 15, 30, and 50 km  downwind. 
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Figure 21.- Calculated  volumetric-average  rain  acidity due t o  HCR(g)  washout 
for SFW Titan I11 case.   Potent ia l   ra in  pH ( d a s h e d   l i n e )   a p p l i e s   a t   f i r s t  
onset of r a in ;  pH of s teady  ra in   (sol id   l ine)   ref lects   progressive  washout ,  
which was begun a t  1 5, 30, and 50 km downwind. 
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Figure 22.- Calculated cumulative H a  deposition per u n i t  area along cloud- 
centroid  path due to  H a  (9) washout for SFW Titan I11 case.  Potential 
deposition (dashed l ine)  applies  at   f irst   onset of rain  for  entire SRM 
cloud.  Deposition a f te r   s ta r t  of steady  rain  (solid  line)  reflects 
progressive washout, which  was  begun a t  15 ,  30, and 50 km downwind. 
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Figure 23.- Calculated  volumetric-average  rain  acidity due to HCg(g) washout 
for source-strength-modified SFW Shuttle case. Potential rain  pH  (dashed 
line)  applies at first  onset  of  rain;  pH  of  steady  rain  (solid line) reflects 
progressive  washout,  which  was  begun at 15, 30, and 50 km downwind. 
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Figure 24.- Calculated  cumulative  HCk  deposition  per  unit  area  along  cloud- 
centroid  path  due  to  H&(g)  washout  for  source-strength-modified SFW 
Shuttle  case.  Potential  deposition  (dashed  line)  applies  at  first  onset 
of  rain  for  entire SRM cloud;  deposition  after  start  of  steady  rain 
(solid  line)  reflects  progressive  washout,  which  was  begun  at 15, 30, 
and 50 km  downwind. 
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Figure 25.- Downwind  growth  of SRM exhaust  cloud  diameter for two  extreme 
Titan I11 cases (SFW and FFW) and  source-strength-modified SFW Shuttle 
case. Calculated  for  assumed  right  circular  cylindrical  geometry. 
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Figure 26.- Dispersive decays of volumetric-average H& concentration  calculated 
as  €unctions of  downwind distance  for  Titan I11 SRM exhaust  clouds for seven 
standard  meteorological  mnditions  at Cape Canaveral,  Florida. 
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Figure 27.- Dispersive  decays  of  volumetric-average HCQ concentration  calculated 
as  functions of downwind  drift  time for Titan I11 SRM exhaust  clouds  for 
seven  standard  meteorological  conditions at Cape  Canaveral, Florida. 
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Figure 28.- Calculated decays (solid  l ine) of in-cloud HCk ancentration  (verti- 
cal average,  cloud  center l ine)  are shown for seven s tandard  meteorologies a t  
Cape Canaveral,  Florida.  Empirical f i t s  of experimental measurements (dashed 
l ine)  of peak (21 sec) in-cloud HCR are s h m n  for  eight  Titan I11 launches 
a t  Cape Canaveral. Note that various calculated and experimental HCC decays 
are not comparable on a one-to-one basis,  since  respective  input and actual 
launch  meteorologies differed (from ref. 4 3 ) .  
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F igure  29.- R e s u l t s  of check  on MDM-S(I1) c a l c u l a t i o n s  of HCR(g) washout  from 
SRM exhaust   c louds.  Check  examines  equivalency (circles v e r s u s   s t r a i g h t  
l i n e )  of c a l c u l a t e d  HCR(g) r e t e n t i o n   i n  FFW T i t a n  I11 exhaus t   c loud  as 
determined by (a )  r a t i o  of c a l c u l a t e d   v e r t i c a l  H&(g)  column d e n s i t i e s  
fo r   r e spec t ive   r a in   and   no - ra in  cases and (b) p r e s e n t  simplified washout 
mode 1. 
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Figure 30.- R e s u l t s  of check  on MDM-S(I1) c a l c u l a t i o n s   o f  HCa(g) washout from 
SRM exhaust   c louds.  Check examines  equivalency (circles v e r s u s   s o l i d  
l i n e )   o f   c a l c u l a t e d  HCR(g) r e t e n t i o n   i n  SFW T i t a n  I11 exhaust   c loud,   using 
same procedure as i n   f i g u r e  29. 
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