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WASHOUT COEFFICIENTS FOR POLYDISPERSE AEROSOLS 

M. Terry Dana and J .  M. Hales 

The concept  of  t h e  washout c o e f f i c i e n t  ha s  proved t o  b e  u s e f u l  i n  desc r ib -  ' 

i n g  t h e  washout p r o p e r t i e s  of i r r e v e r s i b l y  scavenged atmospheric  p o l l u t a n t s .  

I n  approximate terms,  t h e  washout c o e f f i c i e n t  can b e  desc r ibed  a s  t h e  f r a c t i o n  

of t h e  amount of  p o l l u t a n t  removed.per  u n i t  t ime by p r e c i p i t a t i o n .  The key 

i n  t h i s  r a t h e r  l o o s e  d e f i n i t i o n  of cou r se  i s  "amount;" i t  i s  impor tan t  

t h a t  t h e  "amount" o r  some s ize-dependent  p rope r ty  of t h e  p o l l u t a n t  i n  q u e s t i o n  

be  s p e c i f i e d ,  e s p e c i a l l y  when p o l y d i s p e r s e  a e r o s o l s  a r e  d e l t  w i th .  One should  

d i s c r i m i n a t e  between nmber o f . p a r t i c l e s  removed p e r  u n i t  t ime,  length of  

p a r t i c l e s  removed p e r  u n i t  t i m e ,  area of p a r t i c l e s  removed p e r  u n i t  t i m e ,  o r  . 

- . .  

mass of  p a r t i c l e s  removed p e r  u n i t  t i m e .  Indeed,  f o r  some noxious p o l l u t a n t s  

one must cons ide r  t h a t  t h e  amount of  p o l l u t a n t  removal may n o t  depend i n  any 

s imple  way on t h e  l e n g t h  s c a l e  of each p a r t i c l e .  For monodisperse a e r o s o l s ,  
- .... . . -. 

t h e r e  is  no ambigui ty ,  and i n  f a c t ,  t h e  e x t e n t  of  most t h e o r e t i c a l  developmentxs; 
. .  ..... . -. - 

. .  .:= ..- .=- . . . . . . . .  . .. ..... . . . . . . . . . . .  . . - - - . 
r ega rd ing  t h e  washout o f  a e r o s o l s  concern only monodisperse a e r o s o l s .  But i n  . .- . 

. . 

n a t u r e ,  and most o f t e n  i n  a c o n s i d e r a t i o n  of  a r t i f i c a l l y  produced p o l l u t a n t  and. 

t r a c e r  a e r o s o l s ,  i t  i s  .necessary  t o  d e a l  w i t h  po lyd i spe r se  a e r o s o l s  ; t h e  very  

n a t u r e  o f  t h e  washout p roces s  -- i f  i t  is  p a r t i c l e  s i z e  dependent -- r e s u l t s  

i n  d i f f e r e n t  i n t e r p r e t a t i o n s  of  t h e  washout c o e f f i c i e n t  a s  one d e a l s  w i th  

p a r t i c l e  number, a r e a ,  e t c .  1 n . o r d e r  t o  i n t e r p r e t  exper imenta l  r e s u l t s  pro- 

p e r l y ,  and a l s o  t o  make v a l i d  t h e o r e t i c a l  p r e d i c t i o n s  ( f o r  environmental  impact 

ana lyses ,  s a y ) ,  i t  i s  necessary  t o  account  f o r  t h e  p o l y d i s p e r s i t y  o f  a e r o s o l s  

and t h e i r  s ize-dependent  p r o p e r t i e s .  

The s p e c i f i c  problem we approach h e r e  i s  t h e  gap between t h e o r e t i c a l  

e x p e c t a t i o n s  and expe r imen ta l l y  measured washout p r o p e r t i e s  of p o l y d i s p e r s e  

a e r o s o l s .  I n  t h e  f i e l d ,  measuring washout c o e f f i c i e n t s ,  ,and i n  t h e  l a b o r a t o r y ,  



measuring c o l l e c t i o n  e f f i c i e n c i e s  ( s ay ) ,  t h e  r e s u l t  i s  de r ived  from a measure- 

ment of a proper ty  of t h e  a e r o s o l  (u sua l ly  t o t a l  mass removed o r  r a inwa te r  

concen t r a t ion )  which i s  t h e  cu lmina t ion  of an  i n t e g r a l  p roces s  of' washout of a 

p a r t i c l e  s i z e  d i s t r i b u t i o n  by a hydrometeor d i s t r i b u t i o n .  S ince  i n  i t s  usua l ly-  

a r r ived -a t  form, p a r t i c l e  washout theory involves  mo'nodisperse a e r o s o l s  -- i . e . ,  

t h e  t h e o r e t i c a l  washout c o e f f i c i e n t  i s  a d i f f e r e n t i a l  q u a n t i t y  - - . i t  is d i f f i c u l t  

t o  r e l a t e  exper imenta l  obse rva t ions  t o  theory .  The o b j e c t i v e  of t h i s  paper  i s  

merely t o  ex tend  t h e  u s u a l  t h e o r e t i c a l  r a i n  washout c o e f f i c i e n t  concept t o  account 

f o r  t h e  p o l y d i s p e r s i t y  of a e r o s o l s .  There w i l l  b e  no new theory  cons idered;  we 
. . . .- 

have at tempted t o  u t i l i z e  c u r r e n t  s t a t e -o f - the -a r t  c o l l e c t i o n  e f f i c i e n c i e s  and 
. . - - . . . - - . - , . - .. .. . - . . 

c a l c u l a t e  washout c o e f f i c k e n t s  (with some s imp l i fy ing  assumptions) f o r  some 
- .  .- . - - .  -:= :- . -. . - . . - .  n. . . - , - - . - ,  . . , . . . .. . - - , . . . . , 

reasonable  p a r t i c l e  and ra indrop  s i z e  s p e c t r a .  
. - 

It i s  u s e f u l  t o  begin  wi th  a b a s i c  d e f i n i t i o n  of washout c o e f f i c i e n t .  I f  

I t h e  r a t e  of removal of  t h e  p o l l u t a n t  from t h e  gas-phase by washout i s  k 

(amount*/volume of a i r - t i m e ) ,  and th.e loca1 ,gas-phase  concen t r a t ion  is  x 
.. .- 

- . -. -. - - . -  
amount/volume of  a i r ) ,  ~ h i  "ashout ~ o e f f i c i e ~ t  i s  . -  

Considerable  confusion can r e s u l t  from d e f i n i t i o n s  of  t h e  washout c o e f f i c i e n t s  

I i n  terms o f .measu rab le  q u a n t i t i e s ,  which i n v a r i a b l y  r e q u i r e  some s imp l i fy ing  

I assumptions (e .g . ,  s t eady  s t a t e  plume, v e r t i c a l  r a i n f a l l ,  e t c . ) ;  we w i l l  no t  

d e a l  w i th  those  b u t  propose Eq .  (1)  a s  t h e  b a s i c  d e f i n i t i o n  f o r  t h e o r e t i c a l  

purposes.  I f  we cons ide r  monodisperse p a r t i c l e s  washed ou t  by a r a ind rop  

size d i s t r i b u t i o n ,  e s imple  geomet r i ca l  argument l e a d s  t o  t h e  f a m i l i a r  form 

* number, l e n g t h ,  area, mass, r a d i o a c t i v i t y ,  ets, 



where a  is  t h e  p a r t i c l e  r a d i u s  

E(a,R) i s  t h e  c o l l e c t i o n  e f f i c i e n c y ,  and 

F(R) dR i s  t h e  f l u x  (numberlunit  a r e a  t ime) of ra indrops  wi th  r a d i i  

R t o  R+dR. 

I n  Eq. (2)  and succeeding developments, t h e  s u b s c r i p t  s r e f e r s  t o  " the  spectrum 

o f ,  " t h a t  is ,  A (a,R ) means t h e  washout c o e f f i c i e n t  f o r  p a r t i c l e  r a d i u s  a  
s 

ac t ed  on by t h e  r a ind rop  spectrum de f ined  by F(R) dR. 

The next  s t e p  of  t h i s  process  i s  t o  d e r i v e  t h e  i n t e g r a l  washout coe f f i c -  

i e n t  which r e s u l t s  from t h e  p o l y d i s p e r s i t y  of bo th  t h e  ra indrop  and p a r t i c l e  

- .  d i s t r i b u t i o n s  . Thus, Eq. (2) must b e  i n t e g r a t e d  over  t h e -  pa r t i - c l e - . d i s  t r i b u t i o n :  ' - 

Here, f  ( a )  da is  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  (pdf)  c h a r a c t e r i z i n g  what we 
n  

w i l l  c a l l  h e r e  the order of t h e  a e r o s o l  washout. For t h e  number pd f ,  n  = 0 ,  

f o r  l e n g t h  pdf ,  ,n  = 2 ,  e t c .  These f  ( a )  da a r e  r e l a t e d  t o  t h e  number pdf by .n 
. .- . . - - - - n 

. . . .  a f, ( a )  da  . -. . - . . . . . . . . . . . . . . . . . . . .  

f  ( a )  da = 
U 

n - n 
. . - 1 a  f o  ( a )  da  

. . . . . .  . . . .  .-- . .  

COLLECTIOY EFFICIENCIES 

I n  o r d e r  t o  c a l c u l a t e  washout c o e f f i c i e n t s  f o r  a  broad range of p a r t i c l e  

I s i z e ,  and i n  response t o  a judgment r ega rd ing  t h e  most important  microphys ica l  

I processes  involved i n  washout,  w e  have chosen t h r e e  forms of E(a,R) t o  cover  

I t h e  p a r t i c l e  s i z e  range .001<a<lOp. These a r e  l i s t e d  s e p a r a t e l y  i n  Table 1 

I and a r e  p l o t t e d  a s  a f u n c t i o n  of a  f o r  two va lues  of R i n  F igure  1. 

1 The Brownian d i f f u s i o n  e s t i m a t e  is  one sugges ted  by S l i n n . .  The Brownian 

1 d i f f u s i o n  c o e f f i c i e n t  D f o r  p a r t i c l e s  was approximated by a  power-law . 



TABLE 1. Col l ec t ion  E f f i c i e n c i e s  E(a,R) 

. (a i n  p; R i n  cm)  

1 
DIFFUSION 

I 
I j .  

IMPACTION 
2 

a = 0.65 x 10-l1 
a - B +- 

2 2 . 4.. B = 0.14 x 
a R - 

a3 . R  
I 

1 

( 3  - . 
R 

- .- . 

- .  - - - -  - . .  - . . . . . . .  . . - . -- 
. I .- - 

.... 
. . 3 .. ...-- 2. . . .  . . - . . . . .  .-. -. ---- LL ,.-- ......--. .... .... ........... .... 

.. I -...- 
. . . . .  . I N E R T I A L ~  - -- - - S = Stokes Parameter 

S + -  
12 = . 1 0 3 8 a 2 p  P 

. . .  , 



FIGURE 1. Theoretical collection efficiencies (assumi& retention) used in the calculations, and 
selected experimental results. I I 



< 
which is  w i t h i n  10% of t h e  r e e l  va lue2  f o r  a  ?. .05p. The impact ion t ime i s  

. . 

t h a t  o f  Fuchs2 f o r  t h e  c a s e  of i n e r t i a l e s s  motion i n  p o t e n t i a l  flow. The 

i n t e r n a l  c o l l e c t i o n  e f f i c i e n c y  i s  a  semi-,empirical expression3' .  f i t t e d  . . .  t o  ' 

4 
exper imenta l  r e s u l t s  of Walton and Woodcock and numerical  r e s u l t s  of Fonda 

5 
and Herne . The i n e r t i a l  c o l l e c t i o n  e f f i c i e n c y  i s  a f u n c t i o n . o f  t h e  dimen- 

s i o n l e s s  Stokes parameter  

. . -  - . - . 
where p and p a r e  t h e  mass d e n s i t y  of t h e  p a r t i - c l e s  -... and. ai.r.,,r-esp-e-c-tively, ., 

. .. -. 
a -. 

P .', --- 
. .  >.a 

: . V. i s .  t h e  r a ind rop  t e r m i n a l  v e l o c i t y  'and v is  t h e  kinematic  visk6i ' i ty '  of a i r .  
t 

< < '  
Since  i n  t h e  s i z e  range of most ra indrops  (0.01 IL R % 0 . 1  cm) t h e  t e r m i n a l  

6 
v e l o c i t y  i s  approximately p r o p o r t i o n a l  t o  R, t h e  Stokes parameter  reduces  f o r  

-. presen t  purposes t o  approximately 

3 . 
.- - . . . .- - . . -- -. - . - . .  

( a  i n  p ,  p p  i n  glcm ). Thi s  assumption appears  t o  b e  a d e q u a t e f i r  &- in t ens i ty  . . 

f ronts l  r a ind rops .  

Also shown i n  F igu re  1 a r e  s e l e c t e d  r e s u l t s  of exper imenta l  measure- 

ments. 
(4,7-.9) The measured va lues  i n d i c a t e d  a r e  only those  found i n  t h e  l i ter- 

. . 

a t u r e  which r e p r e s e n t  . . experiments i nvo lv ing  reasonably monodisperse p a r t i c l e s  

( ad jus t ed  t o  u n i t  d e n s i t y )  and r e a l i s t i c  ra indrop  s i z e s  f a l l i n g  a t  te rmina l  
. A 

v e l o c i t y .  The dashed curve  r e p r e s e n t s  t h e  numerical  r e s u l t s  of Fonda and Heme. 
5 

SAMPLE CALCULATIONS 

The c a l c u l a t i o n  of washout coef f  i c i a n t s  u s i n g  Eqs .  .. . . ( 2 )  and (3L and the 

c o l l e c t i o n  e f f i c i e n c i e s  of Table  1 were.perfokmed u t i l i z i n g  the ' l ognorma l  d b -  
. . 



7 

d i s t r i b u t i o n  of  x  w i t h  geometr ic  mean x and geometr ic  s t a n d a r d  d e v i a t i o n  P is  
g 

1 - ( l n  x - I n  x )2 
...... - .  . . fo (x )dx  = 

(2n) l I21n  p 
L 

' 2 ( l n  11) 
) d l n x  (8) 

For t h e  r a ind rop  spectrum, t h e  geometr ic  mean r a d i u s  is  h e r e  c a l l e d  R and t h e  
g 

' 
geometr ic  s t a n d a r d  d e v i a t i o n  Z ; f o r .  . p a r t i c l e s ,  t h e  corresponding ~ a r a m e t e r s  . 

g 

a r e  a and o . 
g g 

A f u r t h e r  assumption was made t h a t  t h e  raindrop spectrum is  i n v a r i a n t  , 

. . . . .  . . . .  !wdth r a i n f a l l  rate J ;  i . e , ,  only t h e  f l u x  of r a ind rops  v a r i e s  w i t h  J. This  
- . . . . .  . . .  < 

appears  t o  b e  a v a l i d  assumption when J % 5 mm/hr, t h e  b a s i s  f o r  t h i s  be ing  . . . . . . . . . . .  . . . .  -- -- .. - ... 
. - . . 10  

. . . . .  ,,our. ..exper.ience,w.i.th: pac i f i c -~oa~&J . ron ta l  r a i n f a l l .  - .  E x p l i c i t l y ,  . . . . . . .  . 
. . .- . 

 here Fo i s  t h e  t o t a l  f l u x  of r a i n f a l l  and fo(R) i s  t h e  (lognormal) number pdf 
. . . . .  - . . . . .  ....... .- .- 

f o r  t h e  r a i n  d i s t r i b u t i o n .  Thus Eq. (2)  t a k e s  t h e  fomm 

j R f  (R) dR 
0 0 

Evalua t ion  of Eq. (10) (and subsequent ly ,  Eq. ( 3 ) ) ,  i nvo lves  e s s e n t i a l l y  t h e  

c a l c u l a t i o n  of  moments of t h e  lognormal d i s t r i b u t i o n .  These have been i n t e -  

grated11, and a r e  g iven  by 

2 
i xl fo (x )dx  = x exp [$- ( l n  
g 



i 
( I n  t h e  fo.llowing d i s c u s s i o n ,  M w i l l  r e f e r  t o  t h e  r a ind rop  spectrum, and 

i 

mi t o  t h e  p a r t i c l e  spectrum.)  The r e s u l t i n g  express ions  f o r  A(a ,Rs) (where 
i S 

t h e  same i n t e g r a t i o n  p roces s  is app l i ed  t o  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n )  a r e  

l i s t e d  i n  Tables  2 a n d  3. The i n e r t i a l  A(a ,Rs), n o t  be ing  i n t e g r a b l e  a n a l y t i c a l -  
S 

l y ,  must b e  c a l c u l a t e d  numer ica l ly  by computer. 

Sample c a l c u l a t i o n s  were performed us ing  a  r e p r e s e n t a t i v e  f r o n t a l  r a i n  

spectrum (R = .02 cm, C = 1.86) and numerous p a r t i c l e  s i z e  s p e c t r a .  The 
g  g  

r e s u l t s  f o r  t h e  ca se  of n = 3 ( o r  mass washout) a r e  shown i n  F igu re  2 ,  where 

t h e  curve f o r  a  = 1 is t h e  monodisperse ca se  and t h e  o t h e r  curves show t h e  
g  

.- . -- - . .- .. -- 
. -- 

i n t e g r a l  washout c o e f f i c i e n t  (normalized t o  u n i t - r a i n f a l l  r a t e ) - f o r  polydis-0 
--.,- - - - ---.- . 

. .. -- - 
. . - p e r s e  d i s t r i b u t i o n s  of g iven  ."spread1L- a  . The curves c l e a r l y  show'"~thatr-as. . .: - : . 
-.-- . .--... . . - ---. . . g ;. . . ,. . -. . 
--, - 

--%? - .- - . t h e  d i s t r i b u t i o n  becomes broader  (a . i n c r e a s e s ) ,  . t h e  e f f e c t  of  t h e  .presence-. ,-  ..,-. ...- . .. . -. - - - g 

of l a r g e r  p a r t i c l e s  -- more e f f e c t i v e l y  washed out  i n  t h e  i n e r t i a l  s i z e  range 

-- a f f e c t s  t h e  washout c o e f f i c i e n t  f o r  t h e  e n t i r e  d i s t r i b u t i o n .  
.. .., 

.<-.. It should  b e  noted  t h a t  t h e  . a b s c i s s a  of Figure-  2- is  geometr ic  .mean r a d i u s .  . - -  
-- - . ;. 

. . - . . . . . . - -- -- . . -.- - . a which proves t o  b e  a poor .choice .  as a  s i ze - .pa rame te r  .with whicA t o  character.~rr~...--:---= 
g  * . . 

< . - 
-- . . .. -.. - i z e  a - p a r t i c l e : - s i z e -  d i s ' t r i bu t5on  f o r .  washout. purposes.;- The- f igure .  can.  be  ..used -... .- . -.. .-.....-.-- . . . *.. 
?.?=I- 

t o  e s t i m a t e  t h e  e r r o r  involved  i n  c h a r a c t e r i z i n g  a p a r t i c l e  s i z e  d i s t r i b u t i o n  by 

suue o t h e r  size parameter .  For example, ~ F P  genmetr ic  mean p a r t i c l e  r a d i u s  of 

11 
n t h  o r d e r  may b e  computed from 

a = a  exp ( n [ l n  o g I 2 )  
ng g  

The washout c o e f f i c i e n t  f o r  a  spectrum of  g iven  a  and a  may b e  seen  ( f o r  
g  g  

a  = 0 . 1  p, and a  = 2.0, A/J = 0.02 mm-l) and t h i s  may be  compared.with t h e  
g  g  .? 

' corresponding washout c o e f f i c i e n t  from t h e  monodisperse curve f o r  a  s ay  ( f o r  
3g ' 

1 t h e  above example a = 0.42 p; t h e  monodisperse A/J f o r  which i s  0.0055 rnm- ) . 
3 g . . .  . , 



TABLE 2. Monodisperse Washout C o e f f i c i e n t s  A ( ~ , R  ) 
s 

i. i ' 

. .  . .. .... .. - . . . . . . . . .  . . .  
M: .=-- i t h  moment of  r a ind rop  s i z e  d i s t r i b u t i o n  (Icrn) . 

. . .  . .  ..-- -- . - ....... - 1. -- .- . .- . . . 
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TABLE 3 .  P o l y d i s p e r s e  Washout C o e f f i c i e n t s  A(as,Rs) 

f (a) - d a  = number pdf of p a r t i c l e  spectrum- 
0 

(a i n  p ;  R i n  cm) 

i i 
m = i t h  moment-.of p a r t i c l e  spectrum, (u) 
i 

, . . .  DIFFUSION 

1-2 

, 

7 1 

4 



I :  

FIGURE 2.   heo ore tical mass washout c o e f f i c i a n t s  f o r  un i t -dens i ty  p a r t i c l e s ,  normaliz&d t o  u n i t  ! 
' r a i n f a l l  r a t e .  Co l l ec t ion ;  $f f  ic iencies:f  r p m  : . ~ i ~ u r e  1, and a  t y p i c a l  f r o n t g l  r a i n  s i z e  . 

'.i . .!:,:' , . . IT;.? .,  ! L spectrum employed. ' I ! :  , , .  
: i s  , ' !  .'., , . O  , ! ? ; '  . .  . 



Thus, i n  t h i s  example i t  t u r n s  o u t . t h a t  us ing  t h e  geometr ic  mass mean r a d i u s  

t o  c h a r a c t e r i z e  t h e  p a r t i c l e  spectrum r e s u l t e d  i n  an e r r o r  of some 73% i n  t h e  

expected va lue  of t h e  t h e o r e t i c a l  washout c o e f f i c i e n t .  

When a d i . f f e r en t  r a i n  spectrum i s  used i n  t h e  c a l c u l a t i o n s ,  similar 

. , 
curves  r e s u l t ,  except  t h a t  i n  t h e  r eg ion  of a<%lp ,  t h e  washout c o e f f i c i e n t  i s  

1 
approximately p r o p o r t i o n a l  t o  (M ) - I .  Thi s  'is shown i n  F igure  3 ,  which i s  t h e  1 

same as F i g u r e . 2  except  t h a t  a convect ive  shower spectrum (der ived  from r a i n  

s p e c t r a  measured i n  t h e  Caibbean s e a l 2 )  was used. Of course ,  s i n c e  w e  have 
..- 

e l imina ted  t h e  R-dependence from t h e  i n e r t i a l  term, the 'ber t ia l  e f f e c t  is  

- .  .. .. . . -- . - unchanged ,;-..and A s  0veres:timated .here .  . /. . . . . 
- - - 
* . .. -- .: 
----*. - - . The e f f e c t  .of vary ing  the:  o r d e r  .n-.of the'.ikashout:-:fs. .dernonstrat&d~~:iri :I :::. . .. .---. - .  . .--7-.--: 

Figure:.4.,. which is  similar t o  F i g u r e .  2,  excep.t ::that I-... a long w i t h ,  thel&nodis-  -... 
.,.F -.--. . .- 

p e r s e  c a s e  (not  dependent on n )  , there . a r e .  cu rves '  with f i x e d  a = 2 f o r  n  = 0 
g 

t o  n = 3. (The l a t t e r  curve i s  i d e n t i c a l  t o  the b = 2 . c u r v e  of F i g u r e  2. .  It 
. g 

- -. is i n t e r e s t i n g  - t o  n o t e  - t h a t  -even when. washout -of number-.of p a r t i c l e s  'is examined-, . 
<.- . . 
---. . , --- . , .. . . . . .. , .- . . . , . .. . . . - - . , - -.... . . - -. . . -- . 7 - .  A- 
". - . - --- - -.= - - -  - . 

t h e  po lydPspe r s i ty  i s  effe-c'tive,--because.:the- a-depengencykf . E .  i s .  s t i l l .  involved  . . - . - -  . .  .. -. .- 
- .. .- . - .. - -  . - - - - - i n  t-he--integration.--- .-. . 
.- . 
-.: 

F i n a l l y ,  F igu re  5 shows t h e  t h e o r e t i c a l  r e s u l t  when'a .very.denso- .  a e r o s o l  is , 

cons idered .  For such massive p a r t i c l e s ,  i t  appears  u s e f u l  t o  t h i n k  of the wash- 

o u t  a s  uniformly h igh  f o r  a l l  .a, wi thout .much-regard  f o r  t h e ' c h a r a c t e r ' o f  the 

s i z e  d i s t r i b u t i o n .  

DISCUSSION 

Clea r ly ,  t h e  i n t e g r a l  washout . .coeff i .c ient  of  any o r d e r ' f o r  po lyd i spe r se  

a e r o s o l s  depends upon t h e  c h a r a c t e r i s t i c s  of t h e  p a r t i c 1 e : s i z e .  k p e c t ~ u m ,  as 

w e l l  as t h e  ra indrop  spectrum and the' c o l l e c t i o n  e f f i c i e n c i e s .  The' c o l l e c t i o n  

e f f i c i e n c i e s ,  which a r c  t h e  b a s i c  element of  t h e ' t h e o r y  of aerosol .washout ,  



I '$4 C1 ! 

I .  . , 

I 1 . I !  I .  

FIGURE 3. ' Same :as $figure 2 ,  e x c e p t  f o r  shower ra in£  all. 
,. I I .  I ! ,  



" ' I  '."'.' ' ( ' 1  , I  g :' 
liii,,: ,I : 0 11 ,, 

I . . .!ihi~!~.I%:t...;,I ;.I.%.,: .,.. . . . 

(' > 

FZGURE 4 .  Same a s  3 igu re  2 ,  except  t h a t  a = 2,  and t h e  o rde r  of t h e  washout, ,n ,  is  va r i ed .  
' 

g 



pi' ' 
I .  

~ I G ~ R E .  5. - '  Same, as Figure  2,  except that p = 12. :' 
. . + .  " . . _ ,  i t ' P 



were assumed t o  be of a  c e r t a i n  mathematical form i n  t h i s  a n a l y s i s .  Inasmuch 

as  t h e  washout c o e f f i c i e n t  is  a  r e s u l t  of i n t e g r a t i o n  of c o l l e c t i o n  e f f i c i e n -  

c i e s  over two s p e c t r a ,  one must know t h e  p a r t i c l e  and raindrop s i z e  dependency 

of t h e  c o l l e c t i o n  e f f i c i e n c i e s  i n  o rde r  t o  c a l c u l a t e  the  washout c o e f f i c i e n t  

(o r  rainwater  concentrat ion) t o  g a i n  information about c o l l e c t i o n  e f f i c i e n c i e s  

requi res  very p r e c i s e  knowledge of t h e  c h a r a c t e r i s t i c s  of the  p a r t i c l e  and 

r a i n  spec t ra .  This kind of experimental knowledge is  very hard t o  ob ta in ,  a t  

l e a s t  i n  the  f i e l d ,  and probably i n  most labora tory  experiments. Thus, i t  

appears 'very  d i f f i c u l t ,  i f  not  p r a c t i c a l l y  impossible,  t o  use-experimental  

. *  .. . . -..-. 
--. .* . . . , < - . ,  - . . .  .- . -... 

6 d a t a  ., , test- p a r t i c l e .  washout --theory-z --. - - .. . . - .- . . 
. . ...- 

; ". . -4 . . --- - - 
-..2 - . . . 
7-- _, . . _ "  . -.. .- - . . - . . . . . . . - . , . i . . 

. . .  . . 
- -  . 
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This work -was ., f i n a n c i a l l y  supported by t h e  Atomic Energy- Commission, - ,r . 
. . .- 



17 

REFERENCES 

1 S l i n n ,  W. G. N ,  Numerical Explora t ions  of Washout of Aerosol  P a r t i c l e s ,  i n  .. .. ,., :., ,..;.: ii .-. .. P a c i f i c  Northwest Laborat.o.q,.~.Annaa1 .Report  f o r  1970 t o  f h e  ' u s ' ~ . ~ ' " D ~ - Q $ ~ ~ ~  "'" L -  . 

of  Biology and Medicine, Volume 11: P h y s i c a l  Sc iences ,  P a r t  1, Atmospheric 
Sc iences ,  BNWL-1551 ( I I , l ) ,  B a t t e l l e ,  P a c i f i c  Northwest L a b o r a t o r i e s ,  
Richland,  Wa., 1971. 

. ?An i x:.< ' . - 
... . 1 .. i - =z-- .-Fuehs, N-. . A . ,  The Mechanics.:;of 'Aer'osbls., pfi ' x i v ,  164-155, .MacMiflanY'N&w-- 

York, 1964. 

Slinn,-W. G. N . ,  A n a l y t i c a l  I n v e s t i g a t i o n s  of I n e r t i a l  Depos i t ion  of  Small 
Aerosol  P a r t i c l e s  from Laminar Flows onto  Large Obs tac l e s ,  P a r t  A - For-  - .- & 

Large: Stbkes.-:Numbers;. - submi t ted- t6  ;Journal+of '~erosol-'~cien.ce,~~~974; . ' 
'.'-:-L -I- 

. . . . . ,-.. -. . 
Walton, . W.,  -and A. ~ o o l c o c k ;  .-The'.Suppression :of Airborn Dust by. w a t e r  Spray.;:. .. 
i n  Aerodyn'amic.Capture. of P a r t i c l e s ,  pp ., 129-153:'Perg'amon,- New-.York, '.'19705'--;A ' - ' .  ' - .  '.-:- 

Fonda, A., and H. Heme,  The Aerodynamic Capture of P a r t i c l e s  by Spheres ,  
Na t iona l  Coal Board.Min. Res. Es t .  Rep. No. 2068, 1957. 

-. 
.-A . -. - . 6 Ginn; R., and G. D. Kinzer.,- Termina1:Velocity-of F a l l  f o r  - w a t e r - ~ r o ~ l e t s ' -  . . 
-- ., - : 

:" . z. -,A ih. SMg;nant - A i r ,  
li ----- L. A _ ' - -  . 

-. . - J. Meteors.:: !..6:-246 =(1949)7'- . . 
. .- 

-.. - . 
. . 

- -- . ...-. + ,.-=-- 

- . -. A . . - -. 
- .= .. . . 

, . . . -- - . . .  . . . .  . 
. - -  
:7 -- . 

7 S t a r r ;  J. .. R. , - and B.- J. Mason; The capture :  .of Airborne-  Particles.'by-.-Water:---: 
. . -. -- Drops and::Simulated 'Snow -Crys tals.,. 'Quar.t ..-J. Roy-. Met.. Soc. ,- 92: 490-499 
.--7 

. . (1966)': " '  . 

8 Sood, S. K . ,  and M. R. Jackson,  Scavenging of Snow and I c e  C r y s t a l s ,  i n  
P r e c i p i t a t i o n  Scavenging (1970); Richland,  Wa., June  1970, pp. 121-136, 
.NTIS: CONF-700601, USAEC, Oak Ridge, TN, 1970. 

9 Engelmann,-R. J., Rain Scavenging of Zinc Sulphide [ s i c ]  P a r t i c l e s ,  J. Atmos. 
S c i  22:719-727 (1965). ., 

10 Dana, M. Te r ry ,  Washout of So lub le  - - - . . - - Dye P a r t i c l e s ,  i n  P a c i f i c  Northwest 
Laboratory Annual Report-foyl-970 t o  t h e  USAEC Divis ion ' .o f  Biology and 
Medicine, Volume 11: Phys ica l  Sc iences ,  P a r t  1, Atmospheric Sc iences ,  BNWL- 
1551( I I ,  l ) ,  B a t t e l l e ,  P a c i f i c  Northwest Labora to r i e s ,  Richland,  Wa., 1971. 



11 Butcher,  S. S. ,  and R. J .  Charlson, An I n t r o d u c t i o n  t o  A i r  chemis t ry ,  pp.  
167-171, Academic, New York, 1972. 

12 Dana, M. Ter ry ,  P r e c i p i t a t i o n  C h a r a c t e r i s t i c s :  Shipboard Measurements i n  
. . . .  ............... . --.the Caribbean- Sea, i n - ~ a c i ~ f i c  N6rtheGSt Laboratory Annual Report . for  --1968.'.' ' . ' 

. I :  .. 

t o  t h e  USAEC Div i s ion  of Biology and Medicine, Volume 11: P h y s i c a l  Sc iences ,  
P a r t  1, Atmospheric Sc iences ,  BNWL-1051-1, B a t t e l l e ,  P a c i f i c  Northwest . , 

Labora to r i e s ,  Richland,  Wa. , 1969. 




