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regarding the washout of aerosols concern only monodisperse aerosols. But in

WASHOUT COEFFICIENTS FOR POLYDISPERSE AEROSOLS -

M. Terry Dana and J. M. HaleS'.

The concept éfiﬁhe washout coefficient has proved to be useful in describ- '
ing the washout propérties of irreversibly scavenged atmospheric bollutants.
In approximate terms, the washout coefficient.can be described as the fraction
of the amount of pollutant removed per unit time by precipitation. The key
worékin this rather loose definition of course is "amount;'" it is important
that the "amount'" or some size-dependent property of the follutant in question
be spécified, especially when polydisperse aerosols are delt with. One should
disériminaﬁe between number of- particles rémoved per unit time, length of
particles removed pér unit time, area of particles removed per unit time, or
mass of particles éemdvea per uﬁit time. Indeed, for some noxious pollutants
one must consider that the amount of pollutanf removal may not depend in any

simple way on the length scale of each particle. For monodisperse aerosols,

there is no ambiguity, and in fact, the extent of most theoretical developments.

nature, and most often in a consideration of artificaliy produced pollutant énd:
tracer aerosols, it is necessary to deal with polydisperée aerosols; the very
nature of the washout process.—; if it is particle size dependent ~- results |
in different interpretations of the washout coefficient as one deals with
particle number, area, etc. In order to interpret experimental results pro-
perly, and also to make valid theoretical predictions (for environmental impact
analyses, say), it is necessary to account for the polydispersity of aerosols
and their size—dependent'properties.

The specifiq pfoblem we approach here is the gap between theoretical
expectations and experimentally measured washout ptoperties of polydisperse

aerosols. In the field, measuring washout coefficients, -and in the laboratory,



measuring collection efficiencies (say), the result is derived from a measure-
ment of a property of the aerosol (usually total mass removed or rainwater

.concéntration) which is the culmination of an integral process of washout of a

particle size distribution by a hydrometeor distribution. Since in its usually-

arrived-at form, particle washout theory involves mohodispersé aerosols —- i.e.,
the theoretical Qashout coefficient is a differential quantity ---it is difficult
to relate experimental ob;ervations to theory. The objective of this paper is
merely to extend the usual theoretical rain washout coefficient concept to account

‘ for the polydispersity of aerosols. There will be no new theory considered; we

have attempted to utilize c¢urrent state-of-the-art collection efficiencies and

calculate washout coefficients (with some simplifying assumptions) for some

reasonable particle and

raindrop size spectra.
It is useful to begin with a basic definition of washout coefficient. If

the rate of removal of the pollutant from the gas-phase by washout is k

(amount*/volume of air-time), and the local gas-phase concentration is ¥

e B R (tine) -} | o
Considerable confusion can result from definitions of the washout coefficients
in terms of measurable quantities, which invariably require some simplifying
assumptions (e.g., steady state plume, vertiéal rainfall, etc.); we will not
deal with those but propose Eq. (1) as the basic definition for theoretical
purposes. If we consider monodisperse particles washed out by a raindrop

size distribution, a simple geometrical argument leads to the familiar form

_A(a,RS) =f°°° 'rrRz E(a,R) F(R) dR (2)

* number, length, area, mass, radiocactivity, etc,



where a is the particle radius

E(a,R) is the collection efficiency, and

F(R) dR is the flux (number/unit are# « time) of raindrops with radii

R to R+dR.

In Eq. (2) and succeeding developments, the subscript s refers to "the spectrﬁm
of," that is, A (a{RS) means the washout éoeffic;ent for particle radius a
acted on by the raindrop spectrum defined by F(R) dR.

The next step of this process is to derive the integral washout coeffic-
ient which results from the polydispersity of b6t£ the raindrop and partiéle

distributions. Thus, Eq. (2) must be integrated over the-particle-distribution: "

Y (-as—,ins-?if;[) Ma,R) £, (a) da . N ©
Here, fn(a) da is the probability density function (pdf) characterizing what we
- will call here the order of the aerosol washout. For the number pdf, n = O,
for length pdf, n = 2, etc. Thése fn(a) da are related to the number pdf by
T a"f (a) da - . oo - ..

£ (a) da =
n e /Zwan fo(a) da

COLLECTIO§ EFFICIENCIES

In order to calculate washout coefficients for a broad range of particle
size, and in response to a judgment regarding the most important microphysical
processes involved in washout, we have chosen three forms of E(a,R) to cover
the particle size range .00l<a<lOu. These are listed separately in Table 1
and are plotted as a function of a for.two values of R in Figﬁre 1.

The Brownian diffusion estimate is one suggested by Slinnl. The Brownian

diffusion coefficient D for particles was approximated by a power-law

o . R e S sl



TABLE 1. Collection Efficiencies E(a,R)

(a in u; R in cm)

= ~11
DIFFUSIONl o . _B a = 0.65 x 10—6
2.2 - 4 = 0.14 x 10
a R 3
a~ R
2 -4
IMPACTION (3x10°% a
” R
INERTIAL3 S = Stokes Parameter
2
= 1038 a”
pP




COLLECTION EFFICIENCY
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FIGURE 1. Theoretical collection efficiencies (assuming retention) used in the calculations, and
selected experimental results. i i



(5)
2 .

(D in cm"/sec, a in u)
which is within 10% of the real value2 for a b .05u. The impaction time is
that .of Fuchs2 for the case of inertialess motion in potential flow. The
internal collection efficiency is a semi-empirical expression3lfitted to:
experimental results of Walton and WOodcock4 and numerical results of Fonda
and Hernes. The inertial collection efficiéncy is a function.of the dimen-
sionless Stokes parameter

9 v "l

a - e — e

where pp and p, are the mass density of the particleawandiair,;xésbgcxively, o i ~ ;44:

Ve is the raindrop terminal velocity and v is the kinematic viSEBéity;of air. =
Since in the size range of most raindrops (0.0l X R i'O.l cem) the terminal

velocity 1is approximately proportional6 to R, the Stokes parameter reduces for

present purposes to approximately’ . T . - -

2 L e e S

'S = 0.10 . - (7 -
app . . - ( ) - PR S-basl

3 ’ . T - . :
(a in yu, pp in g/cm ). This assumption appears to be adequate for low-intensity T
frontal raindrops.
Also shown in Figure 1 are selected results of experimental measure-

. (4, 7—9)

ments. The measured values indicated are only those found in the liter-
ature which represgnf experiments involving reasoﬂabiy monodisperse particles
(adjusted to unit density) and realistic raindrop sizes falling at terminal

. - - - 5
velocity. The dashed curve represents the numerical results of Fonda and Herme.

SAMPLE CALCULATIONS

The calculation of washout coefficients using Egs. (2} and (3) and the’

collection efficiencies of Table 1 were performed utilizing the lognormal dis-



distribution of x with geometric mean xg and geometric standard deviation u is

) 1 _ -(1n x - 1n xg)2
f (x)dx = ——F5—— exp
o (2“)1/2 (  2(In u)-’- ) d 1In x (8)

For the raindrop spectrum, the geometric mean radius is here called Rg and the
-geometric standard deviation Zg;.feruparticles, the corresponding parameters
are a_ and o .,

4 g

A further assumption was made that the raindrop spectrum is invariant
:with rainfall rate J; i.e., only the flux of raindrops varies with J. This
appears to be a valid asspmgﬁigé:ﬁﬁen J~NS mm/hr, the basis for this being ‘

oour. experience.with. Pacific_Coast_frontal rainfall.10~-Explicitly,

_bo e 3
J = 3 L j; R F(R) dR

I _“__=_§_WF / R £ (R) dR," mr e o 9)

where F is the total flux of ralnfall and f (R) is the (lognormal) number pdf

for the rain distribution. Thus Eq. (2) takes the fomm

® 2 ’
g /; R E(a,R) fo(R) dr |
A(a’Rs) Ty /“’ 3 (10)
R f (R) drR
(o] (o]

Evaluation of Eq. (10) (and subsequently, Eq. (3)), involves essentially the
calculation of moments of the lognormal distribution. These have been inte-

gratedll, and are given by

- 2
3 3 2
My =fo x' £ (x)dx = x exp(%— (1n ) ) (11)



i

1 will refer to the raindrop spectrum, and

(In the following discussion, M

mi
i

the same integration process is applied to the particle size distribution) are

to the particle spectrum.) The resulting expressions for A(aS,Rs) (where

listed in Tables 2 and 3. The inertial A(as,Rs), not being integrable analytical-
ly, must be calculated numerically by computer.
Sample calculations were performed using a representative frontal rain

1.86) and numerous particle size spectra. The

spectrum (R = .02 ¢ z
P (g m, I,

results for the case of n 3 (or mass washout) are shown in Figure 2, where
the curve for cg = 1 is the monodisperse case and the other curves show the

integral washout coefficient (normalized to unit-rainfall rate) for polydis--

perse-distributions of given,”spreadﬂ-oé.‘.The curves clearly showt;hat@as~-4-

the distribution becomes broader (og-increases),.the effect of the presence... ... .. ... .-

of larger particles ——- more effectively washed out in the inertial size range
—- affects the washout coefficient for the entire distribution.

“a It should be noted that the-abscissa of Figure-2-is geometric mean radius- -

ag,,which proves to be a poor .choice as a size parameter with which to character-=z..~:7==

ize a-particle-size-distribution for washout. purposes:- The*figufé-can.belnsedm@;..”.TTT*:

to estimate the error involved in characterizing a particle size distribution by
suue other size paramcter. For example, the geometric mean particle radius of

nth order may be computed from

ang ag exp (n[ln og]z) (12)

The washout coefficient for a spectrum of given og and ag may be seen (for

ag = 0.1 uy, and cg = 2.0, A/J = 0,02 mm~!) and this may be compared-with the

N e ae

- corresponding washout coefficient from the monodisperse curve for a3g, say (for

the above example azy = 0.42 u; the monodisperse A/J for which is 0.0055 mt).



TABLE 2. Monodisperse Washout Coefficients A(a,RS)

DIFFUSION 3J o + B Ml
=\[%5 + 5 "
4M3 a2 4
3 3
a
' -4 1
IMPACTION 3J (3 x 10 ') a Ml
4M3 - -
3 :
- _'::..':. Flagd P - 3 ::;:::—': o 2 )
2 /5~ =\ 2
INERTIAL A 3J M2 T12
3 7
4M3 S + 7

e e

i th moment of raindrop size distribution (cm)
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TABLE 3. Polydisperse Washout Coefficients A(aS,RS)

(a in y; R in cm)

DIFFUSION

o 1-2
éig l; ¢ 8y ox (1—2)2 (In o )2
4M3 m; P 2 . g

' IMPACTION ”

4, i+1 .
(3 x 10:7°) a-— . ) 2 2
o . g - exp{kié;fil_ (1?408)-}

3

| -y 2 e 1, % i |
INERTIAL " <3J‘ ) My ST 1 f(a) et da
3 i 7
4M3 . my S + 17
o
fo(é)-da = numbef'pdf of particle spectrum-
m> = ith moment of particle spectrum, (u)1
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Thus, in this example it turns out.that using the geometric mass mean radius
to characteriée the particle spectrum resﬁlted in an error éf some 737% in the
expected value of the theoretical washout coefficient.

When a different rain spectrum is used‘in the calculations, similar
curves result, except that in the regionlof a<§lu, the washout coefficient is
approximately proportional to (Mi)‘l. This ‘is shown in Figure 3, which is the
same as Figure 2 except that a convective shower spectrum (derived from rain
spectra measured in the Caibbean Sealz) was used. Of course, since we have
eliminated the R-dependence from the inertial term, the inertial effect is

unchanged,:-and .is overestimated here. ...

e . e

The effect of varying the-order n-of the washout-is.demonstrated=in = . . . ._.. ..

Figuré:4, which is similar to Figure.2, excepf:fhat;@élqng with: the monodis—...
perse case (not dependent on n), there'areAéurves‘with.fi%ed &g = 2 fér n=20

ton = 3. (The latter curve is identical to thé ég = 2.curvé of Figure 2;. It

is interesting to note.that even when'wéshoutwofInumber:of particles 'is examined, .

the polydispersity. is effective;—becausegthe-aedepEndénéyiﬁf.E.ié.étiil-ihvélyéési?f;
-in the_integration:- -

Finally, Figure 5 shows the theoretical result wheh'a.veryAdense.éérosol is
considered. For such massive particles, it appears useful to think of the wash-

out as uniformly high for all a, without much -regard for the character of the

size distribution.

DISCUSSION

Clearly, the integral washout.coefficient of any order for polydisperse
aerosols depends upon the characteristics of the particle size. spectrum, as
well as the raindrop spectrum and the collection efficiencies. The collection

efficiencies, which are the basic element of the theory of aerosol washout,



1.0

AL, mm~L

F— Rg=C05c¢cm, ¥ =186
- p =1_ g
— P

0.1

0.01 r\

0.001 E

SHOWER RAIN SPECTRUM ’ B

llllI

FIGURE 3. Same fas Fliigure‘Z, exéiépt _for shower rainfall.

{
|
t
|
i
|
i
i
i

|
it

iAg,

'
N
o
i

i
H

i
i,

€T



: N
[ . ’HmU lk! : | I L;i.l'...,.. .
' = Y ;
it v
: ; -
: v
. .
-

FRONTAL RAIN SPECTRUM
Rg 0 02 cm, 1.86
) 5’

1.0

0.1

0.001

llllll

0.000 C -
0.001 0or o ]

F-GURE 4. Same as E‘ig{;re 2, except that og =2, and the order of the washout, n, is varied.

L

i ;
‘Iv“ 13 <

b i R

VAN



U IR ER
! % r 'hi i“i” 1 1“!“ ll ’l}‘ilu nl [
1
1
!
I FRONTAL RAIN SPECTRUM N —
10 |- Rg-D0zem, 5= L8
F Pp=12
L
’.—
el
_ F::::::&zs
E .
E 0.01 i;\
< \225
T 25
0.001 ~
o J
0_m01 L I 111111‘ L 1 1[11||l 1 ] llllll L4

. oo

FIGURE -5, -

0.1

Ag, 1

1.0

Same,: as Figure 2,4 except that pp = 12.

ok
-

N

:

10.9

ST



 ACKNOWLEDGMENTS - -

16

were assuméd to be of a certain mathematical form in this analysis. Inasmuch
as the washout coefficient is a result of.integration of collection efficien;
cies over two spectra,'one EEEE know the particle and raindrop size dependency
of the colléction efficiencies in order to calculate the washout coefficient
(or rainwater concentration) to gain information about collection efficiencies
require; very precise knowledgé of the characteristics of the particle and
rain spectra. This kind of experimental knowledge is very hard to obtain, at
least in the field, and probably in most laboratory experiments. Thus, it
appears ‘very difficult, if not practically impossible, to use_experimental.

data @'oj test- particle.washout -theory+ - -
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particularly concerning the statistical aspects of the problem.
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