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ABSTRACT

A continuous model forzthe washout of sulfur dioxide from the atmosphere
by rain ﬁas developed. in which aécount was -taken of mass transfer of Sdz into
well-mixed drops, ionic equilibrium Af sulfur compbunds in solution, -oxidation
of dissolved species to sulfate ion, and presence in the rain of baqurbund
stfqng acid or base. Ekpressions were developed to predict the composition
of raindrops as a function of fall distance, the time scale of atmoépheric
SOZ removal, gnd ground level cdmposition transients during a rain .event.

: »Illustrative calculations were made for ﬁingle drop sizes and for the full
spectrum of a model drop-size distribution, with the‘following.resuits; In
the absence of bisulfite-OQiaation and w;th an acidié background pH (pHo =4)
the composition of rain was in equiliﬁrium with SOé in the atmosphere aftgr-
falling 100 to 200m-'tthugh a mi%ed layer of pollutant. In cﬁntrast, the
equilibrium composition was not reaéhed within a~fall distance of 2000m" fora- -
ﬁasic baqurouﬁd pH (pH°'= 10). Furthermore, a unimodal distribution of pH.
with drop.size;was found in initially neutral .or acidic rain whereas a

bimodal distribution appeared with a stromgly basic baqurﬁund pH. Intro-

' ductioﬁ of bisulfite oxidation led to enhanced SOZ uptake at pH = 4, and
diminished uptake 'at.pH° =10. Also, rejection of 802 from raindrops of small
size was found in the presence of o;idation aﬁ.pﬂa = 10. Half-lives for ?02
removél from the atmosphere at a 1 mm/hr raiﬁfall réte and a mi#éd iayer height

of 1 Km ranged from hours to days depending on background-pH-and initia1~sozA

atmospheric'concentfatioh.

B T




The washout of sulfuf dioxide from the'atmosphere is a phenomenon which
contributes to the production‘oflso-called ;acid rain" (Likens ég.gl,, 1972)
and at the same time helps in the cleansing of the atmdsphere. AEffective models
of the washout process are useful in éredicting the compositién of rain.and the
ﬁiﬁe_scale for'sozlreﬁoval}' Twé‘principal kinds of washout models have been de-
vised in the past: ths;cal models, exémplified by the work of Hales ‘and his
colle;gueg {Dana 93_51,}'1973; Hales et al., 1973), and chemical models, stem~
ming primarily from the work of Séott and Hobbs (1967). The physical models are
maSS»transfer:models"in which the soluble gas is nominally regarded as inert but -
has a d%ﬁtrib;iion.uueffiéient which.varies‘with 502 uptake, thereby taking into
account in'an approximate way .the variation.in hydrogen ion concentration which

occurs as SO_-dissolves in the falling rain drops. In the chemical models,. mass

2
"transfer is taken to ﬁeAinfinitely rapid;~AConseqﬁeﬁtly the:composition of the
falling rain is always that in'eQuiiibrium with.the'coqcentration of Soz'in the -
atmosphere, éubject to tﬁe electfoneutrality condition and ﬁo the extent of pro-
" duction of sulfafe ipn:by oxidation of bisulfite and sulfite ion. In the pres-
ent paper,  the two‘mﬁdels are combined by modifying'thg mass transfer relation
for an inert gas to incorporate explicitly the ionic equilibria 6f the chemical
model. The model which results allowsqfor céﬁtinuoﬁé variation of rain composi-
tion with fall distance. AThe model is used in.illustrative fashion to calculate

the composition of rain as a function of fall distance and to obtain the time

scale for SO_ removal from the atmosphere. A very simple chemical system is

2

used as a basis for the model for the sake of ease of identification of the ori-
Qin of effects predicted by the medel. 1In a‘subsequent paper a chemical system

more nearly appfoximatingfthat of the atmosphere will be treated..

»




-EQUILIBRIUM COMPOSITION OF RAIN

Knowledge of the equilibrium composition of rain is necessary in order to
help in ﬁudging the efficacy of washout models since in'the gbsence of oxidation
such models should predict the equilibriumlcomposition at large fall distances.
In addition,ﬁa frémework for the calculation of tﬁe équilibrium compositipn
constitutes in itself an approximaﬁe model which may be compared with more re-
fined.represeﬁtations, and thesé refined representations may or may not include
liquid phase oxidation;

The expressions for the equilibrium compositiqn of rain are derived below
while keeping in mind a very simple pictufe,‘frém a metgofological point of
view,'of the disposition of poilutant and éloud during a rain event. We‘éon—

sider a well-mixed layer of the atmosphere adjacent to the surface of the earth

. No SO. is found

in which pollutant SO, is present at a concentration, 2

c__.
502,9

above this layer. Rain is. formed above the layer and prior‘to-entefing the

2

layer attains a background or initial concentration, CEX’ of a strong acid or

strong base. CEX is positive for a strong acid, negative for a strong base, and
zero in the absenceiof both. 'If'we denote the concentrations of hydrogeh and
hydroxyl ions in the rain above the mixed layer by CH+(0)‘and Coﬁ_(o) then elec-

troneutrality requires
CH+(O) = C + C (0) . (1)
We account for water ionization through the equilibrium expression,

K =‘CH+ COH" ’ . (2)



‘-

From Equations (1) and (2), Cpy must be given by

K

C..=C,. (0) - —2— _ O (3)
Ex ~ "m+) T T ()

In these equations we are assuming the anion of the strong acid or cation of the

strong base to be univalent since the coefficient of CEX4i£;ﬁ§ﬁééiaﬁ“zll;iﬁ-ﬁﬁiﬁi{:]
From the above description, the chemical system treated involves simply

dissolution of SO, in rain containing a strong acid or strong base. No other
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atmospheric gases or background solutes are present.
The composition of such rain in equilibrium with. the atmosphere within
the mixed layer may be derived from the following relations. The liquid phase

equilibrium concentration of molecular 502 is given by Henry's law:

$0,,9 . 2
Cy =—o— (4)

The concentra;ioné cf bisulfite ion and hydrogen ion may be calculated as fol-

lows. Dissolved SO2 and bisulfite ion participate in the equilibrium reaction

. _ » .
sozfnzo = H +Hso3 o | (5)

with the position of equilibrium being determined by. the relation

K, =B 3 (6)

We assume the dissociation of HSO3 to SO3 to be negligible.

»

Electroneutrality requires




K

cC. =c_-+c_ +—2 (7)
+  THSO EX 'C
H 3 ut

Upon substituting in Equation (6) for CHSO— using Equation (7) and for -

Csb using Equatioh (4), an équation for C + is obtained whose solution is

CH+ = ;/2 %/EEX + 4(&1 csoz’g/g + KY)f cEX (8)

Using Equation (8).-in Equation (7):

K
w

2 - - ‘ : :
CHSOQ Ve 4<kl Csoz'g/H ' K%)-‘péx ) 172| k2. + afx.c JH + K )+ C
‘ . - ) EX 1750,;9 wj  EX

(9)

»

The total concentration of sulfur-compounds in the rain is
c. =cC. +cC, .~ . (10)

The results of calculations using the above equations are ghown in Fig-

ures 1 and 2. -For these figures, T = 298°K, H = 3.32«x—1072, and Ki_= 1.3 x
-5 3 ‘ -20 .2, 6 .
10 mole/cm” (Johnstone and Leppla, 1934). Also Kw = 1.008 x 10 mole /cm .

C and C are plotted as a function of the concentration of 802 in air in the

ST H

mixed layer with background pH as a parameter.
The two sets of curves in Figures 1 and 2 appear virtually identical ex-

cept that the ordering of-the backgroﬁnd;pH~valdes'iS“reve:sed"between‘the'two'---

figures. They would, in'ﬁact, be identicalnif.cs >> CSO or, equivalently,.if
T : . T -T2 ,

C N C -, .- ' A .
S,, v HSO_, since as one can see from Equations (8) and (9), with Kw small,

T 3

LY




; (CEX) = CH+ (-CEX). Csoz is ln'fact never greater than about two percent
of CS , thus explaining the near identity of the two figures.

T
The total sulfur content and hydrogen ion concentration of the rain are

quite sensitive to background pH at low concentrations of SO2 in air and become °

less so as this concentration increases. Thus, Cs and C + vary over roughly
‘ ' . Y H : . :
two orders of magnitude as the background hydrogen ion concentration varies over

six orders of magnitude at 10ppb 502 but over about one decade for the same

variation gt 100ppb. For the ranges of'pHO and CSO g shown in the figures, the
2'

maximum range of equilibrium pH is from 3.7 to 6.8, and of CS is from 0.16 to
‘ T

190 uy-mole/liter.

If the'compositién of all'réindrops were in equilibrium with CSO g by
R - . 2I

_the time the drops arrived at the ground; then that composition would be given

by Equations (4), (8) and (9) as shown in Figures 1 and 2.




WASHOUT MODEL _

The extent to which the assumption'of équilibrium'is valid may be exam-
ined by cpnstruc;ihg a médel which accounts for the rate of entry of 502 into
the-;aindrops and for which the equilibrium éompoéition givep above is ép-
pfoached at large fall distancés. In constructing such a model one may pro-
vide fbr liquid phase'ogidation of the diésolved sulfur ;ompoundé to, say; sul-
fate ion. When the lafter feaéure i; ihcbrporated the equilibrium compositién
discussed abbve will not be approached. A washout model incorporating oxida-
tion will now be'developed.? When the _equilibrium assumptioif is to be tested,
oxidation may'be e1iminatéd by setting the oxidation rate constant equal to
zero.

The disposition of cloud above a_Well-ﬁixed layer containing éollﬁtant
and the presence of background acia.or gase ére fhe same as described~pre§iously.
Raindrops falling through the.mixed layer aré assumed to be gpherical'and éo
fall vertically ;t'their terminal veiocitiés; Diffusion or mixing within the
drops is taken to be rapid so‘that no concentration gradients develop there.

With this assumption  the present model will place an upper limit on the rate

1

of SO2 uptake. It will be necessary .to. treat the case og_;hg' -_;;____;___“<“Ng

stagnant drop before a lower limit can be established.

The equilibriﬁm (5)‘is assumed to be instantaneously established through-
out ﬁhe drop, and Hepry's law, Eéuation (4) , determines the SO2 gas;liquid éis- N
tribution at the air-water interface. The productioh of sulfate ion is assumed
to result from bisulfate oxidation. .When'sﬁlfate ian is present, the elecfro—

neutrality condition becomes

- : - W
C =¢C.,. -+2C.=+2C + — (11)
H+ HSO3 so4 EX cH+_ A



C. =2¢C "+ C -+ C_= (12)

Equilibria involving bisulfate ion and sulfuric acid are neglected.
The rate of accumulation of all compoundé of sulfur in each falling dfop

is taken to be equal to the rate of mass transfer of SO2 across a stagnant air

film surrounding each drop:

A m .
%2 @&z~ R (Csoz,g ~ %s0,,¢’ o

where 3/R is the area-to-volume ratio of the drop.
Finally, we assume sulfate ion is produéed by a reaction which is first
order with respect to bisulfite ion:

!

d cso: . |
- © L (14)

uz dz~ - kox CHSO3 o
The two differential equations, Eguations (13) and (14), with appropriate
initial conditions, together with the_algebraicArelations, Equations (4), (6),
(11) and (12),'constitute the formulation of the problem. These gquations can
be reducea to two simultaneous differential equations in C + and CSO= as follows.
. . N . 4

. H
From Equations (6) and (11) one can derive

K .
w
CHSO— =C + " ZCSO— - CEX - _C A(lS)A
3 H +
. H
1 X, ‘
C ==C (C -2C..= - C - —-—) (16)
SO, K. at 5 S0, EX cH+
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Equation (12) is differentiated with respect to z, and, in the resulting equa-

1

tion C__ - and Cs are eliminated using Equations (15) and (16):

HSO3 02
dcC .
S K K
T 4 1l : W d ’ W d
= —_— = (c -2C_ = =-C "‘—)"'-—(C".'-ZC = - C ___.)+ Cc =
dz dz K1 H+ H+ SO4 EX CH+ dz H+ - 80 EX CH+ dz SO4

;;f(li):

Upon perforﬁing the indicated differentiations and collecting terms, one obtains

- - 2C. = - .S .2 (2c ., +K,) —— (18

'f;:~ e s GEHA L L

Upon suBstituting Equations (4), (16), and. (18) in Equation (13), one finds-

Lr ,.‘?.c_.:soz
=12c + K)) —%—*if
‘Kl' H+ H+ ) Kl dz
K’ ’
W - .
- - T 419)
Tyt
From Equations (14) and (15),-
d CSO:'-~kO¥ : Kw . . 4
o "5 (C,-Che- 2, =~ - (20)
z H 4 a

Equations (19) and (20) afe'the washout mcdel equations. They are to be solved

subjecf_to the initial conditions

z=0,C_=c_ (0) o ilen




c.==0 . (22)

In the illustrative calculations that follow, Equatidns (19) and (20) were
integrated numerically using the fourth orderARunge-thta-Gill method. After

(] - - ] - ' -— d K}
obtaining CH+ and CSo in thls'way, CHso3 and then CSoz were found using
Equations -(7) - and ‘(6)".

Test of Equilibrium Assumption.’ This assumption was tested by setting kox equal

to zero in ‘the integratioﬁ of Equations’ (19) and (20). Calculations were made
using values of uz‘as:given by Gunn and Kinzer (1949), and.mass transfer coeffi-

cients obtained from the Fréssling corre;atign (Fr6s3sling, 1938):{

1/2 . | 1/3

2k - R™ ‘ 2Ru; p_- u
= = 2.0 + 0.6 z £ ——Egl—- (23)
so, | Mg Pe so,

= T I T e SRR S oy

we;é.the'Sam as thos used‘by Hales, 'et’al. (1973).

Va}ues of uf/pf and Dsoz

Calculations were made For C

background pH values of 4 and '10." These values of R roughly repreéent extremes

= 10ppb for drop radii of 0.1 and 1.0mm and for

of this variable, and we assume the same is true for thé ehosen values of pHO.

The results of the calculations are plotted as the solid curves in Figures 3 to 6.

Transients are shown for'C ,,.C , and Cs  the latter béihg essentially equal to.

+° .
at %% T

CHSOQ here as well as in the -equilibrium calculations.

At a background pH bfA4 there is relatively little capacity for sulfur
compounds in the rainv(Figure 1) .and little change occurs in C L as a result of
. . : ) } : H
dissolution of this equilibrium capacity.(Figure 2). Accordingly at pHO = 4

(Figures 3 and 4) the washout model shows_eséentially no change in C + as 802 .-

. H
dissolves in the drops. For the small drop (Figure 3) the'cso' transient ap-.
. : . . ) 2 - ’ '
proaches equilibrium closely within a few meters, whereas for the large drop a

fall distance of’about 400m is‘required., With essentially no change in C + with
fall distance, the Cs or CHSO- transient is then a reflection of the Cso
- O 3 : .

2



transient. From Gunn and Kinzer's data, u, is 72 cm/sec for the small drop and

649 cm/sec for the lérge drop. From'EQuation‘(23)} kg is '26.9 cm/sec for . the

smail drbp and 14.0 com/sec for the'l;ige drop.' The Qalues fér the coefficient,

3kg/dzR,‘in Equation (19), representing the combined effects of drop sige'on_

area-to-vblume ratio, mass transfer coefficient;.and fall velocity, are 112.1

and 0.647 Cm-l for the small and large drops, ;espéctiﬁely: This difference of

more than-two-orders -of -magnitude -accounts-for tﬂéidifference-in-fall-distances'——~—-

required for a close approach to equilibrium in the absence of oxidation. A
At.pH; =.10 equiiibrium‘is reached for the small drop (Figure 5) for all species

at a fall distance bf'the‘brder'of'Zsm; but for the large drop (Figure 6) it is

not approachea'at.ail withiﬁ~2006m1f§r_hyd:69en'ion and SOZ,_and at this distance

Cs is about a half of its equilibrium value. The abrupt.change in C + and Cso
it S : H . 2
for the small drop at 25m occur because in effect at pHo = 10 as the raindrops

fall a strong base is being titrated by a weak acid and the cnd-point of the
titration.-in the small drop is reached at -a fall distance of 25m. At pHo =-10.""

the capacity‘for‘Hsog is very large, and neither C 4 Dor CSo changes greatly

. . H - 2
from their initial values until C,_ - is close to its equilibrium value, For the .
, 3 A » : : o
large drop it appears that CHSO- would reach its equilibrium value at a fall
A 3 : ‘
distance of the order of 4000m or more whereupon C + and CSO would rise
' H c 2 '

suddenly to their equilibrium values.

The rate at which SO, enters a drop of a given size and hence the fall

2

distance at which the tifrationjénd—point is reached is deferminedvby the &alue
of the factor 3kg/qu in $gua£ioh.(19).' It evideﬁtly happens that the ranges

of raindrop siées, terﬁinal-velbcitieg, and mass transfer coefficients are '
such that titration_gnd-poiﬁts"are.predicted to occur for well-mixed small

drops over fall'distancgg which ére.less than physically significant mixed-layer

heights. The consequence of this observation is that bimodal distributions of pH

10




with drop size are predicted; Small drops would be acidic andllqrge drops; basic.
w¢ will show typica; variations of PH with R at a given'fall distance 1§£er in the
Rapei. . ‘ .

In suﬁ@ary, concerning the equilibrium assumpiion,for well-mixed dropé, it
appears to be a good aésumption fpr low initial pH for all reasonable drop sizes
for £fall distances of 500m or more.. Also, the variation of pH with R would be
- small. .. For high initial pH, the'assumptioﬂ is good for small drops at small
aistances and very large'distanceé are requifed for large d;ops. A bimédal pH
distribution might be expeéted'for high initialrpH.

Influence of Oxidation. In the presence of oxidatibn Equations (19) and (20)

were integrated with kox =1 x'10-3,$ec-1. Thislvaiue.of the oxidation rate
constant correspdnds to a bisulfite ion half-life of il.6 ﬁin; comparable to
the shortest half-lives commonly estimated (7).

The resul#s of the integration for the same values of Csozlg, pHQ, and R
| used in the prgvious section are represented by the dashed_curves .in Figures..... .._
3 to 6. ?he results'for pHo =-4 (Figures‘B'and 4) and for the small drop at
PH0A= 10 (Figure 5). ‘are initially similar to those in the absence of oxidation
in that a pseudo-equilibrium composition near the true equilibrium éompoéition
in the absence of oxidation is first approached. However,'the relgtions in the

presence of oxidation subsequently depart from their pseudo-equilibrium values

3

sulfate ion requires introduction of a hydrogen ion to maintain charge balance.

as the oxidation of HSO, progresses.. The conversion of a bisulfite ion to a

The net effect of this requfrement as the integration of the system of differen-

tial equations proceeds to.greater fall distances is that C + increases beyond

. . . . H -

its pseudo-equilibrium value. The pseudo-equilibrium value for CHSO- is a max-
. 3 :

Jum value and C__ - decrgases at greater fall distances. The decrease comes

HSO3 , :

about primafily in order fq satisfy the equilibrium relation, Equation -(6),

11 .



responding to the increase in C +° The changes in CHSO- and C _ with z are
o H 3 H
~greater at higher initial pH values. For the large drop at PH_ = 10 (Figure 6),

pseudo-equilibrium is not attained withih a fall distance of 2000m. - The

4+ and C__  are indistinguishable from those found in the
T H 2 o

absence of oxidation.

transients in CS ’ c

An interesting feature of the problem of washout with oxidation has to do

with the C_.-and C.. transients. At a low initial PH (Figures 3 and 4), C
Sy so,, - , : S
increases with fall distance beyond its pseudo—equilibrium value. The quanti-
ties, C +7 C.. , and C,. .- are relatively insensitive to the introduction of
' H 802 S HSO3 . '
oxidation. Thus the increase in C_. following attainment of its pseudo-equilibrium
T .

value is closely equivalent to the production of sulfate ion. A markedly different .
situation is found at high initial pH (Figures 5 and 6). For the small drop, after

attainment of its pseudo-equilibrium value, CS acfuélly‘decreases. For much of
T ’ R

its subsequent fall the drop loses sulfur. Consistent with this behavior, C86

. 2

rises above the va;ue in equilibrium w%#h Cso g’ thus indicating transfer of 502
back inté the'atmospberé.‘.T&m!dgéréasein.CSTzoccurs because of the significantly
H+ and the consequent ;oweredlfaiueé of CHSO;. Then, after a
fallvdistance of approximétely 1 KXnm, Csigfarts to increase agaiﬂ as production of
sulfate iog overcomes the loss of Hso;.x Also, at this fall distance CSoz falls.

below the value in equilibrium with C -+ indicating entrj of 802 into the drop

" increased values of C

50,.9
again. Conceivably a similar type of behavior might be observed in the large drop

- at pHo = 10 after Cs reaches its pseudo-equilibrium value.
T ' .

In summary; in—the-presence -of-oxidation, a pseudo-equilibrium¥composition--~-

is first established after fall distances closely equal to those required to es-

+ablish true equilibrium in the absence of oxidation. Departures from this com-

pO8ition occur. at greater .fall distances which involve?iéégééﬁég:ggig}ggLﬁm_

12



‘decreased CHSO- and the appearance of sulfate ion. Cs
3 : T

or remain nearly constant with fall distance, depending upon initial pH.

may increase, decrease

Rain Coﬁposition for a Model qupésize“Distribﬁtion. The calcul;tionszdescfibed
previously are fér single drop sizes.. The composition of rain found iﬁ a col-
lection device at ground level includes confributions from‘glfull spéctrum of‘
drop sizes. Thus the mixed average composition at ground:ievel is equal to the
flux of'the:species'of interest for a givén drop size, sumﬁed over all Arop'

sizes, and divided by the rainfall rate. Thus, for <CS (h)>, for instance,
. S

B e . . F . —_—— e D e e

S

<Cg <(h)'> = £l_> f uz(R) 'C T(‘R,.h) w f(R)A dR | (24)

For purposes of illustration in calculations to follow the drop-size distribu-

"tion, f(R), given by.Eest (1950) was used. The Best distribution is given by

(25)

where R is in millimeters and

a.=.aPB” ' - B T » ’ . A (26)"

where p iS<iﬁ mm/hr.

‘Also, n = 2.25
a = 1.30
i B = 0.232

13 o



The volume fraction rain, w, in the atmosphere required in the evaluation of.

Equation (24) is given by Best as

w = cp L@
where' . oo ¢ =67

£f = 0.846

The Best distribution, Equation (25), is shown in graphical form in Figure 7.
The drop size corresponding Lu the maximum in the ‘distribution is referred to .

as the predominant'drop, of radius Rp.~~It'may be shown that

‘. 4_1.n ) R .,
R =({2=} 2 ' o (28)
P n 2 S

The radius of the predominant drop at a rainfall rate of 1 mm/hr is 0.50 mm.
Equatlon (24) 1s evaluated by first finding CS (R,h) from the solution

. T
of Equations (19) and (20) and then performlng the integration 1nd1cated in

e et m— e e S e ---—-----——...-__..__._...._ B Uy GO A, e mr o o e e v e e mae R e

. Equatlon~(24). This procedure was . followed for a rainfall rate of 1 mm/hr and
otherwise for the conditions for the earlier’ calculation for single drop sizes.
The Best distribution waa divided into .ten intervals of drop-radius incremeat
0.15 mm, ranging from O to 1.5 mm, and the trapezoidal rule was used in the
integration. The'reahlts;:whieh are shown in Figures 8 and 9, are, as expected,
intermediate to those for'rheilarge aad'small drops at the same values of
initial pH (Figures 3 tefG)."Equiiibrium or'éeeudo-eqﬁilibriem is attained at
pHo =4 aé'loo to;ZOOZmeters fer'all'eulfur speeies. Neither equiiibrium aor
pseudo-equlllbrlum-Is-attalned for pH = 10 withinra—falladistance'of*2000m;4

he irregular tran51ents for hydrogen ion and SO2 at pH = 10 result from




end-point transitions occurring successively in drops of the first four or five
siées, starting with the smallest. Such transitions did not occur for the
larger drpp5'withinithe first éoooﬁ; If ghé intégration had been continuous over
the full drop size range rather than a suﬁmation for discrete drop sizes, smooth

transients for C + and Cso would have been obtained.
H 2

Data generated during the calculation of the'mixed-ave:agé concehtration
t;ansients include the Vvariation of composition with drop size as a function of
fall distance. Figure 10 shpWS‘the'Variatiqn of pH with drop size at z = .1000m
with no oxidation.and with initiai PH ag a p;}amete;. Unimodal pH distributions
were found gt pHo = 4 and 7 whiie at pﬁo =10 a two-level distribution was
found. Tﬁe proportién“off the drops which is ac;dié‘increases with fall distance.

) Eé;gégu;éyiongr pE__= 10, the pH is acidic.for drops.less than 6?élmm~ié_§adius,_1__;l;

For the Best distribution, gt 2 mm/hr rainfall raﬁé,'44 percent of fhe rainfall
is contained in drops with'raaii less than this value; A bimodal distribution
of pH in fain has been obsgrveé'by Esmen anleg;gus (1975). Calculations in the
present péper pre&ict such a distribution.;nd suggest a reaSpn for its existence.
Esmen and Ferqus' observations were preiiminary with insufficient detéil to make
comparisons with present thebry; -

At pHo = 4 and 7 the'Cs transients for the predominant drop for a 1 mm/hr
<0 é (0) values from 1 to 1000ppb agreed with the mixed
. 2’

average transient to withih six percent for fall distances greater than 500m.

rainfall rate and for C

The same was true for pHd = 10 for values of CSO‘ g (0) above'10ppb{'but:at
smaller initial concentrations of 802 in air (down:to 1ppb) CS for the pre-
. . . . : . T

‘dominant»drop-was'greatei*thiq the mixed average by as much ‘as roughly—100 percent.—-—-~~

hese observations made it possible in the calculations described in the next

section on cleansing of ﬁhe:étmosphere to save computer time by making calculations
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based on the predominant drop rather than the full spectrum. The results

should closely represent those for the full spectrum except for CSo g ©)
) 2’

'of about 10ppb and less at pH = 10.

Clean51ng of the Atmosphere. The equations developed for predicting-rain com-- -~

position, Equations (19) and (29), can be used to estimate the time scale for

502 removal by the washout process and.the magnitude of rain composition changes
Aduring a rain event. In applying these.eqﬁations toythis task, it is assuhed as

- before .that no .concentration gradientsudevelopﬁinAthe-mixed‘layer~contaihipq—~~w -
the pollutant and it is assumed that the time for rain to fall to the ground is
short compared to the time to reduce the atmospheric concentration of SO2 sig-

nificantly. Before discuSSing the ‘mannerx in which Eauations (19) and (20) are .

used in characterizing atmospheric cleansing[ this 1atter~assumption will be
checked for the Best distribution at, say, a rainfall rate of 1 mm/hr and a

mixed layer height of 1 Xm. For the smallest drop size interval considered in

the 1ntegration of Equation -(24) , the mean drop radius is O. 07Smm for which- I
according to Guhn‘and'Kinzerruz =A48 cm/sec. Eor a l Km fallfdistance?,the
‘ residence time for sdch a drop is about 35 min. For all larger drops,'the resi-
dence time will be shorter.. Thus if the calculations to‘follow predict washout
" times which are long compared to 35'min then the secohd assuhption above will
be valid and the calculation accepted.
. When both assumptions.are‘valid'then one hay state that the rate of loss
of 502 from a bcx-shaped tolumeiof air'of height equal to the heiéht of the mixed

layer and of horizontai cross section A is equal to the rate of arrival at the

ground in rain of all sulfix compounds:
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TS = pA’{CS (h)> , (29)

"(l -yw) hA

where <Cs (h)> is obtained from.Equation'(24)'aé'described previously. Upon
integrating this equation from the onset of rainfall to time t after onset,

- (0 dc_.
t = (1 - w) 5— .zE;_(hT_ ) { )
T
csoz,g(t)

Equation (30) is evaiuated by first integrating Equations (19) and (20) over
the fall distance h for desired wvalues of:rainfall rate and initial pﬂ, and -

for a series of 802 concentrations in air, ranging between some desired lnltlal

and finaluvalues.

Best distribution, calculations are made either for the‘full‘spectrum or for the -

. predominant drop-size; The relation between CSO g and <CS (h) > thus developed
2" T

is used -in Equation (30) to relate these quantities. to washout time. Durlng the

course of calculating <CS (h)>, the complete ground level rain composition his-
T
tory is generated.

The procedure outlined above was followed for the predominant drop ror-a
ralnfall rate of 1 mm/hr, for a fall distance of 1 Km and for initial con-
. centrations of SO2 in air rangirg_from ; to 100Qppb, and for the kox and initial
PH values.used earlier. Sample-resolts are shown in Figures 11 to 13.

In Figure 1;, tl)z,'the time to remove 50 perceht of the 502 present iﬁi- )
tially rn the atmosphere;is’shown as a function of initial 502 concentration and

initial pH‘with'Hsog'oxidation absent. The half-llfe is seen to be sen51t1ve to

both CSo (0) and pﬁb, Almost all of the half-llves shown are of the order of

2'

In thls 1ntegratlon of Equatlons (19) and (20) for, $§Yr the S




A - .
5 to 10 hr or longer, are thus long compared to residence times near the small

drop-size end of'the'Spectrum, and therefore satisfy the assumptions implicit
in the calculatioh. fhe'Vertical portioniof the curve for pHo = 10 is.the
portion for which the predominant droé'transient ovefestimates the mixed
average transient by as mucb aé a factor'of two. The true 802 half-life‘in

this region is thus as much as twice the value shown. The vertical portion of

. the curve for pH = 10 corresponds to conditions in‘whiCh.*forAmoét‘ér:éll*bf

R (o] R . .
the half-life period, 50:2' entry into the predominant drop occurs at the

. maximum possible rate for the existing atmospheric 802 concentration for the

entire 1 Km fall distance., Under these conditions the half-life becomeé

independent of C 5 (0). The effect of the presence of oxidation (nét

SOZ'

represented in Figure 11) is to reduce tl/z on a percentage scale at pHo = 4,

since C. is greaﬁer with oxidaﬁion than without, and to increase tl/z,vagain

Sp

on a percentage"scaie,matmpﬂd = 10, since CS is less with oxidation.
. ) ' T ’
Some information concerning the time scale of removal of 802 from air has

' been given by Beilke and Georgii (Geqrgii‘and Beilke, 1966; Beilke and Georgii,

1968) . They performed'laborato:y expériments on the.timg scalexof removal using
water sprays with measured drop-size'distribﬁtions and rainfall fates."fhey
also varied solution cdmpoéition by addition of a strong acid, base or oxidant.
Certain featqres of their experiments'make it difficuit to compare present
theory with the Beilke and Geérgii data. The:ﬁatér was.éprayed upward into an
SO, -air atmosphefé withip a l—m3~§hambér and then fell into a collector at the

2
bottom of the chamber. Thus the dropAvelocity varied with time in a manner

difficult-todetermine.—Also, the-water-was-recirculated: -- The -composition of

he sprayed water thus changed with time in a way which is not known. Beilke

)
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and Georgii's results are nevertheless interesting in that they reported an

" with time with half-lives of 7.5.to 25 min for
SOz,g ' ] o

exponential decrease in C
a 2 mm/hr rainfall rate using distilled water. The'half-lives were shorter

for the more basic solutions and for neutral water to which an oxidant had been ..
added. Relatively short half-lives would be expected for a small chamber

volume.

transients developed during SO, removal for

Figure 12 shows the C 5

502,9
pHo =7 with'kox = 0.! The strong effect of the initial concentration of 502
in air is seen. At small CSO g-(0) the decay is essentially exponential

2’ '

while at larger CSOZ;Q values- a different dependence is found. |
Eiguie.IB shows the concentration transients at ground level which occur

during a rain event. 'For the condiéions shown in tﬁe figurg the soé gaéAphase

coﬁcentration decreases by about 62 percent in a 24-hr périod, the pH increases

by about 0.2 pH unit and the total sulfur concentration decreases by about 38 -

percent.
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CONCLUDING REMARKS

The washout model described in the:presént papef was developed and
applied for -sulfur dioxide. It can ﬁeiuséd for other reactive gases- as-
well with appropriate modification. 'As-Hales;‘gg;gi. (1973) have done with
their model, ié may be applied fo piumes from induétrial stgcks by assuming
CSOZ'é in Equation (19) to vary suitably with posifion.. Desirable éxten-

sions of the theory include treatment of the stagnant drop, inclusion of. .

washout of other reactive gases, such as carbon dioxide and ammonia, and

washout of acidic or basic particles.
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£(R)

‘gas phase mass transfer~c9efficient7-cm/sec*~=e

NOTATION
constant in Best drop-size distribution, Equation (25)

constant in Best expression for water content in air during a rain

event; see Equation (27)

. '3
concentration, mole/cm™

diffusivity in air, cmz/sec T

constant in Best expression for water content in air during a rain
event;. see Equatien- (27)

Best drop-size distribution function; fraction of ligquid water in

drops. with radii between R and R + dr, mmfl

‘height of mixed layer contalnlng pollutant SOZ'

Henry's law constant for molecular SOZ' dlmen51on1ess

‘rate constant'for bisulfate o%iéation, see
conetant for water ionization, mole'/cm6<
ionization constant for equilibrium (5) mole/cm

constant.ln Beet d;op-size distribution, Equation (25)

rainfall rete, mm/hi'ih‘Equetions (26) and-(27); otherwise, cm/sec
drop radlus, mm in Equatlon (25) ; cm otherwise -

predominant - drop radlus in Equatlon (28), |
time, sec

drop terminal velocity, cm/sec

3
volume- fractlon rain 1n atmosphere, nm /m in Equatlon (27), dlmen51on-

less otherw1se..'

c ., /C +(fﬂ),'d;'.mehsionless
H H

fall distance, cm -

21!




a | constant in Equation (26)

B ~ constant in Equation (26)

H viscosity, gm/cm-sec

p - .density, gm/cm3

Subscripts

EX = refers fo background eiceSs acid or baée in réindrops'
£ evaluated within gas film |
i fefers to species i.in liquid pha;e

i,g refers to species i in gas phase-

Sp .referé to total sulfur conﬁént

o] - ;efers.tojihitial.condition.-““,
Superscript

* réfé:s to gqﬁilibrium condition
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Figure

10.

11.

No.

'pﬁo'=A4, T = 298°K.

FIGURE CAPTIONS |
Caption
Total suifur compounq concentrétibn at equilibrium (ko# = 0).
T = 298°K.

Equilibrium hydrogen ion concentration (kog = 0). T = 298°K.

Concentration transients in the small drop (R = 0.1 mm) at
= » = = °

PHO~ 4. <CSO ,q 10 ppb. T 298°K.
) . 2 .

Concentration transients in the large drop (R = 1.0 mm) at
= 4, = S= °

,PHO, 4, 'CSO ,q = 10 ppb. T = 298°K.

2 . o _
Concentration transients in the small drop (R = 0.1 mm) at .
pHO = 10. CSo .9 = 10 ppb.. T = 298°K.

27 ' : . .
Concentration transients in the large drop (R = 1.0 mm) at

pH_ = 10. C . = 10 ppb. T = 298°K. - .
o~ " g -

The Best drop-size distribution (Best, 1950).

so

Mixed_avetage concentration transients at a rainfall rate of

1 mm/hr for the Best drop-size distribution. Cso g =. 10 ppb,

2!

Mixed average. concentration transients at a rainfall rate of

1 mm/hr for the Best drop-siée distribution. ‘CSO . = 10 ppb,
. R 2’ N .

pH0 = 10, T = 298°K.
Variation of pH with drop radius. CSO g =.10ppb, h = 1000m,
' - 2! : :

k =0, T = 298°K.
ox = 9 T =

'Half-iife for the sulfur dioxide washout process for a mixed

layer height of 1 Km and a rainfall rate of 1 rm/hr. 'Based

" ‘on célcuiations for the predominant drop (R.P = 0.50 mm) of

the Best spectrum.' T = 298°K. kox =" 0.
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Figure No. : Caption

12, - ' Sulfur dioxide gas phase transients during washout for a mixed

layer height of 1 Km; and a rainfall rate of 1 mm/hr. Based

[

on calculations for the predominant dropf(Rp*= 0.50 mm) -of

the Best speétrum for a rainfall rate of 1-ﬁﬁ/hr.' éHO =17,
'k__ =0, T = 298°K.
ox _ '

13. B ' Concentration transients during rainfall at a rate of 1 mm/hr.
Based on calculations for the predominant drop (R.p = 0.50 mm)
of the Best spectrum for.a rainfall rate of 1 mm/hr. h = 1 Km,

3 -1

PHy =7, k_ =1x 10" sec ~, T = 298°K.
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