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Abstract

We investigate mass transfer during absorptionigtli soluble gases such as HN®1,0, by droplets in
clusters and sprays in the presence of inert adneigt Diffusion interactions between droplets, edulsy the
overlap of depleted of soluble gas regions arotmedrieighboring droplets, are taken into accourthéap-
proximation of a cellular model of a gas-droplesfgension whereby a suspension is viewed as a estdc-
ture consisting of the identical spherical cellsrmperiodic boundary conditions at the cell bougdésing this
model we determined temporal and spatial depenegrafi the concentration of the soluble gas in ®@as
phase and in a droplet. The suggested model waseatended for describing gas absorption by atmasph
cloud droplets. We found that scavenging coefficien gas absorption by cloud droplets remains w@orisand
sharply decreases only at the final stage of altisorpin the calculations we employed a Monte Caniethod
and assumed gamma size distribution of cloud dteplewas shown that despite of the comparablaesbf
Henry’s law constants for the hydrogen peroxideQ#)l and the nitric acid (HN§), the nitric acid is scavenged
more effectively by cloud droplets than the hydmogeroxide due to a major affect of the dissociatieaction
on HNGQ; scavenging.

Introduction

Absorption air pollution control processes inclugdet removal of moderately and highly soluble gasgs
dispersed liquid phase in various types of packetl spray towers and in-cloud scavenging of higlolylsie
gases. Soluble gas absorption by small dropletsowttinternal circulation was investigated expentadly in
[1]. Gas absorption in the presence of inert aduned, in the case when both phases affect masfdrawas
analyzed theoretically in [2] — [3].

Spray absorption and spray absorber design angsimaltracted considerable attention in recentsyba-
cause of higher contact surfaces per unit voluntehégher rates of mass transfer in spray absorharsmpari-
son with conventional falling film absorbers. Iretpast, many experimental and theoretical studiee fbeen
carried out to examine the mass transfer charatitzriof spray towers and scrubbers for variouslgasd sys-
tems (see. e.g., [4] — [7]). In [6] theoretical mbébr flue gas desulfurization by spray-dry absiom with lime
slurry was developed. The model combines a stetadly sne-dimensional spray-dryer model with a sifdybp
model for S@ absorption with the instantaneous irreversiblectien in a rigid droplet containing uniformly
dispersed fine lime particles. Theoretical modelviater scrubbing under laminar flow was suggesid8é]. In
this study the removal efficiency of 3@ a spray tower is considered as the result efctiilective absorbing
capacities of all the droplets in the tower. Kinethd mass-transfer behaviour of spray-tower-ldmgoebers and
reactors was investigated experimentally in [7] kehié was showed that the internally well-mixed gkanodel
is more reliable. Moderately fast reactions doafééct mass transfer, while extremely fast reacti@quire the
introduction of the enhancement factor.

Scavenging of soluble gases by single evaporatioglets was analyzed in [8] — [9]. In-cloud scavieggof
highly-soluble gases was investigated in [10] J.[12 [10] it is assumed that soluble gas scavemdin cloud
droplets is governed by physical absorption. Assignthat droplet size distribution in a cloud isedatined by

empirical distribution the authors determined tléue of the scavenging coefficient, = 02s™, and the char-
acteristic time for dissolution of gaseous H\N@ = 5s, in a cloud. The influence of the fine microphydic

features such as droplet size distribution andidiquater content on in-cloud scavenging was analyaleo in
[12]. Different aspects of scavenging of solublsagaby cloud droplets were discussed also in [18}-]t must
be emphasized that in all above mentioned studessrransfer during gas absorption by dropletsimassti-
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gated neglecting interaction between the neighlgodroplets. This approach allows determining evoiubf
the concentration of the dissolved gas in a droplet

Heat and mass transfer in sprays is complex prothaminvolves the effects of turbulence, dropletion,
coagulation, breakup etc. Nevertheless, the stufiti®e diffusion interaction between droplets tagnant clus-
ters provide a fundamental knowledge of the prazeslsat occur in atomization and spray systems gsgpe
[15]). Moreover, the model of gas absorption bystnt droplet clusters adequately describes gasatizn by
mist formed in gas streams inside gas absorbersseakenging of atmospheric soluble gases. In thsent
study we investigate gas absorption of highly selums by stagnant droplet clusters as well as sgheric
clouds. Interaction between droplets is accountedof employing the cellular model of the disperseedia
(see e.g. [16]). In this model the individual drglin the cluster are considered to be locatédeatenter of a
unit cell whereas the whole cluster is describea logllular structure. Consequently, in this matel sufficient
to analyze mass transfer in a unit cell in ordestdecribe mass transfer in a droplet cluster.

M athematical model

In contrast to absorption of slightly soluble gasessprays and clusters, for highly soluble gases,,
HNOs;, H,O, the total amount of a soluble gas that can beollisd in the droplets can be of the same order of
magnitude or larger than the total amount of thelde gas in a cloud. Therefore, gas absorptiomimplets
results in the overlap of the depleted of solulds gegions around the droplets, and their diffusi@raction
must be taken into account. Interactive absorgtipdroplets during the uptake of soluble gas caadsxjuately
described in the approximation of a cellular moafethe dispersed media (see Fig. 1). Assumingttieat/olu-
metric liquid water content in the droplet clustercloud is ¢, , let us consider a model whereby each droplet is

embedded into the gaseous spherical shell withattlieis R. This radius is determined by the relation

p=a’ IR, (1)
wherea is a radius of a spherical droplet located at #&ear of the cell. Assume that the mass fluxebeartell
boundary vanish. The latter condition will appahetie fulfilled at a finite number of the boundgrgints be-
cause in the middle of the straight line connectimg centers of the neighboring cells the massefuo the
droplets will be equal in magnitude but oppositdii@ction [17].

Consider a droplet immersed into a stagnant gaseixisire. The gaseous mixture contains the inest ga
and soluble species that is absorbed into thedigooplet. In further analysis we assume sphesgaimetry.
Extending the conditions of vanishing mass fluxtie entire cell boundary we arrive at the followisgt of
equations which describe the process:

In the liquid phase0<r <a, at’ = DA’LVZCA’L, 2

GCAG
= DA,GVZCA,G . (3)

In the gaseous phase,<r <R,
The initial conditions for the system of equati¢Rsand (3) read:
t=0: Cap =0, Cag =Co. (4)

The conditions of the continuity of mass flux a¢ tas-liquid interface yields:

o, CaL Cac c
AL =Dac—; (5)
r=a r=a
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Figure 1 (a) Schematic view of cellular structure; (b) systof coordinate and fluxes.
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It must be noted that the boundary condition (5)aitid in the case when the flux of the moleculédgolv are not
absorbed at the droplet surface and leave thecaulfack into the gas can be neglected. The boumdadition
for the concentration of the absorbate at the saréd the droplet can be obtained from the analysthe disso-
ciation reactions. The following equilibrium reawts occur when gaseoudNO; is dissolved in a water drop-

let (see, e.g., [18], pp. 299 — 302):

Hino, .
HNO3(g)+H,0 <= HNO3-H,0, H no, _[HNO3-H,0] , ©)
PHNO;
K + _
HNOgz-H,0 = H* +NO3 |, Ky = L0 JINOs] @
[HNO3 -H,0]

where HNO3-H0 is physically-dissolvedHNO3, NOg is the nitrate,H o, is the Henry's constant and

K is the dissociation constant. For the total cotregion of the dissolved nitric acid we obtain foowing
expression:

[N(V)]=[HNO3-H,0]+[NO3]. (8)
Using the Henri law we obtain:
[HNO3-H20] = Hyno; - PHNO, - 9)
Equation (9) and the dissociation equilibrium egpre (7) — (8) yield:
x K
[IN(V)T = Hunos - PHNO; = HHNo, '(1+ [HJ{J' PHNO3 » (10)

where H*HNO3 = Hpno, (1+ Kl/[H+]) is the effective Henry's law coefficient for thetric acid. Since
Ky/[H*1>>1, Eq. (10) implies that

IN(V)1= Punog - Henog - Ky/[H*]. (11)
Taking into account that

K1-Hpnos * PHNO, N
] , [H ]=\/K1'HHNO3 “ PHNO, 12)

we arrive at the following relation at the surfade droplet:

CaL=KaoCac RyT, (13)
where K0 =Huno, - K1 = 3310% exp(-87001/298-1T)) (mol2 2 atm‘l).
The boundary conditions in the center of the drophel at the cell boundary read:

8CA’|_ 8CA’G
or or

[NO3] =

=0. (14)
r=R

r—0

Conditions (14) reflect the requirement that thepdiet center should be neither a sink nor a sofocéhe
absorbate and the fact that due to the periodadtydition mass flux at the cell boundary vanistigserefore
absorption of soluble gas in a cluster is descriipethe system of equations (2) — (3) with thei@hiand bound-
ary conditions (4), (5), (13) — (14).

Inspection of Eqgs. (2) — (3) reveals that the peobls formulated in two computational domairiss r < a
for the liquid phase anéd <r <R for the gaseous phase. Moreover, the charactetisties of the heat and
mass transfer in the gaseous phase and heat tramsie liquid phase are considerably smaller ttiencharac-
teristic time of the diffusion of soluble componémiiquid. In order to overcome these problems,imteoduced

the following dimensionless time; =D, | t/a2. Then the governing equations can be rewrittertifoe vari-
able r wusing the following coordinate transformationsc=1-r/a for the domain O0<r<a and

w=c"'(r/a-1) for the domaina<r < R. The parametes is chosen such that the coordinatequals 1 at the
boundary of the cell. In the transformed computatladomains the coordinates, and w, vary in the same
range, x e [0,1], we [0,1], and can be treated identically in the numeriedduations. The gas-liquid interface
is located atx=w=0. The obtained system of parabolic partial difféiednequations was solved using the
method of lines [19]. The mesh points were spackgtively using the following formula:
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X :('—l:llj , i=1...,N+1. (15)

Equation (15) implies that mesh points cluster rtbarleft boundary where the gradients are staejkql
(15) N is the chosen number of mesh poimtss an integer coefficient (in our calculatiomss chosen equal to
3). The resulting system of ordinary differentigliations was solved using a backward differentmatieethod.

Generally, in the numerical solution, 151 mesh {soBnd an error tolerance 107° in time integration were
employed. Variable time steps were used to imptbeecomputing accuracy and efficiency.

Taking into account dissociation reactions in aiigdroplet and Eq. (13) we can also obtain thio¥ahg
expressions for the “equilibrium values” of the centration of the active gas in the gaseous phadda the
total concentration of the nitric acids in the idjphase:

CGeq =%[®+2CG,O —\/EJCD-F‘]-CG’O | , (16)
1 12
CL,[N(V)] eq :E(KAYORQT[Q + 2CG,O —\/61“1) +4CG,O | ) , a7

where @ = KA,ORngoE/(l—gDE). Taking into consideration thgtN(V)]=[H*] we arrive at the following
formula for pH in a saturated droplet:
pH =~log([H 1o + CLinw1eq) - (18)
where [H*], is the initial concentration of the ionsHn a cloud droplet.
The equilibrium reactions occurring when the hydmgeroxide (KD,) is dissolved in water are similar to
the reactions of dissolution of the nitric acid (B}. Hydrogen peroxide dissociates to produce i35 :

Hio
H,0,(g) + H,0= H,0,-H,0, (19)
Kl,H202
H202-H20 = H++HO£ (20)

However in contrast to the nitric acid solutiorg thydrogen peroxide solution in water is a weaktedéyte with
the dissociation constarky 0, = 22.1012M at the temperature 298 K. It was shown (see E.§], pp.
[HOz] Kipo,
H505-H0]  [H*]
dissociation of HO, in water can be neglected, and the dissolutioth@fhydrogen peroxide in water obeys the

Henry's law. Consequently, when,®, absorption by a water droplet is completed, theceatration of the
soluble gas in the gaseous phase decreases franititlevalue Cgy down to the “equilibrium value™

o Cacold—oL)
Geq — )
1+ o (Hpo,RyT -1)

where Ry is the universal gas constant. Accordingly, thecemtration of the dissolved gas in the droplet in-

302-303) that <107 for pH values less than 7.5. Therefore for mogiiagtions the

(21)

creases from zero up to the “equilibrium value”:
c Hh,0,RgT-Cacod—oL)
Leq = :
M 1o (Huo,RyT -1

(22)

Results and Discussion

The cellular model of gas absorption by clusters a@plied to study the temporal and spatial depaside
of the soluble gas concentration inside the drged in a gaseous phase. The results of the reahsalution
of the system of equations (2) — (3) with the &litind boundary conditions (4) — (5), (13) andtif@r uniform
initial distribution of the soluble gas in the gase phase are shown in Figs. 2 — 7.
Calculations are performed for absorption of hightyuble gases by water droplets taking into acctwndis-
sociation reactions in the liquid phase. The depeaigs of the total concentratigiN(V)] of the nitric acids
and pH in a liquid phase vs. time and radial cawatdi are shown in Fig. 2. Calculations were peréafiior the
ambient temperature 298 K and for the initial carications of the nitric acid in a gaseous phasé 68/m® and
droplets’ radii 10um. Inspection of Fig. 2 shows that if the initi@incentration of the nitric acid in the gaseous
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phase is equal to 63y/m"® , the acidity of the aqueous solution prHhe droplet varies in the range from 5.5 to
2.7.

R AR AR AR ] pr =10 Figure 2 Dependence of the total concen-
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The dependencies of the dimensionless concentrafidhe soluble gas (HN{ in the gaseous phase vs.
time and radial coordinate are shown in Fig. 3c@akions were performed for cloud of droplets wildlii 10
um immersed into the gaseous phase with the amtgergerature 298 K and the initial concentratioryase-
ous nitric acid 63.4ig/n. Inspection of Fig. 3 shows that the depletedddylse gas region around the droplet
extends from the surface of the droplet to the bauy of a cell. Fig. 3 imply that for large timeetboncentra-
tion of HNG; in the gaseous phase can be determined by Eq. (16)

In Fig. 4 we showed the dependencies of pH in déherated droplets vs. the initial concentratiotddfO; in
the gaseous phase. Calculations were performed &js. (17)—(18) for the ambient temperature 298ni
different values of liquid water content in a clodd can be seen from this plot the pH in saturatedd drop-
lets decreases when the liquid water content dsesea

We also applied the suggested model for the inyaistin of gas absorption by atmospheric cloud atspl
The dependencies of the average normalized comtiamrof HNG, in the gaseous phase, the rate of concentra-

tion changedc/dt and the scavenging coefficient vs. time are showfig. 5. The curves are plotted for the
volume fraction of droplets in a cloug, =10°. This magnitude of the volume fraction of droplets

oL =107, implies that 1 rhof air contains 1.0 cfrof water. The average concentration of HN®the gase-

ous phase was calculated as follows:
Co-—1t

Ve =V

where V, andVy are the cell and droplet volumes, correspondingly,9 and ¢ are the spherical coordi-

nates. The calculations showed in Fig. 5 were pewd for cloud droplets with the radii of 5 and (@), corre-
spondingly, and for the fixed volume fraction obdrets 10°.

We also calculated the scavenging coefficientlierdoluble trace gas absorption from the atmosphere

A= _éa_c . (24)
c ot
As can be seen from these plots the scavengindiadeat remains constant, and sharply decreas#isedfinal
stage of gas absorption. This assertion implie®eaptial time decay of the average concentratich@soluble
trace gas in the gaseous phase. The latter comcloan be used for parameterization of gas scangryi cloud
droplets in the atmospheric transport modeling Isiryi to the aerosol wet deposition (see e.g. [20])

As can be seen from Fig. 5 for the fixed value olume fraction of droplets equal to £@he scavenging
coefficient in the cloud increases when the drodeéius decreases. This tendency is caused bythesise of
the gas-liquid contact surface per unit volumehasdroplet radius decreases. We also calculatecatbef con-
centration change as a function of time (see Big. 5

The dependencies of the scavenging coefficient fasction of time for different values of the imiticon-
centration of the soluble trace gas in the gaspbase are shown in Fig. 6. As can be seen frone thless in
the case of the fixed value of the volume fractibmlroplets in the cloud and droplet radii, the magle of the
initial concentration of trace gas in the gasedwssp affects the scavenging coefficient only afitied stage of
gas absorption.

[Cac(r)r?singdrdgde, (23)
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Figure 3 Dependence of the concentration of the soluble daigure 4 Dependence of pH in the saturated droplet vs. ini-
(HNOy) in the gaseous phase vs. time and radial codrlintial concentration of HN®in the gaseous phase for different
(C., = 634ug/m?) values of liquid water content in a cloud.

G,0 .

Notably, when dissociation in water can be negteé¢teg., in the case of,B, absorption in a liquid phase)
scavenging coefficient is independent of the mamglatof the initial concentration of the trace gathie gaseous
phase.

The dependence of the scavenging coefficient femitric acid (HNQ) absorbed by cloud droplets vs. time
taking into account droplet size distribution ire ttloud is shown in Fig. 7. In the calculations agsumed the
gamma size distribution of cloud droplets with tbibowing probability density function:

1 a
fla)=—— _a%exg -= |, 25
@) r(a+1)ﬂ“+1a exr{ ﬂj (29

where a is the radius of the dropley is the shape parameter aftl is the scale parameter. The scale pa-

rameter # can be determined as follows= a/(« +1), where a is the average radius of the droplets and the

shape parametesr = 6 (see e.g., [21]). Droplet size distribution wasetaknto account using the Monte Carlo
method whereby the scavenging coefficient was tatied by solving the initial boundary-value probléz) —
(3) for a droplet radius that was randomly samptedh the probability density function (25). The geaging
coefficient is determined by averaging the obtaih®80 scavenging coefficients at each time stefcutzions
were performed for the average radii 4. Calculations were performed for different averaadii but for the

same volume fraction of droplets in a clustef, =107° .
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Figure 5 Dependence of the average normalized concentfagure 6 Dependence of the scavenging coefficient of
tion of HNG; in the gaseous phase, the rate of concentratigiNO; vs. time for different values of the initial con-

change —dc/dt and scavenging coefficient vs. timecentration of soluble trace gas in the gaseousephas

(p, =10°°, C,, = 554pug/m°).
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Figure 7 Dependence of the scavenging coefficient férigure 8 Dependence of scavenging coefficient for the
the nitric acid HNQ@ on time taking into accounthydrogen peroxide ¥, on time taking into account

gamma droplet size distribution in a cloud. gamma droplet size distribution in a cloud.

As can be seen from Fig. 7 the scavenging coefffidie the cloud increases when the droplet radets d
creases. This tendency is caused by the increaiee gfas-liquid contact surface area per unit veluas the
droplet radius decreases. Similar calculations vpendormed for the hydrogen peroxide®d scavenged by
cloud droplets (see Fig. 8). Calculations were catedl for average radii 4,dm, 6 um and 7um and for the

constant volume fraction of droplets in a cloug, =10°°.

The “equilibrium fraction” of the total hydrogen no&ide (HO,) and nitric acid (HN@) in the gaseous
phase as a function of liquid water content is shawrig. 9. These calculations were performedHierambient
temperature 298 K. Here the term “equilibrium fiact denotes the ratio of the soluble trace gaseotration
in the gaseous phase in a state when gas absoiptiompleted to the initial concentration of tlduble trace
gas in the cloud interstitial air.

As can be seen from this plot for a cloud liquid

b S et water content of 1.0 gffr(i.e., oL =10"%), approxi-
10 i — mately 40% of the hydrogen peroxide is scavenged by
- E oo e i the cloud droplets. Equations (21) — (22) implyttha
L 1R i cL hied i the “equilibrium fraction” of the total D, does not
= B AN ' depend on the initial concentration ot@® in the
03* " AN ambient air. The latter conclusion is the resulthef
jgail N T minor role played by dissociation in the process of
I FE it E U hydrogen peroxide absorption by cloud droplets. De-
105 [ \‘“-a.\_ﬁ spite of the comparable values of the Henry's law
i e constants for the hydrogen peroxide and the nitric
10° : : L imasas acid the nitric acid is scavenged more effectivayy
0 0.2 04 06 0.8 1

cloud droplets than the hydrogen peroxide (see Fig.
9). The latter assertion results from the majoe rol
played by dissociation during absorption of nitxizid

by cloud droplets.

As can be seen from Fig. 9 the “equilibrium frac-
tion” of the nitric acid depends on the initial cem-
tration of HNQ in the gaseous phase. However, in-
spection of this figure shows that for a cloud iijwater content of 1.0 gfonly a negligibly small amount of
HNO; remains in the cloud interstitial air even in ttese of fairly high atmospheric concentrations b in
the ambient air e.g., 63/,

L (cm? water/ m? air)
Figure 9. Equilibrium fraction of the total hydrogen
peroxide (HO,) and nitric acid (HN@) in the gaseous
phase as a function of liquid water content at R98

Summary and Conclusions

We accounted for the diffusion interactions betwdesplets in a cloud caused by the overlap of deglef
soluble gas regions around droplets using thelaelinodel of a gas-droplet suspension whereby pesisson is
viewed as a periodic structure consisting of trenital spherical cells with the periodic boundeoyditions at
the cell boundary. The suggested model assumegdisaabsorption by droplets is accompanied by thses
quent aqueous-phase equilibrium dissociation reaciihe initial boundary value problem was solveihg the

7
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method of lines and Monte Carlo simulations. In tadculations of gas absorption by cloud dropleés ag-
sumed gamma size distribution of cloud droplets. #&ined also the analytical expressions for #auilib-
rium values” of concentration of the active gasigaseous phase and for the total concentratidimeitiquid
phase for the case of8, and HNQ absorption by droplets. The results obtained is $kudy allow us to draw
the following conclusions

= Gas absorption of highly soluble gases by clustauses a significant decrease of the soluble gasece
tration in the interstitial air. Calculations comdted for the hydrogen peroxide fB) and the nitric acid
(HNOs) showed that in spite of the comparable valugb®@Henry’s law constants for,8, and HNQ, the
nitric acid is absorbed more effectively than tlyddogen peroxide. It is demonstrated that for aidlwith
liquid water content of 1.0 gfrapproximately 40% of yD, is scavenged by cloud droplets while only a
negligibly small amount of HN©remains in the cloud interstitial air even in ttese of fairly high atmos-
pheric concentrations of HNGn the ambient air such as 63:g/m°. Consequently, the chemical dissocia-
tion reaction affects not only the concentratiorthaf dissolved gas in the droplet but also the eotration
of the soluble gas in the interstitial gas.

= Using the suggested cellular model we determinedigpendencies of the scavenging coefficient asa f
tion of time for different values of the initial coentration of the nitric acid in the atmosphetevds found
that scavenging coefficient remains constant adpdy decreases only at the final stage of gasraben.
This assertion implies the exponential time dechyhe average concentration of the soluble gasén t
gaseous phase and can be used for the parameteriahgas scavenging by cloud droplets in the atmo
pheric transport modeling.

= Using the suggested model we calculated tempouten of pH in cloud droplets. It was shown tipat
strongly depends on the liquid content in the cland on the initial concentration of the solubbc gas
in the gaseous phase.

The results of the present study can be usefuhiaralysis of different meteorology-chemistry madahd in
particular in various parameterizations of the limid scavenging of the atmospheric soluble gasmalyAis of
the diffusion interaction between droplets in s&gndroplet clusters provides a fundamental knogéedf the
processes that occur in atomization and spray sgstiloreover the suggested model of gas absorptistag-
nant droplet clusters adequately describes gaspatizso by mist formed in gas streams inside gasiddess and
scavenging of atmospheric soluble gases.
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