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Abstract

In this study we performed numerical analysis of simultaneous heat and mass transfer during evaporation and

condensation of a cloud droplet in the presence of soluble gases. It is assumed that gas absorption is accompanied by

subsequent aqueous-phase equilibrium dissociation reactions. The system of transient conjugate nonlinear energy and

mass conservation equations was solved using anelastic approximation and taking into account thermal effect of gas

absorption. It was shown that nonlinear behavior of different parameters, such as temperature and absorbate

concentration at the droplet surface stems from the interaction of heat and mass transfer processes. We found that thermal

effect of absorption and Stefan flow result in the maximum of droplet surface temperature during the transient period of

droplet evaporation. It was shown that heat and mass transfer rates in water droplet–air–water vapor system at short times

are considerably enhanced under the effects of Stefan flow, heat of absorption and dissociation reactions within the

droplet. Comparison of the results obtained using the model of physical absorption of sulfur dioxide in water droplet with

the predictions of the present model that takes into account the subsequent equilibrium dissociation reactions showed that

the model of physical absorption underestimates the value of droplet surface temperature and overestimates the average

concentration of [SO2 �H2O] at the transient stage of gas absorption. The performed calculations showed that the value of

pH increase with the increasing relative humidity (RH).

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Clouds play an important role in removing
gaseous pollutants from atmosphere. Scavenging
of atmospheric gaseous pollutants by cloud droplets
is a result of gas absorption mechanism (Pruppacher
and Klett, 1997; Flossmann, 1998). Presence of
e front matter r 2007 Elsevier Ltd. All rights reserved
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soluble gas in the atmosphere can affect the
dynamics of evaporation and condensation of water
droplets in the atmospheric clouds. Comprehensive
study of coupled heat and mass transfer during gas
absorption by liquid droplets and droplets evapora-
tion and growth is a necessary step for adequate
predicting of atmospheric changes under the influ-
ence of hazardous gases.

Gas absorption by non-evaporating droplets
accompanied by subsequent dissociation was dis-
cussed by Baboolal et al. (1981), Walcek and
.
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Nomenclature

cp specific heat at a constant pressure
(J kg�1K�1)

Dj diffusion coefficient of jth species in the
gaseous phase (m2 s�1)

Djk binary diffusion coefficient in the gaseous
phase (m2 s�1)

Kh Henry’s constant (molm�3 Pa�1)
K1, K2 equilibrium constants (molm�3)
k thermal conductivity (Wm�1K�1)
Lv latent heat of evaporation (J kg�1)
La heat of dissolution (J kg�1)
Mj molar mass of jth species (kgmol�1)
mL mass of the droplet (kg)
p pressure (Pa)
r radial coordinate (m)
R radius of the droplet (m)
Rg universal gas constant (Jmol�1K�1)
RH relative humidity
T temperature (K)

t time (s)
v velocity (m s�1)
Vd droplet volume (m3)
Y mass fraction

Greek symbols

r density (kgm�3)
t dimensionless time

Subscripts and superscripts

0 initial value
1 volatile species
A absorbate
e value outside a droplet
j number of a species
L, (L) liquid
s value at the droplet surface
N value at infinity
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Pruppacher (1984), Walcek et al. (1984), Waltrop et
al. (1991), Mitra and Hannemann (1993), Saboni
and Alexandrova (2001), Alexandrova et al. (2004).
The observations show that in atmospheric clouds
and rain water the pH (pH ¼ �log[H+]) is typically
in the range from 3 to 6. Mitra and Hannemann
(1993), Saboni and Alexandrova (2001), Alexan-
drova et al. (2004) investigated theoretically mass
transfer during SO2 absorption by water droplets
for pHp5.5 neglecting formation of sulphite
(SO3

2�). Formation of SO3
2� was discussed by

Baboolal et al. (1981) and Walcek and Pruppacher
(1984). Huckaby and Ray (1989) developed a model
which takes into account formation of SO3

2� ions
during sulfur dioxide absorption by water droplets.
All the above studies assume local chemical
equilibrium between the gaseous and liquid phases
during SO2 absorption by water droplets. Assump-
tion of local chemical equilibrium is based on the
examining relaxation times of the SO2 hydrolysis
and ionization equilibria, time required for attaining
local phase equilibrium at gas–liquid interface
(SO2(g)/water) and characteristic time of diffusion
in a droplet (see Schwartz and Freiberg, 1981;
Gardner et al., 1987).

Ray et al. (1987) and Huckaby and Ray (1989)
investigated theoretically an influence of vapor
condensation at the surface of stagnant droplets
on the rate of mass transfer during gas absorption
by growing droplets. Ray et al. (1987) analyzed gas
absorption by a stationary growing droplet in a
stagnant supersaturated medium by solving the
coupled non-stationary mass and energy balance
equations for the gaseous and liquid phases. The
obtained results showed that in the case when heats
of condensation are small the droplet growth can
increase significantly the rate of absorption. Huck-
aby and Ray (1989) employed the approach
suggested by Ray et al. (1987) to investigate a
system consisting of a liquid droplet, its vapor,
soluble and inert gases and took into account
diffusion resistances in both phases during gas
absorption. Numerical calculations were performed
for water droplet evaporating/growing in gaseous
mixture containing sulfur dioxide (SO2).

The effect of evaporation on sulfur dioxide
absorption/desorption of soluble gases by moving
droplet was investigated by Marion et al. (2006).
Liquid in a droplet was assumed to be fully mixed
due to circulations caused by shear stress at
gas–droplet interface. Concentration of soluble gas
and temperature inside a droplet are uniform and
time-dependent. In the model developed by Marion
et al. (2006), the droplet radius was assumed to be
constant. Using the mass and energy balance
relations and empirical correlations for Sherwood
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and Nusselt numbers Marion et al. (2006) deter-
mined droplet temperature and the absorption rate
as functions of time. The obtained theoretical
results were compared with the experimental data.

Note that Ray et al. (1987), Huckaby and Ray
(1989) and Marion et al. (2006) investigated only the
influence of evaporation (condensation) on the rate
of gas absorption by liquid droplets. In the present
study, we investigate the interrelated effects of gas
absorption, evaporation/condensation and dissocia-
tion of the dissolved gas on transient heat and mass
transfer in the presence of inert gases. We also take
into account the following effects that have been
neglected in all previous studies: (i) effect of gas
absorption on Stefan velocity; (ii) effect of heat of
absorption on droplet evaporation/condensation;
(iii) droplet growth due to gas absorption. In
distinction to previous studies (see e.g., Ray et al.,
1987; Huckaby and Ray, 1989) in our calculations
we consider the molecular transport coefficients of
the gaseous phase as functions of temperature and
concentrations of gaseous species. Consequently,
the suggested model can be used over a wide range
of parameters such as temperature, relative humid-
ity and the concentration of soluble gas in a gaseous
phase, etc.

2. Model description

2.1. Governing equations

Consider a spherical droplet with the initial
radius R0 immersed in a stagnant gaseous mixture
with temperature Te,N. The gaseous mixture con-
tains non-condensable soluble species that is
absorbed into the liquid. The first component of
the gaseous mixture is formed by molecules of the
volatile species of a droplet. The soluble species is
absorbed into the liquid. Molecules of the other
K�2 components do not penetrate inside the
droplet. The droplet is heated by heat conduction
from the surroundings and begins to evaporate. In
further analysis, we assume spherical symmetry and
neglect effects of buoyancy and thermal diffusion.
Under these assumptions, the system of mass and
energy conservation equations for the liquid phase
0oroR(t) reads:

r2
qY
ðLÞ

A

qt
¼ DL

q
qr

r2
qY
ðLÞ

A

qr

� �
;

r2 qT ðLÞ

qt
¼ aL q

qr
r2 qT ðLÞ

qr

� �
:

(1)
In the surrounding gaseous medium, r4R(t), the
mass, species and energy conservation equations
read:

r2
qr
qt
þ

q
qr
ðr2rvrÞ ¼ 0, (2)

r2
q
qt
ðrY jÞ þ

q
qr
ðrvrr

2Y jÞ ¼
q
qr

rDjr
2 qY j

qr

� �
, (3)

r2
qðrcpTeÞ

qt
þ

q
qr
ðrvrr

2cpTeÞ ¼
q
qr

ker2
qTe

qr

� �
. (4)

In Eqs. (1)–(4) r is the gas density, j is the number
of gaseous phase species (subscript 1 denotes the
volatile species, j ¼ 1, y, K�1, j6¼A), Yj is the mass

fraction of the jth gaseous species, Y
ðLÞ
A is the mass

fraction of the absorbate in the liquid, Dj is the
diffusion coefficient, Dj ¼ ð1� X jÞ=

P
kajðX k=DjkÞ,

Xj is the mole fraction of the jth species, Djk is the
binary diffusion coefficient for species j and k. Note
that in general, Eq. (3) are written for all j ¼ 1, y,
K. However, only K�1 of the values Dj can be
specified independently. Consequently, the Kth
species can be treated differently from the others
and may be found consistently using the identity

XK

j¼1

Y j ¼ 1.

When v2/c251 (where v is the gas velocity and c is
the speed of sound) instead of Eq. (2) anelastic
approximation can be used

q
qr
ðr2rvrÞ ¼ 0. (5)

The system of energy and mass conservation
Eqs. (2)–(4) must be supplemented with the
momentum conservation equation. However, in
the case of subsonic flow velocities (low Mach
number approximation, M51) the pressure gradi-
ent is negligibly small (Dp�rv2) and, therefore, the
pressure can be assumed constant. The gaseous
phase properties can be related through the ideal gas
equation of state:

p ¼ p1 ¼ rRgTe

XK

j¼1

Y j

Mj

� �
. (6)

where Mj is the molar mass of the jth gaseous
species.

Eqs. (1)–(5) must be supplemented with equation
for determining gas velocity. The exprressions
for Stefan velocity and the rate of change of
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droplet radius were obtained using the macroscopic
mass balance at the droplet surface: dmL=dt ¼

�4pR2rsðvðR; tÞ � _RÞ. Following the approach de-
veloped by Elperin et al. (2007a) we obtain the
following expressions for Stefan velocity and the
rate of change of droplet radius:

vs ¼ �
DLrL

rð1� Y 1Þ

qY
ðLÞ
A

qr

�����
r¼R�

�
D1

ð1� Y 1Þ

qY 1

qr

����
r¼Rþ

,

(7)

_R ¼
DL

1� Y 1

qY
ðLÞ
A

qr

�����
r¼R�

þ
rD1

rLð1� Y 1Þ

qY 1

qr

����
r¼Rþ

, (8)

where the signs ‘‘+’’ and ‘‘�’’ denote values at the
external and internal surfaces, respectively, and rL
is the liquid density. The radial flow velocity vr as a
function of r and t can be obtained by integrating
Eq. (5): vr ¼ rsvsR

2/(rr2), where vs is determined
from Eq. (7).

As can be seen from expressions (7) and (8), the
absorption of soluble admixture causes the decrease
of Stefan velocity and evaporation rate. However,
since absorption is accompanied by thermal effect,
reaction of dissociation and solubility of different
gases in the same liquid differs essentially, the
influence of gas absorption on the rate of evapora-
tion is quite involved.
2.2. Initial and boundary conditions and aqueous-

phase chemical equilibria

The system of conservation Eqs. (1)–(4) must
be supplemented by initial conditions and the
boundary conditions at the droplet surface. The
initial conditions for the system of Eqs. (1)–(4)
read:

At t ¼ 0; 0prpR0; T ðLÞ ¼ T
ðLÞ
0 ; Y

ðLÞ
A ¼ Y

ðLÞ
A;0;

At t ¼ 0; rXR0; Te ¼ Te;0ðrÞ; Y j ¼ Y j;0ðrÞ:

(9)

At the droplet surface the continuity conditions
for the radial flux of non-soluble gaseous species
yield:

Djr
qY j

qr

����
r¼Rþ

¼ rY jvs. (10)

For the absorbate, this condition assumes the
form of the following equation (for details, see
Elperin et al., 2007a):

jA
��
r¼R
¼ rYAvs �DAr

qYA

qr

����
r¼Rþ

¼ �DLrL
qY
ðLÞ
A

qr

�����
r¼R�

(11)

The vapor concentration at the droplet surface
Y1,s is a function of temperature Ts(t) and
is determined as follows: Y 1;sðTsÞ ¼ r1;s=r ¼
p1;sðTsÞM1=p1M, where p1,s is the partial pressure
at the droplet surface.

The droplet temperature can be found from the
following equation:

ke

qTe

qr

����
r¼Rþ

þ rLLv
dR

dt
¼ kL

qT Lð Þ

qr

����
r¼R�

� LarLDL

qY
ðLÞ
A

qr

�����
r¼R�

(12)

The last term on the right-hand side of Eq. (12)
arises due to a heat released at gas–liquid interface
during gas absorption in liquid (see, e.g., Elperin
and Fominykh, 2005; Elperin et al., 2007b). The
following equilibrium reactions occur when SO2

is dissolved in water droplet (see, e.g., Seinfeld,
1986):

SO2ðgÞ þH2O�!
Kh

SO2 �H2O; Kh ¼
½SO2 �H2O�

pSO2

,

(13)

SO2 �H2O�!
K1

Hþ þHSO�3 ; K1 ¼
½Hþ�½HSO�3 �

½SO2 �H2O�
,

(14)

HSO�3 �!
K2

Hþ þ SO2�
3 ; K2 ¼

½Hþ�½SO2�
3 �

½HSO�3 �
, (15)

where SO2 �H2O is physically dissolved SO2, HSO3
�

is the bisulfite ion, SO3
2� is the sulfite ion, Kh is

Henry’s constant and K1 and K2 are the first and the
second dissociation constants, respectively. Note
that the Henry’s and the dissociation constants are
strongly dependent on temperature. In this study,
we adopted the dependencies of the equilibrium
constants for the above reactions Kh, K1 and K2 on
temperature from Maahs (1982). The total concen-
tration of the dissolved sulfur in oxidation state IV
can be calculated as follows:

½SðIVÞ� ¼ ½SO2 �H2O� þ ½HSO�3 � þ ½SO
2�
3 �. (16)

Since the diffusivities of SO2 �H2O, SO3
2� and HSO3

�

are sufficiently close (see, e.g., Baboolal et al., 1981;
Huckaby and Ray, 1989), the concentration of
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S(IV) inside the droplet can be determined from
Eq. (1). Concentrations of SO2 �H2O, sulfite
SO3

2� and bisulfite HSO3
� ions can be found by

assuming that ions diffuse in such a way as to
achieve local electrical neutrality which implies
the balance of the electrical charges in any given
location:

½Hþ� ¼ ½OH�� þ ½HSO�3 � þ 2½SO2�
3 � (17)

Taking into account that the characteristic times
of chemical processes and time required for estab-
lishing phase equilibrium are much less than
characteristic times of molecular diffusion, we
assumed local equilibrium in a liquid phase (for
details, see Schwartz and Freiberg, 1981).

Using the expressions (13)–(15) for the constants
Kh, K1, K2 and Eqs. (16) and (17) after simple
algebra we can obtain the following system of
algebraic equations for determining ion concentra-
tions at any location inside the droplet:

Kw þ x3x1 þ 2x4x1 � x2
1 ¼ 0;

K1x2 � x3x1 ¼ 0;

K2x3 � x4x1 ¼ 0;

x2 þ x3 þ x4 � ½SðIVÞ� ¼ 0;

(18)

where x1 ¼ [H+], x2 ¼ [SO2 �H2O], x3 ¼ [HSO3
�],

x4 ¼ [SO3
2�] and Kw is the equilibrium constant of

water self-ionization (Stumm and Morgan, 1981):

Kw ¼ ½OH��½Hþ� ¼ exp �
10294:8349

T
þ 14:0169

�

�0:0392T

�
½M2�. ð19Þ

The boundary condition for the equation of
diffusion in a liquid phase (see Eq. (1)) reads:

YS IVð Þ ¼
MS IVð Þ

rL
H�SðIVÞpSO2

, (20)

where MS(IV) is the molar mass of the absorbate,
pSO2

is the partial pressure of SO2 species in the gas,
and Hn

SðIVÞ is the effective Henry’s constant Hn
SðIVÞ ¼

HSO2
� ½1þ K1=½H

þ� þ K1K2=½H
þ�2� (see, e.g.,

Seinfeld, 1986). Note that HSO2
is identical to

Henry’s constant, Kh. At the gas–liquid interface
Te ¼ T(L), and at the center of the droplet symmetry
condition implies that

qY
ðLÞ
A

qr

�����
r¼0

¼ 0;
qT ðLÞ

qr

����
r¼0

¼ 0 . (21)
At r-N and t40, the ‘‘soft’’ boundary condi-
tions at infinity are imposed:

qTe

qr

����
r!1

¼ 0;
qY j

qr

����
r!1

¼ 0 . (22)

2.3. Numerical scheme

The presence of two computational domains
(0prpR(t) for the liquid phase, and rXR(t) for
the gaseous phase) for the system of Eqs. (1)–(4)
which are separated by a moving boundary r ¼ R(t)
complicates the numerical solution. Moreover, the
characteristic times of the heat and mass transfer in
the gaseous phase and heat transfer in the liquid
phase are considerably smaller than the character-
istic time of the diffusion of soluble component in
liquid. In order to overcome these problems, we
introduced the following dimensionless time vari-
able t ¼ DLt=R2

0. Then the governing equations can
be rewritten for time variable t using the following
coordinate transformations (see, e.g., Ray et al.,
1987): x ¼ 1�r/R(t) in the domain 0prpR(t), and
w ¼ s�1(r/R(t)�1) in the domain rXR(t). The
parameter s was chosen such that the concentra-
tions of the gaseous species and the gas phase
temperature attain their initial values at the distance
sR(t). In the transformed computational domains,
the coordinates xA[0,1], wA[0,1], and these domains
can be treated identically in numerical calculations.
The gas–liquid interface is located at x ¼ w ¼ 0.
The system of nonlinear parabolic partial differen-
tial Eqs. (1)–(4) was solved using the method of lines
developed by Sincovec and Madsen (1975). The
spatial discretization on a three-point stencil was
used in order to reduce the system of the time-
dependent partial differential equations to a semi-
discrete approximating system of coupled ordinary
differential equations. Thus, the system of partial
parabolic differential equations is approximated by
a system of ordinary differential equations in time
for the unknown functions Te, T(L), Y

ðLÞ
A and Yj at

the mesh points. The mesh points were spaced
adaptively using the following formula:

xi ¼
i � 1

N

� �n

; i ¼ 1; . . . ;N þ 1. (23)

Consequently, mesh points cluster near the left
boundary where the gradients are steep. In Eq. (23),
N is the chosen number of mesh points, n is an
integer coefficient (in our calculations n is chosen
equal to 3).
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The resulting system of ordinary differential
equations was solved using a backward differentia-
tion method. Generally, in the numerical solution,
151 mesh points and an error tolerance �10�5 in
time integration were employed. Variable time steps
were used to improve the computing accuracy and
efficiency. During numerical solution of the system
of Eqs. (1)–(4), the properties r, cp, Dj, and ke were
evaluated simultaneously at each grid point at each
time step. The compilation of the formulas for
calculating these properties is presented by Reid
et al. (1987) and Ben-Dor et al. (2003a, b). Proper-
ties of the liquid and the gaseous phases were
adopted from Reid et al. (1987). The system of
nonlinear algebraic Eqs. (18) was solved at each grid
point at each time step. Calculations were termi-
nated when the condition R/R0p0.1 was fulfilled.

3. Results and discussion

The above model of gas absorption by evaporat-
ing (growing) droplet was applied to study evapora-
tion of water droplet immersed in a stagnant ternary
gaseous mixture composed of nitrogen (N2), soluble
sulfur dioxide (SO2), and vapor of the water droplet.
Using the present model of gas absorption with
subsequent dissociation reaction, we performed the
numerical calculations for the dependence of
average molar concentrations of aqueous sulfur
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Fig. 1. Average concentration of aqueous [S(IV)], [SO2 �H2O], [HSO
compounds and the average concentration of total
dissolved sulfur S(IV) in water droplet vs. time (see
Figs. 1–4). The average concentration of the ith
species concentration is determined as follows:

hCii ¼
1

Vd

Z
CiðrÞr

2 sinWdrdWdj, (24)

where subscript i denotes the chemical compound
such as physically absorbed sulfur dioxide SO2 �H2O,
sulfite SO3

2� and bisulfite HSO3
� ions. The results of

calculations of aqueous sulfur species in evaporating
(RH ¼ 70%) and growing (RH ¼ 101%) droplets
with the initial radius 10mm are presented in
Figs. 1–4. In these calculations, we assumed different
concentrations of SO2 in the ambient gaseous
mixture such as 0.01ppm (Figs. 1 and 3), 0.2 ppm
(Fig. 2) and 0.01ppb (Fig. 4). The concentration of
sulfur dioxide equal to 0.2 ppm is typical for highly
polluted atmosphere, and the concentration of SO2

of the order of 1 ppb is typical for clean atmosphere
(see, e.g., Seinfeld, 1986). As can be seen from
Figs. 1–4, the average concentration of the total
dissolved sulfur [S(IV)] is significantly larger than
concentration of [SO2 �H2O] in the liquid phase.
Inspection of the Figs. 1–3 shows that in the case
when the ambient concentration of SO2 is in the
range from 0.01 to 0.2 ppm, the ions of HSO3

�

constitute the major fraction of the total amount of
tetravalent sulfur species. Similar phenomenon has
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2�] and pH vs. time (RH ¼ 101%, [SO2]N ¼ 0.01 ppm).
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been found by Huckaby and Ray (1989) on a basis of
the numerical calculations performed for the con-
centrations of SO2 in a gaseous phase in the range
from 10�6 to 10�5molm�3. In the case of very small
concentrations of SO2 in an ambient air (of the order
of 0.01ppb) for small time elapsed from the
beginning of gas absorption the contributions of
HSO3

� and SO3
2� chemical compounds in the total
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concentration of the dissolved sulfur [S(IV)] are
comparable while for large time the contribution of
HSO3

� to the concentration of [S(IV)] is predominant
(see Fig. 4).

Average concentration of [SO2 �H2O] calculated
using the present model was compared with the
results obtained using the model of physical absorp-
tion suggested by Elperin et al. (2007a). The
comparison (see Figs. 1–3) shows that ignoring the
subsequent equilibrium dissociation reactions
(dashed lines) leads to overestimating average con-
centration of [SO2 �H2O] at the transient stage of gas
absorption. As can be seen from Figs. 1–3 with an
increase of concentration of SO2 in the gaseous
phase, the share of SO2 �H2O in total concentration
of dissolved sulfur species [S(IV)] increases while the
share of SO3

2� in [S(IV)] decreases.
We also performed calculations of temporal

variation of pH for evaporating and growing
droplets. As can be seen from Figs. 1 and 3, the
magnitude of pH is larger for growing droplets.

The dependence of the ratio pHsat/pH0,sat at the
stage of saturation vs. relative humidity (RH) is
shown in Fig. 5, where pH0 denotes the value of pH
calculated for the relative humidity 0% at the stage
of saturation. The calculations were performed for
different values of ambient concentration of sulfur
dioxide (0.01 and 0.2 ppm). The ambient temperature
was assumed to be equal to 293K. Calculations were
performed for the droplet with the initial radius
10mm. Inspection of Fig. 5 shows that the value of
pH at the saturation stage is higher for lower
concentration of sulfur dioxide in the gaseous phase.
As can be seen from Fig. 5 the ratio pHsat/pH0,sat

increases with the increase of the relative humidity
(RH). The main factors leading to pH increase with
the increase of RH are the rise of the droplet
temperature and increasing dilution of H+ ions.
Droplet temperature rise causes the reduction of
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saturation concentration of H+ ions, while RH
increase leads to either slowing droplet evaporation
or to droplet growth due to condensation. Conse-
quently, dilution of H+ ions increases with the
increase of humidity. All these trends are valid for
concentrations of all ions in a droplet (see Fig. 6).

Henry’s law constant as well as the effective
Henry’s law constant and, consequently, concentra-
tion of the dissolved species inside the droplet
strongly depend on temperature. Therefore, droplet
surface temperature is one of the most important
parameters for investigating gas absorption by
evaporating/growing droplets. Comparison of the
results obtained using the model of physical
absorption of sulfur dioxide in water droplet with
the predictions of the model taking into account the
subsequent equilibrium dissociation reactions shows
that the model of physical absorption underesti-
mates the droplet surface temperature (Fig. 7).
Calculations were performed for a water droplet
with the initial radius 25 mm evaporating in dry
N2/SO2 gaseous mixture. The mass fraction of SO2

in ambient gaseous mixture is 0.5. The calculations
were performed for ambient temperature 288K.

Higher values of droplets surface temperature
predicted by the model of gas absorption with
dissociation of the dissolved gas are the result of the
enhanced thermal effect of absorption. The en-
hanced thermal effect of absorption with dissocia-
tion is caused by the increase of the total amount of
the absorbed gas due to larger value of the effective
Henry’s constant.
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Fig. 6. Dependence of the normalized concentration of satura-

tion of different ions in a droplet vs. RH.
The maximum of droplet surface temperature
during the transient period of evaporation in an
air–water vapor–soluble gas mixture occurs due to
competition of different phenomena which lead to
cooling and heating of droplet surface simultaneously
(see Fig. 7). Evaporation leads to droplets surface
temperature decrease while at the same time thermal
effect of dissolution increases droplet surface tem-
perature. Interaction of these effects results in a
maximum of droplets surface temperature. At the
stage of gas absorption thermal effect of dissolution is
dominant, and droplet surface temperature increases.
When gas absorption and heating slow down, cooling
due to evaporation prevails. In the framework of the
model of physical absorption the nonlinear behavior
of the droplet surface temperature was discussed by
Elperin et al. (2007a). The detailed scheme of the
interrelation between heat and mass transport during
transient period of droplet evaporation with gas
absorption is shown in Fig. 8. The scheme takes into
account subsequent aqueous-phase equilibrium dis-
sociation reactions. Numerical analysis showed that in
the case of small concentrations of SO2 in a gaseous
phase the effects of Stefan flow and heat of absorption
on the droplet surface temperature can be neglected.

4. Conclusions

In this study, we developed a numerical model
of simultaneous heat and mass transfer during
evaporation and vapor condensation on the surface
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of a stagnant droplet in the presence of inert
admixtures containing non-condensable soluble
gas. It is assumed that gas absorption is accom-
panied by subsequent aqueous-phase equilibrium
dissociation reaction.

The developed model was compared with the
model of physical absorption of soluble gas in water
droplet. The results obtained in this study allow us
to draw the following conclusions:
1.
 Heat and mass transfer rates in water droplet–
air–water vapor system at short times are
considerably enhanced under the effects of Stefan
flow, heat of absorption and dissociation reac-
tions within the droplet.
2.
 Comparison of the results predicted by the model
of physical absorption of sulfur dioxide in water
droplet with the model that takes into account
the subsequent equilibrium dissociation reactions
showed that the model of physical absorption
underestimates the droplet surface temperature
and overestimates the average concentration of
[SO2 �H2O] at the transient stage of gas absorption.
3.
 With an increase of concentration of SO2 in a
gaseous phase, the share of SO2 �H2O in the total
concentration of the dissolved sulfur species
[S(IV)] increases while the share of SO3

2� in
[S(IV)] decreases.
4.
 Magnitude of pH in a droplet at the saturation
stage is higher for lower concentration of sulfur
dioxide in a gaseous phase.
5.
 The developed model allows us to calculate the
value of pH vs. time for evaporating and growing
droplets. The performed calculations showed
that pH increases with the increase of the relative
humidity (RH). The main factors leading to pH
increase with the increase of RH are the rise of
the droplet temperature and increasing dilution
of H+ ions.
6.
 Non-monotonic dependence of droplet surface
temperature vs. time stems from the interaction
of different phenomena. In particular, thermal
effect of solubility and Stefan flow result in the
maximum of the droplet surface temperature
during the transient period of droplet evaporation.
Numerical analysis showed that in the case of
small concentrations of SO2 in the gaseous phase
the effects of Stefan flow and heat of absorption on
the droplet surface temperature can be neglected.
7.
 Even for small concentrations of soluble species
only taking into account mutual influence of
absorption and condensation (evaporation) allows
correct prediction of the influence of condensation
(evaporation) on gas absorption. The reason is the
nonlinearity of heat and mass transfer equations
describing gas absorption and droplet evaporation
(growth) and the nonlinear dependence of chemi-
cal equilibrium constants on temperature.

The performed analysis of gas absorption by
liquid droplets accompanied by droplets evapora-
tion and vapor condensation on the surface of liquid
droplets can be used in calculations of scavenging of
hazardous gases in atmosphere by rain and atmo-
spheric cloud evolution.
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