Colloid Journal, Vol. 65, No. 6, 2003, pp. 740-744. Translated from Kolloidnyi Zhurnal, \Vol. 65, No. 6, 2003, pp. 809-814.

Original Russian Text Copyright © 2003 by Kuni, Grinina, Shchekin.

Diffusion of Vapor in the Presence
of a Growing Droplet

F.M.Kuni, E. A. Grinina, and A. K. Shchekin

Physics Research Institute, &. Petersburg State University, ul. Ul yanovskaya 1, Petrodvorets, S. Petersburg, 198504 Russia
Received March 4, 2003

Abstract—Asis shown, the solution to the diffusion equation for the concentration of vapor in the presence of
adroplet growinginit, derived for the usual initial condition and equilibrium boundary conditions at the droplet
surface, fails to ensure an equality between the numbers of molecules that have | eft the vapor due to diffusion
by the current moment and those that have been included in the growing droplet. The difference between the
total numbers of vapor molecules at the initial moment (when the vapor had a given uniform concentration) and
at the current moment (when the size of the growing droplet is much larger than itsinitial size) differsfrom the
total number of moleculesin the droplet by afactor of 3/2. By substituting the usual boundary condition at the
droplet surface by atime-dependent boundary condition at the surface of a constant-radius sphere with the cen-
ter in the center of the growing droplet, a solution to the diffusion problem for the vapor concentration is
derived. This solution describes the evol ution of the vapor concentration field, which agrees with the rate of the
vapor absorption by the growing droplet and with the law of the conservation of matter.

Thediffusion problemisoften considered in the the-
ory of phase transitions for describing the evolution of
the concentration field of a metastable phase in the
presence of agrowing particle of the new phase[1]. For
definiteness, let us consider a vapor-liquid phase tran-
sition that takes place as the excess vapor condenses on
aspherical droplet. The principal aim of this paper isto
construct such a solution to the diffusion problem for
the vapor concentration field in the presence of a drop-
let growing in it that the number of droplet-constituting
molecules would increase in agreement with the
decrease in the number of vapor moleculesin the drop-
let surroundings. The necessity of reaching such an
agreement indeed exists, asis shown below.

Let us place the origin of the spherical coordinate
system in the center of the growing droplet and denote
its radius by R. Let n(r, t) be the number density of
vapor molecules (vapor concentration) at distancer > R
from the center of the growing droplet at moment t after
the instantaneous creation of a vapor supersaturation
with a uniform initial concentration n(0) around the
droplet. The radius R is assumed to be much greater
than the mean free path of vapor molecules. Under this
condition, the evolution of the number density n(r, t) of
vapor molecules in the ambient space of the growing
droplet adheres to the diffusion equation

on(r,t) _ D&’
at - rarz(rn(rvt))v (1)

where D is the diffusion coefficient. If we assume that
alocal vapor—droplet equilibrium is quickly established
at the surface of the growing droplet, the boundary con-
dition at this surface is n(r, t)|, _g = hg. FOr avapor in

equilibrium with adroplet of radius ng, the number den-
sity R of its molecules depends on R. However, this
dependence is such that the R value becomes constant
(and equa to the concentration ng of saturated vapor
over a plane surface of the liquid phase) starting from
very small n,, values. For this reason, the actually used
boundary condition at the droplet surfaceis

n(r,t)], g = No. 2)

Since the droplet growth is due to absorption of
excess vapor molecules, the droplet radius at the cur-
rent moment t changes with arate equal to

a0 2., ON(r, t)
thB"RD = 4nR VIDT

where v, isthe volume per moleculein theliquid phase.
The v, volume is a quantity reciprocal to the number
density of moleculesin theliquid phase. Differentiating
the right-hand part of Eq. (3) and cancelling equal mul-
tipliersin both parts, we arrive at
dR _ v,DIN(r. 1)

dt or

The existence of a relationship between the radius of
the growing droplet and the vapor concentration makes
our problem nonlinear.

In applied studies, a consistent solution of the diffu-
sion equation (1) and determination of the current size
of the growing droplet according to Eq. (4) is achieved
intwo stages[1]. Thefirst stage consistsin determining
the vapor concentration field n(r, t) in the vicinity of a
droplet with afixed radius R and in calculating the dif-
fusion flux of matter onto the droplet. The second stage

3)

r=R

“)

r=R
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consists in determining the rate of the change in the
radius R according to the diffusion flux and in finding
the radius itself as a function of time t. A solution for
the vapor concentration n(r, t) with the fixed radius sub-
stituted by the current droplet radius R(t) found at the
second stage is regarded as agood approximation to the
exact solution of the problem.

The possibility of solving the problem in such asuc-
cession is based on the existence of a small physica
parameter

a =[2v,(n(0) -n.,)] " (5)

under characteristic conditions. This parameter is equal
to the sguare root of the double density ratio of the
excess vapor and condensed phase (the v, volume is a
guantity reciprocal to the number density of molecules
in the liquid phase). Since the vapor density (far from
the critical point) is several orders of magnitude lower
than the liquid density, we have

a<1 (6)

For a homogeneous condensation of water vapor at T [
273 K, weobtaina ~ 5 x 10-*. Hence, the condensation
of asignificant (from the diffusion standpoint) amount
of vapor changes the radius of a growing droplet to a
relatively small extent. Therefore, it is assumed that the
solution to Eg. (1) found at R = const under boundary
condition (2) and initial condition

n(r,Y}c=o = n(0) )

may be used for the vapor concentration field n(r, t).
Such a solution has awell-known form [1]

n(r,t) = n(0)—[n(0)—n,] = [1 ¢%J_ID} @®)

where ® 4—— - |St||EL |acian probability int ral

®(u) = —j: nJ-e—zsz_ )
0

Substituting solution (8) into (4), we obtain an equation
for R(t):

dR° _ g2, _R O 10
& - Far = (10)
where

B = [2Dv,(n(0)-n.)] ", (11)

hence,
B = D%a. (12)
Let us assume R(t)/(Dt)'? < 1, as is confirmed
below. Then Eq. (10) is reduced to dR*/dt = 3> and its
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solution is R%(t) = %t + R*(0), where R(0) is the droplet
radius at the initial moment, when the diffusion regime
of the droplet growth is activated. Let us assume
RX(0) ~ A2 and

R%(t) > R%(0), (13)

where A isthe mean free path of vapor moleculesin the
vapor—gas medium. Then at

R(t) > A, (14)

when the droplet grows in the diffusion regime, the
resultant solution R(t) = Bt + R*(0) istransformed into

R(t) = pt*% (15)

With alowance for Eq. (12), Eq. (15) yields R(t)/(Dt)'> =
a, confirming the assumption R(t)/(Dt)”> < 1 in view of
Eqg. (6). Range (14) is expressed using Egs. (15) and (12)
ast > A/Da2. AtA ~10*cm,a ~5 %1073, and D ~
1 cm? s’!, the time constraint isreduced to t > 1073 s.

Allowing for the smallness of the a parameter and
thus assuming that the vapor concentration field adjusts
itself to the current size of the growing droplet (in the
spatial region that is representative for problems using
this field) much faster than the droplet radius changes,
we can write the solution for n(r, t) in the form (8) with
radius R from Eg. (15) substituted instead of the con-
stant R(t).

However, the concentration field n(r, t) constructed
using the concepts of the space and time scale hierarchy
has one significant fault. To reveal it, let us calculate
and compare two quantities. One of them is the differ-
ence between the total numbers of vapor molecules at
the initial moment t = O, when condition (7) istrue, and
a the current moment t, when the droplet radius R(t)
satisfies constraint (13). The other quantity is the total
number of molecules congtituting a droplet of radius
R(t). If inequality (13) istrue, this number of molecules
have virtually completely condensed in the droplet
under the conditions where its radius grows with time
according to Eq. (15). Let usdenotethefirst and second
guantities by N(t) and v(t), respectively. In principle,
one should not expect that these quantitieswill be equal
(asisrequired by thelaw of the conservation of matter),
because the formulated solution is approximate. How-
ever, their significant difference is aso unacceptable.
Allowingfor theinitial condition (7), we obtain the N(t)
value as

O, O
N(t) = 4ngr (n(0) —n(r, t))dr] (16)
R R=R(t)

Substituting solution (8) into Eq. (16) and performing
the integration, we arrive at

N(t) = 4TR(t)(n(0) —n,)Dt

+ 81 2R%(1) (n(0) —n,,) (D). a7
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Let us use Egs. (15) and (11) and write Eq. (17) in the
form

R(t) , 410
Vi

_2m R 2" g

N(t) = v, Of [vi(n(0) —n,)] "°.(18)
The second term in the right-hand part of Eq. (18)
should be discarded, because it has the first order of
smallness with respect to the a parameter by virtue of
Eq. (5). Let uswrite

2T[R3(t).

N() D=

(19)
Thev(t) value, i.e., the number of molecules constitut-
ing adroplet of radius R(t), isfound as

3
v(t) = ‘%‘/ft).

Comparing Egs. (19) and (20), we can see that

N@®) 43
v(t) 2

Thus, if we consider the law of the conservation of mat-
ter, the use of solution (8) at the moment t and boundary
surface radius R = R(t) is not a good approximation to
the exact solution of the problem of vapor distribution
in the vicinity of a droplet growing because of vapor
condensation. Meanwhile, the droplet radius growth
law (15), which is determined by the local structure of
the vapor concentration field near the droplet surface, is
representative enough.

Note that the problem of considering the displace-
ment of the boundary and the time dependence of the
boundary concentration in solving the diffusion prob-
lem has been considered earlier, e.q., in the problem of
diffusion kinetics of adsorption [2-5], where the bal-
ance of matter also plays an important role. However,
those studies considered diffusion in liquid solutions,
i.e., in media without small parameter (5), and model
adsorption isotherms played a significant role in the
closure of the equation for the boundary concentration.

L et usconsider the principal aim of our communica
tion: constructing asolution to Eq. (1) in which the evo-
lution of the vapor concentration field would be consis-
tent with the rate of the vapor adsorption by the droplet
growing in this vapor and which would agree with the
law of the conservation of matter in systems with small
parameter (5).

The main element of the proposed solution is the
boundary condition at the spherical surface of a given
radius r, with the center in the center of the growing
droplet. This condition iswritten as

(20)

1)

BtUZ
(0], = n(O)-[n(0)-n]5=. @)

If we put ry = R(t) in Eqg. (22), it will be transformed,
with alowance for Eq. (15), into boundary condition (2).
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Boundary condition (22) is evidently compatible with
theinitial condition to the diffusion equation (1) in the
form

n(r,t)|;-o = n(0) (23)

(r=ry).
The main argument in favor of boundary condi-
tion (22) is that its use produces a solution to Eq. (1)
that possesses properties expressed below by Egs. (29)
and (31). Meanwhile, some suggestive qualitative ideas
have prompted the form of boundary condition (22).
Theseideas are based on the smallness of the a param-
eter introduced by Eq. (5) and may be briefly described
as follows. The boundary surface of radiusr, formally
divides the space around the growing droplet into two
regions. Boundary condition (22) refersto the diffusion
equation (1) inther > r, region. The number of vapor mol-
ecules leaving this region because of diffusion through
the boundary surface of radiusr, per unit time depends
on the boundary condition maintained at thissurface. In
turn, the number of vapor molecules absorbed by the
droplet located inside a sphere of radiusr, per unit time
depends on radius R(t) of the growing droplet. To
ensure an equality between the numbers of vapor mol-
ecules that have left ther > r,, region because of diffu-
sion and those that have condensed in the droplet, the
boundary condition a r = r, must be related to the
radius of the growing droplet. If we assume (asisjusti-
fied below) that the vapor concentration field in the
R(t) < r < r, region with boundary condition (2) at the
surface of the growing droplet is quasi-steady-state, the
condensation of vapor on the droplet must cause its
radius R(t) to increase according to Eq. (15) and the
vapor concentration at ther = r,, surface must adhere to
Eqg. (22). Since the quasi-steady state of the vapor con-
centration field actually extends beyond the r < r,
region, one can expect [under condition (22)] the afore-
mentioned equality between the number of vapor mol-
eculesleaving ther > r, region due to diffusion through
the boundary surface of radiusr, per unit time and the
number of vapor molecules absorbed by the droplet
located inside a sphere of radiusr,, per unit time. Thus,
if we solve the diffusion equation (1) using boundary
condition (22) and initial condition (23) with the fixed
boundary-surface radius r, at the current moment sub-
stituted by the radius R(t) = Bt'”? of the droplet growing
due to vapor absorption, the resultant solution must dis-
play abetter agreement with the law of the conservation
of matter than solution (8). The assumption that the
vapor concentration field in the R(t) <r < r, region is
guasi-steady-state, which was used in the above reason-
ing, may be regarded as justified if the time (estimated
as r2/D) required for the establishment of a quasi-
steady-state concentration field in this region is much
shorter than the time required for the radius of the
growing droplet to reach r,. With allowance for
Eqg. (15), the latter time may be assumed to be equal to
COLLOID JOURNAL
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rg /B?. Accordingly, for therequired timeratio to be ful-

filled, inequality B>D < 1 must be true. In view of
Eg. (12), this condition is reduced to a? < 1 and sug-
gests the smallness of the a parameter. The above rea-
soning also prompts that, instead of Eq. (22), the
boundary condition for Eq. (1) may be the condition of
flux matching at the boundary surfacewithr =r,. How-
ever, this approach leads to overly complicated mathe-
matical constructions.

The general solution of Eg. (1) with the initial and
boundary conditions similar to Egs. (22) and (23),
respectively, is contained, for example, in [6]. For the
given actual implementation of these conditions, the
solution has the form

2pt"(n(0) —n.,)

n(r,t) = n(0) — =T

(24)

where
(25)

The right-hand part of condition (22) at a fixed r, is
time-dependent, whereas the right-hand part of condi-
tion (2) at afixed Risnot. Thisisthe reason for the dif-
ference between solutions (24) and (8). This difference
makes it possible to establish that solution (24) with
ro = R(t) in the notation of Eq. (25) agrees with the law
of the conservation of matter.

Solution (24) has two important properties. To for-
mulate thefirst of them, let us calculate the number j(t)
of vapor molecules carried inside the boundary surface
of radius r, = R(t) by the diffusion flux per unit time,
using Eg. (15) for R(t). By definition, we have

j(t) = 4rr’pdn(r. Y
rlr=re

Using solution (24) in Eq. (26), assuming r, = R(t) iniit,
and performing the necessary calculations, we arrive at

j(t) = 4np’’D(n(0) —n.,)[1+ R)/(DY)Y], (27)
with allowance made for

(26)

00

exp( T) T
llrr})nl, J’ Zz)ﬂzdr 2,

In accordance W|th Egs. (15), (12), and (6), we obtain
Rt)/(DY)? =a < 1. Then Eq. (27) yields
j(t) D4mB™*D(n(0) - n.). (29)

In view of Egs. (11), (15), and (20), equality (29)
impliesthat the number of vapor molecules (in the prin-
cipal order by the small parameter a) carried by the dif-

(28)
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fusion flux per unit timeinside asphere with the dropl et
radius R(t), which depends on t according to Eqg. (15),
is equal to the number of molecules that must be
attached to the dropl et inside the sphere per unit time so
that Eq. (15) would be true. This statement, which is
based on the proposed solution (24), thus agrees with the
result obtained on the basis of solution (8). The second
property of solution (24) declared in this paragraph will
show its serious advantage compared to solution (8).

Let us calculate the N(t) value defined by Eq. (16)
using solution (24) with r, = R(t) in that equation. We
obtain

N(t) = 16m°BtD"*(n(0) —n.)

h 12 h ZZDH2 2 (30
x .!)'[Z(Dt) z+ R(t)]dz{%l.—;ﬂ exp(—t?)dt,

with allowance made for notation (25), wherer, = R(t).
Let us consider Egs. (15) and (12) and the numerical
values of the integrals

2112

T[]JZIzdzI%L—-— exp(—t°)dt = —,

Z
T[ﬂz dJ‘%L p(=t%)dt 00.44.
We arrive at
N(t) = 4T;R )1 +1.310). 31)
I

Comparing Egs. (31) and (20), we see that, in the prin-
cipal order by the small parameter a, the difference N(t)
between the total numbers of vapor molecules at the
initial moment t = 0, when Eq. (23) is true, and at the
current moment t, when the dropl et radius R(t) satisfies
constraint (13), turns out to be equal to the total number
v(t) of moleculesin adroplet of radius R(t).

Thus, solution (24), in contrast to solution (8),
shows a virtually exact agreement with the law of the
conservation of matter. This property of solution (24) is
not only important in principle but may also have a
great significance for some problems of the nucleation
theory [7] and adsorption from the gaseous phase,
where the vapor concentration field in the presence of a
growing droplet should be described with a sufficiently
high accuracy.

The quantitative difference between the vapor con-
centration fields in the presence of a growing droplet
constructed using solutions (8) and (24) depends on the
o parameter value. To estimate this difference, it iscon-
venient to consider the relative decrease ¢(r, t) in the
vapor supersaturation, defined as
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The difference Ad between the values ¢(r, t) of therelative decrease in the vapor supersaturation found using solutions (8) and (24),
respectively. Curves /-3 correspond to o = 0.1, 0.05, and 0.01, respectively. x denotes the r/R(t) ratio.

_ N —n(r, t)
q)(rlt) - n(o)_nm '

If the r distance is measured in units of the current
radius R(t) = Bt”? of the growing droplet, it is easily
seen that the relative decrease ¢(r, t) in the vapor super-
saturation does not directly depend on time, no matter
whether it is determined using solution (8) or (24). The
plots in the figure show the difference A¢ between the
values of the ¢(r, t) function found using solutions (8)
and (24), respectively. Curves 1, 2, and 3 correspond to
o = 0.1, 0.05, and 0.01, respectively. The curves dem-
onstrate a minor discrepancy between the two solu-
tions, and the imbalance [expressed by Eq. (21) based
on solution (8)] between the substance carried from the
vapor actually by diffusion and the substance that has
formed the droplet grown in the vapor is accumulated
as aresult of integration over the vapor volume.

(32)
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