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Absiract—The stage corresponding o effective droplet nucleation on the macroscopic condensation nuclei
during the gradual creation of the metastable state in vapor was studied in a case when the diffusion growth of
supercritical droplets prevails. The conditions of the applicability of the kinetic theory were analyzed. It was
revealed that the macroscopicity of the condensation nuclei results in more severe conditions. The algorithm of
the caleulation of the ail imporiant kinetic characteristics of the droplel nucleation process, i.e., the total number
of micleating droplets, the tirme of the heginning of the droplet nucleation and the duration of this process, and
the width of the droplet size spectrum, was formulated. It was shown that under the given properlies of the
vapor-gas medium and the liquid condensing from vapor, as well as at the given dimensions of the condensation
nuciei, the algoritiun allows us o cover the entire range of the characteristic times of the creation of the meta-
stable staie in vapor and the initial concentration of condensation nuclei admiitted by (he conditions of the appli-
cabilify of the kinetic theory. Based on the algorithm, numerical caleulations were performed demonsirating the
Ability of the proposed theory (o make some interesting and practical predictions in a sather wide range of the
values of the inilial parameters. The factors were revealed, which determine the prevalence of the diffusion or
free molecular absorption of vapor by the supercritical droplets at the stage corresponding fo their effective
nucleation at the given initial parameters of the iheory. Thie abiliiy to appl y the theory to the case of polydisperse

condensgation nuclei was demonstrated.

INTRODUCTION

We continue to study the stage corresponding fo the
effective nucleation of supercritical droplets on the
macroscopic condensation nuclei during the gradual
creation of the metastable state in vapor which was
begun in {1-3]. The interest in macroscopic nuclei is
due to the fact that these particles can ensure vapor con-
densation at fow supersaturations. As to the interest in
the gradual and externally regulated creaiion of the
metastable state in vapor, it is explained by the fact that
such a regime enables us to control the development of
the condensation process.

We remind the reader what has aiready been accom-
plished in the study which we undertook earlier. In {1],
we constructed the kinetic theory of condensation for
inacroscopic nuclet during the gradual creation of the
melastable sfate in vapor, In its initial stage, this theory
is not restricted by any regime of the exchange of mat-
ter between the droplets and the vapor. In the case
where at the stage corresponding to the effeciive nucle-
ation of supercrtical droplets ihe free molecular
growih oi tiese dropieis peevails, the theory con-
structed in {1] was elaborated to the form [2] enabling
us to perform simple calculations of all practically rel-
evant kinetic characteristics of the nucleation process
of supercritical droplets. Typical kinetic times at the

stage cormresponding to the effective nucleation of the
supercritical droplets and the hierarchy of these times
were established in [3]. This hierarchy enabled us fo
describe the stage corresponding to the effective nucle-
ation of the supercritical dropiets and to understand the
complex nmultistep mechanism of this stage in the cases
where the free molecular or the diffusion absorption of
vapor by supercritical droplets prevail.

The maia aim of this work is to formulate the algo-
rithm of ihe calculations for the case of the prevalence
of diffusion growth of the supercritical droplets at the
stage corresponding to their effective nucleation and to
perform (using this algorithm) numerical calcolaiions
of all practically relevant kinetic characteristics of
droplet nucleation on the macroscopic condensation
nuclei under the conditions of the gradual creation of
the metastable state in vapor. The great deal of aiten-
tion, which will be focused on the calcuiation algorithm
and numerical calenlations on the conditions of the
appiicabiliiy of this theory, is explained by the severity
of these conditions at the macroscopicity of condensa-
tion muclei that was elucidated in this work,

Asin [1, 3], we consider the condeasation nuclel to
be soluble in nucleating droplets, whereas the sub.
stance comprising the nuclei is assumed to be the sur-
face-inactive subsiance. The generalization of the
kinetic theory to the case of the partially soluble or
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insotuble condensation nuclei and to the case of surface
activity of a substance comprising the nuclei will be
made in forthcoming publications.

Asin[1-31, in the main part of this paper we assume
that all condensation nuciei are identical, The possibil-
ity of the generaiization of the theory to the case of
polydisperse condensation nuclei will be demonstrated
at the end of this work.

L INITIAL RELATIONSHIPS OF THE KINETICS
OF DROPLET NUCLEATION

Let us denote the number of molecules (or ions) in
a condensation nucleus by v,. If the condensation

. . 113
nuclei are macroscopic, then v, 3 1,

The supersaturation of vapor, denoted by {, is
defined by the equality

= (n/n)—1, (1.1)

where # is the number of vapor molecules per unit vol-
urie of the vapor-gas medium, and n,, is the number of
molecules per unit volume of saturated vapor. For the
threshold supersaturation £, of vapor above which the
formation of droplets on condensation nuclei is barrier-
less, we have [1, equation (1.3)]

Co = 220 72797 (1.2)

wheie

a = (4nc/kTY(3v/4m)™", (1.3)

@ s the surface tension of a droplet, k is the Boltzmann
consiant, T'is the temperature of the droplets and the
surrounding vapor-gas medinm at the stage corre-
sponding to effective nucleation of the supercritical
droplets, and v is the molecular volume of the condensing

fiquid, At V,f " % 1, we have the inequality Gy, <€ I.

In the kinetic theory of supercritical draplet nucle-
ation, the important parameter is the time reguired for
the establishment of the steady-state (to be more exact,
quasi-steady-state) regime of overcoming the activa-
tion barrier of droplet nucleation, According to formula
(5.2) from [1], this time denoted by t, is expressed as

T 4

[ = (”’;) TV,

s | A __2‘.
2/ o,

Here, o is the condensation coefficient of the saturated
vapor miolecules, and T is the mean free time of satu-
rated vapor molecules. This time is expressed by the
equality

(L.4)

v = 12/136m) v v, 1, (1.5)

where vy is the average thermal velocity of the vapor
molecules (v*? is introduced (o estimate the cross sec-
tion of molecular collision).
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The number of molecules of maiter condensed in a
droplet from the vapor is denoted by v. As was shown
earlier [4], when the condensation nuclei are macio-
scopic and the solubility of nuclei-forming matter in
droplets is high, the solution of this matter is already
rather diiute in the droplets overcoming the activation
bamrier of nucleation. Apparently, the solution will be
even more dilate in droplets that have overcome this
bartier. Then, for supercritical droplets with a high
degree of accuracy, we have

v = 4nR'/3v,

where & is the droplet radins.

Whatever the exchange regime for condensing mat-
ter between a droplet and vapor is, we always pass from
the variable v to such a variable p, which is the function
of v and increases in time for all supercritical droplets
with a velocity that is independent of p (and of v) and
is determined only by the vapor supersaturation. In the
case under consideration, when the diffusion growth of
supercritical droplets prevails at the stage correspond-
ing to their effective nucleation, an appropriate variable
p for describing the behavior of supercritical droplets is
given by the equality [3]

(1.6)

213

po=v (1.7)

The normalization of variable o is defined by (1.7),
when p*? governs the number of molecules condensed
in a droplet from vapor, is important for the forthcoms-
ing analysis.

The gradual creation of the metastable state in vapor
is described by the law of the growth of ideal supersat-
uration ® with time determined by the equality

D = (n,/n.)-1, (1.8)

where n,,, is the total number of molecules of matter
condensing in the unit volume of the vapor-gas medium,
also including the molecules contained in droplets
(Agy 15 lacger than n by the number of vapor molecules
condensed by the dropiets contained in the unit volume
of the vapor-gas medium). The ideal supersaturation is
dependent only on the extemnal conditions of the cre-
ation of the metastable state in vapor. As in [1~3], we
assume the power approximation

® = (/1) (1.9)

as the law of the growth of the ideal supersaturation
with time. This equality contains two independent pos-
itive parameters, namely, the scaling time 7_ and the
exponent m. The time ¢ is counted from the moment
when according to power approximation (1.9) @ = 0.
The approximation (1.9) will be significant only at the
stage corresponding to the effective nucleation of the
supercritical droplets, which is our main concern. It
was shown [2] that this approximation is rather appro-
priate; it was also demonstrated [2] how the parameters
t.. and m can be determined using the law (which was
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set by experiment) of the creation of the metastable
stale in vapor.

The reference parameter in the kinetic theory |1, 2]
is time moment £y by which half the total number of
supercritical droplets that originate during condensa-
tion have already appeared. This moment is expressed
as {2, equation (3.1)]

=100 (L1

The total number of supercritical droplets that orig-
imaie during condensation is the most important kinetic
characteristic of this process. This number is referred to
as the vnit volume of ihe vapor-gas medium and
is denoted by V. This quantity is expressed as [, equa-
tion (4.9)]

N=n(-e}[ | —exp(=1/h)]. (1.41)

Here, 1{—<c) denotes the initial concentration of the
condensation nuclei, that is, their number per unit vol-
ume of the vapor-gas medium at the beginning of the
stage comesponding to effective nucleation of the
superciitical droplets. The dimensionless parameter /1
describing the dependence of the activation energy of
nucleation on vapor supersaturation is defined by the
relationship (5.9) [3]

813’12”2 ()5;2 Im+ 1)/ 20
b= A2
! 241.’432( *>7

1,12
(moo)( fu \F g Am (A2
< 1 (_i_) a

" mi,

oa

{(Tm+9)/12m"
VH

where Tp is the time characterizing the prevalence of

the diffusion absorption of vapor. This parameter is
defined by the equality

Ty = (3/8n)(dn/3v) "/ D, (1.13)

where D is the diffusion coefficient of the vapor mole-
cules in the vapor-gas medium.

Aih®landh<l from (1.11), we have

N=rn(—s)/h (h>1), (1.14)

and
Nam(-e) (<), (1.15)

According o {1.14), supercritical droplets in the /1 3 1
case consume only a very small fraction of the initial
amount of the condensation nuclei (cach droplet con-
suines one such nucleus). On the other hand, according
to (1.15), in the h <€ 1 case, supercritical droplets con-
sume almost the entire initial amount of the condensa-
tion nuclet. Extreme cases (b ® 1 and h < 1) are of
jmierest doe to both their camparative simplicity and
physical cleamess, as well as due (o the fact that, at lin-
ear dependence of the  parameter on (-} demon-
strated by relationship (1.12), these situations occur
within ihe entire wide vange of the initial nuclei con-
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centration 1){—ee) much more often than the ermedi.
ale siftnation when h ~ 1.

In the kinetic theory of nucleation of supercritical
droplets the important parameter s also the time period
At of the duration of the stage corresponding t the
effective nucleation of the supercritical droplets, This
time is estimated as [3, equation (5.14)] )

. 611255 ”‘“tw 3/ 2m
7= 2] 27 F'T? (4w 3)/76m
V”

(h=1 o h<€1).

(1.16)

2. PARAMETRIZATION GF THE SCALING TIME
OF AN INCREASE
N IDEAL SUPHERSATURATION

According to [2], let us pass from the scaling time ¢_
of an increase in the ideal supersaturation to the dimen-
sionless parameter equal o the A7/f, quantity. Denoting
this parameter by K, we have

K = At/1,. (2.1)

Although, contrary fo the time 1.., the K parameter is not
the key parameter, which seems {0 be more appropriate
(as in [2]) for the theory, As we will see below, the con-
verse passage from the parameter ¥ to the time 7., does
not at all affect the fAinal resplts.

Deriving from (1.4) and (1.16) relationship

n+ 1)/m
Aiﬁ 1 (25"2 a’waHnH /2
oA LT (22
L 2 27 nt v, w1} 2w (m....)

(h= 1 or h <1},
solving this expression with respect to 7., and t_akjng
into account definition (2.1), we obtain the equation
(4 1)/ 2m

m+ 1)/
3 27 WD vy
Z,Sf?. o a(4nr+3)/’2m

(h®=1or h<i),

which expresses the scaling time 7., via the parameier K
and the external parameiers m, T, O, v, and a of a the-
ory. The linear dependence of the 7 time on the ¥
parameter enables us to pass easily from the parameier
i to the time 1.

Substituting (2.3) into (1.12), we find

fo.™

(2.3)

h= M“_(*_‘x’_) ﬁj-’flviwm
ST oy, 574 (2.4)

(h=1 or h<1).

From (1.14) and (2.4) we obtain

Hrght T g
2 3 ot
NZW"“(E@ f—qm (h=1). @25
H
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As is seen, at & ® 1, the number of droplets A is
independent of the concentration T(—e<) fat /; < 1, the
number of droplets N is set by relationship (1.15)].

In the theory of nucleation of supercritical droplefs,
the width of the droplet size spectrum is also an impor
tant parameter. Obviously, this parameter (as indepen-
dent of time) may be valid only at the p-axis, which
moves with time at the same (at each present morment)
rate for all the supercritical droplets. According to rela-
touship (7.16) [3], the width of tlie supercritical diop-
let size spectrum (denoted by Ap) at the p-axis, which
is introduced by means of (1.7), is defined as

172 56
3Kt vy,

(e 1 or h<i). (2.6)

In this formula, we took into account definition .1,

Note that the m parameter of the power Approxima-
tion (1.9) remained only in relationships (2.2} and (2.3)
and is not present in expressions (2.4)—(2.6), thus indi-
cating the advantage of the x variable introduced
mnstead of the 7_ time.

In accordance with definition (1.7), the N(Ap)y¥?
quantity estimates the number of vapor molecules con-
tained in the supercritical droplets by the end of the
Stage corresponding to effective nucleation. From (2.5)
and {2.6) and with an allowance made for (1L.2yath = |,
we abtain for this quantity the following relationship

172

N(apY" =34 /T (e 1), @7

where

T = (2476w, (2.8)

The equality (2.8) coincides with the equality (4.12)
from [ 1] for the parameter ['. According to the physical
meaning of the parameter T {1} and the conditions of
the beginning and the termination of the stage corre-
sponding to the effective nucleation of supercritical
droplets, the nC,. /T in (2.7) estimates the number of

vapor molecules consumed at this stage by the super-
critical droplets,

Hence, the relationship (2.7) has the significance of
being the balance equation for the number of vapor
molecules. The validity of the theory, which we devel-
oped, s verified by the fact that this equation in fulfilled
within the framework of this theory. In particular, the
fact that the right-hand part of equation (2.7) is inde-
pendent of the x parameter [which is demonstrated by
expressions (1.2) and (2.8)] confirms the agreement
between the dependences of the N and Ap quantities on
this parameter. The latter dependence is set by relation-
ships (2.5) and (2.6) and is proportional to %2 and x,
respectively.

KUNI et al.

3. CONDITIONS OF THE APPLICABILITY
OF KINETIC THEORY

1t was revealed carlier [3] that only three conditions
of the applicability of the kinetic theory are indepen-
dent.

First, this is condition 1, <€ Ay, securing the steady-
state (actually, quasi-steady-state) regime of overcom-
ing (by droplets) the activation barrier of nucleation
during the entire stage corresponding to the effective
nucleation of supercritical droplets, Making an allow-
ance for definition (2.1), the condition ¢, < At may be
writien as

K1, (3.1)

Second, the f,, <€ Af condition provides the guasi-
steady-state of vapor during the entire stage corre-
sponding to effective nucleation of supercritical drop-
lets. Here, 1,,, is the time required for the establishment
of this state. With respect to definition (2.1), the condi-
tion 4, <€ At in its disclosed form is reduced to the ine-
qualities [3, inequality (7.8)]

3 i
27 v)”‘}amvj”a

and {3, inequality (7.7)]

|

(h=1) (3.2)

742 2
243 2 I o a -
T (A-co) b4 (g) n——lbfl{;;ﬁi (rl? & i)q (3.3)

which was expressed as the restriction an the concen-
tration 1) of the condensation nuclei. We approxi-
mated the numerical factors in order to follow them
rore easily,

Finally, the Ap/p, = 1 condition provides the prev-
alence of the diffusion growth of the supercritical drop-
lets at the stage comresponding to effective nucleation.
Here, p; is the characteristic droplet size at the p-axis
introduced by equation (1.7), above which the mass
exchange between the droplet and vapor occurs by the
diffusion mechanisim. With account for definition (2.1 ),
the &p/p; condition at & > 1 and & <€ 1 is reduced to
inequality [3, inequality (7.18)]

506 12
3 i a

K > v
873 _1/3 5167
2 T Ot(nm-i-flg)v\,”

(3.4)

which was expressed as the restriction on the K param-
eter. The number of the molecules of passive gas per
unit volume of the vapor-gas medium was denoted
by ",

Although the ftreatment of extreme conditions,
where i 2 1 or i <€ 1, simplifies the theory, it suggests,
in addition to the aforementioned conditions, the fulfill-
ment of two additional conditions that determine the
implementation of these same extreme situations. As is
apparent from (2.4), these conditions are reduced,
respectively, to inequalities
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2,114 32
2773 (@TD) at

'n(__c;o) > Wﬁm By \—}—fm’ri (h = ]), (35)
/19
27!231!4 o1, Sie aQM .
'n(v*cxl) <& gln“? nm(?%—) m (h <€ ’), (36)

imposing additional [to inequality (3.3)] restrictions on
the conceniration T(-=2) of the condensation nuciei.
As a resuli, the concentiration 1j(—eo) appears only in
inegualities (3.3), (3.5), (3.6), and in the relationship
(1.15).

Let us analyze the conditions of the applicability of
the kinetic theory formulated above. Let us begin with
the case i = 1. Here, these conditions are reduced to
inequalities (3.1). (3.2), (3.4), and (3.5). The inequality
{3.2) is independent of both the x parameter and the
concentration 1)(—e=). Moreaver, inequalities (3.1) and
(3.4) are the lower limits of the k parameter. Ii is the
most severe out of these restrictions that determines the
lower limit of the variation of the « parameter admitted
by the theory. Finally, inequality (3.5) determines the
theoretically admissible range of the variation of the
1){—ee) concentration.

Let us mirn now to the case 1 <€ 1. Here, the condi-
tions of the applicability of the kinetic theory are
reduced to inequalities (3.1), (3.3), (3.4), and (3.6). As
before, inequalities (3.1} and (3.4) are sl the lower
limits of the ¥ parameter. The strictest of these inequal-
ifies defermines the adimissibie lower bound of the vari-
ation of the K parameter imposed by ihe theory. Ine-
quality (3.3) and cosverse inequality (3.6) determine
the admissible range of the variation of the Tj(—eo) con-
centration imposed by the theory. Apparently, to make
these inequalities compatible, the fulfillment of rela-
tionship

! i

3

N (va)[raauzvjns
is needed, where the equality (1.13) is taken inio
account. Inequality (3.7) is eguivalent to inequality
(3.2), which was established at )i > 1, based on other
considerations. The independence of inequalities (3.2)
and (3.7) of the ¥ parameter and the concentration T){-—=0)
makes these parameters sensitive to the only parameter
of a theory, namely, to the v, quantity (the values of
n.,v; and a virtually remain unchanged).

The larger the v, value, i.e., the more macroscopic
the condensation iuclei, the worse the inequalities (3.2)
and (3.7) are fulfilled. As is seen from (2.1) and (2.2),
the inequality (3.1), which was taken as the basic rela-
tionship for the x parameter introduced by means of
equation (2.1}, is also fulfilled less well.

As a resulf, although inequality (3.4) becomes
weaker with an increase in v,, we can make the follow-
ing general statement. The macroscopicity of the con-
densation nuclei introduces significant sunplification

3/3
T

1 (h<<1l) (37
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into the theory of heterogeneous nucleation of super-
critical droplets during the gradual creation of the
metastable staie in vapor resulis despite the severity of
the conditions of the applicability of the theory. The
same statement was made in [2], when the free molec-
ular growth of supercritical dropleis prevails at the
stage corresponding to effective nucleation.

Cur great interest in these conditions in [2] and in
the present paper is explained by the severity of the
conditions of the applicability of the theory in the case
of macroscopic condensation nuclei.

4, CALCULATION ALGORITHM
AND NUMERICAL CALCULATIONS
OF THE KINETIC CHARACTERISTICS
OF DROPLET NUCLEATION

Let us formulate the calculation algorithm for alf the
important characteristics of the nucleation of supercrit-
ical droplets on the condensation nuclei during the
gradual creation of the metastable state in vapor, In
addition to parameter K determining the scaling time 7,
and the initial concentration of condensation nuclei
1{—ee), all other initial parameters of the theory: a, o,
floy 1y, v, T, D, ¥, and m we assume to be the parame-
lers setf in the algorithm (imoreover, the value of v, must

satisfy constraint ‘J: P imposed on the macroscop-
icity of the condensation nuclei). Paramster w and con-
centration vj(—e<) may be varied, however, within ihe
limiis of the condiiions of the theory applicability. Of
course, this considerably widens the possibility of the
calculation algorithm and improves its efficiency.

Before we begin the calculations, we first must be
sure that at the selected initial parameters of the theory
of equivalent inequalities (3.2) and (3.7) are satisfied
and then io establish the admissible range of the varia-
tion of parameter ¥ using the most severe inequafity
[(3.1D)or (3.4)].

We begin our calculations with the quantities {, and
i, using formulas (1.2) and (1.4), which do not contain
parameter x and concentration 1(—cs).

Further, the gquantity 1, s determined at s = 1 and
h <€ 1 by formula (2.3). In this case, we may return eas-
ily from ¢, back to k. This converse passage enables us
to imagne the general behavior of all important kinefic
characteristics of the nucleation of supercritical drop-
lets as dependent on i <€ ] (the initial parameter of a
theory).

Using forrmuia {2.5), we then caiculate the NV quan-
tity at h > L At h <€ 1, N is defined by relationship
(1.15).

Then, using equation (2.1) and the calculated value
of t,, we determined Ar.

The value of Ap was determined by formula (2.6)
gth®1landh<€1.

Using formula (1.10) and the already calculated val-
ues of G, and i.., we caiculated iy, al the time moment
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(accepted in the theory) at which, according fo the
power approximation (1.9), ® = 0. The 1,, and 1, times
of the beginning and the end of effective nucleation of
droplets may be obtained by the approximate equalities

o= Fe = A/2, t,e=t, + A2, (4.1}
where it was considered that the £y moment is located
approximately at the middle of the time interval corre-
sponding to the effective nucleation of the supercritical
droplets 15, 6]. The generalizaiion of formula (1.10) to
the case of arbitrary (in time) gradual creation of the
metastable state in vapor was demonstrated in [2].

The calculation algorithm is ended by the establish-
ment of the range of concentrations fi(—ee) admitted by
the inequality (3.5) (in the & > 1 case) and matched by
megualities (3.3) and (3.6) (in the & <€ | case). Accord-
ing to (1.15), at & <€ 1, this range also determines the
theoretically admissible variation in the number of
droplets N.

It is apparent from (2.5) and (1.15) that, as the con-
centration 1(—eo) decreases, i.¢., as we pass from ine-
quality (3.5) to inequality (3.6), the number of super-
critical droplets diminishes, irrespective of the fact that
the ever larger fraction of condensation nuclei becomes
involved in the nucleation of supercritical droplets.

Mote that the determination of parameter h is
beyond the scope of the calculation algorithm, Parame-
ter i is needed only to indicate (by means of inequali-
ties i > | and h <€ 1) the extreme situations where
supercritical droplets consume only a fairly small frac-
tion or almost the entire initially stored amount of the
condensation nuclei, respectively.

Based on the algorithm thus formulated, let us canry
out the numerical calculations. Let us set the following
values of the initial parameters of a theory:

a=10, o=1, n_= 107 m_B, Ny = (6> m_3,
v =107 m3, T=107° 5, D= 107 m? sfl, 4.2y

=4 1x10" s, v, =107, m=1.

The selected value of v, satisfies constraint VJB |
imposed on the macroscopicity of the condensation
nuclei. For completeness, we incinded the 1T, time into the
initial parameters, although this quantity [due to definition
(1.13)] is a function of n_,, v; and D. The value of time 1,
in (4.2) was determined by means of equality (1.13).

The data shown in (4.2) are realistic magnitudes for
a typical condensing liquid (water and its vapor at com-
mon temperatures), as well as for the passive gas at
pressures close to atmospheric pressure. The value of
6. = | is admitted by the results of a number of recent
experiments [7] and studies into molecular dynamics
{8, 91.

As is seen from (4.2), the equivalent inequalities
(3.2) and (3.7) are fulfilled, although almost as the fim-
iting case. It is also apparent from (4.2) that (3.4} is the
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severest inequality with respect to inequality (3.1).
According to this constraint, the admissible range of
the variation of parameter « is determined by the ine-
quality

K= 10

This range is fairly wide.

Using formulas (1.2) and (1.4) and making an
allowance for (4.2), we obtain

(4.3}

Co=2.1% 107", (4.4)

fo=41%x107 s, (4.5)

Then, using formula (2.3} and taking inlo account
(4.2}, we obtain

f=65%10"Kks (x> 10). (4.6)

Hereafter, the range of possible variations of parameter
x is determined by the inequality (4.3). The measure-
ment units are indicated in the relationships for the
dimensional quantities.

Then, by formula (2.5) and making allowance for
(4.2}, we obtain at i > |

N=18%10""" m™, 4.7)

At h < 1, the N value is defined by relationship
(1.15).

Using definition (2.1) and calculated {by (4.5)]
value of 1, we obtain

Ar=4.1 %107 s. (4.8)

Then, according to formula (2.6) and accounting for
(4.2), we find that

Ap=2.1x10%. (4.9)

Using formula (1.10) and known {from (4.4) and
(4.6)] values of (,, and £,,, we have

te=1.4x107"%s (4.10)
at the time moment (accepted in a theory) at which,
according to the power approximation (1.9), © = 0.
Then the moments #,, and 7, may be readily deter-
mined by formulas (4.1) and the already calculated val-
ues of Ar and 1.

Equalities (4.4), (4.5), and (4.8) are valid regardless
of the value of parameter h. Equalities (4.6), (4.9}, and
(4.10) are validatboth i 2 1 and h <€ 1.

According to (3.5) and (4.2}, the range of the varia-
tion of the 1j(—ee) quantity admitted by the theory at
h 2 1 is set by the mequality

() 3 1.8 10" m™ (4.11)

At the same time, according to (3.3), (3.6), and
(4.2), the range of the variation of parameter f(-eo)
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admitted by the theory at s <€ 1 is restricted by the fol-
lowing conditions

2

3.8 %1077 m™ < q(—c)
10 372 -1
nm .

<€ 1.8x10 '«

(4.12)

This range, which also determines [in view of (1.15)]
the range of the possible variations of the number of
droplets N, is rather narrow, because according to the
initial data accepted in (4.2) inequality (3.7) [responsi-
ble for the compatibility of inequalities (3.3) and (3.6)]
is fulfiled (as was mentioned above) as the limiting
cage.! Note that the guantify in the right-hand parts of
inequalities (3.5) and (3.0) was already calcuiated: it is
equal to the quantity in the right-hand part of relation-
ship (4.7). Of course, this fact makes our calculations
easier.

5. ANALYSIS OF THE CALCULATION RESULTS
OF THE KINETIC CHARACTERISTICS
OF DROPLET NUCLEATION

According io (4.6}, the scaling time 7, of an increase
in the ideal saturation, which (but not the awxiliary
parameter k) is the initial parameter of the theory, var-
ies within a wide range of 1, 2 6.5 5, that is, quite real-
istic in practice,

The valves of the characteristics of droplet nucle-
ation, which age defined by relationships (4.4), (4.5),
and (4.8)-(4.10) also seem to be realistic for the exper-
iment, Possible experimental determinafion of time £,
was discussed at the end of cur previous publication [1].
According to relationships (4.6) and (4.8), the scaling
time f_, of the creation of the metastable state in vapor
is much ionger than the time At of the duration of drop-
lei nucleation. This conclusion is also true in general of
the proposed theory; we can ascertain this conclusion
with the equality (1.16).

The values of the most important of ail kinetic char-
acteristics, namely, the total number NV of supercritical
droplets nucleated in the unit volume of the vapor-gas
medium, is determined by relationship (4.7) at the con-
centration of condensation nuclet 13(—e0) satisfying ine-
quality (4.11) and by relationship (1.13), provided that
1j(—eo) ig satisfied by the double inequality (4.12). The
vange of possible values of the number of droplets N
covered by relationship (4.7) is fairly wide and realis-
tic. It extends down from value N ~ 10% m? where con-
straint {4.3) 15 virtually fulfilled. Moreover, the range of
concentrations 11—} admitted by inequality (4,11} is
even wider and still more realistic. However, the range
of the number of droplets N covered by relationship
(1.15) and restricted by inequalities (4.12) at the
selected {in (4.12)] values of the initial parameters of
the theory is rather narrow; namrally, we disregarded

! However, it seems justified by the physical evidence that equation
{1.15) remains valid even at the concentrations 1j(—eo} lower than
their minimal values adenitied by inequalities {4,12) and (3.3).
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the footnote for relationship (1.13) and inequaliiy
(4.12), which was made in the previous section of this
paper.

The dependence of the kinetic behavior on parame-
ter « selecied in the calculaiion algorithm instead of the
scaling time £, as independent parameter [this depen-
dence was described by relationships (4.6)-(4.12)] is as
obvious as the dependence on time 1,.. In order to return
from the parameter ¥ to time £, it is sufficient only to
solve linear relationship (4.0) with respect fo ¥ and then
to substitute the result obtained into the relationships
(4. N—(4.12).

It follows from (4.6) and (4.7) that the longer time
t.1s, i.e., the slower the establishment of the metastable
state in vapor, the smaller the number of dropleis V is.

The surface area A = 47tR* of the droplet is a more
appropriate parameter than the “size” p of a droplet
infroduced by equality (1.7). According to (1.6) and
(L.7), for this surface arca we have

5 113

A = (361v7) p. (5.1)

From equality (5.1) at the proportionality of the val-
ues A and p that was demonstrated by this relationship,
we obtain for the width AA of the supercritical droplet
size specirum on the A-axis

1/3
AA = (367v7)  Ap. (5.2)

The width AA as well as width Ap are independent
of time, because the A and p values grow af each
preseni moment at the same rate Tor all supercriiical
droplets. It should be emphasized that at the diffusion
absorption of vapor by supercritical droplets, which is
considered here, it: would not be possible to state that
the supercritical difoplet size spectrum at the axis of
their radii is independent of time, since the growth rate
of the radii of supercritical droplets is not identical at
each present moment for all supercritical droplets.

At the accepted (4.2) value of volume v, we obtain
from (4.9) and (5.2) the following relationship

AA=22x10"7km’ (k> 10). (5.3)

The calculations performed demonsirate that the
proposed theory is capable of predicting some promis-
ing practical results within a rather wide range of ihe
magnitudes of the initial parameters of the theory, irre-
spective of the severe conditions (which were disclosed
in the course of this work) of its applicability at the
macroscopicity of the condensation nuclei.

The nontrivial behavior of the kinetic characteristics
of the supercritical droplet nucleation on macroscopic
condensation nuclei during the gradual creation of the
meiastabie state in vapor, which is described by the the-
ory and illusirated by the relevant calculations, is dee 1o
the fact thai this process is characterized by nonlinear,
nonstationary, and nonlocal time dynamics. It would be
inpossible to predici this behavior, even qualitatively,
without the study of this dynamics performed in {1, 5, 6.
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The smaliness of the threshold value {,, of vapor
supersaturation demonstrated by relationship (4.4) at
the selected (4.2) values of the initial parameters of a
theory and the closeness of the vapor supersaturations,
causing heferogencous vapor condensation, fo its
threshold value C, disclosed in [ 1] under the conditions
of macroscopicity of the condensation nuclei and the
gradual creation of the metastable state in vapor indi-
cale that the macroscopic nuclei are active stimulanpts of
the vapor condensation process at low vapor supersatu-
rations. High sensitivity of the kinetic characteristics of
the condensation process to the scaling time 7, of the
creation of the metastable state in vapor demonstrated
by relationships (4.6)-(4,10) is indicative of the possi-
ble control for the developmeni of the condensation
process at the gradual creation of the metastable state in
vapor, Ot course, the fact that the value of parameter
in the power (with respect to time) law of the creation
of the metastable state in vapor was fixed in our calcy-
lations [according to (4.2), it was set as equal to unity]
did not allow us to reveal the dependence of the kinetic
characteristics of the condensation process on this
parameter. However, the exisience of such a depen-
dence is itlustrated by equality (2.3).

6. CONCLUSION

Let us find out what are the key factors that deter-
mine the prevalence of either the diffusion (considered
above) or fiec molecular (treated in [2]) absorpticn of
vapor by superctitical droplets at the stage correspond-
ing to effective nucleation of the supercritical dropleis.

Once expressed directly in terms of the initial
parameters of the theory, the condition of the preva-
lence of the diffusion absorption of vapor by supercrit-
ical droplets at the stage corresponding fo effective
nucteation is described, according to inequality (7.18)
and relationship (5.13) of {3], as

27’675”3
35,'6 57

2
o't (£3(m + [}/ 2o

5/ (4 1)/ m
2
(. +n,)

(6.1)

mT W > 1

H

(h=1or h<1),

which is equivalent to inequality (3.4), On the contrary,
according fo inequality (7.13) and relationship (5.13)
from [3], the condition of the prevalence of free molec-
ular absorption of vapor by supercritical droplets at
the stage corresponding to effective nucleation is de-
scribed as

3”2 25';2 i+ 1)/ m alrwaﬂ(",.p 13/2m ,
e | 3 —— Y
252\ 77 (n.+n)v /G < (6.2)

(h=1 or h<l),

KEUNI er al.

where the extrerne conditions at which supercritical
droplets consume only a quite small fraction or almost
all of the amount of the condensation nuclei are still
indicated by mequalities 2> 1 orh < 1.

Inequalities (6.1) and (6.2) are responsible for the
prevalence of either diffusion or free molecular regimes
of the absorption of vapor by supercritical droplets at
the stage corresponding to effective nucleation. The
fact that these inequalities appeared to be virtually
opposite to each other, i.e., securing natural distinction
of the extreme regimes of vapor absorption, confirms
the consistency of treatment undertaken in {2] and in
this work.

The validity of inequality (6.1} imposes the lower
bound on the values of (i, + s )v; ¢, and £, and the upper
bound, onv,.. On the contrary, the validity of equality (6.2)
sets the upper bouad for the values of (n,, + n,)}v; 0, and 1,,,
and imposes the lower bound on v,. The bounds for o
(naturally, compatible with condition o < 1) are strongly
exhibited in inequalities (6.1) and (6.2) due to the qua-
dratic dependence of their left-hand sides on o

it is these values of the condensation coefficients
(@ =1 and &= (.1) selected in this work and in [2] that
provide the prevalence of the diffusion or free molecu-
lar regimes of the absorption of vaper by supercritical
droplets at the stage corresponding to effective nucle-
ation, respectively, given that the values of other initial
parameters are virtually identical.

It was assumed in this work that afl condensation
nuclei are identical. Let us demonstrate how the devel-
oped theory may be generalized to the case of polydis-
perse nucled,

Because of the high sensitivity of the supercritical
droplet nucleation intensity to the height of activation
bagrier nucleation, the nucleation of supercritical drop-
lets has the time (at the gradual creation of the metasta-
ble state in vapor) to occur completely [1] within the
prethreshold range of the vapor supersaturations -
which at the macroscopic sizes of the condensation
nuclet fills the entire range of supersaturation (0 < C<{,)
rather than a narrow part with the width of the order of
distance extending from this part to the upper boundary
of the prethreshold range.

As was found in {11, in the actval case of polydisper-
sity of the initiaf condensation nuclei only their small

fraction (of the order of V:,m) adjacent to the apper

boundary of the initial nuclei size spectrum will be
responsible for the effective nucleation of supercritical
nuclei, because the prethreshold range of vapor super-
saturation (provided that condensation nuclei are mac-
roscopic) is narrow. In this case, it will not be difficult
to generalize the proposed theory to the case of polydis-
perse condensation nuclei. We need only assume that
ihe total nuclei concentration in the indicated upper
part of their initial size spectrum (with the relative

widih of the order of v, 2”) is nothing other than the
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f{—o0) quantity. With the present experimental accu-
racy, such a generalization will be quite sufficient.
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