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The principal characteristics of state of an ensemble of drops at the end of a 
condensation process have been calculated, including corrections for the drop 
curvature parameter and the work of drop formation on a charged nucleus. It is 
shown that the coefficients in these corrections that are related to nonelec­
trical and electrical parameters of the surface layer of the drop can be found 
from experiments on homogeneous and heterogeneous nucleation. 

Previously [1-3], in the "subthreshold region of initial supersaturations," the princi­
pal stages of heterogeneous condensation were investigated. The state of supercritical drops 
that is reached at the end of condensation subsequently changes only as transcondensation 
develops; this occurs at times much longer than the time of the condensation process itself 
As this state remains unchanged for a comparatively long time, it may be manifested in an 
experiment. Specifically this state is observed in a Wilson chamber. In contrast to the 
universal distribution of drop sizes that is established in the process of transcondensation 
[A], it depends on the work of drop formation Fv> a function of the number of molecules of 
the drop v with a given value of supersaturation of the vapor £ (Fv is expressed in thermal 
energy units kT). With logarithmic accuracy, corresponding only to a correct order of magni­
tude of the values, this relationship is accomplished by means of the height of the activa­
tion barrier AF(rJ . For quantities that themselves change by an order of magnitude with a 
relatively small change in supersaturation, such accuracy is entirely adequate (in the 
tions, this accuracy is indicated by the symbol ~ ) . 

Of the greatest interest in the state of supercritical drops at the end of condensat' 
is the total number of drops N in unit volume, the maximum drop size p2 (p = v

1/3 wher 
the number of molecules in the drop), the relative scatter of drop sizes pi/o2 (c ' — -> 
minimum size of the drops), and the time until the end of the condensation process t " * A1 & 

in analyzing experiments with an artifically truncated condensation time [5-8] an imn r ' 
characteristic of the process is the time required for formation of a size spectrum t 
which time the width of the spectrum of dimensions px and the number of drops remain ô~i--; 
cally unchanged. *-«-̂ ^ 

The influence of a charged nucleus on the work of drop formation is manifested m ' 
through the long-range field of electric forces. An accounting for electrical contr'b r'^ 
to the thermodynamic parameters, with an accuracy within first-order terms with re U X°nS 

the drop curvature parameter, inclusive, was carried out in [9-12]. Using [11 Eq f?ft̂ ° 
(26)], for the work of drop formation Fv we have • ' qS' U b ' a n d 

F,~ Fl+F\, rt = -ftv-i-avVr - * nv v-
2 ° 

F\ = - 2*vV. ̂  + ± r 2 + r5v-v.) + 10voV-V. x 
(1) 

^ + T ^ ~ Q + O~f4(r2 + 6r7)v0v- + (r5^|^v^j ( 2 ) 

where v0 is the point of inflection of Fv°. Here, we have excluded the term relat 
of solvation of the nucleus, which is independent of \ and hence unimnort^t f~ -u 5° W ° r k 

* cULL I or the kinet-
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where the superscripts a and t identify parameters pertaining to the liquid and gas phases, 
respectively; the symbol °° indicates values that have been found for equilibrium with a plane 
interface; n is the number of molecules in unit volume: u ~ (l/ep — l/cCx)/8'TT; <_ is the per­
mittivity; -) is the surface tension; q is the charge; y is the isothermal compressibility of 
the liquid phase; g> 0 is the spontaneous surface polarization; u is the chemical potential; 
XQO is the difference between the radii of the equimolecular surface and the tension surface 
in the limit of a plane interface; ki and k2 are the coefficients of the induction-linear and 
induction-quadratic contributions to the induced surface polarization. According to [9, Eq. 
(44)], for 'd^o/dp) we can write 

W % ) a = - x O ? ' , X ' v l (x>0) (4) 

Finally, b is the chemical potential of the vapor, expressed in units of kT and referred to 
the value for a plane liquid/vapor interface. It is related to the vapor supersaturation by 
the equality b = In (1 + c). As is clear from (3), v0

 E Vo(q) is an even function of q; c5 = 
c5(q) and c6 = c6^q) are odd functions of q; the values of a, cx, c2, cA, and c7 are entirely 
independent of q. 

The term Fv , in order of relative magnitude to the sum of the second and third terms in 
F v°, is no greater than the curvature parameter cmv"1'39 where cm is understood to be the 
larger of the coefficients cx and c2. The smallness of c^V- 3 in comparison with unity also 
enables us to neglect the subsequent asymptotic corrections. Also, we will not consider cor­
rections arising from nonequivalence between the thermodynamic ensemble in which the real 
drop exists and the ensemble in which F^ is determined. The magnitude of the corresponding 
corrections remain in doubt; for us it is important that these corrections have a higher order 
of smallness in relation to the corrections for the curvature parameter that we are taking 
into account. Evidently, the "unperturbed" term F, coincides with [1, Eq. (4)]. 

The height of the activation barrier to nucleation is determined by the relationship 

where vc and .e are the points of the maximum and minimum of the function F,, corresponding 
to the critical drop and the equilibrium drop. Neglecting the corrections for the drop cur­
vature parameter for the unperturbed value ^F0, from [1, Eq. (12")] we have 

AF0 = | < . ( ^ - t t V . + 2w-v.-2n-/.) (6) 

where u e 0 = \eo/^o, and u c o = v C 0 A 0 , with \eo and ^ Co satisfying the equation (F^°)'| = >6o 
^co = 0. For each value of the supersaturation, values of AF 0/

r l / 3 ) a v 0
2/ 3, u

e o > a n d u
C o

 c a n 

be found by means of [1, Table 1]. An accounting of corrections for the curvature parameter, 
in view of exp(AF) ^ * 1, can change expQF) severalfold in comparison with exp(AF0) for a 
given supersaturation, and correspondingly, according to [2, Eq. (28)] and [3, Eqs. (44) and 
(46)], it can change the values of N, tx, t2, and ^2. Consequently, these corrections are 
significant. 

Now investigating the most interesting region of low supersaturations, we will determine 
the relationship N(0 with an accounting for corrections for the curvature parameter, having 
set 

A'(:)=A\(:J (7) 

'-Here, as a characteristic of the nucleus, there remains in Fv only the charge of the nucleus. 
As shown by mass spectrometric measurements [13], Fx' ceases to depend on the nature of the 
ion when v <" 10. 
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where N0('o) is the number of drops as a function of the unperturbed supersaturation ;0. Ac­
cording to [3, Eq. (46)], Eq. (7)-is equivalent to 

AF(l)=AF4l0) (8) 

flow we will consider N as the independent variable in the supersaturation l_ as a function of 
fl; then, from [3, Eq. (46)], for a given N, we have 

A/^GV •In 5 
3 

(9)* 

Equations (6), (8), and (9) can be used with [1, Table 1] to find, for each value of N, the 
corresponding value of the unperturbed supersaturation Co (or chemical potential b 0 ) . We 
will now determine the shifts of b relative to b0 due to the corrections for the curvature 
parameter, for a given value of N. We will consider that with the values of veo and v c o cor­
responding to b 0, the following inequalities are valid: 

Fvco.JFv ro.co! ^ ^ni^eo,iOi \ vf,c vi0.co \tveo,cO ' ^ £/nveotcO 

Q:'/J , Cl 

(10) 

(ii) 

The first of the inequalities (10) is a consequence of the remarks made above relative to the 
order of magnitude of Fv . The justification for the second inequality will be given below. 
The inequality (11), ensuring applicability of the method of expansion with respect to the 
curvature parameter, imposes a bottom limit on the possible values of veo, and hence on the 
number of drops. 

Solving the equation 

F.-* . =n. n.. 
by expanding F\>c and Fvc in Taylor series in the vicinities of the points \ c 0 and v e 0 respec­
tively, using Eqs. (1) and (2), and neglecting, in accordance with (10), values of the second 
order of smallness with respect to the curvature parameter cmv""

1/3 (v = veo co), and convert­
ing to the universal variables uc and u e and the chemical potential in units of unperturbed 
threshold values 6 = 2a~1v0

1'3b, we obtain the sought relationship for the perturbed chemical 
potential, 

(12) P = P« [ 1 - ViCi KV + c£2 (ft,) - c4Ct (ft,) + r7C7 (ft,)) vo »/, + r6Q (ft,) v?] 

where 

Cy (P,,) = 3 
uA.t ^ ( P j s i ^ ^ W s p ; 1 ' 

C6(P0)slp.-^ ^ - , C7(P0)̂  
3 u^— IL» 

3 uet 

Values of Ci, ..., C7 as functions of Bo are listed in Table 1. With decrea 
tion, in view of the rapid increase in the difference u c o

 — u e o, the values 
also decrease. Therefore, the relationship N(c) can be found with good accu 
way down to rather low supersaturations. However, the application of (12) f 
tion of the coefficients cl5 ..., c7 is justified only with supersaturations 
limit imposed by condition (11). 

By means of (12), (1), and (2), it is not difficult to show that the se 
equalities (10), if the first of the inequalities (11) is fulfilled, will be 
the subthreshold region of supersaturations and at the threshold point itsel 

Because of the lack of any reliable experimental or theoretical data on 
k2, it is impossible to use (9) to find ci, cu , c5(q), and c6(q). A possibi 
mining the corresponding coefficients, and along with them the characteristi 
nonelectrical parameters of the surface layer, is offered by a combined anal 
ments on homogeneous and heterogeneous nucleation. 

(13) 

sing supersatura-
of Ci, ..., C7 

racy all the 
or the determina-
down to the lower 

cond of the in­
valid, both in 
f. 

Aoo, x, ki , and 
lity of deter-
c electrical and 
ysis of experi-

*The sign of approximate equality in (9) ensures logarithmic accuracy [3, Eq. (46)]; the in­
dexes K and D refer to free-molecule and diffusional regimes, respectively; n is the number 
of ions in unit volume: x^ and Trj are quantities with the dimensionality of time, determined 
for the free-molecular made by the use of [1, Eq. (19)], and for the diffusional mode as in­
dicated in [2] . 
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TABLE 1. Values of Functions d , C2, C. 
threshold Region of Supersaturations 

and C7 in the Sub-

0 c, O) C, W) C« (0) C* (P) CT(P) 

0,90 1,932 0 ,360 0,627 0,842 0,227 
0,94 1,898 0 ,353 0,607 0 ,818 0,216 
0 ,92 1.864 0 ,345 0,587 0,794 0 ,205 
0 ,90 1,830 0 ,338 0 .568 0,771 0,195 
0 .88 1,795 0 .330 0.548 0,747 0,185 
0.81) 1,760 0 ,323 0,529 0 ,723 0 ,175 
0,84 1,725 0,315 0,510 0,699 0,165 
0 ,82 1,689 0 ,308 0,491 0,675 0.156 
0 ,80 1,653 0 ,300 0.472 0,651 0,147 
0 ,78 1,617 0 ,293 0 ,453 0 ,628 0 ,138 
0 ,76 1,581 0 ,285 0 ,435 0 ,605 0 ,129 
0,74 1,544 0 ,278 0,416 0,582 0 ,121 
0 ,72 1,507 0 ,270 0,398 0 ,558 0 ,113 
0 ,70 1,470 0 ,263 0,380 0,535 0 ,105 
0 .68 1.432 0 ,255 0.362 0,512 0 ,098 
0 ,66 1,394 0 ,248 0 ,345 0 ,489 0,091 
0,l)\ 1,356 0,240 0 ,328 0,467 0,084 
0,b2 1,318 0 ,233 0.311 0.4 44 0 ,078 
0 ,60 1,279 0 ,225 0.294 0,422 0,071 

Note. For each substance, it is convenient to convert from the 
variable 3 to the supersaturation z, by means of the formula r, = 
exp'a3/2V/3) - 1. 

_Let ^n and n,— be the experimentally determined values of the supersaturation at which n 
and n drops are formed in 1 cm3 as a result of heterogeneous and homogeneous condensation, 
respectively (the values of n may lie in the range from 1CT1 to 10"*; the values of n are 
limited by the condition n -
as the unit volume, we have 

n, taking as n the number of ions in 1 cm ) . Selecting 1 cm 

Ir i iVL . - ln/z, I r i i V L - - Inn 

F (£K) - - In 
Vb ' 3 

, F(ZD) --In 

(14) 

By a method that was developed in [1-3] and also in [14, 15], it can be shown that with the 
same accuracy as in (9), the following is valid: 

(15) 

where F(<;) is the height of the barrier to nucleation, which in the case of homogeneous nucle 
ation coincides with the work of formation of a critical drop. Neglecting the corrections 
for curvature parameter, we have 

1 -s, - [2a,31n(l -^£-)p (16^ 

The influence of the corrections for curvature parameters on the characteristics o[ homo­
geneous condensation is not difficult to take into account within the framework of the above-
described approach to heterogeneous condensation. In (12), we equate to zero the quantities 
veo, cu, c6, and c7, which have an electrical nature, and we find 

b{)[\ — 3c1vro , , s-
3Cg£ft 

4a 

^ ' — [a3 9 1 n ( / i f 4 M ) ] 1 \ /?,? 4a-J 4 5 In < 
\ * n 

i\w) If 
Now taking (16) into account, we rewrite (17) in the form of a relationship for Ci, 

(17) 

Here, b0 = In (1 + £0) is the unperturbed value of the chemical potential. By means of (15) 
and (16), we find for this unperturbed chemical potential 

(18) 

bn-

TaTt 

(19) 
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TABLE 2. Values of Parameters of Surface Layer for Water, 
Ethanol, and Benzene, Based on Data of [16] 

Substance T ^n T »n Ci Ci Cl c6 Cf 

Water 
Ethanol 
Benzene 

265 
275 
253 

3,91 
1,13 
4 32 

260 
276 
255 

3,87 
0,94 
3,94 

3,14 
1,08 
3,94 

0 ,0+0,1 
0 .1+0.1 
0 , 3 ± 0 , i 

0,31 
0,13 
0,14 

2 ,5+0 ,3 
0,8—0,1 
0,2-^-0,1 

3 ,4+0,4 
- 2 , 8 + 0 , 4 

0 ,0+0 ,4 

0 
0 
0,1 

Thus, if an experimental value is known for ;"n~, we can then use (19) to find the coefficients 
Ci. If the value of ci is determined, then (12), with q = ±|qj,* gives two equations for cu 

and c 6 ( q ) . We now add and subtract these equations, term by term, considering that 6"̂  are 
determined for an identical number -of. drops. We obtain 

Ps = -i (P+ + P'» - ft, 11 - (r.C, (ft,) + CJC. (ft,) - c-,C4 (ft,) + cA (ft,)) v;""I (20) 

pa=ti*-ti--2c-:vrtJoC.iP„) (21) 

where the superscripts "+" and "—M indicate that the quantity is determined with q = -fjqj and 
q = — jqj, respectively. Equation (20) determines c*., and Eq. (21) determines c 6

 + . Naturally, 
more nearly complete information on cL, c 4, and c 6

+ , including their temperature dependences, 
can be obtained if the su_persaturations Cn (with each sign of the charge) and ̂  are known for 
several values of n and n at various temperatures. Let us note that Eqs. (19)-'21) are valid 
regardless of the mode of mass transfer between supercritical drops and vapor (only the un­
perturbed values r,0 themselves depend on the condensation m o d e ) . 

Let us examine the results obtained by working up data from the experiments of Scharrer 
[16] on homogeneous and heterogeneous nucleation of water, ethanol, and benzene; the data of 
Shmitt, Adams, and Zalabsky [6] and Hagen, Kassner, and Miller [7] on homogeneous nucleation 
of ethanol and water vapor; and the data of White and Kassner [5] on heterogeneous nucleation 
of water. In Table 2, the__values of Cn, ~n

+, and :n~ were taken from [16] ;t the corresponding 
values of the temperature T and T were found on the assumption of adiabatic expansion of volume 
in the central part of a Wilson chamber, using data on the coefficients of expansion (the 
initial temperature before expansion, for all of the experimental points, was approximately 
290°K. The values of n and n coincide for all of the substances and are approximately equal 
to 5 cm" 3. The number density of ions was estimated, following [17], as -10 4 cm" 3. Values 
of c 6 and c 7 were calculated by the use of Eq. (3). The coefficients Ci, c 4, and c 6

+ = c 6
+ # 

( q 0 ) , where q 0 is the elementary charge, were found by means of (19)-(21) on the assumption 
of isothermal condensation and a diffusion regime of supercritical drop growth. In the case 
of water in the experiment of [16], isothermal conditions were ensured by a hundredfold pre­
dominance of the gas (air) density over the water vapor density; in the case of ethanol and 
benzene, the predominance was tenfold. By means of [3, Eqs. (42) and (45)], it is not dif­
ficult to be convinced that with a value of the condensation coefficient a c = 1 (found for 
water and a number of organic liquids in [18, 1 9 ] ) , the drop size at the end of the condensa­
tion process is considerably greater than the length of the free path of a vapor molecule, so 
that the mode of supercritical drop growth could be considered as diffusional. 

As can be seen from Table 2, in the case of ethanol and benzene, the parameter cu has 
the same sign and order of magnitude as Ci, which confirms the estimate of these parameters 
given in [3, 4 ] . For water, however, c u proves to be very large, whereas Ci is close to zero. 

In addition to the data of [16], we worked up the data of [5-8]. In Fig. 1 we show the 
experimentally determined relationships for the number of observed drops in homogeneous nucle­
ation of water and ethanol [6-8] and heterogeneous nucleation of water on positive and nega­
tive ions [5], Since the time of artificial cutoff of the nucleation process t Cut that was 
used in [5-8] was much shorter than the time tL (tcut; ~ 0.01 sec [6, 7 ] , t c ut ~ 0.00^ sec 
[8]; with diffusional growth of supercritical drops, Ti ~ 1-5 sec and t_i_ ~ 1-5 sec, t 2 ~ 10

3 

sec and t 2 ~ 10
3 s e c ) , the number of drops formed is determined as n = It c ut

 a n d n = Itcut-
Here I - n^/ivfl + 0 % - F ( s ) and I - (n/Tu)e~^ F(s) are the stationary rates of homogeneous 

*The nature of the nuclei (ions) with opposite signs of the charges is not important for the 
characteristics of the condensation process that are under consideration. 
"i'Let us remember that the supersaturation that we are using is obtained by subtracting 1 from 
the ratio of densities of supersaturated and saturated vapor. 
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Fig^ 1. Experimental and theoretical dependences of In n- and 
In n on vapor supersaturation. 1) Homogeneous nucleation of 
water at T = 272°K [7J_ (ci = -0.2 i 0.1); 2) homogeneous nu­
cleation of water at T = 266°K [8j_ (d = 0.2 ± 0.1); 3) homo­
geneous nucleation of ethanol at T = 262°K [6] (ci = 0.10 ± 
0.05); 4, 5) heterogeneous nucleation of water on positive 
and negative ions, respectively, at T = 275°K [5] (d = 0.0 ± 
0.1, cu = 1.6 ± 0.3, c6

+ = 3.7 ± 0.4). 

and heterogeneous nucleation, written with logarithmic accuracy. In the end, in finding 
values of So and Bo corresponding to the experimental points in Tig. 1, into Eq. (8), in 
place of (15) we should substitute the formula F^) -lnCn^Cl + ;) 2tcut/nTK) , and in place 
of (9) the formula AF(C) - ln(ntcut(niK). The density of the passive gas (argon) in the ex­
periments of [5-8] was more than two orders of magnitude greater than the density of the 
vapor, thus justifying the use of the isothermal condensation approximation. The value of 
Ci for homogeneous nucleation was determined by means of (19) to be Ci = —0.2 ± 0.1 [7, 8] 
for water, and cx = 0.15 ± 0.05 at T = 252°K [6] for ethanol. The values of c* and c6+ for 
heterogeneous nucleation of water were determined by means of (20) and (21) to be ĉ  = 1.6 i 
0.3 and c6

+ = 3.7 ± 0.4 [5]. The calculated errors include contributions from inaccuracies 
in measuring the supersaturation, the number of observed drops, and the temperature, as well 
as error arising from the use of the mean temperature T = (T+ + T~)/2 in working up the ex­
perimental data of [5, 16]. Also included in calculating the error Acx was the_contribu-
tion due to discarding terms of higher order of smallness in comparison with Ci Zo ^n Eqs* 
(17j, (20), and (21). In Fig. 1, in addition to the experimental relationships, we show the 
theoretical relationships In n-(0 and In n(0 corresponding to the mean values found for 
Ci, cu, and cfe

+. 

Let us note that, in spite of the substantial differences in design of the Wilson cham­
ber, in the nature of the carrier gas, and in the number density of ions in [16] and [5-8], 
the values calculated for Ci, c4, and c6

+ for water on the basis of [16] are close, within 
the limits of indicated errors, to the results obtained from [5, 7, 8]. This is also the 
case with the values of Ci for ethanol calculated on the basis of the data of [16] and [6]. 
In the interval of temperature T from 245 to 266°K, the temperature does not influence the 
coefficient cx for water, according to a calculation based on the data of [8]. The negative 
value obtained for cx for water may be due to a significant influence in (17), with Ci ~ 0, 
of the subsequent terms in the expansion in drop curvature parameter (it is not difficult 
to show that the sign of the second correlation is opposite to the sign of c1). For ethanol, 
from [6] in the region of T from 251 to 272°K, it was found that Ci increases with decreasing 
temperature, approximately as dCi/dT - 0.005°K_1. 

In Table 3, the values of &> 00O were taken from [11], where they were calculated from 
data on the electric surface potential of the liquid/vapor boundary. The values of 'oc and 
y. were calculated by means of (3) and (4) with the values of cx and c6

+ from Table 2 and Fig. 
1 on the assumption that c5

+ = c6
+, which was justified in [3, 4]. It can be seen that x for 
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'JABLE 3. Values of Difference between Radii of Equimolecular 
Surface and Tension Surface, and Spontaneous Surface Polariza­
tion, in the Limit of a Plane Interface, for Water, Ethanol, 
and Benzene according to Data of [5-8, 16] 

Substance AQQ. IO- 'O , m " W V X 

Water [IT] • 
Water [5, 7 , 8] 
Ethanol CL%J • 
Ethanol [CI 
Benzene [Lf] • 

0,(H-0,2 
- 0 , 4 4 - 0 , 2 

0,3-4-0,3 
0,284-0,14 

1,04-0,3 

—0,008 
—0,008 

0,022 

0 

2,3 
2,6 
0,7 

*As in Russian original; possibly in error — Translator. 

water and ethanol is positive and is on the order of magnitude of unity, which confirms the 
estimate given in (4). 
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