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Abstract. An analytical method to obtain the steady-state nucleation flux of binary liquid
droplets is developed. The method is based on the solution of a Fokker—Planck equation for the
concentration of clusters where both number (size) and cluster-energy fluctuations are included.
The Fokker—Planck equation is solved in the vicinity of the saddle point. The kinetic prefactor
is found to depend on the product of the three eigenvalues of a matrix that describes fluctuations
about the critical cluster. The explicit, analytical expression for the total steady-state nucleation
rate is applied to the water—ethanol binary system. The model predicts a nucleation rate that is
slightly higher than the classical nucleation rate.

1. Introduction

Nucleation is the initial stage of a first-order phase transition that takes place in various
energetically metastable or unstable systems. The formation of water droplets and ice
crystals in the atmosphere, the casting of metals, and bubble formation are just a
few examples of nucleation-related phenomena. One- and two-component nucleation
have received extensive treatment in the literature, both in experimental and theoretical
investigations (the reader is referred to the classic works [1] and [2] or more recent
reviews [3] and [4]). Theoretical analyses of nucleation problems have been based on
numerous, complementary approaches. The first approach, which is referred to as the
classical nucleation model, was formulated by Becker afidiry [5], Volmer [6], and
Turnbull and Vonnegut [7]. This theory is based on the phenomenological concept of a
droplet that is viewed as a group of molecules which interact strongly among themselves
and weakly with the rest of the system. According to the classical theory, the nucleating
cluster is treated with equilibrium thermodynamics as a macroscopic droplet whose free
energy of formation depends crucially on the bulk surface tension. The kinetics by which
small clusters of the new phase gain or loose particles is based on ideas developed in
chemical kinetics. It is assumed that clusters grow or shrink via the gain or loss of single
molecules, an approximation that is reasonable for condensation at low pressures.

Recent developments within the framework of the classical theory (see, for example,
[8,9]) have been partly successful in explaining experimental data for one-component,
homogeneous nucleation. However, results based on the classical theory show significant
discrepancies for the temperature dependence of the nucleation rate [10]. Moreover, the
classical theory being a phenomenological theory lacks a sound microscopic foundation.
Alternative approaches to the classical theory either start from a microscopic point of view
or use extensive computer simulations, see, for example [2, 11-13].
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Two-component, homogeneous nucleation (binary nucleation) differs in a significant way
from one-component (unary) nucleation. Whereas in one-component systems nucleation
occurs in supersaturated systems, binary nucleation can occur even when a mixture
of vapours is unsaturated with respect to the pure substances. Consequently, binary
nucleation is the predominant particle-formation mechanism in the atmosphere, where
various condensable vapours exist, which, however, are not present in high supersaturations.
The importance of two-component nucleation for atmospheric processes motivated us to
develop a steady-state nucleation model for binary mixtures and to apply it to the water—
ethanol system. This system was chosen because large discrepancies between theoretical
predictions based on the classical theory and experimental results have been reported
[14, 15].

The binary nucleation problem was first studied by Flood [16] and then by Reiss [17].
These initial results have been refined and extended by numerous authors, we refer the
reader to [18—22]. Heterogeneous binary nucleation has recently been studied in [23].

The present work is concerned with the derivation of an expression for the steady-state
total nucleation rate for binary systems where fluctuations in number (size) and cluster energy
are included. The analytical expression is based on the derivation and solution of a Fokker—
Planck equation for the cluster concentration. The fundamental idea is that the transition
to the stable phase is most likely to occur via a passage through the lowest intervening
saddle point of the free energy that divides the metastable phase from the stable phase.
Consequently, the problem reduces to solving the appropriate Fokker—Planck equation in
the vicinity of the saddle point.

Our work was motivated by the pioneering work of Langer [24] to solve
multidimensional Fokker—Planck equations that appear in nucleation phenomena, and the
more recent work of Barrett [25] where Langer's ideas are used to derive an expression
for one-component nucleation. It may be considered an extension of Barrett's analysis to
two-component systems. Even though we derive an expression for the nucleation rate that is
general, we evaluate it using the classical theory Gibbs free energy of formation of a cluster.
Numerical results are compared with experimental data for the water—ethanol system. In a
future work our results will be compared with Stauffer's [18] and those of Wilemski and
co-authors [22]: the emphasis will be on the effect of energy fluctuations on direction of
growth of the nucleating droplet in the saddle-point approximation. Our analysis is easily
extended to multicomponent nucleation.

2. Classical theory of binary nucleation

The first treatment of homogeneous, binary nucleation was developed by Reiss [17], and
later refined by Stauffer [18]. It is an extension of the usual treatment of nucleation of a
single vapour. A droplet fluctuation of the new binary phase is stabilized if its free energy
of formation F is large enough to overcome the free energy bafffethat separates the two
phases. According to the classical treatment the free energy of the formation of the droplet
F has a saddle point as a function:gf andn, wheren; is the total number of molecules
(monomers) of specieg, in a droplet. The saddle point defines the critical droplet free
energy and the corresponding composition.

Under the capillarity approximation the free energy of formation of a liquid embryo
from a binary mixture of vapours is expressed as the sum of a volume and a surface term,

F =nidug +nadus + yA(ng, np) 1)
wheren; is the number of molecules of specie#n the droplet,y is the surface tension,
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A(n1, np) is the surface area of the binary droplet, and
i = b — s (i=12) )

wherey! is the liquid-phase chemical potential of speciesndy! is the gas-phase chemical
potential. In the case of the constant temperature process, the change of the Helmholtz free
energy from the vapour to the liquid phase (droplet formation) has an extremum, whereas
in the case of constant temperature and pressure, the Gibbs free energy difference has an
extremum. However, the change of the Gibbs free energy during a phase transition is
equivalent to a change of the Helmholtz free energy if the vapour pressure before and after
the transition is the same [2]. Consequently, either free energy can be used in the analysis
of nucleation rates.

For spherical droplets and under the assumption that the partial molecular valumes
are independent of pressure the surface area of the critical droplet may be expressed in
terms of the critical droplet radius; by

A(ny, np) = 4rrl = (36m) 3 (n1vy + nav2)?3. (3)

This equation defines the critical droplet radius.
The critical droplet composition is given by the composition at the saddle point. It is
defined by the extremal conditions (Gibbs—Thomson equations)

IF

o =0 (4)
niln, 1P

IF

o -0 )
n21n,1.pP

whereT is the absolute temperature awdis the pressure. It should be stressed that the
derivatives that define the saddle point are taken keeping the gas-phase partial pressures
constant [26]. There has been considerable discussion in the literature on whether the
compositional derivatives of the surface tension appear in equations (4) and (5). In fact,
they are absent because under the capillarity approximation one must distinguish between
surface composition and bulk (internal) droplet composition. The use of the Gibbs—Duhem
equation for the bulk liquid phase and the Gibbs—Duhem adsorption equation for the surface
ensures that the surface tension derivatives do not appear in the equations that define the
saddle point. When the surface-bulk decomposition is used the Gibbs—Thomson equation
becomes

Fer
wherey,, is the surface tension of the critical droplet. From these two equations it is easy
to derive the consistency equation (revised classical theory) that determines the bulk droplet
composition [19] at the saddle point

S + =0 (i=102 (6)

V102 = V28 1. (7)
The nucleation rate according to the classical theory is expressed as
J = Joexp(—BF") (8)

where Jy is a kinetic prefactorg F* is the free energy of formation of the critical droplet,
and 8 = 1/kgT whereky is the Boltzmann constant. For binary condensation the pre-
exponential factor was first calculated by Reiss [17] by considering the contribution of
number fluctuations, i.e. by assuming that a droplet could grow or shrink by the condensation
or evaporation of a single molecule. Stauffer [18] extended the calculation to non-associated
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vapours and in the case where the impingement rate of different molecules was different. He
argued that in general the calculation of the nucleation flux should not be performed along
the steepest descent path as Reiss originally did. According to Stauffer the final expression
for the kinetic prefactor for the binary nucleation may be written in a form similar to the
one used in unary nucleation as follows

Jo=p,ABZ )

wherep, is the total density of condensible vapours & p1, + p2.), A is the surface area
of the droplet,B is the average growth rate, aidis the Zeldovich non-equilibrium factor.
For non-associated vapour the average growth rate is given as
B B1B2
B1Sir? ¢ + B, coS ¢

and the impingement ratg of species is
Bi = piv/(RumikpT)™? (11)

wherem; is the molecular mass of th¢h component. The factdf may be considered as

a generalization of the unary Zeldovich factor because it incorporates the effect of number
fluctuations. In the general case where the impingement rates of different components differ
it is given by

(10)

7 - Diq cog ¢ + 2D15C0S¢p Sing + Doy sir? ¢ (12)
(D%, — D11D2,)1/2

where

1 0%F |

Yo 2 8n,-8nj
The superscript denotes evaluation of the appropriate derivatives at the saddle point. The
angle¢ defines the direction of growth of the critical droplet, and it is given by

(13)

T,P

1/2
tang = s + <s2 + ﬂz) (14)
B1
where
1 P2
= flz (Dzzﬁl - D11> . (15)

If one component is dilute [26] (for example, component 1) the kinetic prefactor of the
equation for the nucleation rate reduces the kinetic prefactor of one-component nucleation
to becomeJy = p,1AB1Z.

An alternative method of calculating the Zeldovich factor in binary systems is based
on the concept of a virtual monomer [27]. Accordingly, a virtual monomer is introduced
whose volume i9 = (njv1 +n2v2)/(n1+n2). It can then be shown that the nucleation rate
may be expressed in terms of properties of the virtual monomer, i.e. the problem reduces
to one-component nucleation and the Zeldovich factor becomes [28]

v
7= v2_ 7 | 16
By) 2712 (16)
In the calculations of section 5 where the results of the classical theory are compared with
our results, we use this method to calculate the Zeldovich factor. Moreover, for consistency

with the definitions that we will be using in the rest of the paper, we define the Zeldovich
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factors as the inverse of the second-order free energy derivatives. For the case of a virtual
monomer we define (a result that will be used later in section 4)
1
O, = ———5=-

© (2m)Y2z

In the following section we consider number and energy fluctuations, we derive a
general expression for the equilibrium distribution that incorporates contributions from these
fluctuations, and we evaluate the fluctuation terms according to the classical nucleation
theory (in the capillarity approximation and for droplets that are considered to form ideal
solutions).

(17)

3. Equilibrium cluster distribution

The usual way to calculate the equilibrium distribution of clusters (liquid droplets) for a
given degree of supersaturation involves the minimization of the Helmoltz free energy with
respect to the concentration of various components subject to the constraints of constant
temperature, volume, and total mass. In the present work we extend this treatment to include
fluctuations in the energy of the clusters. We are interested in the contribution of energy
fluctuations to the nucleation rate, and in particular to the kinetic prefactor. The idea is that
a condensing or evaporating monomer not only alters the composition of the droplet, but
it also adds or removes the latent heat of condensation. Thereby the energy of the droplet
is modified. Hence, in addition to the usual number fluctuations, which give rise to the
Zeldovich factor, energy fluctuations will modify the kinetic prefactor.

We consider the effect of energy fluctuations in a cluster containingiolecules of
species 1n, molecules of species 2, and whose energy isn the equilibrium cluster
distribution ceq(n1, 12, €). In accordance with the general theory of fluctuations the cluster
distribution becomes

(18)

— e(n+ n)12
Ceq(ny, n2, €) = D exXp—pF (n1, n2)} exp{_[ee(nl,nz)]}

202(n1, ny)

where the average cluster energy is denoted (as, ny) and o, is the variance of the
cluster-energy probability distribution. The normalization coefficibnis determined from
the condition

/ Ceq(n1, n2, €) de = ceq(n1, n2). (19)

o0

Number fluctuations about the critical cluster are calculated in the standard way by
performing a second-order Taylor series expansion of the exponents in equation (18). The
critical cluster is denoted a@:, n}, €) where€ = e(nj, n3) is the average energy of the
critical cluster. The expansion of the first exponent yields

BF(n1,n2) = BF(ny, ny) + ;aglj; Sni + ;8;;3; Sng + 33121’?;2 8dniény (20)
where deviations from the critical cluster values are expressed as
dn1=n1 —nj (22)
dny = ny — nj. (22)

As discussed in the previous section, linear terms vanish because the saddle-point
configuration is an extremum (it determines the critical cluster parameters). The terms
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that arise from number fluctuations may be expressed in terms of the generalized Zeldovich
factors as follows

pr[_ 1 23
ani - 0'12

PBFI" _ 1 (24)
ol | = o2

PBF " _ 1 (25)
81’113”2 o 0'122.

Note that in analogy to unary nucleation we introduce an explicit negative sign in the
definition of the generalized Zeldovich factors and we define them as the inverse of the
second-order free energy derivatives. Moreover, as noted by Stauffer in his analysis of
binary nucleation [18], the individual elements of the mawBBF/on? that define the
generalized Zeldovich factors need not be negative, but the product of the corresponding
eigenvalues is.

The expansion of the second exponent in equation (18) (average cluster energy) in
combination with the previous expansion in terms of number fluctuations (cf equation (20))
results in

. Bn% (Sng dnidéno 1
Ceq(n1, N2, €) = Dexp(—BF(ny, n)}expy 5 + 5+ 2

202 207 o5 202
3e \ de \ de
S+ — ) sn?+(—) sn5—2—8n1s
X |: €+ <8n1> ny+ <8n2) ns oy nide
Y Je e
— 2% snpse + 225 %€ spisny (26)
ono onq ona

where similarly to the previous definition of number fluctuations we have defined the energy
difference as
8¢ =€ —e(ny, ny) (27)
and the average-energy derivatives are evaluated at the critical cluster.
The previous equation may be written in a more transparent form if we use the following
definition
de |
Bni
and if the normalization constant is determined from the normalization condition shown in
equation (19). Therefore, the final expression for the equilibrium cluster distribution that
incorporates the combined effects of number and energy fluctuations becomes

x nd H? 1 H? 1
Ceq(ny, no, €) = M exp{—b‘ni [1 ] — 5n§ |: 2 i|

(i=12) (28)

P =

(21)/20, 202 207 202 202
H\H, 1 8¢  Hy Hp
—8n1n; [ - ] — Tl sni8e — Zsnyse . (29)
o2  of,] 2% o ol

This general result will be used in the next section to determine the nucleation flux by
solving the appropriate Fokker—Planck equation for the cluster concentration. In what
follows we evaluate the various derivatives that appear in equation (29) under well-defined
approximations.
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The generalized Zeldovich factors for binary nucleation may be determined in the
capillarity approximation. If the Gibbs—Duhem equation for the bulk phase and the Gibbs
adsorption isotherm for the surface are used in the first derivatives of the free energy the
surface tension and the liquid-phase chemical potential derivatives are eliminated. The
second-order free energy derivatives (which determine the generalized Zeldovich factors
according to the definitions of equations (23)—(25)) may be expressed as

1 oput L 2vi 9By Byv?

= = =12 30
a? on; ree ong  2mrd @ ) (30)
1 Bt 2v5 0 ViU

o By _}_Jﬂ_ By 142. (31)
o1, ono For 0Ny 2wrg

As discussed in the previous section, the free energy derivatives are taken keeping gas-
phase activities constant. Moreover, a consistent evaluation of equation (31), namely that
the order of differentiation with respect ig andn; is not important, requires either that

the middle term is zero, i.e. that the surface tension derivatives with respegtisaero

an observation that is in agreement with the revised classical theory, or that the surface
tension is a function ofiyea = n1 + n2. A more general expression for the generalized
Zeldovich factors, where the surface tension derivatives are explicitly calculated, may be
found in Mirabel and Katz [29].

For the numerical calculations that are discussed in section 5 we evaluate the previous
expressions (equations (30) and (31)) by making the approximation that droplets have
properties of macroscopic systems and that they form ideal solutions (see, also, Mirabel
and Clavelin [30] and Zeng and Oxtoby [13]). Consequently, the second-order free energy
derivatives with respect to particle number become

Sr_ooom pru (32)
o2  niy+ny)  2nrd

1 m By} (33)
o2  ny(nj+nk) 27rd

1 Byve (34)
o2 ny+ny  2mrd

It is instructive to note the similarity of these expressions to the expression for the
Zeldovich factor in unary nucleation. In classical unary nucleation the Zeldovich factor is
o2 = 27re _ 93
Byv?: 2By A:
wheren is the number of particles andl; is the surface area of a monomer. (In deriving
equation (35) the usual assumption that the droplet surface tension is independent of
composition was used.) This expression should also be compared with equations (16)
and (17).
The average energy derivatives and the variance of the energy probability distribution
are evaluated under the approximation that the total energy dfiam,) cluster is the
sum of the energy of its two independent components, €i(@;, ny) = e€(ny) + €(ny).
Then, simple arguments from statistical mechanics give the following expression for the
mean-square energy fluctuations [31] (see also appendix 2 of [1])

2
062 = ZC,‘I’likBTZ (36)
i=1

(35)
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where¢; is the bulk specific heat per molecule of spedieim the cluster and we have
assumed additivity of the specific heat.

The derivatives of the average energy with respect;tare re-expressed (under the
assumption of independent species) as follows (the derivation closely follows the derivations
of Barrett [25] and Fedeet al [1])

H; = q; — (civ + 3kp)T (i=1,72 (37)

whereg; is the energy released upon addition of a monomer of vapadara cluster, and
c¢iy IS the molecular heat capacity of a monomer in the vapour phase at constant volume.
The quantityg; is given for one-component nucleation in [1]. Similar arguments give the
corresponding expression in the two-component case

qi = m,-L,- — %kBT — )/M (38)

81’1,‘

wherem; is the molecular mass of specigd.; is the differential latent heat of condensation
of speciesi, and A(ny, ny) is the total surface area of the cluster. In the calculations of
section 5 we approximate the differential latent heat of condensation with the latent heat
of condensation of pure speciés Equation (38) shows that the energy released when a
molecule condenses is less than the latent heat of condensation because part of the energy
is used to create the new surface area and part to raise the temperatureefFeddy).
As noted by Barrett [25] this derivation is valid if the temperature derivative of the surface
tension can be neglected.

As a final remark, in this section we should stress that the evaluation of the various
derivatives that appear in the exponent of the equilibrium cluster distribution (equation (29))
were evaluated using the classical expression for the Gibbs free energy for binary mixtures
[17] (cf equation (1)). We used an expression for the free energy of the formation of the
droplet that can be divided into a volume and a surface part, and the various parameters
were obtained from values for macroscopic systems. Alternatively, the droplet free energy
may be evaluated by other methods. An attractive choice is to use Monte Carlo simulations
to evaluate it, which, however, requires that the form of the interaction potebtiain
the cluster be known. This is a severe limitation because in many cases the interaction
potential is not known. The classical theory expression for the droplet Gibbs free energy
of formation may be derived by approximating the cluster potential.

Another limitation of the classical approach is the use of macroscopic quantities, such as
the bulk surface tension, to describe the properties of the critical cluster. Since the clusters
under consideration usually consist of only a few hundred molecules, it is doubtful whether
macroscopic parameters can be used with impunity. It is clear that a theory which takes
into account corrections to the bulk properties of small clusters is required. In the case of
one-component systems an approach based on the use of the second virial coefficient [32]
has been proposed. For binary mixtures the calculation of the second virial coefficients is
more tedious, but a systematic way to evaluate them [33] has also been suggested. The
evaluation of second virial coefficients for binary mixtures is beyond the scope of the present
work.

4. Fokker—Planck equation for binary droplets

The calculation of the nucleation rate of binary droplets requires information about the
mechanism of cluster formation, the effect of fluctuations of relevant variables, and the rate
at which these processes occur. The first approach to calculate the nucleation flux of a
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single-component droplet was made by Becker aiidiriyy [5]. Zeldovich [34] improved

their approach by assuming steady-state concentrations. These approaches are based on
the assumption that only the gain or loss of monomers in the clusters are important, and
hence they do not take into account other factors that influence the growth of the droplets.
Barrett [25] improved these descriptions by incorporating the effect of energy fluctuation

in single-component nucleation. In the present work we follow Langer [24] to introduce

a general method that considers changes in the cluster concentration in binary nucleation
by deriving an appropriate Fokker—Planck equation. Our work is an extension of the work

of Barrett [25] to binary nucleation. The extension to multicomponent nucleation is easily
derived.

The appropriate Fokker—Planck equation is derived by considering the general form of
the master equation for the time evolution of the concentration of binary droplets since the
master equation describes gains and losses. The transformation of the master equation to a
Fokker—Planck equation is made by performing a second-order Taylor expansion in the size
and energy of the clusters. The resulting Fokker—Planck equation is solved via the method
presented by Langer [24] to solve multidimensional Fokker—Planck equations which appear
in nucleation problems.

We begin by introducing the form of the master equation for binary droplets. Consider
a physical system which ha¥ degrees of freedom and, hence, it is described by 2
coordinates and canonically conjugate momenta. We denote these coordinates collectively
by a;, wherej runs from 1 to V. The time change of the cluster concentratign) is
described by the master equation

aca(ta) - /da' [P(a,a’)c(a") — P(a’, a)c(a)] (39)

whereP(a, a’) is the rate (transition probability) at which the concentratiahanges from
configurationa’ to configuratioru. Changes due to the dynamical behaviour of the clusters
are not included in this form of the master equation.

For binary clusters of species 1 and 2 and enerthye master equation may be explicitly
written as

a o0 o0 o0
—c(nq, no, €;1) :/ de/f dn’lf dn
at —c0 1 1

X[R(ningze|ninye ) c(ninye’s t) — R(nynbe' |ninze)c(na, na, €; 1)] (40)

whereR (n)n5€’|n1nz¢€) is the transition probability that a cluster rate in staigie) moves
to state(njnbe’).

The transition probability that a cluster moves from one configuration to another may be
written as the sum of a condensation rate for clusters with a monomer less than the required
cluster size and an evaporation rate for clusters with a monomer more than the required
cluster size. We make the usual assumption that condensation and evaporation occur only
via the addition or the loss of either a monomer of vapour 1 or vapour 2. These transitions
change the number of moleculés,, n;) and the energy of the cluster Therefore, the
transition rateR may be written as

R(nyn%e'|nynge) = Ré&d(n’lnzeﬂnlnze)(?(n’z —ny) + Réi)nd(nln’ze’|n1n26)8(n’1 —n1)
+Ré%,gp(n'1nze’|nlnge)5(n’2 —np) + Rg,)ap(nln'ze'lnlnze)S(n/l —ny) (41)
where the superscript refers to species number, the subscript ‘cond’ refers to condensation

(n’ = n+1), and ‘evap’ refers to evaporation’' (= n—1). Specifically,Rg}nd(n1n’ze/|n1nze)

is the transition rate at which a cluster, n,, €) moves to the required cluster sigg, n%e’)
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via the condensation of a species 2 monomer with energy, anng,gp(nln’zeﬂnlnze) is
the transition rate at which a clustery, n, €) moves to the required cluster size;, n%e’)
via the evaporation of a species 2 monomer of enefgy ¢. In equation (41) we have
introduced the Dirac delta functiod(x) and we are using a continuous description.

The condensation and the evaporation rates can be written as (see, also [1])

Riondninze'Ininge) = / " ACAGL 1) BB — [€ + ga + xNB, — (ny + 1) d
- (42)
R (ninhe'|ninge) = foo A(A(n1, n2))B2(x)8(e' — (€ + g2 + xD8(n — {na + 1)) dx
- (43)
R{anynze’|nanze) = / " A, no)e(ns, ng, €, 0B — fe — g1 — 3D
8(ny — {”;oj 1}) dx (44)
RGanne’|nanze) = / " AL, (s, no, €, 8(E — (€ — g2 — x))
0y — (ny — 1)) o (45)

where 81(x) is the impingement rate of a vapour monomer 1 with energy x, x being

the corresponding energy fluctuation with respect to the mean energy of the impinging
molecule, andw;(ny, n2, €, x) is the vapourization coefficient of the cluster of interest.
Terms with subscripts 2 have the same meaning as those described except they refer to a
vapour monomer of species 2. The vapourization coefficient is related to the impingement
rate via the principle of detailed balance

A(ng, np)ay(ny, nz, €; x)ceq(n1, N2, €) = A(ny — 1, n2) B1(x)ceq(n1 — 1, n2, € — g1 — x)

(46)
A(ny, np)az(ny, no, €; X)ceq(n1, n2, €) = A(na — 1, n1)Ba(x)ceq(nz2 — 1, n1, € — q1 — x)

(47)
where, as beforeseq is the equilibrium cluster distribution. Hence, a detailed balance can

be used to eliminate the dependence of the evaporation transition rates on the vapourization
coefficients to obtain

o —Lnze—qg1—x)
R(l) ’ / — / A(A _ 17 Ceq(nl
(-;Avap(n]_’/lZ6 |VL1I’£2€) - ( (nl nZ)ﬁl(x) Ceq(”ll — 1’ 1o, E)
x8(e' —{e —q1 — x})8(ny — {n1 — 1}) dx. (48)

A similar result is obtained foR? (ninhe’|ninze).

The substitution of equations (46), (47) into equation (41), and their subsequent
substitution into equation (40), followed by second-order Taylor expansion &bguit,, €)
yields

3 o 2 3 3
Ec(nl, na, €;t) = /_oodx;ﬂi(x) {(M +56i86> [ceq(n1, n2, €)A(n1, n2)]

0 d c(ni, no, €;t
X + 8ej— cln. nz. & 1) + Ceq(ny, n2, €)A(ny, na)
on; d€ ) | ceq(ni, nz, €)

92 92 92 c(ny,no, €;t)
— + 28¢; se?— )| ——= 49
x <8n12 +eoe on;d€; + o€ 862> |:ceq(n1, no, e):“ (49)
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where we have defined the fluctuation terms as
Se¢; =q; +x i=1,2). (50)
Integration over the energy fluctuationsnvolves the following integrals

/ e Bi(x) = Bi = piv/2mikpT)"? (i=12 (51)
;fwdxxﬂi(x)dxzsz (i=12 (52)
%/ dx B (x)(g; +x)* = g* + x2 (i=12). (53)

The first equation, (51), is the impingement rate of speciéd equation (11) in the first
section), whereas the second equation (equation (52)) is zero by symmetry. The quantity
qi, the energy released upon addition of a monomer of vapaor a cluster, has been
discussed in the previous section. The mean-square energy fluctuations (equation (53)) of
the impinging monomers is given by [1]

;szz Z {<Civ+1kB) kBT2+& <Civ,c+1kB) kBTZ} (54)
i=1,2 2 Bi 2

where g, is the carrier-gas impingement frequency and. the specific heat of the carrier
gas. The second term in equation (54) arises from the contribution of impinging carrier-gas
molecules to the mean-square energy fluctuations. In the present work we do not consider
carrier-gas contributions to the nucleation rate, and hence it is omitted in the calculations
that are presented in the following section. An extensive treatment of carrier-gas effects is
given in [35, 36].

After the evaluation of the integrals over the energy fluctuations we obtain the final
expression for the time evolution of the concentration of clusterhich, expressed in
compact form, becomes

9 3 9 9
—c(ny,np, €;t) =

at any’ ony’ e
d/0n, )
x [ceqml, na, €)A(n1, ) 10 (3/3112) (””)} : (55)
3/de Ceq(n1, N2, €)
The matrix® is given by
1 0 q1
=0 B/A  Beg2/Br : (56)
a1 Beaz/P1 (a2 +x?) + Bagh + x2)/Ba

Langer [24], in his statistical analysis of the decay of metastable states, developed
a general method to obtain the steady-state solution of equations that arise in nucleation
problems (which are similar to equation (55)). In the following we follow Langer’s approach
(which has also been used by Barrett in his analysis of unary nucleation [25]) to obtain the
steady-state solution. In essence, the approach to obtaining the steady-state nucleation
flux is based on the following observation. The phase transition from vapour to liquid is
interpreted as a passage from one minimum (local) of the free energy of the system to
the vicinity of another minimum (absolute) with lower free energy. The passage from one
minimum to another is most likely to happen across the lowest intervening saddle point of
the free energy. Therefore, the most important contribution to the nucleation flux arises
from the solution of equation (55) in the immediate neighbourhood of the saddle point.
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The equation is easier to solve in a coordinate system where the exponent of the
equilibrium distribution is diagonal. We change coordinate systems fionmn,, €) to a
new coordinate systeitx, y, z) such that the exponent of the equilibrium cluster distribution
(equation (29)) is diagonal. Clearly, this coordinate transformation is a rotation whose
matrix representation is an orthogonal matrix: the new variables, ) are related to the
old ones {1, n2, €) by an orthogonal transformation which is represented by a mbtrix
whose columns are the eigenvectors of the matrix

le/aé2 — 1/012 Hle/Ue2 - 1/(7122 Hl/ae2

(Hle/af —1/0%, HZ/o?—1/oZ Hz/of) )
Hl/(re2 H2/CI€2 1/052

The eigenvalues of this matrix are denotedibyi = 1, 2, 3. Since the free energy decreases

in one direction of the saddle point (the direction of the stable phase) one eigenvalue (which

is chosen to be;) must be negative. In general, we expect that a number of eigenvalues will

be identically zero corresponding to broken symmetries (for example, translational modes

should have vanishing eigenvalues). We will return to this point in section 5 where the

eigenvalues are numerically evaluated.

Under this rotation matriX® transforms as

M7 OM = Opew (58)

(57)

and its elements are
011 612 613
Onew= {012 622 63 ]). (59)
013 023 033
Note that®pe, is Symmetric sincé® was symmetric.

In the new coordinate system the steady-state equation for the cluster concentration in
vector representation becomes

VlceqA (1, n2) B1Onewv F (x, y,2)] = 0 (60)

where we have definefl(x, y, z) = ¢/ceq. The explicit form of the steady-state equation
in the new coordinate system is

Ceq(”} nz)
(27T)l/206

Following Langer [24] (and Barrett [25]) we make the ansatz that the solétieny, z)
is a function of a linear combination af, y andz according to the following definition

F(x,y,2) = f(vix + v2y + v32) = f(u). (62)

This ansatz can be justifiea posteriori because it will be shown that it gives a solution

of equation (60) with all the required properties, [25, 37]. Moreover, it can be justified by
solving the time-dependent problem [24]. The substitution of equation (62) in equation (61)
yields the following ordinary differential equation for the single-variable functign)

expl—3 (h1x? 4+ A2y? + A3z9)]A(n}, n3) f1Onewv F (x, , z)} =0. (61)

(0117 + 012v1V2 + 013013 + O1201V2 + 02205 + O2302v3 4 H13v1V3 + Oa3v2v3 + O3313)
X f"(u) — [A1(B12v1 + O12v2 + O13V3)x + A2(B12v1 + O22v2 + O23v3) y
+Ai3(013v1 + Oo3v2 + O33v3)z] f' (1) = 0. (63)

Primes denote differentiation of with respect to the variable. According to the ansatz
for the form of the solution of the steady-state equation the previous equation must contain
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only functions ofu = vix + voy + v3z. Hence, the term in the curly brackets must be
proportional tou

r011 A1b Aifi3\ /1 V1

<)L2912 A2022 12923> <V2> =K (Vz) (64)
A3thz  Aslhz Aszbzz/ \v3 V3

wherek is an eigenvalue of the matrix on the left-hand side of the previous equation.

From (64) it is easy to derive an important relation that will be used in the calculation
of the total nucleation rate

o %L o5
A A2 A3
01102 + Oopv2 + 03302 + 20150107 + 2013V1V3 + 2023000
r o % 22V5 33V3 12V1V2 13V1V3 2323 _ o (66)
K

When writing the expression fdr we have assumed thatis the negative eigenvalue of
the matrix equation (64). This result is confirmed by our numerical calculations and it is
consistent with the general analysis of the Fokker—Planck equation given by Langer [24],
and the results of Barrett [25] for one-component nucleation. Physieallprresponds to
the growth rate of the unstable mode at the saddle point (see [24]).

The solution of equation (63) that satisfies the conditign) — 1 foru — —oo is the
function

1
fa= [1 —eff <(2|F”|)1/2>] . (67)

When this solution is substituted into equation (61) the nucleation flux is determined if the
components of the steady-state solution are identified with the steady-state components of
nucleation flux,J,, J, andJ;. Under this identification we obtain

Jy e s v1/A1
ceq(ny, n3) -

Jy | = =201 22 A0}, nb) ak | va/hz
2w o, |IT|Y/2

J € v3/A3

(68)

(vix + voy + V3Z)2]}
IT|

The total nucleation rate is determined by integrating the fluxcross any surface not
parallel to it [24]. For convenience we chose to integrate across the surfac@. The
integration yields

— = > _ Ceq(ni, VZE)) * *
J= [ o [ 0 = R A mppalel. (69)

In deriving the previous equation we used equations (65), (66) in the following form
vi 3 vi
ESart el T ar 7o

since A, has been assumed to be the negative eigenvalue of the matrix shown in
equation (57). The product of eigenvalues that appears in equation (69) is a general result,
first derived in its full generality by Langer [24].

The previous equation may also be written in terms of the free energy of formation of
a critical cluster as

1 2 2 2
><exp{—2 [klx + Aoy© + A3z +

J = Pv
(2 |A1]A2A3)Y %0,

A(n3, ny)palc| exp(—BF*) (71)
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where p, is the total density of condensible vapours (cf equation (9)). In a future work
we will show how our result compares with previous expressions for the nucleation rate.
In particular, the limiting case of our result when energy fluctuations are neglected will be
compared with the results of [18, 22].

The ratio between the new steady-state expression for the nucleatiod &atd the
classical expression is given by

J o Ikl
Jolass O (|)\1|)\2)V3)1/2

(72)

whereao, is the Zeldovich factor in classical nucleation theory. For the classical nucleation
rate Joass We have used an expression in terms of virtual monomers (cf section 2). In
particular, the binary nucleation rate was evaluated according to the following expression
(28]

Joass = 172y A B X—BE) (73)

5. Results and discussion

The expression we derived for the total nucleation rate was evaluated for the water—ethanol
binary system. The free energy derivatives and the other required quantities were evaluated
as described in section 2. The numerical evaluation of eigenvalues and the eigenvectors
was performed using routines reproduced in standard textbooks (for example those shown
in [38]). The required thermodynamic data were obtained as described in great detail by
Lazaridiset al [28] and Laaksonen [39].

We present three groups of figures. Figure 1 shows the temperature dependence of the
ratio J/Jqass and of the eigenvalues; (i = 1, 2, 3), figure 2 shows their dependence on
water activity, and figure 3 shows their dependence on ethanol activity. We show explicitly
the dependence of the eigenvalues on the various parameters because the product of the
eigenvalues is the new aspect of our result. All the eigenvalue figures show that there
is a positive and a negative eigenvalue and one that is almost zero. As discussed in the
text, the negative eigenvalue corresponds to fluctuations that stabilize the droplet, namely
fluctuations in the direction of the stable, absolute free energy minimum. Inspection of the
numerical values shows that the almost-zero eigenvalue is two to three orders of magnitude
lower than the largest eigenvalue. It is important to remark that this eigenvalue is not
identically zero (i.e. it does not correspond to a broken symmetry of the system) but it
arises from the choice of binary system we are analysing. For the water—ethanol system the
thermodynamic properties of water and ethanol we used are very similar and this almost
numerical symmetry is reflected in the existence of an almost-zero eigenvalue.

Figure 1p) shows the temperature dependence of the rdfid.a.ss (Water activity
Awatery = 0.8 and ethanol activityethanop = 1.2). The results show that the ratio increases
with increasing temperature. The maximum reported value occurs in the temperature range
of interest &310 K) and its value is approximately 28. Figurdpéhows the dependence
of the ratio on water activity (at 293 K and for ethanol activity 1.2). The ratio decreases with
increasing water activity. The dependence of the ratio on water activity is more pronounced
for water activities less than 1, an effect that is in agreement with experimental results [40].
The dependence of the ratio on ethanol activity is shown in figuog @t 220 K and for
water activity 1.0). The results presented in the figure show that higher ethanol activities
lead to lower values of the ratio. As in the case of unary nucleation [25] the effect of
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Figure 1. Numerical evaluations for the water—ethanol system at different temperatures.
(a) Eigenvaluesii, A2, A3 versus temperature. b)Y J/Jclass VErsus temperatureAatery =
0.8, Aethanojv = 12)-

energy fluctuations does not modify the classical result significantly, even though the trend,
namely higher nucleation rates, improves the comparison with experimental data.

We also compare explicitly the predictions of our model with experimental data [40] as
a function of temperature, water, and ethanol activity. These results are shown in table 1.
We note (in conjunction with the results shown in the figures) that the predictions of our
expression are in better agreement with the experimental data than the predictions of the
classical theory. Nevertheless, the improvements made by the introduction cluster-energy
fluctuations in the steady-state nucleation rate are not sufficient to explain in a satisfactory
manner the experimental results for the water—ethanol system. A possible explanation of
the disagreement of our results with experimental data is the neglect of surface enrichment
of the alcohol at the surface of the binary droplet [39, 41].
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Figure 2. Numerical calculations for the water—ethanol system at different water activiéigs. (
Eigenvaluesii, A2, A3 versus water activity. k) J/Jclass Versus water activity Aethanoly =
1.2, T = 29315 K).

6. Conclusions

We have derived an analytical expression for the total nucleation rate in a binary system
that incorporates the combined effects of number and cluster-energy fluctuations. Whereas
previous theories considered solely the effect of number fluctuations on the pre-exponential
factor in the expression for the total nucleation rate we argue that the gain or loss of a
monomer will also induce energy fluctuations. Our result is based on the derivation and
steady-state solution of a Fokker—Planck equation for the cluster distribution in size and
energy. The resulting equation is solved in the immediate neighbourhood of the saddle point
since the main contribution to the nucleation rate arises from that region. The derivation
and the solution of the Fokker—Planck equation follow the analysis of Langer [24] and
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Figure 3. Numerical calculations for the water—ethanol system at different ethanol activiies. (
Eigenvaluesiy, A2, 13 versus ethanol activity.b] J/Jclass versus ethanol activityAwatery =
1.0, T = 22015 K).

they may be considered as a generalization of Barrett's [25] analysis to two-component,
homogeneous nucleation.

We show that a consistent treatment of fluctuations of three relevant variables (particle
number of each species and cluster energy) renders the pre-exponential factor (kinetic
prefactor) of the expression for the nucleation rate dependent on the product of three
eigenvalues. These eigenvalues are determined from the matrix that describes the effect of
fluctuations on the equilibrium cluster distribution. One of the eigenvalues is numerically
shown to be negative, a result that is in agreement with general arguments about the decay
of metastable states.

The general expression of the nucleation rate is numerically evaluated in the capillarity
approximation and for droplets that form ideal solutions. Theoretical predictions are
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Table 1. Comparison of theoretical predictions based on the expression that incorporates cluster-
energy fluctuations Jineory, With the experimental resultslex,, of Schmittet al [40] for the
water—ethanol system. The nucleation rates are expressed in partiél&s/cm

T Awate[g Aelhanolg Jtheory Jexp
263 0.459 2.111 Ax102 10°
263 0.897 1.799 2x103% 108
263  0.923 1.847 Bx101 10¢
263  0.949 1.895 4 x 10° 10°
263  4.843 0.160 4x10°% 10¢

263 5.957 0.0260 I x 10 108
263 6.618 0.0233 2x10° 10°

273  0.434 1.947 Bx102 10¢
273  0.89 1.743 2x101 108
273 0.938 1.827 8x 10! 10°
273  4.074 0.148 2x10% 1C®

273 5.087 0.0197 2x 10t 108
273  5.609 0.0222 3x10° 10°

283 0.434 1.899 5 x 107 10°
283 0.897 1.705 B x 107 10
283 0.917 1.739 Bx10° 10°
283 3.706 0.153 5x104 10¢
283 4.468 0.0202 2x 10t 10t
293 0.416 1.778 Bx 107 10°
293 0.434 1.848 D x10° 10°
293 0.871 1.606 2x10° 104
293 3.386 0.152 2x10°% 10¢

293 4.064 0.0183 8 x 10? 10°

compared with experimental data for the water—ethanol binary system, and they are
compared with predictions of the classical binary nucleation rate expressed in terms of
virtual monomers. It is shown that the agreement between theoretical predictions and
experimental results improves; nevertheless the agreement is not satisfactory. It is argued
that a possible reason for the discrepancy is the neglect of surface enrichment.

In a future work our results will be compared with previous expressions for the
binary nucleation rate [18,22] with an emphasis on the saddle-point evaluation of the
nucleation rate and the effect of cluster-energy fluctuations on the direction of growth of
the nucleating droplet. Another possible use of our work is its application to other binary
systems, for example the water—sulphuric acid system [42]. The extension of our results to
multicomponent nucleation is easily obtained.
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