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Abstract

Ž .An analytical dependence of a critical supersaturation S on partial pressures P of a two-component index is1,2
) i

Ž .background gas at a constant temperature in a diffusion cloud chamber DCC is obtained on the basis of a theory of
Ž .diffusion-controlled nucleation proposed earlier by the author J. Aerosol Sci., submitted . Despite this theory qualitatively

w xand even quantitatively reproduces the available experimental data of Heist 1 a new experiment is proposed in order to
examine it more carefully. For this purpose we imply to use a two-component mixture of insoluble gases as a background
gas when performing a traditional experiment on studying the dependence of S on the background gas pressure in DCC. A

)

new model of nucleation at such conditions is developed and it is shown that a variation of the pressures of both components
of the two-component background gas in an appropriate way in DCC at a constant nucleation rate and the temperature in the
maximum nucleation plane can result in both the increase and the decrease of critical supersaturation S and even keep S

) )

to be constant. This conclusion is the main result of the present theory which admits a direct experimental verification.
q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

In the existing theories of homogeneous nucle-
ation it is accustomed to consider that a concentra-

Ž .tion of a noncondensible carrier gas does not affect
the rate of nucleation. Moreover, it is supposed that
the higher the gas concentration, the closer the nucle-
ation process is to the isothermal one for which

Ž .classical nucleation theory CNT was originally
w xbuilt. However, in paper 1 and many others on the

1 Tel.: q7 095 3627841, fax: q7 095 3628643, E-mail:
itkin@mcsa.ac.ru.

basis of the experimental data on homogeneous con-
densation of H O, D O and some alcohols in an2 2

inert gaseous atmosphere it was discovered that the
critical supersaturation linearly increases with the
increase of the carrier gas pressure P . Besides, with0

Ž .the temperature decrease a slope of isotherms S P
) 0

becomes more abrupt.
That is why the aim of our recent paper was to

consider in more detail the kinetic processes in DCC
using some ideas specific for the kinetics of chemi-

w xcal reactions. In particular, as pointed out in Ref. 4
when a certain chemical reaction realizes in the
nature its observed rate is determined on the one
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hand by a real chemical kinetics on the surface of the
interacting particles, but on the other hand by the
rate of a transport of the reacting medium to this

Žsurface due to the molecular or convective in partic-
.ular, turbulent diffusion. As can be shown the sec-

ond way becomes extremely important when the
Žconcentration of the reacting component is small a

.rarefied vapor as compared with the concentration
of a carrier gas and simultaneously the rate of a
chemical reaction is much more than the rate of
diffusion.

w xIn Ref. 9 a model of the nucleation process
under conditions when a transport of condensing
molecules to the cluster surface is determined by
their diffusion through a carrier gas has been pro-
posed. The main physical idea exploited within our
approach is the following. If a certain cluster transits
to another sort by attaching a monomer the rate of
this process in the usual nucleation theory is propor-
tional to a free-molecular flux of monomers on the
surface of this cluster and this flux is determined by
the volume concentration of monomers. Under the
conditions of DCC this assumption stops to be valid
because the real concentration of monomers at the
external boundary of the Knudsen layer over the
cluster surface differs from the concentration n1

determined far from the cluster in view of the pres-
ence of a carrier gas. It is caused by the existence of
a concentration jump in the vicinity of the cluster
surface and the value of this jump becomes consider-
able when the mean free path of the condensing
molecules in the carrier gas is of order of the cluster
radius.

w xIn Ref. 9 we use a special mathematical formal-
ism which is strongly based on the microscopic

w xtheory of nucleation 7 put forward by the author
which allows an analytical representation of the clus-
ter’s concentrations through supersaturation, the gas
temperature and, that is quite new in the case of
DCC, the carrier gas pressure. It is shown that the
usual conditions of experiments in diffusion cloud
chambers where the concentration of the vapor is
small, meet the requirements of the model validity
that means this model can be adopted to explain a
mechanism of the carrier gas pressure influence on

w xthe nucleation kinetics observed in experiments 1 .
In particular, as follows from our analysis instead of
a usual supersaturation S all expressions of the the-

ory contain a product SQ where QA1rP and0

depends upon the cross-section of the carrier gas and
condensing molecules.

The main conclusion which can be made based on
the above results is that at certain values of the
temperature and, that is more important, pressure of
a carrier gas a special regime of nucleation may

w xestablish. As follows from the analysis of 10 this
case is realized at high pressures of the carrier gas, a

Ž .large effective diameter or cross-section of the
condensing molecules, comparatively low tempera-
tures. We call this regime ‘‘diffusion-limited nucle-
ation’’, but such processes are well known and even

w xrather wide occur in chemical kinetics 4 . However,
for nucleation this effect have been considered in

w xRef. 9 for the first time.
From the results obtained it follows that in addi-

tion at the diffusion-limited nucleation the quasis-
teady concentrations of clusters as well as the rate of
the evolution of the monomer’s mass fraction a1

become no longer be a function of two parameters
— T and S, but three because now in addition they
depend on the carrier gas pressure as well as on the
nature of both the carrier gas and the condensing
vapor. This dependence appears through the values
of the collision cross-section and the mean free path
of the vapor molecules through the carrier gas, and it
must be taken into account when treating the experi-
mental results and comparing them with the others
and with a theoretical prediction.

Based on the results obtained an analysis of the
available experimental data on the dependence of S

)

on P , T and the nature of the condensing and0
w xbackground gases have been developed in Ref. 10 .

The typical scheme of an experiment on studying
w xnucleation in DCC is as follows 5 . DCC usually

consists of two horizontal plates — top cold and
bottom hot, but an inverse scheme has also been

Ž w x.utilized for instance, by 11 . Over the bottom plate
there is a liquid which vapor condensation is a
subject of the research. The space between plates is
usually filled in with a background gas. By virtue of
the existing distribution of the temperature and pres-
sure the vapor evaporating from the bottom surface
moves due to diffusion through the chamber then
cooling and again condensing. As a result of these
processes an appropriate steady-state distribution of
supersaturation S over the height of the chamber j
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Ž .usually reckoned from the bottom plate is estab-
lished. An occurrence of drops of the condensed
vapor is detected by some kind of light-scattering or
even visually.

Since the vapor concentration in the chamber is
low as compared with the concentration of the buffer
gas, the processes of condensation do not practically
influence the distribution of the temperature and
pressure over the height of the chamber which are
determined only by the boundary conditions at the
walls and by the carrier gas pressure P . Moreover,0

it is possible to show that gradients of the tempera-
ture dlnTrdjf 0.1 cmy1 and density realized in
the chamber are small as compared with the gradi-
ents of the clusters’ concentrations and in the first
approximation may be neglected when describing the
nucleation kinetics in DCC.

Since the experimental investigations of the car-
rier gas effect on the nucleation rate in DCC became
relatively popular it is possible to note from the
literature that there is a trend to present the experi-

Ž . Ž .mental data in coordinates S P or S T where
) 0 ) )

S is the supersaturation corresponding to Js1
)

3 w xdroprcm rs. In order to reproduce them in Ref. 10
we proposed a new approach which combines a
proper treatment of physical processes in DCC and
our new kinetic scheme of nucleation in the presence

Žof the background gas a diffusion-limited kinetics of
.nucleation . Fist we analyzed the transport processes

in DCC with allowance for brownian diffusion, grav-
ity, drag and thermophoretic forces, that values de-
pend on the cluster size or the Knudsen number
specific for droplets, nucleation and the droplet
growth and revealed their role with respect to the
measured number of drops in DCC. Than we ana-
lyzed what is the nucleation rate J actually deter-
mined in the experiment. Because usually experi-

Ž .menters represent their results in particular, J as a
function of S , T and P where subscript ) marks

) ) 0

the point of the maximum supersaturation or a close
point of the maximum nucleation rate, the main goal
of that consideration was to express explicitly J
through these parameters. However, for this purpose
a certain kinetic model of nucleation should be intro-
duced. Thus, we studied in more detail processes in
the zone of active nucleation because they determine
the number of droplets which then are measured in
the experiment.

Finally, analytical dependencies of critical super-
saturation S and ES rE P on a carrier gas pressure

) )

P and temperature T in DCC were derived on the0

basis of the above approach. These dependencies
qualitatively reproduce the available experimental

w xdata of Heist and his group 1,5,6 . In addition the
influence of the nature of both the carrier gas and
condensing vapor on the observed phenomenon is

w xdiscussed in Ref. 10 . The conclusion is made that
the effect of the carrier gas in the experiments in
DCC has no connection to the real rate of chemical
reactions of clusterization and at other conditions
Ž .for instance, in expansion chambers may not occur.
Nevertheless an existence of the carrier gas influence
on the total nucleation rate can be of great impor-
tance for the control of nucleation.

We must also mention that nowadays there exist
some other attempts to explain the observed experi-
mental facts on the influence of the background gas

w xon the nucleation rate 12,16 , however within these
approaches it is difficult to restore even the qualita-

Žtive picture of the discussed phenomenon see dis-
w x.cussion in Ref. 9 . Nevertheless in order to give an

additional evidence for the diffusion mechanism of
the considered effect it would be reasonable to per-
form some special experiments. Fortunately, a con-
sideration of nucleation in DCC when a background
gas is a mixture of two insoluble gases gives a good
opportunity to make such a verification practically at
similar experimental conditions. That is why the aim
of this paper is utilizing this idea to develop a model
of nucleation at such conditions and to propose a
scheme of the experiment which could bring an
essential information on the physical mechanism of
the process.

2. Diffusion-controlled regime of nucleation in the
environment of a two-component background gas

As pointed out in Introduction when a certain
chemical reaction realizes in nature its observed rate
is determined on the one hand by a real chemical
kinetics on the surface of the interacting particles,
but on the other hand by the rate of transport of the
reacting medium to this surface due to the molecular

Ž .or convective in particular, turbulent diffusion. As
w xshown in Ref. 9 the second way becomes extremely
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important when the concentration of the reacting
component is small as compared with the concentra-
tion of a carrier gas and simultaneously the rate of a
chemical reaction is much more than the rate of
diffusion, and the typical conditions in DCC meet
these requirements.

Below we analyze how this special regime affects
the form of the respective kinetic equations and their
solutions.

2.1. Diffusion-controlled kinetics of nucleation

We start from a usual expression of the nucleation
theory for the flux I in a space of cluster sizes forj

clusters consist of j molecules
I sKqn n yKyn . 1Ž .j j jy1 1 j j

Here Kq is the rate constant of the formation ofj

j-cluster from the jy1 one by attaching a monomer,
Ky is the dissociation rate constant of j-cluster, nj j

is the concentration of j-clusters. For the rate of
growth Kq of j-clusters the following expression isj

commonly used

Kq sa Kj2r3 2Ž .j c

Ž .2r3 Žwhere K s K 3m r4p r , K s k Tr1 v l 1 B
.1r22p m , i.e. K n is a free molecular flux perv 1 1

surface of a unit sphere, m is the vapor molecularv

mass, r is the liquid density, k is the Boltzmannl B

constant, a is the condensation coefficient charac-c

terizing the ratio of the number of molecules sticking
Žto the cluster the number of the ‘‘efficient’’ colli-

.sions and the total number of monomers’ collisions
with the cluster. The rate of the unimolecular decay
Ky is usually found from the principle of the micro-j

scopic reversibility for the reaction A qA lAjy1 1 j

that yields Ky sKqn n rn with n beingj j jy1,e 1e je je

the equilibrium concentration of j-clusters.
Thus if a certain cluster transits to another sort by

attaching a monomer the rate of this process in the
usual nucleation theory is proportional to a free-
molecular flux of monomers on the surface of this
cluster and this flux is determined by the volume
concentration of monomers.

Under the conditions of DCC this assumption
stops to be valid because the real concentration of
monomers at the external boundary of the Knudsen
layer over the cluster surface differs from the con-
centration n determined far from the cluster in view1

of the presence of a carrier gas. It is caused by the

existence of a concentration jump in the vicinity of
the cluster surface and the value of this jump be-
comes considerable when the mean free path of the
condensing molecules in the carrier gas is of order of
the cluster radius. Further we study this problem in
more detail.

Let us consider an isolated cluster surrounded by
a mixture of the condensible vapor and a two-com-
ponent background gas. We will use subscripts 1 and
2 to denote the components of the background gas
and assume that these components are insoluble. In
accordance with the design of DCC the total numeri-
cal density of the background gas n sn qn is0 01 02

few orders more that the numerical density of the
vapor n . Therefore, the mean free path of the vapor1

molecule in the own vapor l is about two ordersv

more in length than the mean free path of this
molecule in the carrier gases l and l . Hence,v1 v2

the structure of the Knudsen layer around the droplet
can be presented as shown in Fig. 1. Here we assume
that l )l but it is not essential for the future.v2 v1

We also assume that two vapor molecules collide
when the distance between their centers is 2 l with l
being the effective radius of the molecule. However
it is more convenient to consider the molecule flying
at the cluster being pointwise and then the collision
occurs when this molecule reaches the surface of the

Fig. 1. Areas around a cluster, R is the radius of the cluster, l is
the radius of the condensing molecule, l , l , l are mean freev v1 v2

paths of vapor molecules in the vapor and in the first and second
carrier gases, T , T X, T XX, T and n , nX , nXX, n are temperaturesk 1 1 1 k

and numerical densities of the vapor in the respective areas, F is
an area of a free-molecular flow, D is an area of diffusion of the
vapor through the first carrier gas, M is an area of diffusion of the
vapor through the mixture of the carrier gases, V a fluid dynamic
area.
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absorbing sphere with the radius Rq l, R is the
cluster radius. In Fig. 1 T and n are the tempera-k k

ture and concentration of the incident molecules at
the surface of the droplet, T X, T XX and nX , nXX are the1 1

corresponding parameters at the first and second
internal interfaces located approximately at the dis-
tance l and l respectively from the surface ofv1 v2

the absorbing sphere, T and n are the corresponding1

parameters at the external interface which is located
approximately at the distance of l from the surfacev

of the sphere.
In area V a behavior of both vapor and the carrier

gas is described by usual fluid dynamic models. In
area M the vapor molecules collide only with the
molecules of both carrier gases, in area D the vapor
molecules collide only with the molecules of the
carrier gas 1, while in area F they move like in
vacuum without collisions with the velocity uX.
Therefore, the actual flux of the vapor molecules per
unit time on j-cluster in the simplest approximation
could be written in the form

2 X XK s4pa Rq l u n yC , 3Ž . Ž . Ž .j c 1 0

where C is the flux of outcoming molecules0
Ž .evaporating and reflecting from the cluster surface ,
nX and nXX should be found from the solution of the1 1

Knudsen layer problem with boundary conditions
established at the external interface and at the sur-
face of the absorbing sphere. However it is an ex-
tremely labor–consuming task to find an exact solu-
tion of such a problem which is not solved yet,
therefore we use some more crude estimations.

Let us find the concentration of vapor molecules
in zones D and M by solving a corresponding one-
dimensional steady equation of diffusion. At given
concentrations at the external and internal interfaces
it yields

n ynXX
1 1

n z s Rq lqlŽ . Ž .v v2
l ylv v2

=
Rq lqlv

1y qn ,1ž /z
nXX ynX

1 1
n z s Rq lqlŽ . Ž .v v1

l ylv2 v1

=
Rq lql2 XX1y qn , 4Ž .1ž /z

where z is a radial coordinate counted from the
Ž .center of the absorbing sphere, n z is a respectivev

concentration. From the outside through the internal
interfaces the following number of molecules diffuse
per unit time

dnv2
C s4p Rq lql DŽ .2 v2 1m d z zsRqlql v2

Rq lql Rq lqlŽ . Ž .v2 v XXs4p D n yn ,Ž .1m 1 1
l ylv v2

dnv2
C s4p Rq lql DŽ .1 v1 v1 d z zsRqlql v1

Rq lql Rq lqlŽ . Ž .v1 v2 XX Xs4p D n yn .Ž .v1 1 1
l ylv2 v1

5Ž .

Here D is a diffusion coefficient of the vapor1m

through the mixture of the carrier gases, D is av1

binary diffusion coefficient of the vapor through the
carrier gas 1. At a steady state C sC and just the2 1

same flux of molecules penetrates to the absorbing
q Ž .sphere, and K given by Eq. 3 is proportional toj

the number of these molecules per unit time.
What is uX? In view of the essential difference

between the molecular masses of the carrier gas and
vapor molecules the momentum and energy of the
vapor molecule slightly change after the collision
with the gas molecule. For instance, the velocity of
the vapor molecule in one collision is altered propor-
tionally to m rm <1 or m rm <1 where m ,1 v 2 v i

is1,2 are the molecular mass of the carrier gases.
On the other hand, under diffusion through zone D
with allowance for the velocity persistence the vapor
molecule collides about l rl 41 times. Numer-v2 v1

ical estimations show that under typical conditions of
w xexperiments in DCC 1 the product m l rm l isv v1 1 2

of order of unity that means the vapor molecule
attains the mean velocity of the carrier gas. Thus, we
assume that uX is equal to the free-stream velocity of
the carrier gas at the first internal interface, i.e.

1r2X8k TBXu s . 6Ž .ž /p m1
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Another remark should be made regarding the
total number of the vapor molecules colliding with
the cluster. As follows from Fig. 1 only a certain
fraction of the vapor molecules having diffused to
point ‘a’ from the external interface may collide with
the cluster, namely those that have the direction of
the velocity within the angle u . On the other hand in
point ‘a’ all directions of the velocity are equiproba-
ble and hence as follows from Fig. 1 the fraction of

wŽ . Žthe collided molecules is D sarcsin Rq l r Rq lj
.xql rp . Strictly speaking to solve this problemv1

more rigorously one has to consider a multidimen-
sional diffusion equation but for a qualitative estima-
tion our consideration is sufficient. In more detail

w xthis problem is explored in Ref. 14 .
In order to determine the flux C note that the0

number of molecules evaporating from the cluster
surface is proportional to the activation energy, i.e.

Ž .in a crude approximation n Aexp yLrk T Ak B k
Ž .n T , where L is the latent heat of condensation.1e k

Ž .Thus, it is possible to assume n sn T . As far ask 1e k

the velocity of outcoming molecules is concerned it
has to be found by solving the full Knudsen layer
problem and it is rather difficult to introduce a
certain reasonable assumption on its value. Therefore
based on the physical consideration we note that in
equilibrium uX nX sC that at T sT X yields u fuX.1 0 k k

Ž . Ž .Further substituting Eq. 6 in Eq. 3 and assum-
ing T fT X fT XX fT with allowance for the equa-k

tions K sD C and C sC we obtainj j 1 1 2

2Xn qn a ua Rq l q qqŽ . Ž .1 1e j c 1 2Xn s , a s ,1 j1qa q q Dj 1 2 j

RsR j ,Ž .
Rq lql Rq lqlŽ . Ž .v2 v

q sD ,1 1m
l ylv v2

Rq lql Rq lqlŽ . Ž .v1 v2
q sD , 7Ž .2 v1

l ylv2 v1

and hence

Sqaj2 XqK s4p Rq l u n , 8Ž . Ž .j 1 S 1qaŽ .j
where Ssn rn is supersaturation. If a <1, i.e.1 1e j

if the diffusion rate is much more as compared with
the rate of a chemical reaction this formula gives a

commonly used expression of the rate constant of the
cluster formation. On the contrary, if a 41 the ratej

of the cluster formation is determined by the transfer
of the reacting molecules to the surface of the clus-
ter.

w xAs shown in Ref. 9 under conditions of DCC aj

is of order of unity even for monomers and increases
as j increases that gives rise to a new expression of
the rate constant of the cluster formation which has
been never utilized yet in the theory of nucleation.

w xBut here in contrast to 9 these parameters depend
on the properties of two background gases — 1 and
2. In order to reveal an explicit form of this depen-
dence we start from an expression of the diffusion
coefficient of a certain gas through the mixture of

w xother gases known as the Wilce formula 13
y1y 1yy1 1

D s q 9Ž .1m ž /D Dv1 v2

where y is the mole fraction of the i-th carrier gasi

in the mixture and it is taken into account that
y qy f1.1 2

In what follows instead of a we introduce Q sj j
Ž . Ž .1ra and with allowance for Eq. 9 and Eq. 7j

represent Q in the formj

Rq lqlŽ .v2
Q sj

p Rq lŽ .

=
dDv1

,XRq lql qd l yl uaŽ .v1 v2 v1 c

Rq lFl ,v1

Dv2
ds . 10Ž .

D y qD 1yyŽ .v2 1 v1 1

For further progress let us use a general expres-
sion of the coefficient of binary diffusion of

w xmonoatomic gases given by the kinetic theory 3,2
Ž .under the following assumptions made: i molecules

interact like hard spheres with the Maxwellian distri-
Ž .bution over velocities, ii the concentration of the

carrier gas is much more than the concentration of
Ž .the vapor, iii the attractive part of the potential

describing the interaction between the vapor
molecules is taken into account by introducing the
Satherland correction. It yields

1r23 k T 1B
D s 11Ž .v i 2 ž /p m 1qC rT2n s r i i0 i v i
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where n is the numerical density of the i-th carrier0 i

gas, m f2m is the reduced mass of components,r i i

ps 2r4 is a collision cross-section of the vapor andv i

gas molecules, therefore s under conditions ofv i

DCC is approximately a sum of effective diameters
of the vapor and the i-th gas molecules, C is thei

Satherland constant. For l we use the followingv i
w xexpression 15

y1
m Cv i2l s4 p n s 1q 1q 12Ž .vg 0 i v i( ž /m Ti

whence

3p mvXD s ul 1qv i v i(32 mi

Combining all the above expressions we find

3 Rq lql mv2 v
Q s 1qj (32a Rq l mc 1

=
dlv1

Rq lql qd l ylŽ Ž .v1 v2 v1

fQ jy1r3 at l GR4 l ,v1

3 Rq lql mv2 v
Qs 1q(32a h mc 1

=
dlv1

, 13Ž .
Rq lql qd l ylŽ .v1 v2 v1

Ž .1r3where hs 3m r4pr , and Q weakly dependsv l

on R, i.e. on j.
w xLet us consider following 9 a typical experiment

w xon nucleation of n-butanol in hydrogen 1 . Numeri-
cal calculations show that at Ts362 K, P s100

˚ w xbar, ls2.26 A and Cs60 K 13 one has l s15v1
˚ ˚A while even for monomers we obtain Rq ls4.5 A
and thus at a s1 we arrive at Q f1.4. Thus, evenc 1

for collisions of monomers the rate of diffusion
determines in a considerable degree a resulting rate
of this chemical reaction. For collisions of dimers
and monomers when estimating s one has to takev1

.into account i a probable linear structure of the
.dimer and ii the length of the hydrogen bond that

yields Q f1. As R further increases Q decreases2 j

and inequality Q -1 reinforces. That is why herej

we introduce the main assumption of our theory that

Q F1 for all jG1. Actually, we should choose thej

certain number j and put Q -1 at jG j )1 but as1 j 1
w xshown in Refs. 9,10 the assumption made that

j s1 does not practically influence the final results.1

Thus, we finally obtain

SQ q1jq qK sKK , 14Ž .j j S 1qQŽ .j
where we introduced the notation KKq for the tradi-j

Ž . 2tional kinetic rate constant and Q is our correc-j

tion for the case of the diffusion-limited kinetics. As
follows from the previous analysis Q F1 and isj

inversely proportional to P — the pressure of the1

first carrier gas. For the sake of convenience in what
follows we will use the old notation Kq for thej

traditional rate constant but instead in our equations
qŽ . Ž .the product K SQ q1 rS 1qQ appears.j j j

As far as for the rate constant of the inverse
process Ky is concerned it does not depend on thej

external environment of the cluster and is determined
only by intracluster processes. A convenient approxi-
mation of Ky derived using an approach of thej

w xRRKM theory has been obtained in Refs. 8,7 .
At the end of this paragraph let us transform a

little the expressions for parameters d and y. The
definition of the mole fraction yields

y1P2
y s 1q , 15Ž .1 ž /P1

where P , is1,2 is the partial pressure of the re-i

spective component of the background gas. For d
Ž .using Eq. 11 it is easy to find

y1
ds y q 1yy g ,Ž .1 1

2P s C qT mŽ .2 v2 2 2
gs . 16Ž .2 (mP s C qTŽ . 11 v1 1

2.2. Solutions of the kinetic equations

As mentioned in Introduction a new model of a
diffusion-controlled nucleation have been developed

2 2 q Ž .It is proportional to R while K in Eq. 14 is proportionalj
Ž .2to Rq l but here we neglect this correction.
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w xin Refs. 9,10 which results in the following expres-
sion of the measured nucleation rate in DCC

21r3y SQq j
2r3JfA T exp ybyŽ . Ž . Ł 1r3Qq jjs1

=
2b

2r3 2 yqj S K , 17Ž .d yq2 7r39 y

Ž .where all variables in Eq. 17 are related to zone N
and

D ) P T S 9mŽ .1 s ) ) )4r3 4r3j s y q4hd
r k T rm 2 r gl ) B ) v l )

=

3r4
D ) P T SŽ .1m s ) )

f h fh 4Ž .d
r k T rml) B ) v

=

3r4
9m

)

f h . 18Ž . Ž .d2 r gl )

Here y is the root of the equation

2b
y lnSu s0, 19Ž .y1r33 y

S is supersaturation, parameter b appears from the
equilibrium concentration of j-cluster n sje
Ž . Ž 2r3. w x 2A T exp ybj 7 and bs4psh rk T , s is theB

surface tension of the condensing medium. The defi-
nition of u is the followingj

SQ q1j
u s .j 1qQj

Other notation is as follows: m is the viscosity of the
background gas, g is the gravity acceleration, P iss

the saturation pressure, qj2r3 is the surface of thed

registered droplets. Note that this product appears in
Ž .Eq. 17 if experimenters can not detect directly the

number of droplets and for this purpose first use
light-scattering and then the Mie theory, so the inten-
sity of a scattered light is proportional to the square
of the droplet. In particular, a minimum detectable
size j of droplets is that which radius is approxi-d

mately equal to a half of the wavelength of the
detecting laser l r2. But, for instance, for experi-w

w xments of Heist et al. 1,5,6 where the falling droplets
Ž .were registered visually by a telescope Eq. 17 has

to be modified a little because in this case the term

qj2r3 should be removed from this equation. Func-d
Ž . w xtion f h is presented in Ref. 10 with h being ad d

coordinate of a zone where falling drops are detected
and h is counted from the maximum nucleationd

plane.
It is easy to check that in the case of a two-com-

ponent background gas the expression for the nucle-
ation rate J could be derived in a similar way like in

w x Ž .Ref. 10 and coincides with Eq. 17 but now we
Ž .have to use Q given by Eq. 13 . Respectively one

Ž .may use Eq. 19 to determine the parameter y if
Ž .again Q is given by Eq. 13 .

We already mentioned that experimeters often
Ž .present the experimental data in coordinates S P

) 0
Ž .or S T where S is the maximum supersaturation

) ) )

in the chamber corresponding to the detected flux of
droplets Js1 droprcm3rs. In order to reduce the
expressions of our theory to such a form we should

Ž .put this value of J into Eq. 17 and take the
logarithm of both sides of this equation. It yields

y 1r3SQq j
12r30fyby q ln q ln f TŽ .Ł

)21r3Qq jjs1

5 1 2r3 2r3qlnSy ln yq lnqj fybyd6 2

y
1q lnSu djq lnSq ln f T ,Ž .H j )2

1

2f T s A T W T exp yE rk T b. 20Ž . Ž . Ž . Ž . Ž .
) ) d a B9

Here we took into account that Ky fy
Ž . 2r3 Ž . w xW T y exp yE rk T 7 where E is an activa-d a B a

tion energy of the molecule capable to dissociate
Ž .from the cluster, W T is a certain coefficient deter-d

w xmined in Ref. 7 . We also neglected the term pro-
portional to ln y as compared with by2r3 because at
usual experimental conditions y is of the order of a
classical critical size j , i.e. about 200–700. In

) ,cl
Žaddition term qj weakly depends on P see Eq.d 0

Ž .. Ž18 or even should be removed at all see com-
.ments of the previous paragraph .

The assumption made that Q F1 allows one toj
Ž .rewrite Eq. 20 in the form

y SQ
2r30fyby q ln 1q d jH 1r3ž /j1

1q ln f T q lnS. 21Ž . Ž .
)2
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Here y depends on T , P and S and is determined
) 0 )

Ž .by Eq. 19 . Thus, generally speaking solutions of
Ž .Eq. 20 lie on a surface in a foure-dimensional

space S , T , P and P . Therefore, any depen-
) ) 1 2

Ž . Ž .dence like S P or S T is a certain cross-sec-
) 0 ) )

w xtion of this surface. In Ref. 10 we considered in
more detail an explicit form of such dependencies
and it turned out that they allow a qualitative and
even quantitative interpretation of the available ex-
perimental data.

For instance by analogy with the case of a one-
component background gas let us consider the de-
pendence of S upon P , is1,2.

) i
Ž .Differentiating Eq. 21 with respect to P withi

Ž .allowance for Eq. 19 we obtain

2b SQ E y ESQ
1 2r3y q ln 1q q3 = y� 21r3 1r3ž / E P E P3 y y i i

y1r3 qSQ EQ21r3ySQ y q SQ ln y3Ž . ž /1qSQ E Pi

=
y1r3 qQ21 2r3 1r3y yQ y q Q lnŽ .2½ 5ž /1qQ

E lnS
q s0 . 22Ž .

E Pi

Here the term in square brackets vanishes due to the
Ž .definition of y in Eq. 19 and the last term in the

L.H.S. is small as compared with the previous one
Ž .because y41 and QAO 1 . Just for the same

reason the leading term in braces is y2r3r2. Thus,
Ž . Ž .the solution of Eq. 22 is Q Sy1 s const or

1 1
S yS T sc T y ,Ž . Ž .

) ) 1
Q T , PŽ . Q T , PŽ .i 0 i

23Ž .

where S and P are certain initial values of S
) 0 i )

and P at T s const.i )

3. Discussion

The first idea that comes to mind when analyzing
Ž .Eq. 23 is to check whether it is possible to increase

Žsimultaneously the pressures of both components or
.at least, one of them in a certain way that the critical

supersaturation S remains constant. In order to get
)

a reply on this questions we consider in more detail
Ž .the expression of Q in Eq. 13 .

First of all let us show that at certain experimental
conditions Rq l4l and Rq l4l . In doingv1 v2

so we consider nucleation of n-butanol in hydrogen
Ž .and directly find y by numerical solving of Eq. 19

w xwhere Q now is determined like in Ref. 9 , i.e. for a
one-component background gas. Thermophysical
properties of the condensing vapor are taken from
w x1,5,6,13 . In particular for butanol we used r sl

0.936331 y 8.775192 = 10y5 t y 1.16705 = 10y6 t 2,
m s74.123. To determine the other parameters wev

w xused some correlations from 2,13 built on the basis
of critical parameters of the vapor. For butanol the
temperature, pressure in the critical point and the

Ž .normal boiling temperature at Ps 1 atm are
respectively P s 43.6 atm, T s 562.9 K, T sc c b

390.9 K. Then coefficients determining the depen-
dence s ss ys T of the surface tension on T

) 1 2 ) )

2r3 1r3w Žare obtained as follows: s sP T 0.1207 1q1 c c
. Ž . xT ln P r 1yT y0.281 , s ss rT , where Tbr c br 2 1 c br

sT rT . The Satherland constant C is determinedb c
w xaccording to the formula 2 Cs1.47 T T with( bv b0

T and T being the normal boiling temperaturesbv b0

of the vapor and the background gas, respectively.
We also put the condensation coefficient to be equal
to unity and since did not vary it.

In Fig. 2 these results are presented as a depen-
dence of Rsh y1r3 upon the pressure of hydrogen
P at four different temperatures and Ss2.5. The
dependencies of the mean free path of the condens-

Fig. 2. Dependence of Rsh y1r3 for n-butanol on the pressure of
hydrogen P and the mean free path of the n-butanol molecules
through hydrogen l at four different temperatures and Ss2.5v1
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Ž . Ž .Fig. 3. Dependence of P P or in other words P P1 2 N2 H2

which provides the equality Q sQ s 1 and respectively S s0 )

const at T s const. Points of the plot lie on the ellipse with the
centers in Q P s lr2j and Q P s lr2j j .0 1 1 0 2 1 2

ing molecules through the background gas l arev1

also presented in this plot. It is seen that for instance
at Ps10 atm and T-390 K the data well meet the
inequality Rq l4l .v1

Let us also assume that the value of d is of order
of unity. For instance, it is the case if as the back-

Ž .ground gas we choose a mixture of N2 gas 1 and
Ž .H2 gas 2 with the pressures of components being

not far from each other. Then with allowance for the
previous inequality that in this case gives Rq l4

l and Rq l4l the expression of Q in Eq.v1 v2
Ž .13 can be rewritten in the form

3p dl mv1 v
Qs 1q , 24Ž .(64ha mc 1

where we also took into account that at Rq l4lv1

one has D f1r2.j
Ž .Using Eq. 24 it is possible to find at what

pressures of the components of the background gas
Q remains to be constant which we denote as Q .0

For this purpose we utilize the definitions of d,lv1
Ž . Ž . Ž .and y given in Eqs. 16 , 12 and 15 and arrive1

to the following equation
2 2

l l
Q P y qj Q P y0 1 2 0 2ž / ž /2j 2j j1 1 2

2 2
l l

s qj ,2ž / ž /2j 2j j1 1 2

2s C qT mŽ .v2 2 2
j s ,2 2 (ms C qTŽ . 1v1 1

64hac
j s , 25Ž .1 3p 1qm rm( v 1

Ž .where l T sl P . Thus, the pressures Q Pv1 1 0 1

and Q P that provide the equality Q s Q0 2 0

s const and respectively S s const at T s const
)

lie on the ellipse with the centers in Q P s0 1
Žlr2j ' P and Q P s lr2j j ' P see1 y 0 2 1 2 x

.Fig. 3 . The large semiaxis of the ellipse is
2 2(as lr2j q lr2j j , the small one isŽ . Ž .1 1 2

bsar j .( 2

A segment of each this ellipse is presented in Fig.
3 at four different temperatures and in Table 1
parameters of these ellipses are given. As it is seen
from Fig. 3 it is possible simultaneously to increase
the pressures of N2 and H2 in a special way that
despite the increase of these pressures as well as the
total pressure of the two-component background gas
the critical supersaturation does not change in con-
trast to the experiments with a one-component back-
ground gas. However, as follows from the above this
contradiction is only apparent because such a behav-
ior in both cases of one- and two-component back-
ground gas is determined by a common mechanism
of the diffusion-limited nucleation.

Undoubtedly it would be of interest to perform a
corresponding experimental test in order to verify
this prediction of our theory. In particular, working
mediums and parameters of the background gases
presented in Fig. 3 correspond to the experiments of
w x1,5,6 and therefore it seems such an experiment

Table 1
Ž .Parameters of ellipses Q P Q P which provides the equal-0 N2 0 H2

ity Q sQ s 1 and respectively S s const at T s const, P0 ) x

and P are the centers of ellipses, a,b are the large and smally
Ž .semiaxes all parameters are given in atm .

T P P a by x

310.00 10.329 61.093 27.161 66.056
330.00 11.225 65.763 29.397 71.155
350.00 12.117 70.364 31.613 76.182
370.00 13.000 74.880 33.801 81.121
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could be implemented at the same experimental de-
vices. In doing so we should first measure the critical
supersaturation at certain temperature and pressures
P and P , then using these values of parameters1) 2 )

calculate Q based on the relationship0

l P qP1) 2 )

Q s 26Ž .0 2 2j P qP1 1) 2 )

and finally vary P and P in an appropriate way1 2
Ž .that products Q P and Q P would obey Eq. 250 1 0 2

measuring the corresponding values of critical super-
saturation S . As it is possible to expect based on

)

this theory these S should be identical.
)

In Fig. 4 the ratio l rl is presented as av,H2 v,N2

function of P at four different temperatures. TheH2
Ž .pressure P P is determined according to Fig. 3,N2 H2

i.e. from the condition Q s const and belong to the
respective ellipse. We choose Q s1 at each tem-0

perature i.e. the initial value of the hydrogen pres-
Žsure was small P f 0.1 atm while P s21H2 ) N2 )

atm at Ts310 K, P s22.4 atm at Ts330 K,N2 )

P s24.2 atm at Ts350 K, P s26 atm atN2 ) N2 )

Ts310 K. It is seen that as the pressure increases
Žthe external interface the mean free path of the

.condensing n-butanol molecules through hydrogen
Žapproaches the internal interface the mean free path

of the condensing n-butanol molecules through nitro-
.gen however never cross it. Thus, in this case there

is an evidence for all assumptions made under for-
mulation of the model.

Fig. 4. Ratio l rl as a function of P at four differentv,H2 v,N2 H2

temperatures and Q s 1.0

One more interesting fact can be revealed if we
analyze the sign of partial derivatives EQrE P , isi

Ž .1,2. Using Eq. 24 we find

2 2EQ yP y2 P P qj P1 1 2 2 2
s ,2 2E P P qP P qj PŽ . Ž .1 1 2 1 2 2P sconst2

2 2EQ P y2j P P yj P1 2 1 2 2 2
s . 27Ž .2 2E P P qP P qj PŽ . Ž .2 1 2 1 2 2P sconst1

Let us return to the mixture of the condensing n-
Ž .butanol vapor with nitrogen gas 1 and hydrogen

Ž .gas 2 which have been considered above. Substitut-
ing the values of P and P that belong to anN2 H2

Ž .ellipse in Fig. 3 in Eq. 27 one obtains

EQ EQ
-0, )0. 28Ž .

E P E P1 2P sconst P sconst2 1

It means that in the area of pressures that in Fig. 3
lie below the corresponding ellipse the increase of
both pressures P and P results in the increaseN2 H2

of Q and correspondingly in the decrease of S . On
)

the contrary in the area of pressures that in Fig. 3 lie
above the corresponding ellipse the increase of the
pressures P and P results in the decrease of QN2 H2

and in the increase of S . Thus, a variation of the
)

pressures of both components of the two-component
background gas in an appropriate way in DCC at a
constant nucleation rate and the temperature in the
maximum nucleation plane can result in both the
increase and the decrease of critical supersaturation
S and even keep S to be constant. This conclusion

) )

is the main result of the present theory which admits
a direct experimental verification.
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