
90095

PHYSICAL REVIEW E MAY 1997VOLUME 55, NUMBER 5
Dense carrier gas effect in vapor phase nucleation
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Oleg V. Vasil’ev† and Howard Reiss
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~Received 17 January 1997!

By simple Monte Carlo simulation it is demonstrated that the capture of vapor molecules by a drop is
affected by a dense background gas far from the Knudsen regime, and deep within the free molecule regime.
The corresponding effect on steady-state nucleation is considered. For several representative examples the
slopes of critical supersaturation vs carrier gas pressure are obtained and compared with experimental data.
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PACS number~s!: 64.60.Qb, 64.70.Fx, 51.10.1y
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I. INTRODUCTION

Recently, the theory of the capture of vapor molecules
a drop was revised for drop sizes important in vapor to liq
nucleation@1,2#. The revision is due to the drop’s attractiv
potential, and for simple potentials the enhancement of
capture rate was obtained analytically. The revised the
opens the possibility of carrier~background, non-nucleating!
gas influence on the nucleation rate, because the enha
ment is affected by the carrier gas, and this effect is repe
many times during the drop’s growth to critical size@1#. In
the present work we have observed the carrier gas effec
means of simulation. We present the simulation results
drops of subcritical, critical, and, to some extent, above c
cal sizes, and calculate the resulting multiplicative effect
the carrier gas on the nucleation rate. The resulting effec
compared with experimental data@3#.

II. STEADY-STATE NUCLEATION

The steady-state rate of nucleation is given by@1,4#

J5rS (
j51

`
1

g~ j11! )
l51

j
g~ l11!

b~ l ,c! D 21

, ~1!

wherer is the number density of vapor molecules,c is the
carrier gas pressure,b( j ,c) is the rate at which vapor mol
ecules are absorbed in a drop ofj molecules, andg( j ) is the
rate at which molecules evaporate from the drop. The eva
ration rateg( j ) is far less sensitive to the carrier gas dens
than the impingement rateb( j ,c), and it is assumed tha
g( j ,c)5g( j ). We discuss and justify this assumption
Sec. IV.

We introduce the carrier gas factorj( j ,c)
5b( j ,c)/b( j ,0), the functionA( j ,c)5P l51

j j21( l ,c), the
function x( j )5P l51

j21g( l11)/be( l ), x(1)51, and the con-

*Permanent address: Institute for Nuclear Research, 60th Oc
Anniversary Prosp., 7a, 117312 Moscow, Russia.
†Present address: Department of Chemical Engineering, Uni

sity of California, Los Angeles, Los Angeles, CA 90095-1592.
551063-651X/97/55~5!/5743~7!/$10.00
y
d

e
ry

ce-
ed

by
r
i-
f
is

o-

ventional supersaturation ratioS5b( j ,0)/be( j ), where
be( j )[be( j ,0) is the impingement rate at equilibrium~the
vapor is saturated! and without the carrier gas. Then

r

J
5(

j51

`
x~ j !A~ j ,c!

be~ j !S
j . ~2!

The critical supersaturationScr(c) is defined by the equation

r

J0
5(

j51

`
x~ j !A~ j ,c!

be~ j !Scr
j ~c!

, ~3!

whereJ051/cm3 sec. Differentiating this equation with re
spect toc, we obtain

]cScr~c!5

(
j51

`
x~ j !]cA~ j ,c!

be~ j !Scr
j ~c!

(
j51

`
x~ j ! jA~ j ,c!

be~ j !Scr
j11~c!

. ~4!

In the capillarity approximation

x~ j !5expS ~36p!1/3%~ jV !2/3

kT D , j.1, ~5!

where% is the bulk surface tension,V is the volume per
molecule in the liquid coexisting with the vapor,T is the
temperature, andk is the Boltzmann constant@4,5#. The im-
pingement rate

be~ j !5h~ j !be
0~ j !5h~ j !S 162p D 1/6AkT/mre~ jV !2/3, ~6!

wherem is the mass of the vapor molecule,re is the number
density of saturated vapor molecules, andh( j ) is the en-
hancement factor, which corrects the conventional exp
sion be

0( j ) for the interaction between a drop and a vap
molecule@1,2#. This interaction is approximated by the po
tential @2#

U~ j ,r !52
ja

@r 22R0
2~ j !#3

, ~7!
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5744 55NOVIKOV, VASIL’EV, AND REISS
whereR0( j )5@(3/4p) jV#1/32a/2, a is the vapor molecule
diameter and the parametera corresponds to the tail of th
attractive potential2a/r 6 between vapor molecules. A va
por molecule that reaches the distanceR01a is counted as
captured by the drop.

For the potential~7! the enhancement factor is given b
@2#

h~ j !511E
1

1`

dyF12S 11
m~ j !

h„n~ j !y…DexpS 2
m~ j !

h„n~ j !y…D G ,
~8!

where

m~ j !5
27a j

kTR0
6~ j !

, ~9!

h~z!52z329z21108z1271~2z2212z254!Az213z,
~10!

n~ j !5S 11
a

R0~ j !
D 2. ~11!

~The variablesm andn here correspond tom/n3 andn21 of
@2#.!

If the interaction between vapor molecules is appro
mated by the Lennard-Jones potential

uv~r !54kevF S sv

r D 122S sv

r D 6G , ~12!

thena521/6sv anda54kevsv
6 @6,7#.

The enhancement is affected by a dense carrier gas;
effect is reflected in the carrier gas factorj( j ,c),1 @1#. The
slope of the critical supersaturationScr vs c, Eq. ~4!, comes
from the following dependence ofA( j ,c) on c:

]cA~ j ,c!52A~ j ,c!(
l51

j
]cj~ l ,c!

j~ l ,c!
.0. ~13!

III. CARRIER GAS EFFECT

There has been considerable interest in the Knudsen
sition regime, for drops of size comparable to the molecu
mean free path in the vapor@8–10#. The Knudsen regime
separates the limiting behaviors of small drops~free mol-
ecule regime! from those of larger drops~hydrodynamic re-
gime! @11# ~see also references in@10#!. It is interesting that
at the opposite edge of the free molecule regime, for v
small drops, there is another transition regime, of sim
nature, such that an extremely dense carrier gas should
cover the conventional impingement ratebe

0( j ), by suppress-
ing the enhancement@1#. Qualitatively, this regime is ex
pected under conditions such that the drop size is compar
to the average vapor or carrier gas intermolecular dista
Quantitatively, however, the problem is more difficult th
that for the Knudsen regime. In the Knudsen regime the
jectories of vapor molecules towards the drop can be tre
as straight lines, and the encounters with other vapor m
ecules@9# or with carrier gas molecules@10# can be regarded
as local collisions. In the new transition regime t
-
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-
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trajectories of the vapor molecules towards the drop
curved due to the drop’s attractive potential, and encoun
with vapor or carrier gas molecules are small angle defl
tions of these trajectories due to the intermolecular inter
tion @1#. This renders the problem of analytical study difficu
and suggests simulation. In the present work we have
served the carrier gas effect and the tail of the associa
transition regime by means of a simple specially design
simulation.

The interaction between a drop and a vapor molecule
approximated by the potentialU( j ,r ), Eq. ~7!. A vapor mol-
ecule is shot from the sphere of radiusRs53(R01a) cen-
tered at the origin. The initial velocityv of the molecule is
simulated from the distribution

f ~v!;vv~v !, ~14!

wherev(v);exp(2mv2/2kT) is the Maxwell distribution.
~But only the directions towards the interior of the sphere
selected.! The movement of the molecule is simulated
described below until it reaches the sphere of radiusR01a
centered at the origin~successful trajectory, the drop i
reached! or the sphere of radiusRs ~unsuccessful trajectory!.

This movement is calculated, using discretized New
equations with a time stepDt. Each step is accepted with
probability (12f), wheref is the probability of interaction
with a carrier molecule:

f5pr cut
2 rcDtE dvcvc~vc!uvc2v~ t !u

5pr cut
2 rcDtA2kT/mcF S q~ t !1

1

2q~ t ! Derf„q~ t !…

2
exp@2q2~ t !#

Ap
G , ~15!

q~ t ![Amc/2kTv~ t !. ~16!

Here

vc~vc!5S mc

2pkTD
3/2

expS 2
mcvc

2

2kT D ~17!

is the Maxwell distribution for the carrier gas whilerc is its
molecular number density.r cut is the distance cutoff on the
interactionu(r ) between a vapor molecule and a carrier g
molecule:

u~r !54keF S s

r D
12

2S s

r D
6G , r,r cut52.5s. ~18!

For small enough time stepf!1.
If an interaction takes place, then in the next step a car

gas molecule appears on the sphere of radiusr cut centered at
the positionr (t) of the vapor molecule. The velocity of th
carrier gas moleculevc is simulated from the distribution

vc8~vc!;vc~vc!uvc2v~ t !u. ~19!

The site of appearance on the sphere is simulated so tha
velocity vc is pointed towards the interior of the sphere a
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the projection of the site on the plane orthogonal tovc is
randomly distributed within a circle of radiusr cut centered at
r (t).

The Newton equations for both the vapor molecule a
the carrier gas molecule are then solved using the poten
U( j ,r ) andu(r ) until one of the following things happens
~1! The vapor molecule reaches the droplet~successful tra-
jectory! or the sphere of radiusRs ~unsuccessful trajectory!.
~2! The carrier gas molecule emerges from the sphere
radiusr cut centered atr (t) and disappears. The movement
the vapor molecule alone then continues, with simulation
the interaction with probabilityf at each time stepDt.

The parameters corresponding to one of the experim
on the background gas effect in nucleation@3# are perfect for
demonstration of the new transition regime. The tempera
T5334.2 K. The carrier gas density varies fromrc5r0 to
rc510r0 , where r058.6731019 cm23 corresponds to the
pressurec54 bars. The massm corresponds to 1-propano
while mc is the mass of the helium atom.ev5576.7 K and
sv54.549 Å are the Lennard-Jones parameters
1-propanol@6#. The drop’s sizej575 was chosen as chara
teristic @3# in the sense that the classical estimate for
critical nucleus, j cr'(4p/3V)(2%V/kTlnS)3, @5# gives j cr
575 at a supersaturationS52.4 ~1-propanol liquid density
V2157.731021 cm23 @12#, and the surface tension%
520.6 dyn/cm@13#!. The Lennard-Jones parameterse ands
are estimated from the Lorentz-Berthelot rulee5Aevec and
s5(sv1sc)/2 @7#, where ec510.22 K andsc52.551 Å
are the Lennard-Jones parameters for helium@6#. The time
step was chosen as small asDt5a/vav, wherevav is the
average velocity of a vapor molecule. Decreasing the s
size further did not change results. We also must notice
the drop-carrier gas interaction is a second-order effect. S
stitution of the Boltzmann distribution~instead of the uni-
form one! for the carrier gas density around the drop h
negligible effect on our results.

The results of 23106 ‘‘shots’’ without carrier gas (rc
50) as well as for each of 20 carrier gas densities~rc
5nr0 , n50.5, 1.0, 1.5,..., 10), both in the presence an
absence of the drop potential, are shown on Fig. 1. The
are normalized to the number of successful trajectories w
out either the carrier gas or the drop potential. So, the ‘‘P
tential ON’’ data correspond to the fractio
be( j ,c)/be

0( j ,0), while the ‘‘Potential OFF’’ data corre
spond tobe

0( j ,c)/be
0( j ,0), where the superscript 0 indicate

that the drop potential is switched off@be
0( j )5be

0( j ,0), see
Eq. ~6!#.

Two important features can be observed in the figu
First, the impingement ratebe( j ,c) in the presence of the
drop potential is clearly higher than the ratebe

0( j ,c) in its
absence.@The ‘‘Potential ON’’ point at zero corresponds t
the enhancementh( j )[be( j ,0)/be

0( j ,0) and coincides with
the analytical result, Eqs.~8!–~11!.# Second, this amplifica-
tion decreases with an increase of carrier gas density. In
the first feature provides an opportunity for the second
appear.

It is clearly seen that, when the mean free path is m
larger than the drop size the ‘‘standard’’ impingement r
be
0( j ,c) is remarkably insensitive to the carrier gas dens

while, in contrast, the amplified ratebe( j ,c) is sensitive.
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This means that small angle deflections due to the carrier
are able to affect the rate of vapor molecule impingement
the drop, when there is a drop-molecule attraction~typical
dispersion force!. This occurs when the carrier gas is den
enough to deflect the trajectories of those molecules
reach the drop as a result of the drop’s attraction, i.e.,
volume per molecule of the carrier gas must be smaller t
the volume of the drop. Indeed, the volume of our drop is
V, and the value of 75 Vrc ranges from 0.85 to 33.78 a
r0,rc,10r0 . Ideally, a further increase in the carrier g
density must eventually cause the ‘‘Potential ON’’ data
converge to the ‘‘Potential OFF’’ data, so tha
be( j ,c)/be

0( j ,c)→1, but we could demonstrate this on
with ‘‘molecules’’ of much smaller radius. Within the phys
cal range of parameters we observe just the tail of the tr
sition fromh( j ) to 1 of be( j ,c)/be

0( j ,c). It is important to
realize that while equality of the average carrier gas interm
lecular distance and drop’s size must correspond to the o
of the transition ofbe( j ,c)/be

0( j ,c) from h( j ) to 1, the
maximum amplitude of the transition,@h( j )21#, is defined
by

m~ j !5
A

j ~B2 j21/3!6
, ~20!

n~ j !5SB j1/311

B j1/321D
2

, ~21!

whereA53456ev /T and B5(3&/p)1/3 V1/3/sv @see Eqs.
~9! and~11!#. h( j ) is shown on Fig. 2 forB51.2 and within
a reasonable range ofj andA. ~The values ofA andB for
the cases considered in Sec. IV are given in Table I!.

FIG. 1. The number of trajectories ending on the drop, norm
ized to the one withn50 in the absence of a drop potential.n is the
carrier gas density, normalized tor058.6731019 cm23. The num-
bers in the presence of the drop potential are denoted by fi
circles and, in the absence of a drop potential, by empty circles.
width of the error bars is 3s.
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Thus, in conclusion, we have shown by simple simulat
that the rate of capture of vapor molecules by a drop is s
sitive to background gas far from the Knudsen regime. T
insensitivity of the ‘‘Potential OFF’’ data to the carrier ga
density indicates that the free molecule regime was w
modeled.

IV. SLOPE OF THE CRITICAL SUPERSATURATION

From the above simulations it was possible to obtain
carrier gas effect factorsj( j ,c) for 12 choices of the vapor
carrier gas, and temperature~see Table I!. These choices are
taken from the experimental works@3#. For each choice the
factor j( j ,c) is obtained at j520n; n51,...,10, andc
58n1 bars; n151,...,5, by 23106 ‘‘shots’’ for each
( j ,c). ~In the cases ‘‘ethanol-He-T5363.4 K’’ and ‘‘1-
propanol–He–T5363.1 K’’ the range inj is extended ton
514 and n512, respectively, since the critical sizes a
large.! The carrier gas factors obtained are shown in Fig

FIG. 2. The enhancementh vs the drop sizej and the paramete
A[3456ev /T at B[(3&/p)1/3V1/3/sv51.2.
n
n-
e

ll

e

.

For each choice of the vapor and carrier gas, the effect
bit stronger at lower temperature, and the corresponding
face lies just under the higher temperature surface. To i
grate ]cScr(c), Eq. ~4!, numerically we used the factor
j( j ,c) at jÞ20n or cÞ8n1 bars determined by linear inter
polation. ~As can be seen from Fig. 3, the slopes ofj vs j
andc are smooth enough; polynomial or rational interpo
tions did not change the final results appreciably.! For an
initial value of Scr , we chose approximate values o
Scr (4 bars) from the experimental data@3# ~see Table I!. The
classical critical sizesj cr at these supersaturations are a
given in Table I. Surface tension values are from@13#; the
values ofV are as in@3# ~see references therein!; the param-
etersev , Dv , ec , andDc are taken from@6#.

Before proceeding further, we discuss the sensitivity
the evaporation ratesg( j ) to the carrier gas pressure. A
suggested in@1# and confirmed by the present simulation
the carrier gas affects the impingement rates by small an
deflections~randomizations! of the vapor molecule trajecto
ries near the drop. Such randomizations partially recover
Maxwell distribution for the velocities of molecules movin
toward the drop. Roughly speaking, a molecule that wo
reach a drop only because of the drop’s attraction, may m
the drop if disturbed by a carrier gas molecule. The sa
picture suggests that the effect on vapor molecules mov
outward should be opposite: An ‘‘evaporated’’ vapor mo
ecule with a trajectory bent back to the drop by the dro
attraction may be indeed evaporated if disturbed by a car
gas molecule. The nonsymmetry of the situation is clear:
is easier for a molecule to be randomized away from the d
than toward the drop. Thus the carrier gas should incre
the evaporation rates, and thus amplify the overall effe
which may be characterized, roughly, by the product

)
l51

j cr be~ l ,c!g~ l11,0!

be~ l ,0!g~ l11,c!
5)

l51

j cr

j~ l ,c!
g~ l11,0!

g~ l11,c!
~22!
TABLE I. The choices of the vapor~methanol, ethanol, and 1-propanol!, the carrier gas~hydrogen and
helium! and the temperaturesT are taken from@3#. Scr8 is the critical supersaturation at 4 bars;j cr8 is the
classical critical size at 4 bars;]cScr

th is the obtained here averaged slope of the critical supersaturationScr vs
the carrier gas pressurec. ]cScr

exp is the slope from the experimental work@3#. The values ofA andB @see
Eqs.~20! and ~21!# are also shown.

Vapor
Carrier
gas T ~K! Scr8 j cr8 A B ]cScr

th ~bar21! ]cScr
exp ~bar21!

Methanol
H2

333.8 1.7 82 4988 1.26 2.931023 4.1 31023

363.1 1.45 136 4586 1.27 2.431023 2.0 31023

He
333.4 1.65 98 4994 1.26 1.631023 1.2 31022

363.2 1.45 136 4585 1.27 1.231023 5.9 31023

Ethanol
H2

329.8 1.95 88 3800 1.14 5.031023 1.2531022

364.0 1.6 125 3443 1.15 3.831023 5.6 31023

He
329.1 1.85 114 3808 1.14 3.431023 2.8231022

363.4 1.5 197 3448 1.15 2.531023 1.1831022

Propanol

H2

334.6 2.4 75 5957 1.23 7.231023 2.0231022

362.5 1.9 105 5498 1.23 5.431023 1.1431022

He
334.2 2.25 91 5964 1.23 4.931023 4.7231022

363.1 1.75 157 5489 1.23 3.631023 2.0031022
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FIG. 3. The carrier gas factorsj obtained from simulations.c is the carrier gas molecular density;j is the drop’s size. Each figure
corresponds to a choice of the vapor and carrier gas shown in Table I~and taken from@3#!. ~a! Methanol-H2; ~b! methanol-He;~c! ethanol-
H2; ~d! ethanol-He;~e! 1-propanol–H2; and~f! 1-propanol–He. The upper surface at each figure corresponds to a higher temperature~about
330 K, see Table I!; the effect at lower temperature~about 360 K! is a little stronger and gives the surface right underneath, the edge
shows up at each figure.
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@see Eq.~1!# @1#. However, the same nonsymmetry sugge
that the effect on the evaporation rates should be m
weaker than the effect on the impingement rates. To ill
trate our point, we have made ‘‘inverse’’ simulation
Namely, a vapor molecule is shot from the sphere of rad
R01a, and considered to be successfully evaporated
reaches the sphere of radiusRs . If the molecule reaches th
sphere of radiusR01a, it is counted as unsuccessful
evaporated. The velocity distribution of the molecules t
are about to evaporate is not known~unless a special mode
of the drop is involved@14#!, and for illustrative purposes w
took the same distribution as in Eq.~14!. Notice that we are
s
h
-

s
it

t

interested in how the ratio of the number of the successf
evaporated molecules to the number of all shots, 23106,
depends on the carrier gas density. With increase of the
rier gas density the ratio increased, but this increase
several times weaker than the corresponding decrease o
impingement ratej. Thus 0,12g( l11,0)/g( l11,c)!1
2j( l ,c). There is no theory to calculateg( l ,0)/g( l ,c), but
these arguments allow us to use Eqs.~2!–~4!, based on the
approximationg( j ,c)5g( j ,0)[g( j ).

The average slopes]cScr obtained are presented in Tab
I. The extension mentioned above in the range ofj in the
cases ‘‘ethanol-He-T5363.4 K’’ and ‘‘1-propanol–He–T
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5748 55NOVIKOV, VASIL’EV, AND REISS
5363.1 K’’ increased the values of]cScr 1.04 and 1.01
times, respectively. The slopes at different pressuresc differ
from the average by about 10%. For example, in the c
‘‘methanol-H2-T5333.8 K,’’ we have the slopes, approx
mately, in units of 1023 bars21, 2.8 atc58 bars, 3.1 atc
516 bars, 2.7 atc524 bars, and 2.9 atT532 bars. In ex-
periments@3# a linear dependence ofScr on c was obtained,
and the slopes]cScr from @3# are also given in Table I for
comparison. The experimental values]cScr

exp are higher than
the theoretical]cScr

th ~except for the case ‘‘methanol-H2-T
5363.1 K’’!. The discrepancy is larger at lower temper
tures and with helium as a carrier gas, and reaches nearly
order of magnitude in several cases. Some trends are sim
for ]cScr

exp and ]cScr
th: The effect is stronger at lower tem

perature, and increases as the vapor is changed in the
quence ‘‘methanol→ethanol→1-propanol.’’ However, the
experimental effect is stronger with helium as a carrier g
while the calculated effect is stronger with hydrogen.

V. CONCLUSION

The well-known expression for the impingement rate
vapor molecules onto a surface~‘‘surface area times averag
molecular velocity times the vapor density’’! must be cor-
rected for small objects such as nucleating droplets by tak
into account the interaction between the object and the m
ecules. In the present work we have demonstrated thro
the simulation described in Sec. III, that this correction~en-
hancement! is sensitive to the background gas density.
increase of the carrier gas density decreases impingem
rates and increases evaporation rates.

Thus the dense carrier gas makes the droplet less s
~increases the droplet’s free energy!. The effect is due to the
interaction between the carrier gas and vapor molecules i
area around the droplet having about the droplet’s size.
effect is not negligible only for very small droplets~see Fig.
2!, and so the size of the area is far less than the va
molecule mean free path and the effect cannot be obta
from bulk properties of the vapor-carrier gas mixture@15#.
To obtain the resulting effect on the nucleation rate qua
tatively, we used several approximations. We took
evaporation rates to be independent of the carrier gas den
arguing that they are, in any case, less sensitive to the ca
gas than the impingement rates.~We argued also that we
underestimate the effect by using this approximation.! We
e
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used simple Lennard-Jones potentials for the interaction
tween molecules@6#. We also assumed unit sticking prob
abilities. ~We probably underestimate the effect by usi
these two approximations, as well@1#.! The effect calculated
under such assumptions is comparable with the experime
data@3#, which, to our knowledge, had not been previous
explained by other mechanisms based on nucleation@15–
17#. ~However, the authors of@18# suggested an alternativ
qualitative explanation based on droplet growth. They
gued that the reason for the observed@3,19–22# carrier gas
effect in diffusion cloud chambers could be due to a slow
growth of the drop to detectable size. As the carrier g
pressure increases the drop growth rate slows down and
may lead to undercounting of nucleation events.!

The calculated effect is strong: The ‘‘small’’ values o
]cScr

th, given in Table I, mean, in terms of the nucleation ra
increase of the rate by orders of magnitude with increase
the carrier gas pressure to 40 bars under fixed supersa
tion. Notice that simple estimate can be made by using
fact that the carrier gas factorsj( j ,c) do not depend strongly
on j ~see Fig. 3!. We may substitute, roughly,]cA( j ,c);
2A( j ,c) j ]cj( j cr ,c)/j( j cr ,c) for Eq. ~13! and ]cScr;
2Scr]cj( j cr ,c)/j( j cr ,c) for Eq. ~4!. Thus the effect of the
carrier gas onScr should be of the same order as that on t
carrier gas factorj( j cr ,c): about 10% per 40 bars in th
cases considered. This is indeed the case, see Table I. I
measures the nucleation rateJ(c) under different carrier gas
pressures and fixed supersaturation, the effect is, roug
J(c)/J(0);j j cr( j cr ,c) @see Eq.~2!#. In such measurement
the effect can be seen only ifj cr is large enough@1#. Our
results are given in terms of]cS at J5const rather than as
]cJ atS5const not only because the experimental results@3#
were obtained in these terms, but also because an inaccu
in ]cScr(c) is related linearly to the inaccuracy in]cj( j ,c),
while an inaccuracy inJ is certainly not.
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