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Dense carrier gas effect in vapor phase nucleation
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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 numbgs): 64.60.Qb, 64.70.Fx, 51.18y

[. INTRODUCTION ventional supersaturation rati®=p3(j,0)/8.(j), where
Ba(i)=pBc(j,0) is the impingement rate at equilibriutthe
Recently, the theory of the capture of vapor molecules byapor is saturatgdand without the carrier gas. Then

a drop was revised for drop sizes important in vapor to liquid "
nucleation[1,2]. The revision is due to the drop’s attractive E A(j,c) @)
potential, and for simple potentials the enhancement of the = ,Be(J)S' :
capture rate was obtained analytically. The revised theory
opens the possibility of carrigdbackground, non-nucleating The critical supersaturatio®(c) is defined by the equation
gas influence on the nucleation rate, because the enhance- "
ment is affected by the carrier gas, and this effect is repeated P z X(DAG,¢)
many times during the drop’s growth to critical sigH. In Jo < ,Be(J) L(c)’
the present work we have observed the carrier gas effect by
means of simulation. We present the simulation results fowhere Jo=1/cn? sec. Differentiating this equation with re-

drops of subcritical, critical, and, to some extent, above criti-spect toc, we obtain
cal sizes, and calculate the resulting multiplicative effect of

(_||b

)

the carrier gas on the nucleation rate. The resulting effect is D X(J)3cA(],c)
compared with experimental daa]. =1 Be(i)S(c)
3:Se(C) = A (4)
Il. STEADY-STATE NUCLEATION E —Jsig'Jl—(CC))

The steady-state rate of nucleation is given[by]
In the capillarity approximation

1 36 1/3 iV 2/3
W x<j>=exp(—( ™ el ) 1L ®

-1

=S 2 y(1+1)

= y(1+1) i B(,c) ’

wherep is the number density of vapor moleculesis the

* j

: L : where ¢ is the bulk surface tensiorV is the volume per
carrier gas pressurg(j,c) is the rate at which vapor mol- - q1acle in the liquid coexisting with the vapcF, is the

ecules are absorbed in a dropjaholecules, and/(j) is the e perature, antd is the Boltzmann constaé,5]. The im-
rate at which molecules evaporate from the drop. The evapoplngement rate

ration ratey(j) is far less sensitive to the carrier gas density 6
than the impingement rat c), and it is assumed that 162

‘y(j,C)Z‘y(j)? V?/e discussﬁgnd)justify this assumption in  Be(i)=7(1)Ba()=n(}) ?) VKTImpe(jV)?3, (6)
Sec. IV.

We introduce the carrier gas factoré(j,c) wherem is the mass of the vapor molecu}e, is the number
=B(j,c)/B(j,0), the functionA(j,c)=1II_,£ *(l,c), the density of saturated vapor molecules, an(j) is the en-
function X(J)=Hf;%7(| +1)/B«(1), x(1)=1, and the con- hancement factor, which corrects the conventional expres-

sion Bg(j) for the interaction between a drop and a vapor

molecule[1,2]. This interaction is approximated by the po-
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whereRy(j)=[(3/4m)jV]¥3—a/2, a is the vapor molecule
diameter and the parametercorresponds to the tail of the
attractive potential- a/r® between vapor molecules. A va-

trajectories of the vapor molecules towards the drop are
curved due to the drop’s attractive potential, and encounters
with vapor or carrier gas molecules are small angle deflec-

por molecule that reaches the distariReta is counted as
captured by the drop.

tions of these trajectories due to the intermolecular interac-
tion [1]. This renders the problem of analytical study difficult

For the potential7) the enhancement factor is given by and suggests simulation. In the present work we have ob-

(2]
e u(j) o ud)
n(j)=1+ L dy{l 1+—h(y(j)y>)exp( _h(vmy)”’
(8)
where
27aj
©)

ﬂ(])=m,

h(z)=22%— 922+ 108+ 27+ (22— 122— 54) 22+ 3z,
(10)

a )2
1+m . (11

(The variablesu and v here correspond ta/v® and v~ of

[2].)

v(j)=

If the interaction between vapor molecules is approxi-

mated by the Lennard-Jones potential

%)

thena=2Y¢, anda= 4kevas [6,7].

u,(r)=4ke, , (12

The enhancement is affected by a dense carrier gas; this

effect is reflected in the carrier gas factdij,c)<1 [1]. The
slope of the critical supersaturati®, vs ¢, Eq. (4), comes
from the following dependence &f(j,c) onc:

I g.é(l,c
aCA(j,C)=—A(J"C),21 gfl(,c))

>0. (13)

Ill. CARRIER GAS EFFECT

There has been considerable interest in the Knudsen tran-
sition regime, for drops of size comparable to the moIecuIaE

mean free path in the vap$8—10. The Knudsen regime
separates the limiting behaviors of small drgfiee mol-

ecule regimgfrom those of larger dropéhydrodynamic re-
gime) [11] (see also references jth0]). It is interesting that

at the opposite edge of the free molecule regime, for very
small drops, there is another transition regime, of similar
nature, such that an extremely dense carrier gas should re-

cover the conventional impingement rqﬂg(j), by suppress-
ing the enhancementl]. Qualitatively, this regime is ex-

served the carrier gas effect and the tail of the associated
transition regime by means of a simple specially designed
simulation.

The interaction between a drop and a vapor molecule is
approximated by the potentidl(j,r), Eq.(7). A vapor mol-
ecule is shot from the sphere of radiRg=3(R,+a) cen-
tered at the origin. The initial velocity of the molecule is
simulated from the distribution

f(v)~vw(v), (14

where w(v)~exp(—mv?2kT) is the Maxwell distribution.
(But only the directions towards the interior of the sphere are
selected. The movement of the molecule is simulated as
described below until it reaches the sphere of ratys a
centered at the originsuccessful trajectory, the drop is
reached or the sphere of radiu’g (unsuccessful trajectory

This movement is calculated, using discretized Newton
equations with a time stepat. Each step is accepted with a
probability (1- ¢), whereg is the probability of interaction
with a carrier molecule:

$= 77'rczzutpcAtf dvewc(ve)[Ve— V(1)

=7 2,pAty2kT/m, (q(t)+ ﬁ)erf(q(t))

exf —g3(t)]
- 15
N : (15
q(t)=Vm/2kTu(t). (16)

Here
me 32 mcvg

wc(vc)=<m) ex;{— KT 17

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

o

T

For small enough time step<1.
If an interaction takes place, then in the next step a carrier

12 o 6
—(—) } r<re=250. (18

u(r)y=4ke .

pected under conditions such that the dI’Op size is Comparab®5 molecule appears on the Sphere of raqiug:entered at
to the average vapor or carrier gas intermolecular distancgqe positionr (t) of the vapor molecule. The velocity of the

Quantitatively, however, the problem is more difficult than carrier gas molecule, is simulated from the distribution
that for the Knudsen regime. In the Knudsen regime the tra-

jectories of vapor molecules towards the drop can be treated
as straight lines, and the encounters with other vapor mol-
eculeq 9] or with carrier gas moleculd40] can be regarded The site of appearance on the sphere is simulated so that the
as local collisions. In the new transition regime thevelocity v, is pointed towards the interior of the sphere and

0l (Vo) ~ w(ve)|Ve—V(t)]. (19
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the projection of the site on the plane orthogonalvtois
randomly distributed within a circle of radiug,; centered at
r(t). o

The Newton equations for both the vapor molecule and I ' -
the carrier gas molecule are then solved using the potentials?cf
U(j,r) andu(r) until one of the following things happens: 2
(1) The vapor molecule reaches the dropliccessful tra-
jectory) or the sphere of radiuRg (unsuccessful trajectory
(2) The carrier gas molecule emerges from the sphere of
radiusr . centered at(t) and disappears. The movement of
the vapor molecule alone then continues, with simulation of
the interaction with probabilityp at each time stept.

The parameters corresponding to one of the experiments
on the background gas effect in nucleatj@hare perfect for
demonstration of the new transition regime. The temperature
T=2334.2 K. The carrier gas density varies frgng=pq to
pc=10py, where po=8.67x10' cm 23 corresponds to the
pressurec=4 bars. The masm corresponds to 1-propanol R P S S S R R
while m; is the mass of the helium atora,=576.7 K and 0 z ¢ e 8 1 i
0,=4.549 A are the Lennard-Jones parameters for "
1-propanol 6]. The drop’s sizq =75 was chosen as charac- kg 1. The number of trajectories ending on the drop, normal-
teristic [3] in the sense that the classical estimate for thgeq to the one witim=0 in the absence of a drop potentialis the
critical nucleus,j~(4/3V)(20V/kTInS?, [5] gives jo  carrier gas density, normalized pg=_8.67x 10'° cm™3. The num-
=75 at a supersaturatio®= 2.4 (1-propanol liquid density pers in the presence of the drop potential are denoted by filled
V7 1=7.7x10" cm™® [12], and the surface tensio® circles and, in the absence of a drop potential, by empty circles. The
=20.6 dyn/cm13]). The Lennard-Jones parameterando  width of the error bars is 3.
are estimated from the Lorentz-Berthelot réle e, €e. and
o=(o,+0)/2 [7], where ,.=10.22 K ando,=2.551 A This means that small angle deflections due to the carrier gas
are the Lennard-Jones parameters for heljéin The time  are able to affect the rate of vapor molecule impingement on
step was chosen as small As=al/v,,, wherev,, is the the drop, when there is a drop-molecule attractitypical
average velocity of a vapor molecule. Decreasing the stegdispersion force This occurs when the carrier gas is dense
size further did not change results. We also must notice thagnough to deflect the trajectories of those molecules that
the drop-carrier gas interaction is a second-order effect. Sulveach the drop as a result of the drop’s attraction, i.e., the
stitution of the Boltzmann distributiofinstead of the uni- volume per molecule of the carrier gas must be smaller than
form one for the carrier gas density around the drop hasthe volume of the drop. Indeed, the volume of our drop is 75
negligible effect on our results. V, and the value of 75 \p. ranges from 0.85 to 33.78 at

The results of X10° “shots” without carrier gas p.  po<p.<10po. Ideally, a further increase in the carrier gas
=0) as well as for each of 20 carrier gas densitips  density must eventually cause the “Potential ON” data to
=npg, N=0.5, 1.0, 1.5..., 10), both in the presence and converge to the “Potential OFF” data, so that
absence of the drop potential, are shown on Fig. 1. The datg,(j,c)/83(j,c)—1, but we could demonstrate this only
are normalized to the number of successful trajectories withwith “molecules” of much smaller radius. Within the physi-
out either the carrier gas or the drop potential. So, the “Pocal range of parameters we observe just the tail of the tran-
tential ON” data correspond to the fraction sjtion from 7(j) to 1 of Be(j,c)/BS(j,c)- It is important to
Be(j.C)/BY(j,0), while the “Potential OFF” data corre- realize that while equality of the average carrier gas intermo-
spond toB2(j,c)/B(j,0), where the superscript 0 indicates lecular distance and drop’s size must correspond to the onset
that the drop potential is switched diB2(j)=83(j,0), see of the transition ofB¢(j,c)/B2(j,c) from 7(j) to 1, the
Eqg. (6)]. maximum amplitude of the transitiopz(j) — 1], is defined

Two important features can be observed in the figureby
First, the impingement rat@.(j,c) in the presence of the

114083

UK
4
+++++++++
Potential ON ++++++

jectories, normalized to N

Potential OFF

L A 2 R R R

Number of successful tra

drop potential is clearly higher than the raﬁé(j,c) in its _ A

absence[The “Potential ON” point at zero corresponds to m(j)= iB=] T° (20)
the enhancement(j)= B.(] ,0)//32(1 ,0) and coincides with

the analytical result, Eq$8)—(11).] Second, this amplifica- Bil34 12

tion decreases with an increase of carrier gas density. In fact, v(j)= (_11,3_> , (21)
the first feature provides an opportunity for the second to Bj¥°-1

appear.
It is clearly seen that, when the mean free path is muchvhere A=3456¢, /T and B=(3v2/7)® V¥ o, [see Egs.
larger than the drop size the “standard” impingement rate(9) and(11)]. %(j) is shown on Fig. 2 foB=1.2 and within
/Bg(j ,C) is remarkably insensitive to the carrier gas density,a reasonable range pfandA. (The values ofA andB for
while, in contrast, the amplified rat8.(j,c) is sensitive. the cases considered in Sec. IV are given in Tahle |
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For each choice of the vapor and carrier gas, the effect is a
bit stronger at lower temperature, and the corresponding sur-
face lies just under the higher temperature surface. To inte-
grate d.S.(c), Eq. (4), numerically we used the factors
&(j,c) atj#20n or c#8n; bars determined by linear inter-
polation. (As can be seen from Fig. 3, the slopes&ofs |
and c are smooth enough; polynomial or rational interpola-
tions did not change the final results apprecigbRor an
initial value of S, we chose approximate values of
S (4 bars) from the experimental ddi# (see Table)l The
classical critical sizeg., at these supersaturations are also
given in Table |. Surface tension values are frph3]; the
values ofV are as in 3] (see references thergjrihe param-
eterse,, D,, €., andD, are taken fron{6].

Before proceeding further, we discuss the sensitivity of

FIG. 2. The enhancemengtvs the drop siz¢ and the parameter the evaporation rates(j) to the carrier gas pressure. As
A=3456¢, /T at B=(3v2/m) " V"o, =1.2. suggested if1] and confirmed by the present simulations,

) ] ] ] ~ the carrier gas affects the impingement rates by small angle

Thus, in conclusion, we have shown by simple simulationgeflections(randomizationsof the vapor molecule trajecto-
that the rate of capture of vapor molecules by a drop is Sefyies near the drop. Such randomizations partially recover the
sitive to background gas far from the Knudsen regime. Thayaxwell distribution for the velocities of molecules moving
insen_siti\_/ity_ of the “Potential OFF” data to the_z carrier gas toward the drop. Roughly speaking, a molecule that would
density indicates that the free molecule regime was wellgach a drop only because of the drop’s attraction, may miss

modeled. the drop if disturbed by a carrier gas molecule. The same
picture suggests that the effect on vapor molecules moving
IV. SLOPE OF THE CRITICAL SUPERSATURATION outward should be opposite: An “evaporated” vapor mol-

_ _ ) _ _ ecule with a trajectory bent back to the drop by the drop’s
From the above simulations it was possible to obtain thettraction may be indeed evaporated if disturbed by a carrier
carrier gas effect factorg(j,c) for 12 choices of the vapor, gas molecule. The nonsymmetry of the situation is clear: it
carrier gas, and temperatuigee Table)l These choices are s easier for a molecule to be randomized away from the drop
taken from the experimental work8]. For each choice the  than toward the drop. Thus the carrier gas should increase
factor £(j,c) is obtained atj=20n; n=1,...,10, andCc  the evaporation rates, and thus amplify the overall effect,

=8n, bars; n;=1,....5, by 2<10° “shots” for each  which may be characterized, roughly, by the product
(j,¢). (In the cases &thanolHe-T=363.4 K" and “1-

propano-He-T=363.1 K” the range inj is extended t;m ior ior

=14 andn=12, respectively, since the critical sizes are Bel.0)y(1+1.0 :H l,c) y(1+10 (22)

large) The carrier gas factors obtained are shown in Fig. 3. =1 Be(l,O)y(I+1c) =1 y(I+1c)

TABLE I. The choices of the vapdamethanol, ethanol, and 1-propahdhe carrier gaghydrogen and
helium) and the temperatureB are taken fron{3]. S}, is the critical supersaturation at 4 bajs; is the
classical critical size at 4 barsésf:’} is the obtained here averaged slope of the critical supersatuftion
the carrier gas pressuce 3.S5" is the slope from the experimental woig]. The values ofA andB [see

Egs.(20) and(21)] are also shown.

Carrier

Vapor gas T (K) Sk il A B 9.SM (barl) 9,82 (bar Y
H 333.8 1.7 82 4988 1.26 29102 4.1 x10°°
Methanol 2 363.1 1.45 136 4586 1.27 24102 2.0 X103
He 3334 1.65 98 4994 1.26 L6103 1.2 X102
363.2 145 136 4585  1.27 203 5.9 X103
H 329.8 1.95 88 3800 1.14 50103 1.25x10°2
Ethanol 2 364.0 1.6 125 3443 1.15 341072 5.6 x1073
He 329.1 1.85 114 3808 1.14 3408 2.82x107?
363.4 1.5 197 3448 1.15 261073 1.18x10°2
334.6 2.4 75 5957 1.23 103 2.02x107?

H
? 362.5 1.9 105 5498 1.23 54103 1.14x10°2
Propanol -3 -2

334.2 2.25 91 5964 1.23 4910 4.72x10
He

363.1 1.75 157 5489 1.23 3802 2.00<10°?
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FIG. 3. The carrier gas factors obtained from simulationsc is the carrier gas molecular density;is the drop’s size. Each figure
corresponds to a choice of the vapor and carrier gas shown in Téthel itaken fronj3]). (a) Methanol-H; (b) methanol-He{c) ethanol-
H,; (d) ethanol-Heje) 1-propanol-H; and(f) 1-propanol—He. The upper surface at each figure corresponds to a higher tempetaiute
330 K, see Table)] the effect at lower temperatufabout 360 K is a little stronger and gives the surface right underneath, the edge of it
shows up at each figure.

[see Eq(1)] [1]. However, the same nonsymmetry suggestdinterested in how the ratio of the number of the successfully
that the effect on the evaporation rates should be muckvaporated molecules to the number of all shots,12°,
weaker than the effect on the impingement rates. To illusdepends on the carrier gas density. With increase of the car-
trate our point, we have made ‘“inverse” simulations. rier gas density the ratio increased, but this increase was
Namely, a vapor molecule is shot from the sphere of radiuseveral times weaker than the corresponding decrease of the
Ro+a, and considered to be successfully evaporated if iimpingement rate§. Thus 0<1—y(l+1,0)/y(I+1,c)<1
reaches the sphere of radiRs. If the molecule reaches the —&(l,c). There is no theory to calculatg(l,0)/y(l,c), but
sphere of radiusR,+a, it is counted as unsuccessfully these arguments allow us to use E(®—(4), based on the
evaporated. The velocity distribution of the molecules tha@pproximationy(j,c)= y(j,0)=y(j).

are about to evaporate is not knoumless a special model The average slope.S;, obtained are presented in Table
of the drop is involved14]), and for illustrative purposes we |. The extension mentioned above in the rangg af the
took the same distribution as in E(.4). Notice that we are cases ‘ethanotHe-T=363.4 K” and “l-propano-He-T
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=363.1 K” increased the values of S, 1.04 and 1.01 used simple Lennard-Jones potentials for the interaction be-
times, respectively. The slopes at different pressaredfer ~ tween molecule$6]. We also assumed unit sticking prob-
from the average by about 10%. For example, in the cas@bilities. (We probably underestimate the effect by using
“ methanolH,-T=333.8 K,” we have the slopes, approxi- these two approximations, as will].) The effect calculated
mately, in units of 103 bars %, 2.8 atc=8 bars, 3.1 at under such assumptions is comparable with the experimental
— 16 bars. 2.7 at=24 bars. and 2.9 af=32 bars. In ex. data[3], which, to our knowledge, had not been previously
- Fol a1 ' . L explained by other mechanisms based on nucledti&n-
erimentg 3] a linear dependence on ¢ was obtained, :
gn d the jo] 09.S fromp[3] are alfgr iven in Table | for 17]. _(H(_)wever, the guthors dfl8] suggested an alternative
- SIOPETeSer : gexp . qualitative explanation based on droplet growth. They ar-
comparison. The experimental valugsS;" are higher than gued that the reason for the obsenj8dl9—23 carrier gas

the theoreticald S} (except for the case methanolH,-T  effect in diffusion cloud chambers could be due to a slower
=363.1 K”). The discrepancy is larger at lower tempera-growth of the drop to detectable size. As the carrier gas
tures and with helium as a carrier gas, and reaches nearly opgessure increases the drop growth rate slows down and this
order of magnitude in several cases. Some trends are simil@iay lead to undercounting of nucleation events.

for 3.S3® and 9.St:  The effect is stronger at lower tem-  The calculated effect is strong: The “small” values of
perature, and increases as the vapor is changed in the sgS" given in Table I, mean, in terms of the nucleation rate,
quence “methanek-ethanol-1-propanol.” However, the increase of the rate by orders of magnitude with increase of
experimental effect is stronger with helium as a carrier gasthe carrier gas pressure to 40 bars under fixed supersatura-

while the calculated effect is stronger with hydrogen. tion. Notice that simple estimate can be made by using the
fact that the carrier gas factog$j,c) do not depend strongly
V. CONCLUSION onj (see Fig. 3 We may substitute, roughlyj.A(j,c)~

=A(j,0)jdcé(jer.C)/ (jorr€) for Eqg. (13) and dcS,~
—S9c€(jer,C) E(j o C) for Eq. (4). Thus the effect of the
carrier gas orS,, should be of the same order as that on the

The well-known expression for the impingement rate of
vapor molecules onto a surfa¢&surface area times average

molecular velocity times the vapor densifyfnust be cor- carrier gas factog(j,c): about 10% per 40 bars in the

rected for small objects such as nucleating droplets by taI(mgases considered. This is indeed the case, see Table I. If one

into account the interaction between the object and the mol:- : . )
measures the nucleation ratéc) under different carrier gas
ecules. In the present work we have demonstrated through

the simulation described in Sec. I, that this correctien- ressures and fixed supersaturation, the effect is, roughly,

. o ; J(€)/J(0)~ &le(jo,c) [see Eq.2)]. In such measurements
hancementis sensitive to the background gas density. Anme effect can be seen only jt, is large enough1]. Our

increase of the carrier gas density decreases impingeme . . -
rates and increases evaporation rates. results are given in terms @f.S atJ—const_ rather than as
pje) atS=const not only because the experimental regalts

Thus the dense carrier gas makes the droplet less sta were obtained in these terms, but also because an inaccuracy
increases the droplet’s free energyhe effect is due to the . . ) ' . o
( P Yoy in 3:.S;(c) is related linearly to the inaccuracy iné(j,c),

interaction between the carrier gas and vapor molecules in an, . / B .

area around the droplet having about the droplet’s size. Th\@’h”e an inaccuracy id is certainly not.
effect is not negligible only for very small dropletsee Fig.

2), and so the size of the area is far less than the vapor
molecule mean free path and the effect cannot be obtained The authors thank Professor M. S. El-Shall, Professor S.
from bulk properties of the vapor-carrier gas mixt{ideé). P. Fisenko, and Dr. D. Kane for information about their
To obtain the resulting effect on the nucleation rate quantiworks[18,22. V.M.N. is indepted to Professor F. Boehm for
tatively, we used several approximations. We took thethe opportunity to visit Caltech. O.V.V. and H.R. acknowl-
evaporation rates to be independent of the carrier gas densitgdge the support of the National Science Foundation under
arguing that they are, in any case, less sensitive to the carri@rant No. CHE93-19519 and under a subcontract with
gas than the impingement ratg§Ve argued also that we Brookhaven National Laboratory supported by NASA
underestimate the effect by using this approximajiodle  through interagency agreement No. W-18429.
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