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The effect of carrier gas pressure on vapor phase nucleation experiments
using a thermal diffusion cloud chamber

D. Kane,® S. P. Fisenko,” M. Rusyniak, and M. S. El-Shall®
Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284-2006

(Received 4 June 1999; accepted 13 August 1999

Recent measurements of critical supersaturations for the vapor phase homogeneous nucleation of
several substances using a diffusion cloud chamber technique exhibit a dependence on the pressure
of the carrier gas used in the experiments. A model of droplet growth and motion in a diffusion
cloud chamber, combined with the density and temperature profiles of the chamber is presented to
explain the pressure dependent results. The model demonstrates that at higher carrier gas pressures
the growth of the droplets is retarded and the optical scattering signal from the particles is reduced.

It is concluded that the observed effect may not result from a pressure dependence of the nucleation
rate, but from a pressure dependence of the droplet growth and motiod99® American Institute

of Physics[S0021-960809)50542-4

I. INTRODUCTION shock tube nucleation experiments. They found that the

Recently, we have reported that the critical supersatura'juc'eat'on rate was pressure dependent when they calculated

tion (the supersaturatios= P/P.> 1, required for homoge- thg supflrsaturation using real gas properties of the vapor-gas
neous nucleation at a rate of 1 drop ¢hs %, whereP is the ~ MIXtUre: _ o
actual pressure of the vapor at temperaftirend P, is the . While thgz nonco.ndensable carrier gas rgquwed in nuple—
equilibrium vapor pressure at the saffieof glycerol mea- ation e.xperlments is not considered Wllthln the cl_assmal
sured in a He carrier gas, is dependent on the total pressuficleation theory (CNT) of Becker—Doring—Zeldovitch, -
of the vapor-gas mixture.This dependence is qualitatively there have begn several recent the_oreucal_ treatments WhICh
the same as the influence of the carrier gas pressure on tR§empt to clarify the role of the carrier gas in the nucleation
homogeneous nucleation of methanol, ethanol, 1-propanoProcess? **The primary role of the carrier gas in removing
and 2_propan0| reported in recent pap%:}s'[he main con- the latent heat of formation of the new phase has been SUg'
clusion from these studies is that increasing the carrier gagested since the early work of KantrowlzFeder, Russell,
pressure, increases the critical supersaturatien decreases Lothe, and Pound have further developed this concept, and
the nucleation raje These results were obtained using anseveral papers have established that the role of the carrier gas
upward thermal diffusion cloud chambéPCC). Other ex- is the removal of the latent heat from the growing
periments in DCCs have also shown dependence of thelustersi*!"*®At low concentrations of the carrier gas, ef-
nucleation rate on the carrier gas preséufeChukanov fective removal of the excess energy is not possible. In this
et al. have observed a similar pressure effect in the nuclecase the rate would decrease at lower carrier gas pressures,
ation of 1-pentanol, 1-butanol, 1-propanol, water and heavyvhich is opposite to the effect observed in the DCC experi-
water using He as a carrier gaatz et al. have found a ments. Kashchiev has derived a nucleation theory in which
weak effect due to the carrier gas in the nucleation of nonanthe nucleation rate and critical supersaturation are pressure
in He and Ar>® dependent® This theory suggests that the carrier gas pres-
However, nucleation rate measurements carried out usure may increase or decrease the nucleation rate, depending
ing other experimental technique$ have not shown any on the nature of the carrier gas. This is in agreement with the
detectable effect due to the nature or concentration of thevork of Oxtoby and Laaksonen, who treated the homoge-
carrier gas. Experiments with water in nitrogen as a carrieheous nucleation of a vapor in the presence of a carrier gas as
gas using supersonic nozzles did not exhibit any dependenee binary nucleation proce$%.Using a kinetic approach,
on the carrier gas pressur@.In expansion cloud chamber Bauer and Wilcox have also demonstrated a pressure depen-
measurements using Ar as a carrier gas, no pressure effegignce of the nucleation rat® The unanimous conclusion
were observed in the nucleation of 1-butanol, methanol, angeached by these theoretical models is that the effect of the
water?'% An exception to these results is found in the recentcarrier gas pressure on the nucleation rate is too small to be
work of Liujten et al. who studied the pressure effect in ghserved experimentally. This conclusion appears reasonable
since all liquids are practically incompressible at pressures
dCurrent address: Department of Chemistry, University of Delaware, Newless than the % 10° Pa and the mean free path of vapor
b)ark, Delaware 1971_6- _ _ molecules at pressures typical of nucleation experiments is
Permanent address: A. V. kaqv Heat and Mass Transfer Institute, Acadmuch larger than the critical cluster si¥e At pressures
emy of Sciences of Belarus, Minsk, Belarus.
greater than 10Pa the mean free path of the vapor mol-

9Author to whom correspondence should be addressed; electronic mai ) B )
selshall@hsc.veu.edu ecules is comparable to the critical cluster size and the nucle-
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ation kinetics change from free molecular to continuum orcrogravity conditions in order to clarify the pressure effect
diffusion regime, and therefore nucleation kinetics may be-on the droplets’ growth is discussed.
come dependent on the carrier gas presSure.
However, a recent theoretical model developed by No-
vikov, Vasil'ev, and Reiss §uggests thqt the impa(_:t paramy A THEMATICAL MODEL
eter of a vapor molecule with the growing cluster is highly
dependent on the concentration of the carrier’gaghis is For the purpose of the mathematical model, the DCC is
due to the screening of the attractive potential of the precriticonsidered to be two parallel liquid surfaces separated by a
cal cluster by the carrier gas. According to their results whervertical distanced. The surfaces are at temperatufigsand
the average intermolecular distance of the carrier gas i¥,, where T,, the temperature of the lower surface, is
smaller than the critical cluster, a pressure effect may bgreater tharil,, the temperature of the upper surface. The
observed. It is necessary to emphasize that the intermoleculablume between the two surfaces is maintained at a constant
distance being smaller than the critical cluster is a more limtotal pressureP+, by a light carrier gas, helium. The liquid
iting condition than the condition used by Fisenko, where theon the lower surface of the chamber evaporates, diffuses ver-
mean free path of the vapor is of the same order of magnitically through the carrier gas and condenses on the upper
tude as the cluster siZ& Recently another kinetic treatment surface. The steady state distributions of the density and tem-
of the pressure effect has been developed by ftkinwhich  perature of the vapor as a function of height can be deter-
he attempted to find a correlation between relaxation promined by solving the boundary value problem associated
cesses in clusters, nucleation rate and the carrier gas presith the heat and mass flux in one dimensfor® The solu-
sure. tion of these equations has been discussed in detail in Refs.
Since pressure effects on homogeneous nucleation haabs and 26, and many examples of thermodynamic profiles in
most commonly been observed in DCC experiments, it iloud chambers are available in the literattirg>®
possible that these effects are mainly related to the nature of By increasing the temperature difference between the
the experimental technique. Note that Katz and Fisk havéwo surfacesAT=T,—T;, the degree of supersaturation of
recently shown that the pressure effect cannot be explaineiie vapor,S=P/P.=n/n, (wheren and n, are the actual
by the nonideality of the vapor-carrier gas mixture or thenumber density of the vapor and equilibrium number density
Poynting effects in the DCC experimefitslowever, one of at a vapor-liquid interface, respectivelgan be increased.
the major limitations of the current nucleation experiments isAt some temperature difference, nucleation will occur at a
the coupling between nucleation and growth. The nucleimeasurable rate. In a DCC, nucleation occurs in a small re-
which typically have radii on the order of nanometers, aregion around the maximum rate plane, which is defined here
transient and once formed continue to grow. Nucleation exas the height at which the highest nucleation rate is predicted
periments rely on light scattering from macroscopic dropletdy the CNT.
to detect the nucleation events. This permits the detection of Following nucleation, the droplet begins to grow and
particles no less than a few microns in diameter. Since th&ove within the chamber. Since the droplet radius changes
droplet must grow several orders of magnitude prior to deby many orders of magnitude before it can be detected, it is
tection, it is necessary to consider the possible role of dropletecessary to consider two different regimes: free molecular
growth and motion on the experimental results. and continuum, in which the growth and motion occur. The
In many nucleation experiments, such as expansioffnudsen numbers Krand Kn for cluster growth and droplet
cloud chambers and shock tubes the process of droplépotion, as given by Eqsl) and (2), respectively, define
growth is decoupled from nucleation. However, in a DCCthese regimes:

the processes of nucleation and droplet growth cannot be , —, /R (1)
. - v \ 1

separated. It is normally assumed that each nucleation event

results in the formation of a macroscopic droplet, which  Kn=\/R, 2

grows large enough to be detected. If the droplets do no\5\/hereR is the cluster radius), and A are the mean free

grow to gufficient size before being removed from the vapor aths of the vapor molecules and of the carrier gas, respec-
by reaching the top or bottom surface of the DCC, then arﬁvely. The mean free path of vapor moleculas, is given
undercounting of the number of nucleation events ma)by ?

result?
In this paper, we present a model of growth and motion 1 @
. . . _ }\ = , 3
of droplets in a DCC to examine the role of carrier gas pres v —ngav o M/m

sure on the size of droplets in the DCC. The structure of this

paper is as follows. First the model is presented and its anavheren, is the number density of the carrier gassually
lytical predictions are discussed. Then the model and théelium or hydrogeh a, is the transport cross-section of the
effects of Mie scattering, in the limit of geometric optics, arevapor molecules with the background g&,andm are the
used to explain the observed pressure dependence of theolecular weights of the vapor and carrier gas, respectively.
critical supersaturation of the homogeneous nucleation ofhe viscosity of the pure vapor has been used for the calcu-
glycerol! Application of the model to the homogeneous lation of a,. Since the number density of the carrier gas is
nucleation data of 1-propanol is also presented. Finally, thenuch greater than the vapor number density, in calculating
possibility of conducting nucleation measurements under mithe mean free path of carrier gas molecules it can be assumed
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TABLE I. Mean free path of the He carrier g&s) and 1-propanol X,) Vitovec et al, an interpolated expression for these properties
vapor at different total pressures. with the correct asymptotic values, given by E&), has

Pressure been used*
(Pa A (M) A, (M) L . ) . .
1x10° 7.8x10°7 2.2x1077 ST to =~
5% 10° 1.6x10°8 4.4x10°8 X X(F) X(C)
éiig i'ii 18:2 Z'gi 18:2 whereX is a general propertyX(F) is the value ofX in the

free molecular regime, an¥(C) is the value ofX in the
continuum regime. In the model presented here the drag
force in the free molecular regime is found from

that collisions occur only between the background gas atoms. Fa(F)=- lTﬁRZ”g(ZWm ke T) & ©)
With this assumption the mean free path of the carrier§as, 5n4 in a continuum medium the drag force is given by
is given by
Fq(C)=—6m7Rv. (10
1
A= , (4)  The thermophoretic force is given By
J2an,
F
wherea is the transport cross-section of the carrier gas. Us- F,= 17kBVT(z)—d (11
v

ing these Knudsen numbers it is possible to determine the

regimes of droplet growth and motion. When &nl, the  4ng the coefficient. is found from the two asymptotic ex-
droplet growth is in the free molecular regime. If &1, the pressiong12) and (13):

growth is in the continuum or diffusion regin&?*24Simi-

larly, the motion of droplets is in free molecular regime if 1 [MkgT
Kn>1, and if Kn<1, the motion of droplets is in the con- L(F)=—1/ : (12)
tinuum regime?* P 2m
Table | lists the mean free paths of 1-propanol vapor and DM
He carrier gas over the pressure range of the data from Ref. L(C)= p_R' (13

2. Since the droplet must grow from 19m to >5x10 ®m

pefore it can be detected, it is a_lpparent that g_rowth and_mqn Egs. (9)—(13), kg is Boltzmann’s constanty is the vis-
tion from the free molecular regime to the continuum regimecosity of the vapor-carrier gas mixtur®, is the diffusion
must be considered. When the droplet number density is lowoefficient of the vapor in the carrier gas ani the density

enough that the density of the vapor is unaffected by thef the liquid. The explicit expression fdr used in our cal-
presence of the droplets, the equations of the motion angdulations can be written as

growth for the droplet can written as
D 1

L=— . 14
AMav) S F e Fy, 5 PR\ 1+ (D/R) J(2mM/kgT) (19
dt In a viscous medium the drag force will increase until it
R(t) balances out the other forces. Therefore the droplet velocity
BT L(R,z)[n(2) —ne(2)], (6)  is found from the condition that the sum of all forces on the
droplet is equal to zero. This makes the droplet velocity de-
dz(t) pendent only on the radius of the droplet and its position.
T =v(R,1), (7) Equationg6) and(7) are then solved simultaneously, using a

fourth-order Runge Kutta methdtlfo obtain the droplet po-
where Z(t) is the position of drop]et in the DCC at tinte sition and radius as a function of time. The initial conditions
v(R,t) is the velocity of the dropletV4 is the droplet mass, used in the solution of this system of equations tar®, R
g is the acceleration of gravityf, is the thermophoretic =Ro, andZ=Z,, whereR, andZ, are the initial radius and
force, F4 is the drag force on the droplet(z) is the vapor Position of the droplet, respectively.
density profile,n.(z) is the saturation vapor density profile, Because of the gradients in temperature and vapor den-
Corresponding to the temperatu‘f@), which is the tempera- Slty within the DCC, the free energy of cluster formation is
ture of the vapor—carrier gas mixture at heighin cloud dependent on the height in the chamBewithin the as-
chamberL is the mass accommodation coeffici¢tite ratio sumptions of CNT, the expression for the dimensionless free
of the mass transfer coefficient to the density of the conenergy A®(g,z)/kgT(z) (whereg is the number of mol-
densed phagexpressed as a function of the droplet’s radiusécules in the cluster located at a reduced heigin the

and height in the chamber. chambey is given by
Expressions for the drag force, the thermophoretic force 2
and the coefficient, are well known from aerosol physics Ad(g,2) — g In(S(z))+47TR(g) O'(T(Z)). 15

for the limiting conditions Kgp<1 and Kn>1. Following kgT(2) kgT(2)



J. Chem. Phys.,

Vol

. 111, No. 18, 8 November 1999

The effect of carrier gas pressure on nucleation 8499

Dividing Eq. (6) by Eq. (7), an expression for the radius of

V the droplet as a function of reduced chamber height, in the
51/ limit of the continuum regime, can be obtained as
0.85 50 dR(z) _ 3DM7[n(z) —ne(T(z=2))] 18)
_ dz p2R3g
% By integrating this equation over the saddle point we obtain
I
g 080 \s Lo . 12M [z
: 4 RY2)= | e(T(2) m(T(@)(n(2) - ne2))dz
E 47 p?gPJz
4 (29
075 L where the temperature dependence of the viscosity and dif-

fusion coefficient are taken into account abds expressed
asD=c(T)P ! wherec is a temperature coefficient, since it
is well known thatD~P~1. Due to the sharp maximum in
the supersaturation profil§, the integral in Eq(19) can be
approximately estimated as

R~ 7(T(Zm)) (Sp—1)Ne(Zn) M (2—2)
p’gP

where S, is the maximum value of supersaturation in the
nucleation zoneng(z,) is the number density of the satu-
rated vapor, at the height of the saddle point. From expres-
sion (20) the dependencies of the droplet radius on the pres-
sure and viscosity of the carrier gas are obvious. As
O§upersaturation and saturation density profiles depend on the
teemperatures of the bottom plafg;, and the top plateT,,
of the DCC, it is possible to increase the supersaturation,
Sm» and simultaneously decrease the saturation density in

Cluster Size (g9)

: (20

FIG. 1. Contour plot of the free energy surface for glycerol in a diffusion
cloud chamber for the conditions df,=437.5 K, T,=347.9 K, andP
=09.81 kPa.

In Eq. (15), o(T(2)) is surface tension of the bulk liquid at
temperaturel corresponding to the reduced heighivithin
the chamber. Figure 1 displays a sample of the contour pl
of the free energy surface for supersaturated glycerol at th
experimental conditions given in the caption of Fig. 1. The
temperature and vapor density profiles used in the calcula ‘ ;
tions are obtained using the steady-state solution of the dii@UCh manner, tha_t the final droplet radius decreases. .
fusion and thermal conductivity equations, taking into ac- Since nucleation rates are measured by the scattering of

count the dependence of the diffusion coefficient and thermzﬂght from the macroscopic droplets, which result from the

o . ._nucleation events, it is necessary to include the effects of
conductivity on temperature. The thermodynamic pro ertlei'/l. ) ' .
y P 4 brop ie scattering. When ZR/\y>1, where\, is the wave-

of the vapor and carrier gas used in the calculations are takqn ; . . . .
. L ... _length of the light used for detection, the intensity of light
from Ref. 1. From Fig. 1 it is clear that the surface exhibits a attered by the droplets, is proportional tR2. Then from

saddle point whose position in the chamber can be locate o )
from th: conditions: i q.(20) it is evident that
P*l/Z.

(21)

For optical detection, the minimum radius of an object
that can be detected depends on the particle index of refrac-
tion and the wavelength of the scattered light and character-
istics of the detection system. If the final radius of the drop-
lets is below the detection limit, then the observer must
conclude that nucleation is not occurring.

J Jd
%(Aq)(gc 2)/KpT(2e)) = -~ (AP(Qec,2c)/ kg T(2)) =0.

(16)

The saddle point for supersaturated glycerol vajbag.
1) at T,=437.5 K, T;=347.9 K, andP,,,=9.8x 10° Pa has
the parametersAd(g.,z.)/kgT(z;)=48.1, g.=32 and
z./H=0.79.

IV. MODEL RESULTS

IIl. ANALYTICAL PREDICTIONS OF THE MODEL In this section the model for droplet growth and motion
is applied to examine the pressure effect observed in homo-
In this SeCtion, we examine the prediCtionS of the mOdebeneous nucleation rate measurements. In F|g 2 the ob-
analytically. At higher pressures most of the time the droplekeryved dependence of the critical supersaturation of glycerol
growth and motion will be in the continuum regime, and thepn the total pressure is shown. Experimental details are
thermophoretic force can be neglected. The droplet velocityayajlable in Ref. 1. Here it is only necessary to mention that

v, is then given by the conditions of the chamber necessary to produce a steady
1

v=—

R’pg
37

(

=Y

7)

nucleation rate of 1-drop chis”

were measured. The

nucleation was observed by measuring the forward scattering
of light as the droplets fall through a He—Ne laser beam
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FIG. 2. Pressure dependence of the supersaturation required for the obs&lG. 4. Model simulation of the growth and motion of 1-propanol droplets
vation of droplets formed by homogeneous nucleation of glycerol at a ratecross the diffusion cloud chamber at different total pressiitges393.8 K,
of 1 drop cm3s™L, T,=308.0 K.

directed horizontally across the lower half of the Chamberheight of 0.5 is decreased by about 29%. This Corresponds to

The forward-scattered light was collected by a PMT and a 50% reduction in the intensity of the scattered light or a

discriminator was used to distinguish droplet's signal froms094 reduction in the height of the peak corresponding to

the background light. Care was taken to maintain identicakcattered light signal from the droplet.

conditions for counting, i.e., the same PMT amplification In Fig. 4 the droplet radius is given as a function of the

and discrimination levels in each experiment. In Fig. 2 areduced height in the chamber for the homogeneous nucle-

trend in increasing critical supersaturation at higher pressurgtion of 1-propanol under the experimental conditions de-

is evident. scribed in Ref. 2. The observed trend in Fig. 4 of smaller
Figure 3 shows the results of the model simulation fordroplets at higher pressures is similar to that found for the

glycerol droplet growth and motion in the DCC for the samenycleation of glycerol as shown in Fig. 3.

experimental conditions of the data shown in Fig. 2. In Fig. 3

the droplet radius is given as a function of the reduced height

in the chamber. It is clear that at a given reduced height, th¥- DISCUSSION

droplets reach a smaller size as the pressure increases. Note€ From the results of the model presented here, it is ex-

that the effects of thermophoresis are apparent in the earlyo ted that the decrease in droplet radius at higher pressures
stages of the cluster growth and are more prevalent at lowgggyjted in an undercounting of the number of droplets and
pressures. The initial upward motion of the particles appeargence an underestimation of the nucleation rate. In these ex-
to extend the time period for growth allowing the production periments the level of the discriminator must be set high
of larger droplets. However, it is evident that as the Pressurgnough that droplets falling on the edge of the He—Ne laser
is increased, the droplet size is reduced. Over the range ®fcam or outside the viewing area of the PMT are not
pressures in Fig. 2 the droplet radius at a chamber-reducgqy nted. As mentioned previously, in the glycerol experi-
ment the discriminator circuit was not readjusted as the pres-
sure of the carrier gas was increased. In this case the dis-
criminator set at the lower pressures to count larger droplets

T T T T T

—— 9.8 kPa was not properly adjusted to count the smaller droplets
08 T %7kPa 1 formed at higher pressures. This could lead to an apparent
TN N~ e 71.5 kPa ) gher p €s. app

E ) reduction of the nucleation rate. Although nucleation oc-
2 06 7 curred and droplets were formed, the intensity of scattered
2 light was below the detection limit and therefore the droplets
§ 04| § were not accurately counted. In this case the temperature
& gradient was adjusted to increase the nucleation rate, until a
o2 L | sufficient rate was observed. This could result in an increase

in the observed critical supersaturation.

It should be pointed out that the pressure effects might
be more difficult or even impossible to correct under certain
experimental arrangements. This is particularly true when
the droplets are observed visually by the scattering of inco-
FIG. 3. Model simulation of the growth and motion of glycerol droplets herent light against a white light field. It should be noted that

across the diffusion cloud chamber at different total pressiiges437.5 K, aCC(_)rding 'FO Ref. 3_0, it is only possible to visually observe
T,=347.9 K. particles with a radius greater than>2%0 ® m. The use of

Radius (microns)
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laser as a light source permits the observation of droplets
with radii significantly smaller than 25 micron.

The simulations shown in Figs. 3 and 4 describe the 0.8
growth and motion of droplets that form at the plane of the

saddle point in the nucleation free energy surface. Similar % 0.6
calculations have shown that at a detection heightz,of z
=0.2 the droplet size will vary by-5% for droplets origi- §
nating over the width of the nucleation zone for the experi- E 0.4

mental conditions of Fig. 3. However, the difference in the
radii of droplets formed at different heights in the chamber 0.2
increases as the detection height is increased. If some of the
droplets formed at different heights were too small to scatter
significant amounts of light then an undercounting of the 10 20 30 40 50
nucleation events would occur. Radius (microns)

From the model presented here, it is evident that the
diffusion coefficient and viscosity of the carrier gas influenceriG. 5. Model simulation of the growth and motion of 1-propanol droplets
the growth of drop|et5 in the DCC experiments_ Therefore, jfor different gravity fields in the diffusion cloud chamber B§=303 K,
can be concluded that the pressure and molecular propertids=258 K. andP=100 kPa.
of the carrier gas have significant effect on the dynamics of

growth and motion of the droplets and can influence th&grces are shown in Fig. 5. When the acceleration of gravity
apparent nucleation rate. is reduced to 102 g, the lifetime of the droplets in the cham-

It should be noted that the analysis presented here Waser increases drastically to nearly 3 seconds. This allows
obtained for relatively low nucleation rates. In these calculaznough time for the droplets to grow to greater than 30 mi-
tions it was assumed that the growing droplets do not changgrons in radius. At a gravity force of 16 g, the droplet
the state of the vapor in the DCC. More complex effects arisgrows to greater than 0.5 mm and survives in the chamber
in DCC nucleation experiments if the supersaturation isfor more than 5 seconds. Because of the low pressure of
much higher than the critical supersaturation. In particularinese simulations the droplets are removed to the upper sur-
oscillations in the nucleation rate can arise in the DEThe  face of the chamber by the thermophoretic force. However,
“one droplet” approximation is not valid in this regime, at higher pressureé>1 atm this force will be negligible.
because it is necessary to take into account the disturbance phis suggests that a long duration, high quality microgravity
the vapor density profile caused by the growing droplets. Thnyironment may be ideal for the study of the pressure ef-

primary impact takes place when the Knudsen numbgri&n fects of the carrier gas on the nucleation kinetics and the

on the pressure in the chamber. At higher pressure smaller

droplets begin to deplete the supersaturated vapor and thig;. cONCLUSION

will, in turn, affect the growth and motion of the droplets. ) ]

The most interesting case occurs when the average distance EXPerimental studies to measure the effect of pressure
between droplets is on the order of magnitude of the drop®" the nucleation rate must be aware of the effects of pres-

let's diameter. sure on the growth and motion of the droplets, and account

for these effects in the analysis of the data. Such experiments
VI. NUCLEATION STUDIES IN A MICROGRAVITY must not rely on visual observation of nucleation rates since
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