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The flow diffusion nucleation chamber: A quantitative tool

for nucleation research
Vivek Vohra and Richard H. Heist?

Department of Chemical Engineering, University of Rochester, Rochester, New York 14627-0166
(Received 14 March 1995; accepted 29 September 1995)

We have developed a flow diffusion nucleation chamber designed to quantitatively investigate the
nucleation of vapors. The design and operational characteristics of the nucleation chamber are
presented and discussed. Critical supersaturation data obtained with this nucleation chamber are
compared to literature data obtained using a thermal diffusion cloud chamber. The flow nucleation
chamber results accurately reproduce the diffusion cloud chamber data. Results of preliminary
measurements of nucleation at ambient pressure in the presence of different background gases are
presented. These data suggest that the nature of the background gas may influence nucleation at
ambient pressure. These data, while still of a preliminary nature, are consistent with data already
published obtained at elevated pressures using a specially designed high pressure cloud chamber
also in our laboratory. © 1996 American Institute of Physics. [S0021-9606(96)03601-4]

I. INTRODUCTION

There are a variety of experimental devices used (or that
have been used) for nucleation research.' Perhaps the two
most commonly used for quantitative critical supersaturation
and nucleation rate measurements are the thermal diffusion
cloud chamber (TDCC) and the expansion cloud chamber
(ECC). While these devices have been (and continue to be)
useful in making quantitative nucleation measurements, they
have limitations that impact upon their range of applicability
and their overall usefulness. For instance, the TDCC can
only be used to measure relatively small rates of nucleation
(even if latent heat effects and vapor depletion are accounted
for).2‘3(a)’3(b) Also, there are now serious questions of TDCC
stability that could well limit the range of useful operation
(at least at lower temperatures) to total pressures of approxi-
mately 1-2 bar and less.* Furthermore, although operation at
higher temperatures and higher total pressures has been dem-
onstrated using a specially designed high pressure thermal
diffusion cloud chamber (HPCC) producing (possibly) quite
remarkable results,”® more study is required to determine
the range of stable operation at these pressures and tempera-
tures and, consequently, the validity of those results so ob-
tained. In all these cases, however, the need to suppress con-
vection in the diffusion cloud chamber demands that only
light background gases be used or that, if somewhat heavier
background gases are used, they be used only over limited
ranges of pressure and temperature thus limiting the general
applicability of the device. The expansion cloud chamber is
capable of using a wide range of background gases,'" how-
ever, it is also quite limited in the range of accessible pres-
sures and temperatures.'!"'? In general, total pressures during
nucleation are less than ambient and the accessible range of
total pressure is small. Quite low nucleation temperatures are
achievable, but it is often difficult to obtain data at nucleation
temperatures much above ambient. Large nucleation rates are
possible with expansion cloud chambers, but the range of the
nucleation rate data does not overlap that achievable with the
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diffusion cloud chamber. Both the expansion and diffusion
cloud chambers require significant amounts of thermody-
namic and hydrodynamic property data (for pure components
and their mixtures) as functions of temperature and (more
recently) pressure. Often these data are not available and
predictive methods must be used. Finally, it is difficult to
collect and retrieve the nucleated particles using either of
these two kinds of devices. The increasing interest in the
chemical and physical properties of small particles (usually
generated by nucleation processes) emphasize the impor-
tance of being able to retrieve and examine nucleated par-
ticles.

Flow nucleation devices offer a number of significant
advantages over the diffusion cloud chamber and expansion
cloud chamber systems just discussed. While they are, of
course, not without problems, they can quite often be used
effectively to produce results not easily achievable with the
TDCC and ECC and also to provide important complemen-
tary results to those obtained with the TDCC and ECC de-
vices. We shall address these issues in this paper.

Our eventual goals in this area of nucleation research are
to have an instrument that will: (1) permit nucleation mea-
surements (critical supersaturation and nucleation rate) to be
made in the presence of a variety of background gases over
wide ranges of temperature and pressure; (2) allow quantita-
tive critical supersaturation measurements and nucleation
rate measurements (over a range complementary to that ob-
tainable with the TDCC and the ECC) in a flow-based sys-
tem with convenient optical access to the nucleation region
inside the chamber; and, (3) permit collection and retrieval
of nucleated particles.

Our objectives in this particular investigation are: (1) to
design, analyze, and test a version of this flow nucleation
chamber that will allow critical supersaturation measure-
ments using a variety of background gases at ambient pres-
sure and a conveniently accessible range of temperatures; (2)
to test the quantitative operation of the nucleation chamber
by comparing nucleation measurements with data in the lit-
erature obtained using other nucleation devices; and, (3) to
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make preliminary measurements of nucleation in the pres-
ence of a variety of different background gases and compare
those results with data in the literature obtained using a spe-
cially designed high pressure cloud chamber.

In this paper we describe the design, construction, and
operation of a flow diffusion nucleation chamber (FDNC)
used to make nucleation measurements at approximately 1
bar total pressure and over the 305-330 K temperature
range. These limited ranges of pressure and temperature are
not fundamental limitations to FDNC operation. They are
chosen for convenience in this investigation in order to allow
detailed examination of the operational characteristics and
behavior of this flow chamber design. The next step will be
to modify the nucleation chamber to allow for operation over
extended ranges of both pressure and temperature. In Sec. II
the design and construction of the FDCC will be discussed,
and the mathematical description of the operation of the
FDCC will be presented. In Sec. III, experimental results
from our investigations of the nucleation of 1-propanol in the
presence of a variety of background gases are presented. In
Sec. IV the results of these various measurements are dis-
cussed both in the context of the operation of the FDNC and
in the context of conflicting experimental results from the
literature describing nucleation in the presence of different
background gases. Finally, our conclusions concerning the
results of this investigation are presented in Sec. V.

IIl. FLOW DIFFUSION NUCLEATION CHAMBER
A. Design and operation

The flow diffusion cloud chamber developed and used in
this investigation is shown schematically in Fig. 1.!* Essen-
tially, it is composed of a saturator unit, a vapor—gas pre-
heater unit, and a nucleation chamber. The associated gas
handling system, temperature control units, and measure-
ment instrumentation make up the remainder of the experi-
ment system.

The saturator unit is of rectangular geometry, 0.147 m
longX0.083 m wideX0.076 m high and constructed from a
standard 0.05-in.-thick brass sheet. The interior of the unit
contains a series of 0.076 m high brass baffles each covered
with a porous, cotton wicking fabric designed to provide a
long path length (and, hence, a long residence time) for the
gas flow and a large, moist surface area to ensure a saturated
vapor—gas mixture entering the preheater unit. A thermo-
couple inserted in the saturator unit is used to measure the
liquid temperature. The exterior is completely covered with
insulating material to ensure isothermal operation. Tempera-
ture control is maintained by a circulating, thermostated heat
transfer fluid (circulator 1 in Fig. 1) through a channeled,
copper block bonded directly to the base of the saturator with
thermal adhesive paste. The unit has been tested using gas
chromatographic techniques to ensure that the vapor—gas
flow exiting the saturator is saturated at the flow rates used in
this investigation.

The function of the preheater unit is to control the tem-
perature of the vapor—gas flow stream entering the nucle-
ation chamber and to ensure that condensation does not oc-

COOLING WATER SUPPLY

—

(SEE INSET)

NUCLEATION
CHAMBER

NUCLEATION CHAMBER
INNER TUBE

DETAILS OF PRE-HEATER/ NUCLEATION CHAMBER
CONNECTION

FIG. 1. Schematic diagram of the flow diffusion nucleation chamber used in
this investigation. The inset provides details of the preheater/nucleation
chamber connection (see the text for discussion).

cur prior to the flow stream entering the nucleation unit. The
preheater unit is of cylindrical, double-walled geometry con-
sisting of two concentric copper tubes. The outer tube has a
standard 1.032 in. i.d. and the inner tube a standard 0.550 in.
i.d.; each having a standard 0.062 in. wall thickness. The
preheater is connected at one end to the saturator unit with a
standard 0.5 in. threaded brass pipe coupling and at the other
end to the nucleation chamber with a brass O-ring flange. It
is 0.28 m in length. Thermostated, heat transfer fluid (circu-
lator 2 in Fig. 1) circulating through the outer wall of the
preheater is used to control the temperature of the unit. The
entire unit is thermally insulated to maintain isothermal op-
eration. Thermocouples located at the center and the wall of
the preheater exit are used to measure the temperature of the
vapor—gas mixture entering the nucleation chamber.

The function of the nucleation chamber is to generate
vapor supersaturation which in turn promotes nucleation. A
schematic diagram of the nucleation chamber is also shown
in Fig. 1. The design used in this investigation was chosen to
allow unobstructed viewing of the nucleation zone (thus
achieving one of our overall goals) and to facilitate a quan-
titative description of the temperature and supersaturation
conditions throughout the nucleation chamber. The nucle-
ation chamber is of cylindrical, double-walled geometry and
consists of a concentric set of quartz tubes. The inner tube is
0.108 m long with a 0.015 m i.d. and a 0.002-m-thick wall.
Quartz O-ring flanges are attached to each end of the inner
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tube. The outer quartz tube has a 0.028 m i.d. and a 0.002 m
wall thickness and is fused to the inner tube as indicated in
Fig. 1. Two 0.009 m o.d. sections of quartz tubing attached to
the outer tube provide an entrance and an exit to the region
between the two tubes. The nucleation chamber is connected
at one end to the outlet of the preheater unit with the O-ring
flanges. A Viton O-ring was used as a seal in this investiga-
tion. Details of this connection are shown in the inset in Fig.
1. The nucleation chamber is connected at the other end with
a similar O-ring flange to a condensate collection unit. Since
we were interested in atmospheric pressure conditions in this
investigation, the condensation collection unit was vented to
the atmosphere through a cold trap and a hood. Thermostated
water was circulated (circulator 3 in Fig. 1) through the re-
gion between the two quartz tubes to provide temperature
control of the interior nucleation chamber wall. A thermo-
couple attached to the outside surface of the inner nucleation
chamber wall was used to measure the temperature of the
outside wall surface. The quartz construction and the trans-
parent heat transfer fluid (water) allowed unobstructed view-
ing of the interior of the nucleation chamber. The nucleation
chamber was mounted vertically to avoid buoyancy driven
instabilities and the flow direction was downward to facili-
tate wall condensate drainage.

Chromel-constantan thermocouples (type E) prepared
from wire obtained from Omega Engineering were calibrated
and used for all temperature measurements. A Leeds and
Northrup, K-3, universal potentiometer and a Leeds and
Northrup, model 9828, null detector were used to measure
thermocouple voltages. Volumetric flow rates for the back-
ground gases were measured using flow meters obtained
from Omega Engineering (model FL-3461). The flowmeters
were calibrated with the gases used in this investigation prior
to the experiments. HAAKE constant temperature circulator
baths (baths 1, 2 and 3 in Fig. 1) were used to circulate
thermostated heat transfer fluids for temperature control. Wa-
ter was used as the heat transfer fluid for all the experiments
in this investigation.

Conceptually, the flow chamber functions in the follow-
ing manner: A stream of inert gas, e.g., argon, is first satu-
rated with the vapor of the substance of interest, e.g.,
1-propanol. This saturated flow stream then enters the pre-
heater and is heated slightly above the saturator temperature.
As this (slightly undersaturated) flow leaves the preheater
and enters the nucleation chamber, the (relatively warm) va-
por diffuses to the wet, cooler walls of the nucleation cham-
ber where it condenses. Energy is transported to the walls
thus cooling the flowing stream. Because of the relatively
strong dependence of vapor pressure on temperature, the
cooling of the vapor in the flow stream initially dominates
vapor loss by diffusion to the walls and results in supersatu-
ration of the vapor in a region downstream from the entrance
to the nucleation chamber. The location of the supersaturated
region also depends upon the flow stream velocity. As the
vapor—gas mixture flows further down the tube, conditions
are eventually reached where the temperature and vapor su-
persaturation become uniform across the nucleation chamber

reflecting conditions existing at the temperature of the nucle-
ation chamber wall.

B. Model equations

The differential equations describing the energy and
mass transfer processes occurring in the nucleation chamber
written for a cylindrical tube of circular cross section are

0 10 oT d oT

'a—z(pcpva)=75(kr79—;)+5z(k 72-) (1)
and

J 1 0 JC J oC

a—z(sz)=7;(rDlz;)*'E(Dugz—), ()

respectively. In Eq. (1) p and C, are the mixture density and
heat capacity, respectively. V, is the axial component of the
flow velocity, T is the mixture temperature, k is the mixture
thermal conductivity, r is the chamber radius, and z is the
axial dimension. In Eq. (2), C is the vapor concentration and
D, is the binary diffusion coefficient.

The term on the left-hand side of each of these equations
accounts for convective transport in the axial direction. The
first term on the right-hand side accounts for radial conduc-
tive transport and the second term on the right-hand side is a
second-order term accounting for axial dispersioh.

In order to solve Egs. (1) and (2), we assume that a fully
developed, parabolic velocity profile is established instanta-
neously at the entrance to the nucleation chamber. Since the
gas—vapor mixture flows through the preheater (0.28 m)
prior to entering the nucleation chamber, and since the tran-
sition length for our flow conditions is of the order of a few
tenths of a centimeter, and since the region of interest in our
investigations is several centimeters down the tube, the as-
sumption of a fully developed, parabolic velocity profile at
the entrance of the nucleation chamber appears reasonable.
We note that we have also used the Langhaar approach,'*
which employs a linearizing approximation across the tran-
sition region. The difference in temperature profiles obtained
using the fully developed velocity profile and the Langhaar
profile was only 0.04 °C in the worst case. Differences in
calculated supersaturation profiles were only in the third
decimal place.

For this version of the flow chamber design and chamber
analysis, Egs. (1) and (2) were further simplified by ignoring
the axial dispersion terms in favor of the radial conduction
and forced axial convection contributions. Although much
work has been reported in the literature dealing with the
relative importance of axial dispersion and providing a sound
basis for ignoring the dispersion contribution to the solution
of Egs. (1) and (2), we used a fluid dynamics computational
program (FIDAP) to assess the importance of the axial disper-
sion term in our particular application. FIDAP (Fluid Dynam-
ics Analysis Package) is a commercially available software
package developed by Fluid Dynamics International. The
FIDAP software uses a finite element-based method to nu-
merically solve the general energy balance shown in Eq. (1).
By solving Eq. (1) without the axial dispersion term (using
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EFFECT OF AXIAL DISPERSION

TEMPERATURE IN KELVIN

—— CENTERLINE (EQ. 3)
--------- CENTERLINE (FIDAP)
307 | .- MID-RADIUS (EQ. 3)
------- MID-RADIUS (FIDAP) : :
302 L : . ; ; ;

0 1 2 3 4 5

AXIAL DISTANCE IN CM.

FIG. 2. Effect of axial dispersion in the flow diffusion nucleation chamber.
Computed centerline and mid-radius axial temperature profiles obtained us-
ing FIDAP (see the text) and using Eq. (3) are shown.

our algorithm) and comparing that solution with the FIDAP
generated solution (employing a parabolic velocity profile in
each case), we were able to examine the relative importance
of the axial dispersion term in our analysis. In Fig. 2, we
compare the centerline and mid-radius temperature profiles
obtained using both these approaches.

As can be seen in Fig. 2, the temperature profiles ob-
tained using FIDAP when the axial dispersion term is included
are slightly higher than the temperature profiles obtained ig-
noring the axial dispersion term (our numerical solution).
This observation is consistent with similar observations re-
ported in the literature.!> For example, Kostrovskii et al.!6
have examined the solution of the energy balance including
the axial dispersion term for a similar flow chamber geom-
etry. They report results indicating that nucleation chamber
temperatures calculated when including axial dispersion are
within a degree of solutions obtained ignoring the axial dis-
persion term. Furthermore, they indicate that supersatura-
tions calculated including the dispersion contributions in
Egs. (1) and (2) differ only by 1%-2% from those values
obtained ignoring the dispersion terms. Thus, we have ig-
nored the axial dispersion terms in the solution of Egs. (1)
and (2).

As a result of these assumptions, Eqgs. (1) and (2) reduce

. r2¢9T_ 19/ oT ;
e E; o”_z-_arg;ro"r 3)

and

sl 29 i X g X 4
o e R o
respectively. The term, a, in Eq. (3) denotes the thermal

diffusivity and is defined as

k
(pcp)’

to

®)

The temperature boundary condition at the entrance to
the nucleation chamber is obtained by measuring the tem-
perature at the center and the wall of the incoming gas—
vapor stream. For convenience, a linear variation in tempera-
ture from the center of the entering flow stream to the wall is
assumed. We also used an average (uniform) temperature
across the entrance and found the difference in our calculated
results to be negligible. The concentration boundary condi-
tion is determined using the entrance temperature and the
saturator vapor concentration. In order to determine the tem-
perature and concentration boundary conditions at the wall
of the nucleation chamber, we need to account for the tem-
perature drop across the quartz wall of the nucleation cham-
ber and across the condensate film that wets the wall since
the cooling jacket temperature is the experimentally mea-
sured temperature. The energy equation is first solved assum-
ing that the temperature along the surface of the liquid film
on the chamber wall is a constant, equal to the cooling water
temperature. The resulting nucleation chamber temperatures
are used to estimate the heat flux to the wall and the tem-
perature drop across the film and the quartz wall. This pro-
cess is repeated until the wall temperatures along the interior
of the nucleation chamber converge. Finally, due to the radial
symmetry, we can write

In solving Eqs. (3) and (4), we include, where appropri-
ate, the temperature and composition dependence of the heat
capacity, thermal conductivity, gas phase density, and binary
diffusion coefficient in the analysis. The mixture heat capac-
ity was computed as a mole fraction weighted average of the
heat capacities of the vapor and carrier gas heat capacities.
The gas—vapor mixture density was determined assuming an
ideal mixture. The mixture thermal conductivity was com-
puted utilizing Wilke’s kinetic theory relationship'” and uti-
lizing the Lindsey—Bromley prescription.'” The thermody-
namic and hydrodynamic property data used in our
investigations are listed in Table V.

To assess the reliability of our solution method and the
assumptions underlying Egs. (3) and (4), we analyzed a well-
known fluid flow problem for which analytical solutions ex-
ist in the literature. If we assume that our nucleation chamber
wall temperature is constant and that the temperature of the
gas stream entering the nucleation chamber is constant across
the entrance, the problem of describing the temperature dis-
tribution in our nucleation chamber resembles that of the
classic Graetz—Nusselt problem that has been studied exten-
sively and for which there exist both analytical and numeri-
cal solutions. Due to computational limitations, the original
Graetz solution to this problem consisted of only the first two
terms of an infinite series.'® This solution was later extended

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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TEMPERATURE PROFILES FOR LAMINAR FLOW IN A TUBE
GRAETZ PROBLEM (SERIES SOLUTION)

o
o

FIG. 3. Temperature profiles obtained for laminar flow through a tube using
the series solution of the Graetz problem (see the text for discussion).

by Nusselt to include 3 terms'? and, subsequently, by other
workers to include 5, 10,%° and, eventually, 121 terms.?!

To examine the solution to Eq. (3) in the context of the
Graetz problem, we adopted the implicit finite difference
method proposed by Crank and Nicholson?? employing a
variable grid in the axial direction. The method has proven to
be convenient, stable, and quickly convergent.

We note that it has been reported that numerical solu-
tions to the Graetz problem in the 0.000 01 m entrance re-
gion produce estimates of Nusselt numbers that are in error
and that even the 121-term solution does not converge in this
region.21’23"26 However, our region of interest in the nucle-
ation chamber is several centimeters down the chamber
where, our preliminary calculations have shown, the maxi-
mum in the supersaturation profile will occur. Hence, the
entrance distance of 0.000 01 m over which the Graetz solu-
tion exhibits poor agreement with numerical solutions can
safely be ignored. If we compare temperature profiles ob-
tained using our numerical method with those obtained using
the 121-term series solution to the Graetz problem at a dis-
tance far from the entrance, we find excellent agreement as
demonstrated by the plots shown in Figs. 3 and 4 for a typi-
cal set of chamber wall and flow stream temperature condi-
tions. In the worst case, agreement is within 0.1% at dis-
tances of only 0.004 m into the nucleation chamber.
Agreement improves rapidly further into the chamber. We
have noticed that Nusselt numbers obtained from the analytic
solution are somewhat lower than those obtained from the
numerical solution near the entrance, but the agreement im-
proves further into the chamber. This observation is consis-
tent with trends reported in literature. Kays23 points out that
reliable experimental laminar flow temperature data for gases
flowing in circular tubes is difficult to obtain. This observa-
tion explains, in part, why so few data are available for direct
comparison with Graetz-type solutions.

Based on our analysis, comparisons with data for similar
flow chambers described in the literature, and our compari-
sons with literature data for the Graetz problem, we conclude

TEMPERATURE PROFILES FOR LAMINAR FLOW IN A TUBE ]
GRAETZ PROBLEM (NUMERICAL SOLUTION)

FIG. 4. Temperature profiles obtained for laminar flow through a tube using
the numerical solution of the Graetz problem developed for this investiga-
tion (see the text for discussion).

that our finite difference algorithm is suitable for the solution
of Egs. (3) and (4) to describe the temperature and concen-
tration profiles in the nucleation chamber.

ll. EXPERIMENT PROCEDURE

We chose 1-propanol as the working fluid for this inves-
tigation because there exists reliable critical supersaturation
data over a wide range of temperatures and pressures.z’5 This
information will allow comparison of data obtained from
measurements in this investigation and enable an evaluation
of the operation of this flow chamber. The 1-propanol used in
this investigation was Baker analyzed reagent grade. It was
used without further purification. Hydrogen, helium, argon,
and nitrogen were used as inert, background gases in this
investigation. All gases were obtained from Air Products.
The hydrogen was ultra pure carrier grade (99.999%); the
helium was chromatographic grade (99.9999%); the argon
was ultra pure carrier grade (>99.999%); and the nitrogen
was ultra pure carrier grade (99.999%).

A. A typical experiment

To begin a typical experiment, the preheater unit is first
brought to the desired temperature with thermostated fluid
from circulator 2 to vaporize any propanol which might have
collected in the tube between the saturator and the nucleation
chamber. Next, the flow from circulator 1 to the saturator
unit is started to bring the saturator to the desired tempera-
ture. Finally, we start the flow from circulator 3 to cool the
walls of the nucleation chamber. The temperatures are ad-
justed so that the gas—vapor stream temperature at the en-
trance to the nucleation chamber is slightly higher than the
temperature of the saturator. When these temperatures stabi-
lize, the cooling water jacket temperature is adjusted until we
observe droplet formation in the nucleation chamber at the
(estimated) rate of 1-5 drops/cm3/s. The nucleated droplets
are observed by light scattered from an 8 mW He-Ne laser
beam. At this point, we record the signals from the four

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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thermocouples and measure the total pressure. Finally, the
distance from the entrance of the nucleation chamber to the
point where nucleation occurs is measured using a cathetom-
eter placed at an angle of roughly 150° from the laser source.
Using this experimental data, the temperature and supersatu-
ration surfaces are computed, and the observed location of
the nucleation in the flow chamber is used to determine the
nucleation temperature, 7,, and supersaturation, S

Interestingly, if the flow chamber sits idle for a period of
time (with the gas flow turned off but everything else oper-
ating), we generally observe a burst of nucleation immedi-
ately following resumption of the gas flow which then de-
cays to the normal steady nucleation rate within a few
seconds. This is most probably due to vapor buildup in the
preheater tube since the saturator is still being heated al-
though no gas is flowing.

In our experiments, we observe that a steady rate of
nucleation, localized in a specific axial region of the flow
chamber (usually the center), is generally accompanied by a
much smaller, irregular rate of formation of drops, which we
refer to as background nucleation, located throughout the
flow chamber. The steady nucleation localized in the center
portion of the nucleation chamber is homogeneous nucle-
ation and the background is most probably heterogeneous
nucleation arising from the presence of condensation centers
in the gas stream. If, for example, at a gas flow velocity of
0.02 m/s, we observe a steady rate of homogeneous nucle-
ation occurring at a particular location in the nucleation
chamber, then our model calculations predict that if the gas
flow rate is increased to, say, 0.06 m/s, homogeneous nucle-
ation will cease at that particular location and move further
down the nucleation chamber to a new location. In fact,
when we actually carried out this experiment, we observed
that the location of the steady, localized nucleation was, in-
deed, a function of the gas flow velocity whereas the back-
ground nucleation was not. Furthermore, the homogeneous
nucleation begins at a particular distance from the entrance
to the nucleation chamber (as predicted by the model equa-
tions) whereas the background nucleation becomes visible
nearly as soon as the warm gas—vapor mixture stream enters
the nucleation chamber. The degree of background nucle-
ation seemed to vary with different background gases, but
did not appear to follow any particular pattern. The back-
ground nucleation was tested for ions by applying a 300 V dc
field across the chamber. We observed no effect; thus we
conclude that the droplets are not charged. Interestingly, in-
serting a 0.015 u micron filter in the background gas flow
before the saturation unit had no significant effect on the
background nucleation. We have observed, however, that if
the gas supply tank is not moved or agitated for a few days,
then we detect less background nucleation; but if the tank is
moved or agitated then we suddenly observe a significant
increase in background nucleation.

IV. EXPERIMENT RESULTS

Initially, a series of experiments utilizing 1-propanol and
helium were carried out to test the experiment setup, the flow

387

chamber design, the temperature and supersaturation profile
calculations, and to investigate the operational characteristics
of the flow chamber. Following these experiments, a series of
critical supersaturation versus temperature measurements
were carried out using the 1-propanol/helium system in order
to compare results obtained using the flow diffusion chamber
with similar data obtained using a thermal diffusion cloud
chamber.

The experimental data obtained from these measure-
ments are listed in Table 1. Here, the first column lists the run
number, RN No., of the particular experiment; columns 2-5
list the temperature of the saturator, Ty, the temperature of
the gas—vapor stream at the wall of the preheater unit as it
enters the nucleation chamber, T, the centerline tempera-
ture of the gas—vapor stream entering the nucleation cham-
ber, T, and the temperature of the nucleation chamber wa-
ter jacket, T,, respectively; column 6 lists the gas—vapor
volumetric flow rate, Fg; column 7 lists the measured dis-
tance (from the entrance of the nucleation chamber) to the
point where nucleation was observed in the nucleation cham-
ber, Dy; column 8 lists the temperature in the chamber
where nucleation was observed, T, ; and column 9 lists the
supersaturation in the chamber where nucleation was ob-
served, S, . The measured temperatures and flow velocities
listed in Table I are used in the solution of Egs. (3) and (4) to
obtain the temperature and supersaturation profiles through-
out the nucleation chamber in each experiment. As men-
tioned earlier, the measured distance, D, and the tempera-
ture and supersaturation surfaces were used to determine the
supersaturation, S.;, and the temperature, T,,,, where
nucleation was observed to occur.

The critical supersaturation and nucleation temperature
data listed in Table I are plotted in Fig. 5. Also shown in Fig.
5, as dashed line curves, are critical supersaturation data
from the literature for the 1-propanol/helium system obtained
using a thermal diffusion cloud chamber.> The numbers as-
signed to these dashed lines refer to the run numbers speci-
fied in the original paper. An envelope drawn through these
dashed line curves (not shown for the sake of clarity) would
represent the measured variation of the critical supersatura-
tion with temperature and would pass through the collection
of points representing the data obtained in this investigation.
For purposes of comparison, predictions of the Becker—
Doering—Zeldovitch theory of homogeneous nucleation and
a “scaled” version of that BDZ theory obtained from Ref. 2
for 1-propanol are also included in Fig. 5. We shall discuss
this data further in Sec. V.

As mentioned earlier, there is much concern regarding
(possible) effects of different background gases on the ho-
mogeneous nucleation of vapors. It was also explained that
an eventual goal of this research was to be able to use dif-
ferent background gases in our nucleation experiments, and
that an objective of this investigation was to make prelimi-
nary nucleation measurements using a variety of background
gases. Toward these ends, we have carried out a series of
critical supersaturation measurements with this flow diffu-
sion chamber using 1-propanol and hydrogen, nitrogen, and
argon as background gases (in addition to the helium experi-
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TABLE 1. Experimental FDCC data for the 1-propanol/helium system.

Temperatures (K)

RN F_g D_yn T_nucl
No. T_s T_w T_c T_, (107 m¥min)  (107% m) (K) S _ecat
1 3225 3234 3300 2952 619.7 325 3006 2480
2 3045 3260 3329 . .2964 619.7 3.54 301.1 2.480
3 3262 3277 3349 2974 616.2 3.54 3026 2450
4 3282 3296 3367 2986 616.2 4.05 3027 2470
5 3188 3196 3258 2926 619.7 3.46 2962 2590
6 3198 3205 3267 2931 616.2 329 2975  2.580
7 3198 3212 3276 2932 616.2 3.56 2968 2580
8 3207 3214 32717 2938 616.2 3.36 298.1 2570
9 3217 3225 3288 2946 616.2 3.40 2990 2530
10 3226 3232 3297 2950 612.7 3.66 2988 2570
11 3237 3243 3308 2958 612.7 3.51 3003 2530
12 3247 3256 3323 2967 612.7 3.65 3009 2490
13 3255 3266 3333 2972 612.7 4.00 3006 2490
14 3264 3274 3342 2976 612.7 3.77 3020 2490
15 3179 3190 3251 2919 616.2 3.40 2956 2600
16 3189 3198 3259 2924 612.7 3.15 2970 2590
17 3291 3354 3363 3013 619.7 G4 3034 2370
18 3267 3327 3347 2981 619.7 3.63 3042 2360
19 3200 3349 3363 2996 619.7 4.03 3045 2390
20 3307 3366 3378 3001 619.7 428 3046 2400
21 3327 3384 3395 3010 616.2 472 3049 2390
22 3344 3401 3413 3016 616.2 5.05 305.1 2290
23 3343 3399 3413 3023 612.7 5.28 306.1 2310
24 3364 3408 3430 3031 612.7 531 3070 2350
25 340.1 3463 3479 3045 676.1 6.36 3079 2250
26 3417 3478 3500 3051 676.1 6.87 308.1 2200
27 3435 3489 3522 3058 672.5 7.55 3080 2130

ments just described). The experimental data obtained from
these measurements are listed in Tables II, III, and 1V, re-
spectively. As before, the first column in each table lists the
run number RN No. of the particular experiment; columns

CRITICAL SUPERSATURATION ’
1-PROPANOL |

30 —

SUPERSATURATION

15

“205 300 305 310 315
TEMPERATURE (K)

FIG. 5. Variation of the critical supersaturation of 1-propanol with tempera-
ture, using helium as the carrier gas in the FDNC (solid circles) compared
with data obtained from thermal diffusion cloud chamber measurements
(numbered dashed lines) described in Ref. 2. Predictions of the BDZ nucle-
ation theory (dash dot dot dot line) and a “‘scaled” version of the BDZ
theory (solid line) described in Ref. 2 are included for comparison only (see
the text for discussion).

2-5 list the temperature of the saturator, T’s, the temperature
of the gas—vapor stream at the wall of the preheater unit as it
enters the nucleation chamber, Ty, the centerline tempera-
ture of the gas—vapor stream entering the nucleation cham-
ber, T, and the temperature of the nucleation chamber wa-
ter jacket, T, respectively; column 6 lists the gas volumetric
flow rate, Fg ; column 7 lists the measured distance (from the
entrance of the nucleation chamber) to the point where
nucleation is observed to begin in the nucleation chamber,
Dy ; column 8 lists the temperature in the chamber where
nucleation was observed to occur, Ty ; and column 9 lists
the supersaturation in the chamber where nucleation was ob-
served to occur, Sy -

The critical supersaturation and nucleation temperature
data listed in Tables II-IV are plotted in Fig. 6. Also shown
in Fig. 6 are critical supersaturation data from the
1-propanol/helium experiments listed in Table I and de-
scribed above. These data are included to facilitate compari-
son with the critical supersaturation data in Tables II-IV. For
purposes of comparison, predictions of the Becker-
Doering—Zeldovitch theory of homogeneous nucleation and
a “scaled” version of that BDZ theory obtained from Ref. 2
for 1-propanol are also included in Fig. 6. We shall discuss
this data further in Sec. V.

In order to describe conditions existing in the nucleation
chamber during our experiments in more detail, representa-
tive three-dimensional, perspective plots of temperature, su-
persaturation, nucleation rate, and droplet density in the
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TABLE II. Experimental FDCC data for the 1-propanol/argon system.

Temperatures (K)

RN F_R D_N T_nucl

No. T_s T_w T_c T_, (107 ¢/m*min) ~ (107* m) (X) S _eri
28 3421 3434 3471 2981 305.5 8.28 3139 2007
29 344.1 3452 3491 2985 2742 7.58 314.8 2,012
30 3459 3469 3513 2992 2742 7.80 315.8 1.987
31 346.1 3470 3516 2992 2742 8.10 317.9 1.909
32 347.8 3493 3541  300.1 309.2 8.67 317.9 1.902
33 3494 3510 3564 3000 3296 9.00 319.2 1.875
34 3366 3376 3409 2959 3018 7.78 3102 2074
35 339.0 3400 3439 2968 301.8 7.78 3129 2029
36 3400 3405 3452 2968 340.7 8.60 3134 2014
37 3411 3421 3471 2972 342.6 8.84 3142 1.981
38 3421 3426 3479 2981 309.2 8.34 314.0 1.998
39 3430 3451 3493 2977 338.9 8.70 3159 1.928
40 3372 3383 3419 2957 3222 7.94 3115 2.039
41 3383 3392 3430 2962 324.0 8.64 3106  2.091
42 3391 340.1 3439 2967 324.0 8.18 3127 2.019
43 340.1 3408 3449 2966 3315 8.56 312.8 2.054
44 3411 3422 3465 2970 3315 8.71 3134 |, 2.029

nucleation chamber obtained for experiment RN 3 in which
helium was used as the background gas and experiment RN
43 in which argon was used as the background gas are shown
in Figs. 7-10 and 11-14, respectively.

V. DISCUSSION

An examination of the representative three-dimensional,
perspective plots reveals a number of salient points concern-

ing the operation of the flow diffusion chamber. From Figs. 7
and 11, it is seen that the temperature is maximum in the
upper region of the nucleation chamber where the gas—vapor
flow from the preheater enters. It is also seen that the tem-
perature decreases from, the center to the wall across the
entrance to the nucleation chamber. The extent of this tem-
perature drop depends upon the thermal properties of the
gas—vapor mixture and the difference between the preheater

TABLE III. Experimental FDCC data for the 1-propanol/nitrogen system.

Temperatures (K)

RN F_g D_N T_nucl
No. T_s T_w Tiig ey (107 m*min)  (107* m) (K) LY
45 3365 3373 3440 2940 398.3 10.47 3076 2160
46 3385 3408 3465 2959 3802 11.22 3072 2130
47 3395 3416 3459 2963 3127 10.83 3044 2220
48 3404 3427 3459 2964 286.2 10.65 3035 .. 2230
49 3413 3433 3486 2967 366.6 11.95 3067 2200
50 3423 3442 3493 2972 366.6 12.62 3063 2210
51 3436 3454 3450 2971 2715 11.96 3023 2260
52 3444 3461 3459 2972 273.1 11.90 3023 2280
53 3420 3443 3482 2975 366.6 11.85 3078 2.160
54 3375 3402 3458 296.1 362.1 11.00 3063 2.100
55 3385 3415 3469 2966 364.4 11.45 3063  2.100
56 3395 3424 3478 2971 364.4 11.77 3066 2090
57 3404 3433 3483 2975 366.6 12.12 3068  2.100
58 3413 3443 3497 2971 402.8 12.10 3090 2090
59 3422 3449 3499 2977 371.1 11.90 3083 2110
60 343.1 3461 3508 2976 371.1 12.41 3078  2.160
61 3436 3465 3511 298.1 357.6 13.30 3060  2.150
62 3446 3479 3469 2976 326.1 12.82 3046 2280
63 3376 3400 3449 2963 353.1 11.06 3057 2120
. 64 3385 3408 3458  296.6 3553 11.28 306.1 2.130
65 3402 3430 3475 29638 350.8 11.85 3057 2.160
66 341243439 - 3481 2972 350.8 12.45 3053301411, 2170
67 3421 3447 3489 2973 353.1 12.03 3066 2.180
68 3430 3458 3498 2974 353.1 12.11 3068 2200
69 3440 3465 3507 2977 359.9 12.54 3072 2200
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TABLE IV. Experimental FDCC data for the 1-propanol/hydrogen system.

Temperatures (K)

RN F_..R D_N T_nucl

No. Ti%s o T ¢ T.5 (107 m*/min) (1072 m) (K) S
70 335.6 341.1 344.6 297.2 934.8 8.32 300.5 2.510
71 337.2 340.9 346.4 298.1 921.0 8.75 300.9 2.440
72 339.3 340.1 351.7 298.7 969.9 9.17 302.1 2.450
73 340.5 347.0 351.2 298.7 962.9 9.89 301.4 2.410
74 341.4 348.1 352.2 299.3 1086.4 10.05 303.6 2.440
75 342.8 349.2 353.7 299.3 1005.6 10.30 302.5 2.420
76 344.5 351.1 355.8 299.9 1005.6 10.67 303.0 2.380
77 348.5 355.1 360.2 300.7 1012.8 11.82 303.6 2.320
78 335.3 336.2 346.9 298.6 955.8 8.15 302.1 2.380
79 337.5 343.7 347.3 298.6 1012.8 8.46 303.2 2.440
80 339.7 345.6 349.5 299.2 1012.8 9.30 303.0 2.420
81 339.2 346.2 350.2 299.5 1101.4 10.22 303.1 2.350
82 338.9 345.0 349.1 299.7 1257.2 10.66 304.5 2.360
83 342.0 346.4 350.4 300.1 1109.0 10.44 304.1 2.410
84 343.0 348.3 352.6 300.6 1109.0 10.89 304.3 2.350
85 345.4 350.1 354.7 301.1 1101.4 11.23 305.0 2.330
86 340.6 343.6 347.9 299.5 955.8 9.59 302.3 2.400

and the cooling jacket temperatures. A simple linear approxi-
mation was used to link the measured centerline and wall
temperatures for use in our analysis. Although the tempera-
ture of the water jacket surrounding the nucleation chamber
(see Fig. 1, above) is constant, there is a small variation in
the temperature of the condensation film along the length of
the nucleation chamber wall because of the varying energy
flux to the wall and the resulting temperature drop across the
condensate film and the chamber wall. The radial tempera-
ture profile at different points along the axial dimension in
the nucleation chamber decreases gradually, becoming flatter
toward the chamber exit. By comparing the axial scales in
Figs. 7 and 11, we note that the temperature profile drops off
more rapidly when helium is used as the background gas
than when argon is used. This is consistent with helium hav-
ing the higher thermal conductivity.

In Figs. 8 and 12, we see that the supersaturation rises
from slightly less than one at the entrance to the nucleation
chamber to a maximum value and then decreases further
down the chamber. In RN 3, when helium was used as the
background gas, the maximum in the supersaturation oc-
curred at approximately 0.048 m from the nucleation cham-
ber entrance. In RN 43, when argon was used as the back-
ground gas, the maximum in the supersaturation was found
to be approximately 0.124 m from the entrance. In each case
the supersaturation profiles flatten out toward the end of the
nucleation chamber as the vapor concentration approaches
equilibrium at the wall temperature. The observation that the
maximum in the supersaturation profile obtained using argon
occurred further down the nucleation chamber than when
helium was used is due, in large part, to the difference in the
temperature profiles and the difference in the binary diffu-
sion coefficients of 1-propanol in argon and helium. The ex-
cursions in supersaturation evident in Figs. 8 and 12 near the
entrance to the nucleation chamber and immediately below
the end of the preheater walls arise because there is a dis-

continuous change (reduction) in the boundary temperature
as the gas—vapor mixture passes from the warmer preheater
section into the nucleation chamber. The wall temperature in
the nucleation chamber is significantly cooler than the wall
of the preheater and this discontinuous change to a cooler
wall temperature is “felt” first by the gas—vapor flow near
the wall thus producing a (localized) excursion to a larger
supersaturation. As the gas—vapor flow proceeds further
down the nucleation chamber, more and more of the flow
feels the cooler wall temperature and the excursion is re-
duced as the supersaturation profile assumes the smoother
shape evident in each of the figures. The difference in the
magnitude of the excursions shown in Figs. 8 and 12 is pri-
marily due to differences in the temperature drop from the
preheater exit to the nucleation chamber wall and the prop-
erties of the two background gases. Similar results are ob-
tained for the hydrogen and nitrogen systems.

In Figs. 9 and 13, the predicted nucleation rate [com-
puted using Eq. (7), see below for details] based upon the
temperature and supersaturation profiles in the nucleation
chamber is plotted for 1-propanol (see below for a descrip-
tion of this calculation). The rate of nucleation is zero
throughout most of the nucleation chamber. However, just
before the maximum in the supersaturation in the center por-
tion of the chamber (i.e., closer to the entrance of the cham-
ber), the calculated value of the nucleation rate exceeds zero,
rises to a maximum, and then decays to zero further down
the chamber. For the helium experiments, this prediction cor-
responds well to the region in the nucleation chamber where
we observe nucleation to occur in these experiments. Also,
the predicted rate shown in the figure agrees well with the
observed rate of nucleation (1-5 drops/cm®/s). For the argon
experiments, the region where the onset of nucleation is pre-
dicted to occur (see Fig. 13) corresponds approximately (but
less well) to the region where nucleation is observed to oc-
cur, and the observed rate is orders of magnitude larger than
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TABLE V. Thermodynamic and hydrodynamic data for 1-propanol, he-
lium, argon, nitrogen, and hydrogen. Expressions are given for saturation
vapor pressure, Py, thermal conductivity, N, vapor viscosity, 7, , molar
heat capacity for vapor, C,, molecular weight, M, , liquid density, p;,
surface tension, o, binary diffusion coefficient, D ,, and the binary diffu-
sion coefficient temperature dependence, s.?

1-Propanol
Po= 10(9:45—2432/1b
A=6.19813X 10" 5[exp(8.64542X 10~°T) —exp(—4.494 13X 107*T)]
+2.460 71X 107107%

1.5 d
- -5
B -1d80sl [T+506.75}

C,=0.59+0.079 42T~ 4.431X 1075T?+ 1.026X 10~73

M, =60.096

p;=0.8201—0.000 818 3(T—273.16) + 1.06 X 10~ (T —273.16)?
+1.65X 108(T—273.16)*f

0=24.95—0.0772(T—273.16)8

D, (He, 273.16, 1.013 bar)=0.306 27"; s=0.75'

Dy, (Ar, 273.16, 1.013 bar)=0.084 31" 5=0.75

Dy, (N, 273.16, 1.013 bar)=0.092 01%; s=0.75'

Dy, (H,, 273.16, 1.013 bar)=0.355 92"; 5=0.75'

Helium _
A=7.376 974X 1075+ 1.139 222X 10T — 6.343 536X 10~ 107%

7,=145.5x1077

C,=4.968°
M, =4.0026

1.5 d
T+ 74.1}

Argon
A=—1.3X1075+1.76X 10" 77— 1.1X 10~ 1972+ 3.44x 10~ 1473k
7,=1.956 55X 1073

C,=4.968°
M, =39.948

1S d
T+ 141.59]

Nitrogen
A=(9.3718X1077+2.348x 10" 'T—1.212
X 1071072+ 3.597x 10~ 1473)!

1.5 d
2 -6
M=126144X 107 e 67]

C,=7.452—3.246X107T+6.4114X 10”°T2-2.794X 10~ °T%
M, =28013

Hydrogen
A=(19.3728% 1075+ 1.6 X 10~ °T—9.945
X 1071072+ 3.736X 10~ 1°7%)!

1.5 d
_ -6
7,=6.246% 10 [T+55.34]

C,=6.952—0.045 76X 10~2T—0.095 63
X107372-0.2079% 107973
M,=2.016

“Units: Py; in mm Hg; X in Cal/(cm s K); #, in Poise; C, in cal/(mol K); p;
in g/em®; o in dyn/cm; Dy, in cm?s, and s is dimensionless.
bSee Ref. 29.

See Ref. 30.

9See Ref. 31.

‘See Reference 20, Appendix A, pp. 656—-732.

fSee Ref. 32.

ESee Ref. 33.

"See Ref. 34.

iSee Ref. 20, pp. 595-596.

iSee Ref. 35.

*See Ref. 36.

ISee Ref. 20, pp. 515-517.

"See Ref. 37.
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FIG. 6. Variation of the critical supersaturation of 1-propanol with tempera-
ture obtained in this investigation using as background gas helium (solid
circle), hydrogen (open circle), nitrogen (solid triangle), and argon (open
diamond). Also shown for purposes of comparison only are the predictions
of the BDZ nucleation theory (dash dot dot dot line) and a ““scaled” version
of the BDZ theory (solid line) described in Ref. 2 (see the text for discus-
sion).

predicted in Fig. 13. We shall return to this point later in this
section. As is seen in Figs. 9 and 13, the nucleation observed
in the argon background gas experiments occurred further
down the nucleation chamber than in the helium experi-
ments.

While the nucleation rate profiles shown in Figs. 9 and
13 are useful in determining where nucleation occurs, what
is actually observed is the integrated number of droplets
nucleated and grown to observable size. This profile of
nucleated droplet density is shown for these two examples in
Figs. 10 and 14. In both of these figures, the onset of nucle-
ation is shown followed by an increase in the number of
nucleated droplets which eventually reaches a constant num-

TEMPERATURE PROFILE IN THE FLOW CHAMBER
1-PROPANOL/HELIUM (RUN NO. 3)

FIG. 7. Computed three-dimensional perspective surface showing the tem-
perature profile in the nucleation chamber for run 3 of the 1-propanol/helium
investigation.
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SUPERSATURATION PROFILE IN THE FLOW CHAMBER
1-PROPANOL/HELIUM (RUN NO. 3)
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FIG. 8. Computed three-dimensional perspective surface showing the super-
saturation profile in the nucleation chamber for run 3 of the 1-propanol/
helium investigation.

ber of droplets flowing down the chamber. Again, the droplet
density profile for the argon experiments is shown occurring
farther down the chamber than that obtained during the he-
lium experiments, and the number of argon droplets pre-
dicted using Eq. (7) is orders of magnitude smaller than ac-
tually observed in our experiments (see below for more
details).

The comparison, shown in Fig. 5, of the 1-propanol/
helium system critical supersaturation versus temperature
data obtained using the flow diffusion cloud chamber and
that obtained using a thermal diffusion cloud chamber (the
envelope of the dashed line curves) illustrates the quantita-
tive agreement of these two sets of data. This agreement not
only confirms the utility of this flow diffusion cloud cham-
ber, but it also provides additional support for the thermal
diffusion cloud chamber data. The predicted variation of the

NUCLEATION RATE IN THE FLOW CHAMBER
1-PROPANOL/HELIUM (RUN NO. 3)

FIG. 9. Computed three-dimensional perspective surface showing the nucle-
ation rate profile in the nucleation chamber for run 3 of the 1-propanol/
helium investigation.

DROPLET DENSITY PROFILE IN THE FLOW CHAMBER
1-PROPANOL/HELIUM (RUN NO. 3)

FIG. 10. Computed three-dimensional perspective surface showing the
nucleated droplet density profile in the nucleation chamber for run 3 of the
1-propanol/helium investigation.

critical supersaturation of 1-propanol with temperature ac-
cording to the BDZ theory is shown in Fig. 5 for comparison
purposes only. The “scaled” predicted variation of the criti-
cal supersaturation also shown in Fig. 5 was obtained using

b
J=Jgpz CXP—(a—T), (7

where J is the observed nucleation rate (1-5 drops/cm3/s in
our experiments), Jgpz is the BDZ expression for the rate of
homogeneous nucleation, 7 is the absolute temperature, and
a and b are constants. Equation (7) and the values of a and
b used in this calculation (a=61.65 and b=16670.4) were
taken from Ref. 2. Since the values of a and b were chosen
(in Ref. 2) to provide a good fit to the thermal diffusion
cloud chamber data for the 1-propanol/helium system, the
good agreement of Eq. (7) with the flow diffusion cloud

TEMPERATURE PROFILE IN THE FLOW CHAMBER
1-PROPANOL/ARGON (RUN NO. 43)

FIG. 11. Computed three-dimensional perspective surface showing the tem-
perature profile in the nucleation chamber for run 43 of the 1-propanol/argon
investigation.
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SUPERSATURATION PROFILE IN THE FLOW CHAMBER
1-PROPANOL/ARGON (RUN NO. 43)
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FIG. 12. Computed three-dimensional perspective surface showing the su-
persaturation profile in the nucleation chamber for run 43 of the 1-propanol/
argon investigation.

chamber data is consistent with the good agreement of the
thermal diffusion cloud chamber data plotted in Fig. 5. We
note that the purpose of defining the scaling exponential fac-
tor containing the a and b terms in Eq. (7) was to obtain an
expression useful for accurately reproducing nucleation rate
data for scientific and engineering applications.? In this in-
stance, it has proven to be particularly useful in comparing
the variation of the critical supersaturation with temperature
for 1-propanol obtained with the thermal diffusion cloud
chamber and that obtained with the flow diffusion cloud
chamber (particularly when using different background
gases, see below).

In Fig. 6, we compare the 1-propanol critical supersatu-
ration versus nucleation temperature data obtained using the
flow diffusion cloud chamber when helium, hydrogen, argon,
and nitrogen were used as background gases. Again, the pre-

NUCLEATION RATE PROFILE IN THE FLOW CHAMBER
1-PROPANOL/ARGON (RUN NO. 43)
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FIG. 13. Computed three-dimensional perspective surface showing the
nucleation rate profile in the nucleation chamber for run 43 of the
1-propanol/argon investigation.

DROPLET DENSITY PROFILE IN THE FLOW CHAMBER
1-PROPANOL/ARGON (RUN NO. 43)

FIG. 14. Computed three-dimensional perspective surface showing the
nucleated droplet density profile in the nucleation chamber for run number
43 of the 1-propanol/argon investigation.

dicted variation of the critical supersaturation of 1-propanol
with temperature according to the BDZ theory is shown for
comparison purposes only, and the scaled predicted variation
of the critical supersaturation also shown was obtained using
Eq. (7). We note from the data plotted in Fig. 6 the rather
close agreement between the helium and hydrogen data. The
agreement between the helium data and Eq. (7) has already
been noted. The agreement between the helium and hydro-
gen data is consistent with other diffusion cloud chamber
data obtained for alcohol vapors under near ambient (and
below) pressures and temperatures in this range (and lower)
reported in the literature.??’

In Fig. 6, we note the agreement between the 1-propanol
critical supersaturation data obtained when argon and when
nitrogen were used as background gases. The reason (1) the
nitrogen and argon data do not overlap, (2) the overlap of the
nitrogen, helium, and hydrogen data is limited, and (3) the
overlap of the helium and hydrogen data is somewhat limited
is due largely to differences in their properties and the result-
ing constraints imposed on the operation of this particular
flow diffusion nucleation chamber. Furthermore, this flow
diffusion nucleation chamber is constrained to operate at am-
bient pressure, so there are (temporary) limitations to the
accessible operating temperature ranges. Since the nucleation
must be made to occur within the nucleation chamber and
since we are limited in the ranges of accessible temperatures
and flow rates, the nucleation temperatures for 1-propanol
with the different background gases were limited to the
ranges shown in Fig. 6. These constraints will be relaxed in
future versions of this flow chamber.

A noticeable feature of the data shown in Fig. 6 is the
clear disagreement of the helium and hydrogen data with the
nitrogen and argon data. While the absolute difference in
supersaturation is approximately 0.2 supersaturation units, it
is observable and reproducible. This difference is also mani-
fested in the nucleation rate calculations shown in Figs. 9
and 13. As described above, Eq. (7) was used to predict the
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nucleation rate profiles shown in these figures. The good
agreement between the predicted and observed rates for
1-propanol/helium was noted earlier. However, using the
same nucleation rate expression, Eq. (7) (with the same val-
ues of a and b) to predict the nucleation rate for 1-propanol/
argon results in significant disagreement (approximately
three orders of magnitude) between the predicted and ob-
served rates of nucleation. A similar result was obtained for
the 1-propanol/nitrogen system. Although 1-propanol was
the nucleating substance in each case, the presence of a dif-
ferent background gas (helium or hydrogen as opposed to
argon or nitrogen) appears to markedly effect the actual
nucleation rate (as manifested in this investigation by the
measured critical supersaturation). Interestingly, the trends
(with temperature) of both sets of data appear to be approxi-
mately the same and to follow that predicted by Eq. (7).

The dependence of nucleation rate upon the kind (and
amount) of background gas has been observed before. In
Refs. 5 and 6, the authors reported significant differences in
the nucleation of methanol, ethanol, 1-propanol, and
2-propanol at elevated pressures and temperatures (as mani-
fested through the measurement of the critical supersatura-
tion) when either helium or hydrogen was used as a back-
ground gas. It should be noted, however, that these
differences became less distinct as the total pressure ap-
proached ambient which is consistent with the results ob-
tained in this investigation. Behavior similar to that observed
for the four alcohols has been reported for the nucleation of
1-butanol in the presence of helium, hydrogen, and nitrogen.’
Furthermore, it has been reported that the nucleation rate of
water measured in an expansion cloud chamber was greater
using argon as the background gas than when helium was
used as the background gas.”® It needs to be pointed out,
however, that there have also been a number of investiga-
tions described in the literature in which the background gas
did not appear to effect the nucleation of a particular vapor. A
number of these investigations are described in Refs. 5 and
8. In any case, what is clear is that the role of the background
gas in the nucleation process is still uncertain and remains a
controversial issue and needs to be resolved. If there is an
effect of background gas on nucleation, all current models of
nucleation will need to be revised to reflect this dependence.
Furthermore, since nucleation is playing an increasingly
greater technological role in areas such as ultrafine particle
production, it is essential that the role of any other sub-
stances present during the nucleation process be well under-
stood.

The critical supersaturation data shown in Figs. 5 and 6
were obtained repeatedly and reproducibly over a period of
nearly one year. What small variation exists in the data arises
primarily from the uncertainty in observing the exact posi-
tion of the onset of nucleation. A variation of =0.001 m in
the location of the region where nucleation begins corre-
sponds to a difference of the order of +0.02 in the critical
supersaturation. A sensitivity analysis of the data taking into
account uncertainties in the thermodynamic and hydrody-
namic data (shown in Table V) used in our analysis of the
temperature and supersaturation conditions in the nucleation

chamber indicate variations in the plotted data to be approxi-
mately one to two times the size of the symbols used to
represent the data points. The effects of uncertainties in the
entrance conditions are also of this general magnitude.

VI. CONCLUSIONS

The objectives of this experimental investigation speci-
fied in Sec. I of this paper have been met. We have designed,
analyzed, and tested a flow nucleation chamber that allows
critical supersaturation measurements using a variety of
background gases at ambient pressure and a conveniently
accessible range of temperatures.

We have developed and tested a model of the mass and
energy transport processes occurring within the nucleation
chamber. Although the model works well for the conditions
used during these experiments, our analysis suggests that
some improvement can be realized by incorporating second-
order axial dispersion effects into the analysis. This will be
done in a subsequent refinement of the model description.
The limited ranges of pressure and temperature accessible to
this particular device result only from our desire to first care-
fully study and quantify the operation of this device in order
that extending these operating ranges can be accomplished in
an orderly and well-defined manner.

We have tested the quantitative operation of this nucle-
ation chamber by comparing data obtained from our nucle-
ation measurements with data available in the literature ob-
tained using a thermal diffusion cloud chamber and thereby
demonstrated that this device is capable of quantitative in-
vestigations of vapor nucleation. While critical supersatura-
tion measurements were the objective of this investigation,
nucleation rate measurements are also desirable. This nucle-
ation chamber was designed to allow convenient optical ac-
cess to the nucleation zone which will facilitate quantitative
nucleation rate measurements. Consistent with our stated
goals, the capability of nucleation rate measurement will be
included as part of the next version of this chamber.

We have made preliminary measurements of nucleation
in the presence of a variety of different background gases
and have discussed those results in the context of data in the
literature obtained using other nucleation research devices.
The ability to investigate nucleation irrespective of the den-
sity of the background gas overcomes a major operational
limitation of the upward TDCC.
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