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Two-dimensional transport and wall effects in the thermal diffusion cloud

chamber. Il. Stability of operation

Anne Bertelsmann and Richard H. Heist?
Department of Chemical Engineering, University of Rochester, Rochester, New York 14627-0166

(Received 17 June 1996; accepted 2 October 1996)

In this paper, the second of a series of two presenting a detailed description of thermal diffusion
cloud chamber operation, we address the operational stability of the vapor—gas mixture in a
diffusion cloud chamber with respect to density profile extrema and the accompanying possibility of
buoyancy-driven convective flow disturbances. We examine conditions for stable operation (no
convective flow disturbances) in the central portion of the cloud chamber, as well as conditions
necessary for stable operation in the vicinity of the cloud chamber wall. We find that the total
density profile in the central portion of the cloud chamber can pass through a density minimum even
though the density at the upper plate surface is less than the density at the lower plate surface. This
local density profile inversion can result in unstable (convective) behavior that propagates through
the cloud chamber. Furthermore, we find that local extrema in the total density profile near the
chamber wall can lead to subtle, convective flows that are difficult to detect yet can exert a profound
influence on nucleation in the central portion of the cloud chamber. We have developed a simple
method to estimate the limiting total pressure in a cloud chamber that will support stable operation.
From results of our investigations based upon this method, it appears that the thermal diffusion
cloud chamber is best suited for experiments at higher temperatures where the accessible total
pressure range is largest. Finally, we find that results of our investigation into the effects of total
pressure and kind of background gas on nucleation in diffusion cloud chambers involving the low
molecular weight alcohols and hydrogen and helium background gases cannot be explained on the
basis of these kind of density disturbances occurring within the diffusion cloud chamber. Also, for
(relatively) low vapor pressure materials, such as 1-pentanol or other high molecular weight
alcohols and alkanes stability limitations may preclude nucleation measurements at low

temperatures using a diffusion cloud chamber altogether.

[S0021-9606(97)51602-3]

INTRODUCTION

In the preceding paper,' hereafter referred to as I, we
reported results of a two-dimensional (z,r) analysis of trans-
port processes occurring during operation of a thermal diffu-
sion cloud chamber (TDCC). We discussed the solution of
the two-dimensional mass and energy balances and illus-
trated various solutions with representative plots of super-
saturation and nucleation rate profiles. Through the use of
appropriate boundary conditions, we described chamber op-
eration with a wet and a dry cloud chamber wall. We inves-
tigated the influence of the aspect (diameter to height) ratio,
the conditions at the cloud chamber wall, and overheating of
the wall on these supersaturation and nucleation rate profiles.
We confirmed, in a quantitative fashion, that conditions at
the (wet or dry) wall do not seriously affect conditions at the
center of the chamber, provided the aspect ratio is suffi-
ciently large and the wall is not significantly overheated;
and, importantly, we provided criteria allowing us to specify
that an aspect ratio of 7.5 or greater was necessary in order to
make quantitative nucleation rate measurements. However,
even for this aspect ratio, care must be taken in the analysis
of experimental nucleation rate data since the counting area
being used can adversely affect the value of the measured

3 Author to whom all correspondence should be addressed.

624 J. Chem. Phys. 106 (2), 8 January 1997

0021-9606/97/106(2)/624/11/$10.00

© 1997 American Institute of Physics.

nucleation rate. In I, we found that for an aspect ratio of 5,
the nucleation rate in the center of the chamber is signifi-
cantly reduced due to the influence of the chamber wall.
Furthermore, we found that the effect of a wet wall, where
the vapor near the wall is depleted, on the chamber super-
saturation profile, is nearly identical to that of a dry wall,
where the temperature near the wall is elevated.

One important issue, which was not addressed in I, is the
stability of the vapor—gas mixture in the TDCC with respect
to buoyancy-driven convective motion. We note that use of
the terms stable (stability) and unstable (instability) in this
paper refer to conditions resulting from having the total den-
sity gradient throughout the cloud chamber either decreasing
monotonically with height (stable) or passing through an ex-
trema at some point within the cloud chamber, thus creating
conditions that support buoyancy-driven convective flow
(unstable). We already know that elevated total pressures or
the use of heavier background gases in the TDCC may lead
to convection and copious nucleation.” Also, a dependence
of nucleation rate on wall heat (temperature) has been re-
ported elsewhere.>* In I, we showed that this behavior can-
not be explained by the effect of the presence of the dry,
overheated wall on the radial supersaturation and nucleation
rate profiles.!

In this paper we discuss specifically the stability of the

© 1997 American Institute of Physics
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vapor—gas mixture in the diffusion cloud chamber with re-
spect to convection. An inversion of the total density gradi-
ent in the central portion of the TDCC leads to convective
flow and copious nucleation, a condition that can be pre-
dicted and detected visually.!>> Note that even though the
density at the top plate is less than the density at the lower
plate (a seemingly stable configuration), the density profile
can still be unstable if it passes through a local minimum (a
local inversion) at some location between the upper and
lower plates.

An inversion of the density gradient near the wall can
also lead to convective motion, but in a much more subtle
form. This (subtle) convective motion can affect the condi-
tions in the nucleation zone and thus influence nucleation
measurements; however, it usually cannot be detected visu-
ally. Since the presence of the wall is not considered in the
(commonly used) one-dimensional analysis of TDCC oper-
ating conditions, the existence of these density minima is
usually overlooked or treated on an entirely empirical, ad
hoc basis.* We have developed a general, semiquantitative
method that allows one to predict the operating conditions
under which a density inversion near the wall (wet or dry) is
expected and can thus determine, in an a priori fashion, the
allowable temperature and pressure regions for proper, reli-
able TDCC operation. We describe this procedure in this
paper, and we apply it to systems studied in our laboratory
and discuss our data with respect to stability of the vapor—
gas mixture in the high-pressure diffusion cloud chamber
(HPCC).

MATHEMATICAL DESCRIPTION

The derivation for the two-dimensional equations for the
mass and energy transport in the diffusion cloud chamber has
been presented in I and will not be repeated here. If we
assume no chemical reaction, no external forces, no net pres-
sure gradient, and ideal gas behavior, and we neglect ther-
modiffusion effects, the two-dimensional mass balance in
cylindrical coordinated reduces to the following expression:'

(1 balnr)aln(l—x) 3% In(1—x)
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With the same assumptions, the two-dimensional energy bal-
ance reduces to the following expression:!
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These two balance equations are solved together with appro-
priate boundary conditions to determine the two-dimensional
mole fraction and temperature profiles in the cloud chamber.
Once these profiles are known, the supersaturation, nucle-
ation rate, and density profiles can then be computed.l’5
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FIG. 1. Computed density profiles in the center of the TDCC for experi-
ments using 1-butanol and four different background gases.

DENSITY PROFILES IN THE CENTER OF THE TDCC

An important consideration for the operation of an up-
ward diffusion cloud chamber is the overall stability with
respect to buoyancy-driven convection of the vapor—gas
mixture in the chamber. For a stable layering, the total den-
sity must decrease monotonically with height from the lower
plate surface to the upper plate surface. The density gradient
of the background gas by itself is always unstable (increases
with height), since it is heavier at the cooler, upper plate and
lighter at the warmer, lower plate. The presence of the con-
densable vapor actually stabilizes the overall density gradient
(with respect to buoyancy-driven convective motion), since
the vapor pressure is higher at the lower plate and lower at
the upper plate. Instability (giving rise to convective motion)
can occur when the background gas dominates the total den-
sity gradient. This can occur at elevated total pressures, when
a higher molecular weight background gas is used, or at low
temperatures (and lower total pressures), where the vapor
pressure of the condensable is small. An inversion in the
density gradient in the center region of the TDCC can lead to
convection and often produces copious nucleation.>> The
presence of convection can often be detected visually, since
the nucleated droplets tend to fall with curved trajectories.
Under these conditions the mass and energy balance equa-
tions no longer accurately describe the transport processes
occurring inside the chamber and reliable nucleation mea-
surements cannot be made.

Figure 1 shows density profiles computed for the central
portion of the HPCC using Egs. (1) and (2) and assuming an
infinite aspect ratio, thus decoupling wall effects from the
transport in the central portion of the chamber. These profiles
are based upon data obtained from actual experiments in the
HPCC involving 1-butanol in hydrogen, helium, nitrogen,
and argon background gases. In all cases the nucleation tem-
perature was approximately 334 K. Also, the temperature,
supersaturation, and nucleation rate profiles in the central
portion of the HPCC for these experiments are given in I as
Figs. 14, 15, and 16, respectively. For the hydrogen and he-
lium experiments (P,,=7.5 bar), the total density profiles
clearly decrease with height. For the nitrogen experiment
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FIG. 2. Representative density profiles in the center of the TDCC for ex-
periments using 1-butanol in argon at total pressures of 2.8 and 3.0 bar.

(P;t=3.9 bar), the decrease with height is less than for the
lighter gases, but the vapor—gas mixture is still stable. How-
ever, for the argon experiment (P,,=2.8 bar), the density
gradient in the upper portion of the chamber is nearly verti-
cal. A slight disturbance, such as a small increase in total
pressure, could result in a local minimum of the density near
the upper plate, which could then lead to convective motion,
even though the density at the bottom plate is greater than
that at the top plate. We find this predicted behavior agrees
well with our experimental observations. For example, the
data used in this analysis (for Fig. 1) were taken from one of
our experimental investigations, during which we observed
that an increase in pressure of just 0.2 bar (over the 2.8 bar)
led to an unstable density gradient predicted for the central
portion of the HPCC and was accompanied by (observed)
copious nucleation. Reducing the total pressure by 0.2 bar,
restored quiescent behavior. Fig. 2 shows the (one-
dimensional case) density profile for 1-butanol in argon at
P.;=2.8 bar and P,,=3.0 bar. At total pressures above 2.8
bar, convective motion and copious nucleation were ob-
served in the chamber. It is important to note that the total
density at the lower plate is still larger than the total density
at the upper plate and that the total density profile for a total
pressure of 3.0 bar exhibits a minimum near the upper plate.
This local inversion appears to cause buoyancy-driven con-
vection, which propagates through the chamber and trans-
ports additional (perhaps warmer) material into the nucle-
ation zone, resulting in the observed increase in the
nucleation rate. We also observed that the trajectories of the
falling drops in this experiment were no longer vertical.

DENSITY PROFILES NEAR THE WALL OF THE TDCC

For proper operation of a TDCC, it is important to con-
sider not only the stability of the vapor—gas mixture in the
central region of the chamber (which can be obtained using a
one-dimensional analysis), but also at the wall. Our two-
dimensional analysis of TDCC operation [solution of Egs.
(1) and (2) with a finite aspect ratio] suggests that undesir-
able variations in total density can occur in the vicinity of the
chamber wall at pressures well below those for which the

total density profile in the central portion of the cloud cham-

_ ber becomes unstable. These variations could result in con-

vective flow that would disrupt proper chamber operation in
rather subtle fashions. Although it is difficult to predict the
detailed structure of convective flow that could result from
inversions in the total density profile near the chamber wall,
one can easily imagine a kind of convective flow pattern in
which an inversion in the local density would lead to a slow
upward flow of vapor—gas mixture along the wall to the
region adjacent to the upper plate. This flow could then con-
tinue along the region parallel to the surface of the upper
(cooler) plate to the center region and turn downward in the
central region of the chamber toward the lower plate as it
encounters a similar flow from the other (symmetric) side of
the cloud chamber. As the flow moves, it passes through the
nucleation zone to the region adjacent to the lower plate
surface, where it could make its way back to the region ad-
jacent to the wall and slowly move back up the wall, com-
peting a large convection cell. This type of flow could be
slow (and subtle) and would not appear to grossly affect the
overall operation of the chamber, i.e. no copious nucleation
or droplets falling with curved tracks, so it would not be
detected visually. Furthermore, the flow, as it comes from
the region adjacent to the upper plate and passes through the
nucleation region, could be imagined to contain a lesser
amount of condensable (and possibly be at a lower tempera-
ture) and would thus contribute to a lowering of the nucle-
ation rate. This type of instability would explain reported
experimental observations in which the nucleation rate was
observed to decrease with increases in wall heat
(temperature).>* As we discuss below, wall overheating
leads to increasingly larger density disturbances in the region
adjacent to the chamber wall. We note that one could also
easily imagine that this kind of large convective cell could
also flow in the opposite direction from that just described if
the initial conditions at the wall were such as to promote a
falling flow rather than a rising flow. Again, based upon the
analysis given here, it is difficult to predict the nature or
structure of any resulting convective flow. We are, however,
able to predict the existence of conditions that will give rise
to convective flow because of the resulting buoyancy driving
forces.

These types of observations, i.e. the nucleation rate de-
pending upon wall temperature, have been made in our labo-
ratory and by others, and in most cases the TDCC appears to
be functioning properly. This is the real danger associated
with this kind of behavior. During these experiments, there is
no obvious warning of any difficulty (unless one carries out
extensive, empirical wall temperature versus nucleation mea-
surements for each investigation), and the nucleation mea-
surements are generally reproducible. This gives the investi-
gator the (false) sense that the nucleation measurement is
reliable and the cloud chamber is functioning properly. Fur-
thermore, density profile inversions occur at the chamber
wall before corresponding density inversions occur in the
central portion of the cloud chamber. This is why it is essen-
tial that a complete two-dimensional analysis of chamber
operation be utilized in all nucleation investigations purport-
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FIG. 3. Computed density profiles in the vicinity of the chamber wall for
experiments using 1-butanol in argon for a wet and a dry chamber wall.

ing to be quantitative in nature. Consequently, it is important
to be able to predict, in a convenient, reliable, and a priori
fashion, the density gradient near the wall under all experi-
mental conditions of varying total pressures, different tem-
perature ranges, different background gases, and ranges of
wall temperature before each nucleation measurement to de-
termine if this kind of convective flow may be expected.

Comparison of wet and dry walls

Because of the difference in wall (boundary) conditions
the density profile near the wall differs for wet and dry
walls.! Figure 3 shows the density profiles for 1-butanol in
argon at reduced radii of 0.9, 0.95, and 1.0 (1.0 being di-
rectly at the wall). The system 1-butanol in argon was chosen
for this discussion because it exhibits the largest density ef-
fects and thus most clearly illustrates the difference between
a wet and a dry chamber wall. As can be seen in Fig. 3, the
density profile for both the wet and the dry wall exhibits a
minimum in the density in the vicinity of the wall. In both
cases, the value of the density is similar, but the location of
the minimum differs. For the dry wall the minimum occurs
close to the upper plate; for the wet wall the minimum occurs
closer to midway between the upper and lower plates. In the
case of a wet wall, the minimum in the density profile is
caused by the depletion of the (heavier) vapor close to the
wall. This depletion is strongest halfway between the two
plates, where the difference between the actual and the equi-
librium mole fraction is largest. For both the wet and dry
wall cases, the minimum in the density profiles propagates
into the chamber. It is still detectable at a reduces radius of
0.90. Under these conditions a buoyancy-driven flow, per-
haps similar to those described above, is possible. Density
minima that occur only in the immediate vicinity of the wall
and are damped out before they propagate toward the center
of the chamber may be less likely to result in flow, because
of the proximity of the wall.

The temperature range, the total pressure, the type of
background gas being used, and, in the case of a dry wall, the
overheating of the wall, are all factors that significantly in-
fluence the extent of these density minima. We discuss these

1-Propanol/Helium
DH=75

Q[educedaegrt
UMDV D

------- TL=315.6K, TU=269.7K
——— TL=324.6K, TU=278.9K
------ TL=336.1K, TU=288.8K

FIG. 4. Computed density profiles in the vicinity of the dry chamber wall
for experiments of 1-propanol in helium at different upper and lower plate
temperatures.

influences individually in the following sections. We illus-
trate their effects for either a wet or a dry wall case since the
resulting effect on the depth and extent of the density mini-
mum is qualitatively the same, although the position of the
density minimum along the wall differs somewhat for the
two cases.

Effect of plate températures

While the temperatures of the lower and upper plates do
not affect the radial nucleation rate profile significantly,! they
do have an important influence on the total density profile
near the wall. Figure 4 shows computed density profiles near
the dry wall for 1-propanol in helium for four different upper
and lower plate temperature ranges. The total pressure for
these experiments varied between 1.2 and 1.6 bar. For the
lowest temperature range, the density profile is nearly verti-
cal and exhibits a minimum at the wall. For the higher tem-
perature ranges, the density profile decreases more strongly
with height, resulting in a stable layering of the vapor—gas
mixture all the way to the wall. Thus, higher temperatures
appear to be favorable in preventing convective flow of this
type. The same result is observed for the wet wall case.

Total pressure effect

In I, we showed that the effect of total pressure on the
radial supersaturation and nucleation rate profiles is small;!
however, the total pressure does have an effect on the density
profile. Figure 5 shows the density profile near a wet wall for
1-propanol in helium at three different pressures. The tem-
perature ranges for these three calculations are identical. At
the higher total pressure (2.0 bar in these calculations), the
density gradient clearly exhibits a minimum at the wall and
propagates into the chamber—it can still be detected at a
reduced radius of 0.95. At lower total pressures the minimum
becomes less pronounced, e.g. for 0.5 bar the density profile
is stable all the way to the wall. Thus, an increase in total
pressure has an unfavorable influence on the density profile.

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997
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FIG. 5. Computed density profiles in the vicinity of the wet chamber wall
for experiments of 1-propanol in helium at different total pressures.

Convective disturbances could be more likely at higher pres-
sures, particularly at lower temperatures. These same obser-
vations apply to the dry wall case.

Effect of different background gases

Figure 6 illustrates the effect of different background
gases on the density profile near the wet wall for actual ex-
periments we carried out with 1-butanol in the HPCC. The
total pressure for our experiments using 1-butanol in hydro-
gen and in helium is 7.5 bar, using nitrogen it was 3.9 bar
and using argon it is 2.8 bar. Recall that the density profiles
at the center of the HPCC for these particular experiments
were discussed in 1. Figure 6 illustrates that a minimum in
the density occurs near the wall, and it is most pronounced
for the argon and nitrogen background gases while it is vir-
tually nonexistent for the helium and hydrogen background
gases. This is consistent with our observations in the total
pressure investigation just described. Elevated total pressure
and heavier background gases both result in a stronger influ-
ence of the background gas on the total density profile. Fur-
thermore, under these conditions the density profile slightly

1-Butanol
D/H=75

tednced et
AMD NN D

—— Hydrogen
------- Helium

o ——— Nitrogen
S Argon

FIG. 6. Computed density profiles in the vicinity of the wet chamber wall
for experiments of 1-butanol in four different carrier gases.

1-Propanol/Helium
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FIG. 7. Computed density profiles in the vicinity of the evenly overheated
dry chamber wall for experiments of 1-propanol in helium. g represents an
overheating factor and determines the degree of overheat. The case of g=0
corresponds to no overheating.

removed from the wall becomes closer to vertical and thus
more susceptible to disturbances at the wall, e.g. wall tem-
perature.

Effect of overheating the chamber wall

In the case of a dry chamber wall, heating the wall can
cause local density minima near the wall. Figure 7 shows the
density profiles near the chamber wall for different degrees
of even overheating for data from our experiment with
1-propanol in helium. At the wall all these density profiles
exhibit minimum close to the upper plate. These minima
become more pronounced for higher degrees of overheat. At
a reduced radius of 0.95 the density profiles for higher de-
grees of overheat continue to exhibit minima. The higher the
degree of overheat, the more pronounced is the minimum
and the further it propagates into the chamber. This is con-
sistent with observations from our laboratory, as well as
from other laboratories, in which it has been found that
nucleation in the interior portion of the TDCC depends upon
the power being supplied to the heater wires (thus affecting
the wall temperature) used to keep the chamber wall clear of
condensate. Depending upon the structure of the resulting
convective flow cells, this disturbance could result in either a
decrease in nucleation or an increase in nucleation in the
interior porting of the TDCC as the power to the wall heater
wires is varied. A further indication that these observed de-
pendencies of nucleation in the interior portion of the TDCC
on wall heater power is due to this sort of (subtle) convective
flow has been given in I in which we discussed the effect of
overheating on the calculated radial nucleation rate and su-
persaturation profiles. There it was shown that the center
region of the chamber is not significantly affected by mod-
erate increases in wall overheating. These simulations did
not account for the existence of a buoyancy-driven convec-
tive flow.

We have also examined the effect of using heating wires
(uneven heating) on the total density profile. Since the cham-
ber walls are usually heated by two to four heating wires, the

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997
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FIG. 8. Computed density profiles in the vicinity of the unevenly overheated
dry chamber wall for experiments of 1-propanol in helium.

temperature profile at the wall actually exhibits maxima at
the location of the heating wires. This leads to overheating at
these positions, since the wall temperature between the heat-
ing wires has to be maintained high enough to prevent con-
densation. We examined this behavior using a periodic tem-
perature profile. Figure 8 shows the density profile near the
wall for data from an experiment with 1-propanol in helium.
Examples of even overheating and overheating by two, three,
and four heating wires are shown. The density profiles at the
wall clearly exhibit local extrema due to the periodic tem-
perature profile. We note that these oscillations damp out
rapidly as we probe further into the chamber. At a reduced
radius of 0.95 the profiles for two, three, and four heating
wires are nearly indistinguishable. The resulting average
density profile at that reduced radius, however, may continue
to exhibit a minimum if the degree of overheat is large. It
appears that variations in total density created by the use of
discrete heating wires do not have a significant influence on
the vapor—gas stability near the wall, but the overheating that
occurs due to the use of these discrete heating wires can lead
to instability and thus severely influence nucleation measure-
ments made with a TDCC.

COMPARISON WITH EXPERIMENTAL RESULTS

The behavior of the vapor—gas density gradient near the
wall we report here can significantly affect operation of the
diffusion cloud chamber. The existence of a convective flow
that transports either added or less vapor at different tem-
peratures into the nucleation zone can manifest itself as a
varying (with, say, wall heater power) nucleation rate. In
order to compensate, the temperature difference between the
two plates must be changed to modify the actual supersatu-
ration in the nucleation zone. However, this modified super-
saturation is not driven by the nucleation process itself, but
rather by the operation of the cloud chamber. Furthermore,
the temperature and supersaturation profiles calculated using
the (one- or two-dimensional) mass and energy balance
equations no longer accurately reflect these profiles in the
chamber, since these equations do not account for this type
of transport. When interpreting data obtained using a TDCC

1-Propanol/Helium : :
Tnuc = 334.2K el
D/H=7. 3 e :!

I Ptot= 4.7 bar
@ e Plot= 9.9 bar

. 7 < ——— Ptot=18.0 bar
S -==- Ptot = 29.6 bar

o°. == Ptot = 39.7 bar

FIG. 9. Computed density profiles in the vicinity of the wet chamber wall
for a series of experiments using 1-propanol in helium, where the total
pressure was varied at a constant nucleation temperature of 334.2 K.

(or a HPCC), it is nearly impossible to distinguish empiri-
cally between effects that are inherent to the nucleation pro-
cess and effects that are an artifact of the TDCC unless these
latter effects are accompanied by pathologic behavior, i.e.
copious nucleation.

In order to eliminate the possibility of density-driven
instabilities, TDCC operating conditions must be such that
the total density profile is stable at every point of the cham-
ber. Under these conditions, buoyancy-driven transport can-
not develop. Recall, for example, from the discussion given
above that our reported total pressure effects come from ex-
periments that appear to be consistent with conditions favor-
ing these density minima.>>® We report that critical super-
saturation increases with increasing total pressure; that the
effect is more pronounced at lower temperatures; and that the
effect is more pronounced for heavier background gases. As
we have just shown, these density minima are favored at low
temperatures, elevated pressures, and with heavier back-
ground gases. We also report that the background gas effects
appear to increase with the molecular weight of the alcohol
vapors we have examined. We note that the higher the mo-
lecular weight of the alcohols in the homologous series, the
lower their vapor pressure at a given temperature. Thus there
is less condensable in the chamber near the wall, making
density extrema more likely to develop. As a result, it could
be suggested that our reported total pressure effects should
not be attributed to the nucleation process but rather to arti-
facts of HPCC design and operation. The considerations re-
sulting from our analysis (in I) require that nucleation data
gathered using the HPCC (or a TDCC, in general) be exam-
ined carefully in the context of the solutions to our two-
dimensional equations describing transport in the cloud
chamber, i.e. solutions to Egs. (1) and (2). We now examine
carefully our HPCC data in this context.

Figure 9 shows the density profiles near the wall for a
series of experiments involving 1-propanol in helium at a
nucleation temperature of 334.2 K and over a total pressure
range from (approximately) 5 to 40 bar. The density profiles
for 4.7 and 9.9 decrease monotonically from the lower to the
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FIG. 10. Computed density profiles in the vicinity of the wet chamber wall
for a series of experiments using 1-propanol in hydrogen, where the total
pressure was varied at a constant nucleation temperature of 362.5 K.

upper plate surfaces throughout the HPCC. Under these con-
ditions a convective flow or convection cells cannot develop.
At a total pressure of 18 bar, the density profile along the
chamber wall approaches vertical. Only at the elevated pres-
sures of 29.6 and 39.7 bar do the density profiles at the wall
shown in Fig. 9 exhibit a minimum. Notice in Fig. 9 that the
development of a density minimum is first indicated by a
vertical density gradient at the upper plate. Thus, it appears
from this analysis that a convective flow of some sort could
have developed only for those experiments carried out at the
highest of our total pressures. ;

We recall at this point that using lighter background
gases (i.e., hydrogen) favor stability in the cloud chamber.
We also recall that operation in higher temperature ranges
(i.e., corresponding to our experiments with nucleation tem-
peratures of 348 K and above) also favors stability. Using
this same analysis, we have examined all our alcohol critical
supersaturation versus total pressure data (i.e., methanol, eth-
anol, 1-propanol, and 2-propanol) obtained using the HPCC
and hydrogen as a background gas and have verified that the
total density profile throughout the HPCC was stable
throughout the entire pressure range at all the reported nucle-
ation temperatures. This behavior is illustrated in Fig. 10,
where we show representative total density profiles near the
wall for experiments involving 1-propanol in hydrogen at a
nucleation temperature of 363 K. In this case the total den-
sity profile decreases monotonically throughout the entire
HPCC, even at a total pressure of 40 bar. The results of the
total pressure experiments using hydrogen as a background
gas were not affected by convective disturbances. A similar
analysis of our experiments using helium as a background
gas in the higher nucleation temperature ranges (i.e., for
nucleation temperatures above approximately 348 K) clearly
illustrated that in all cases the total density profile throughout
the HPCC did not exhibit extrema so that these data, as well
were not affected by convective disturbances.

Stability limit for cloud chamber operation

It is desirable to be able to predict, a priori, the operat-
ing conditions for any TDCC (or HPCC) for which the cloud

chamber will be unstable with respect to these convective
disturbances. Having to determine these conditions empiri-
cally for each investigation is a serious limitation to the ap-
plicability of the TDCC. In addition, the onset of such dis-
turbances may be subtle, making it all but impossible to
detect visually. Furthermore, while repeatedly solving Egs.
(1) and (2) will provide the necessary information to predict
the (possible) onset of unstable behavior, it will be helpful to
investigators using (or wishing to use) the TDCC to have a
simple, reliable method to predict the conditions that could
give rise to unstable behavior. We now provide just such a
method.

The total pressure at which the total density profile along
the wall first becomes vertical (e.g., our defined limit of
stable operation or stability limit) at the upper plate can be
estimated using the following equation (refer to the Appen-
dix for details of the derivation):

M, B
ptot,limz(M_g_l) (T_U_l) 'pvap(TU)’ (3)
where M, and M, are the molecular weights of the condens-
able vapor and the background gas, respectively; B is a con-
stant in the Clausius—Clapeyron vapor pressure equation; T
is the upper plate surface temperature; and p.,, is the equi-
librium vapor pressure of the condensable at the upper plate
temperature. For pressures below this stability limit, the den-
sity gradient is stable throughout the chamber and convective
flow cannot develop. This pressure represents the upper limit
of the total pressure for proper chamber operation. At pres-
sures above this limit, density minima occur and convective
flows such as those we have described can develop. We em-
phasize that this type of convective instability is expected to
be subtle and difficult to detect visually. In fact, the chamber
will seem to be operating perfectly, and the results obtained
are reproducible and appear reasonable. However, the pres-
ence of such convective flows can decrease or increase the
actual nucleation rate by transporting less or additional ma-
terial into the nucleation zone. If, for example, the former is
the case, then during critical supersaturation measurements,
the temperature difference between the plates would have to
be increased to compensate for this convective flow, and the
calculated supersaturation will be too large. For the first
time, Eq. (3) provides a criterion that can be used to easily
determine, in a semiquantitative fashion, appropriate operat-
ing ranges for using a TDCC.

We have reexamined all the total pressure-dependent
nucleation data reported from our laboratory>>S in the con-
text of this stability limit. Figure 11 shows a stability plot for
the system 1-propanol in hydrogen. The solid line represents
the stability limit as computed using Eq. (3); it separates the
stable region (without density minima) from the unstable re-
gion (density minima will occur near the wall). Note that the
stability limit curve increases sharply due to the exponential
dependence of the vapor pressure on temperature. We con-
clude that it is preferable to operate the TDCC at high tem-
peratures, where the accessible pressure range is large. This
is consistent with the conclusion stated earlier, based upon
the solution of Egs. (1) and (2), that stable TDCC operation
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FIG. 11. Plot of the total pressure versus the upper plate temperature, indi-
cating the region of stable TDCC operation for 1-propanol in hydrogen. The
data represented by solid circles was taken from Ref. 5, and the data repre-
sented by open circles was taken from Ref. 2.

is enhanced at higher temperatures. It is also consistent with
observations reported by Fisk et al.* We also note from Fig.
11 that at low temperatures, density minima, and convective
flow can occur at pressures as low as 1 bar or less. This is
also consistent with our earlier conclusions. It is important to
emphasize that when operating the chamber in the (poten-
tially) unstable region, results obtained from nucleation rate
or critical supersaturation measurements are no longer reli-
able, even though conditions inside the chamber (tempera-
ture, pressure, nucleation rate) appear stable and the results
are reproducible. Furthermore it is important to note that this
stability limit curve was computed under the assumption of
no wall overheating. If the chamber wall is heated using
heating wires, overheating will occur and can easily lead to
density minima and possible convective flow below the pres-
sure limit computed using Eq. (3).

In Fig. 11, data from our laboratory for the 1-propanol/
hydrogen system is shown as solid circles. The position of
these circles is determined using the (measured) total pres-
sure and the (measured) upper plate temperature. Each of the
four vertical rows of circles corresponds to experiments in
which the total pressure was varied at a constant nucleation
temperature of 319, 334, 348, and 363 K, respectively. In
Fig. 11, all but one data point lie within the stable region. We
point out that wall heating was not used in these experi-
ments. The location of the data points in Fig. 11 is entirely
consistent with the stable behavior of the density profiles
plotted for 1-propanol in hydrogen at 363 K in Fig. 10 [ob-
tained through the solution of Egs. (1) and (2)]. Thus, the
pressure dependence of the critical supersaturation that we
reported earlier cannot be attributed to instability and con-
vective flow arising from extrema in the density profile in the
HPCC. We have obtained similar results with all our data for
the systems of methanol, ethanol, and 2-propanol in hydro-
gen and helium.

The use of heavier background gases and/or lower vapor
pressure condensable vapors causes the stability limit curve
to shift to higher temperatures or to lower pressures. This is
indicated in Figs. 12 and 14. Figure 12 shows the stability
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FIG. 12. Plot of the total pressure versus the upper plate temperature, indi-
cating the region of stable TDCC operation for 1-propanol in helium. The
data represented by solid circles was taken from Ref. 5, the data represented
by open circles from Ref. 2, and the data represented by solid diamonds
from Ref. 7.

limit for the system 1-propanol in helium. The solid stability
curve is shifted to the right, and we note that several of our
data points lie within the unstable region. These points cor-
respond to experiments performed at varying total pressure
and a constant nucleation temperature of 334 K.3 Density
gradients for several of these experiments are shown in Fig.
9 [obtained by the solution of Eqgs. (1) and (2)]; the existence
of density minima for pressures above 20 bar predicted using
Eq. (3) is verified in Fig. 9. Our previous discussion suggests
that convective flow may have developed in those experi-
ments, which could have led to a reduction in rate. If so, then
in order to maintain the rate at approximately 2-4
drops/cm®/s, the temperature difference between the plates
would have to be increased, leading to higher calculated su-
persaturations. Figure 13 shows the dependence of the criti-
cal supersaturation on total pressure for this system. In this
figure, we have excluded the unstable data points that pen-
etrate into the unstable region in Fig. 12 from the regression
analysis and determined the slope of the pressure dependence
using only data points up to 20 bar. As can be seen in Fig.
13, the data points obtained for a nucleation temperature of
334 K and pressure above 20 bar lie above the line, which is
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FIG. 13. Plot of the critical supersaturation versus the total pressure for

1-propanol in helium. The data shown in this plot corresponds to the data
shown in Fig. 12.
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FIG. 14. Plot of the total pressure versus the upper plate temperature, indi-
cating the region of stable TDCC operation for 1-butanol in helium. The
data represented by solid circles was taken from Ref. 2.

to be expected if the convective flow resulted in a lowering
of the nucleation rate. The existence of the convective flow
explains the tendency of some high-pressure data points to
‘“‘curve upward,”’ a behavior that we observed but could not
explain before. It is important to reinforce our observation
that during these experiments, the operation of the chamber
appeared normal, and the data were reproducible (as can be
seen for two experiments at approximately 40 bar).’ Only
our two-dimensional analysis of the density profiles (per-
formed afterward) suggested the possibility of a subtle, con-
vective flow, which could adversely affect our results. The
exclusion of the unstable data points from the regression lead
to a minor reduction in the slope of the pressure dependence
of the critical supersaturation. However, we must emphasize
that instability and convective flow cannot account for our
observed dependence of nucleation on total pressure.

We have carried out a similar analysis for the system
1-butanol in helium. 1-butanol has a lower vapor pressure
than 1-propanol, so the stability limit is shifted to higher
temperatures or lower pressures. The stability limit curve for
1-butanol in helium is shown in Fig. 14. A number of the
data points taken in our laboratory (at nucleation tempera-
tures of 334.2, 348.6, and 362.8 K) lie within the unstable
region, so the results could be affected by the convective
flow. Figure 15 depicts the pressure dependence of the criti-
cal supersaturation of 1-butanol on total pressure. The un-
stable points were excluded from the regression analysis, and
the solid curves represent the results of the corrected analy-
sis. Again, the unstable points deviate from the regressed line
in such a fashion that the critical supersaturation obtained
during unstable operation is elevated. However, despite the
slight reduction in the slopes of the dependence of the criti-
cal supersaturation on total pressure, the convective flow
theory cannot explain our observed dependence of the nucle-
ation on the total pressure.

The stability analysis for nitrogen and argon background
gases shows a stability limit that is shifted toward higher
pressures and lower temperatures. The limit of a stability
curve for 1-propanol in nitrogen is shown in Fig. 16. In this
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FIG. 15. Plot of the critical supersaturation versus the total pressure for
1-butanol in helium. The data shown in this plot corresponds to the data
shown in Fig. 14.

case all of the data points taken in our laboratory lie in the
unstable region. Thus, the reported pressure effect for
1-propanol in nitrogen (and similarly for 1-butanol in nitro-
gen) is likely to be exaggerated (but not necessarily elimi-
nated) due to convective flow.? Based on our observations
for the 1-propanol and 1-butanol in hydrogen and helium
systems, there is no reason to doubt the existence of a pres-
sure effect in these systems, as well. However, the results
obtained with the HPCC cannot be used to access the mag-
nitude of the effect.

SUMMARY

In this paper we have addressed the operational stability
of the vapor—gas mixture in the TDCC with respect to
buoyancy-driven convective flow disturbances. We exam-
ined the conditions for stable operation in the central portion
of the TDCC, as well as conditions necessary for stable op-
eration in the vicinity of the chamber wall. The density pro-
file in the central portion of the TDCC has to decrease mono-
tonically with height since even local inversions can
propagate through the chamber and cause overall unstable
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FIG. 16. Plot of the total pressure versus the upper plate temperature, indi-
cating the region of stable TDCC operation for 1-propanol in nitrogen. The
data represented by solid circles was taken from Ref. 2.
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behavior with detectable convective disturbances that pre-
clude reliable nucleation measurements. Perhaps more im-
portantly, local extrema in the density profile near the wall
could lead to a subtle, convective flow in the cloud chamber
that is difficult to detect. Yet, the existence of such a flow
can have a profound influence on nucleation in the central
portion of the cloud chamber. These local inversions near the
wall occur for both wet and dry wall operation and are fa-
vored by elevated pressures, lower temperatures, heavy
background gases, and overheating of the (dry) cloud cham-
ber wall. In order to avoid the possibility of such convective
flows, the total pressure must remain below a limiting value.
This limiting total pressure depends on temperature, con-
densable vapor, and background gas.

We have developed a simple method to estimate the lim-
iting total pressure in a TDCC that will support stable opera-
tion. From results of our investigations based upon this
method, it appears that the TDCC is best suited for experi-
ments at higher temperatures, where the accessible total pres-
sure range is largest. For (relatively) low vapor pressure ma-
terials, such as 1-pentanol or other high molecular weight
alcohols and alkanes, stability limitations may preclude mak-
ing reliable nucleation measurements at low temperatures al-
together. Using Eq. (3) provides a quick, simple way to de-
termine the feasibility of TDCC (and HPCC) experiments
prior to actual experiments.

All our two-dimensional transport calculations [Egs. (1)
and (2)] and limit of stability calculations [Eq. (3)] have
involved the lower molecular weight alcohols since those are
the fluids studied most extensively in our laboratory. Exten-
sion of these model calculations to other systems is neces-
sary, and we are currently making progress in that direction.
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APPENDIX

Stability limit for operation of a diffusion cloud
chamber

For proper operation of the diffusion cloud chamber, the
total density profile must decrease with height throughout the
TDCC. Density minima are most likely to occur at the wall
where the condensable is depleted (wet wall) or the tempera-
ture elevated (dry wall). In the following, we derive a semi-
quantitative equation that can be used to predict the total
pressure (as a function of temperature) that defines the con-
ditions under which density minima at the wall can occur.
Experiments performed at pressures above this limit are sus-
ceptible to a subtle convective flows, which cannot be easily
detected yet may significantly affect cloud chamber perfor-
mance and critical supersaturation and nucleation rate data.
The analysis presented below is valid for either a wet or a
dry wall, but does not allow for overheating at the wall.

Overheating the chamber wall will exacerbate the formation
of density extrema and the possibility of convective distur-
bances.

The density of the vapor—gas mixture is computed as the
sum of the component densities:

Pu=pgt Py, (A1)

where py is the total density of the vapor—gas mixture, p, is
the density of the background gas, and p, is the density of
the vapor. Assuming ideal gas behavior, these densities can
be related to the partial pressures as

M M, )
M—g—l ; (A2)

g
PM=RT
where M, and M, are the molecular weights of the back-
ground gas and condensable vapor, respectively; p . and p,,
are the total pressure and the equilibrium vapor pressure,
respectively; and R is the gas constant and T the tempera-
ture. At the wall, the partial pressure of the condensable is
given by its vapor pressure (assuming the wall is not over-
heated). The derivative of the density with respect to height,
Z, is given by

Pt Pvap

dow__ Mg [ (M, ar M, (M,
dZ w2l RT2 p[Ol pvap Mg dz RT Mg
dpvap daT
ar &z !

We assume that the temperature profile decreases mono-
tonically with height (which may not be true in the case of
overheating at the wall); it does not, however, have to be
linear. It can be expressed as

dT

== ez,

>0.
i a>0 (A4)

For relatively small ranges of temperatures we use a
Clausius—Clapeyron form for the equilibrium vapor pres-
sure:

Pvap(T)=p. exp(A—BIT). (AS)

In this analysis, the constants A and B in Eq. (A5) are fitted
to vapor pressure data over the temperature range under
study. This simple form for the vapor pressure equation sim-
plifies the analysis and the form of the equation for the sta-
bility limit. Thus, the density gradient can be written as

dpy M M, B
pM: ga(Z) ptot_pvap(M_g_l) (?_1)} (A6)

dz RT?

We note that, for a stable density layering in the TDCC,
the total density has to decrease with height—the gradient of
the density versus height must be less than zero. Now, ex-
amining Eq. (A6), we see that the factor outside the brackets
is always positive. We also note that for low total pressures,
the expression in the square brackets is negative. As the total
pressure increases, it begins to dominate the terms in the
square brackets and leads to a (local) positive gradient. A
minimum in density occurs when the gradient vanishes, i.e.
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the term in brackets becomes zero. As our two-dimensional
model calculations have shown, this tends to occur first at the
upper plate. Thus, the temperature of the upper plate may be
used to compute the total pressure at which the density first
develops a minimum. The stability limit for the operation of
the diffusion cloud chamber is given by

M, B
Prot,lim= M_g_l . T_U_l 'pvap(TU)- (A7)

For total pressures below that computed using Eq. (A7),
the density gradient is stable throughout the chamber, and
conditions supporting convective flow do not exist. This is
the range of total pressure in which the TDCC should be
operated. For total pressures equal or slightly larger than the
limit computed by this equation, density minima occur, how-
ever, they may be too small or too close to the wall for
convective flow to develop. For pressures significantly larger
than the stability limit, our experimental data suggest that a
disturbance such as a convective flow is likely to develop.
Results obtained in this range, even though reproducible, are
not reliable and should be suspect.

LIST OF SYMBOLS

radial coordinate
axial coordinate
mole fraction of the condensable in the gas phase
temperature
concentration
4p  binary diffusion coefficient

OO0 N RN

b exponent for the temperature dependence of the dif-
fusion coefficient

heat capacity of the vapor

A thermal conductivity

Stability limit calculation (Appendix)

Ty temperature of the upper plate
Py total pressure
P equilibrium vapor pressure
- critical pressure of the condensable
Pum density of the vapor-gas mixture
Py density of the condensable vapor
[ density of the background gas
M, molecular weight of the condensable vapor
M molecular weight of the background gas

g
A,B constants in the vapor pressure equation
a(z)  temperature gradient
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