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

chamber. I. Analysis and operations criteria

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 we present results of a two-dimensional (z,7) treatment of the mass and energy transfer
processes that occur during the operation of a thermal diffusion cloud chamber. The location of the
wall is considered in solving the mass and energy transport equations, in addition to the vertical
distance, z, between the upper and lower plate surfaces. We examine the effect of aspect (diameter
to height) ratio on chamber operation; the effects of operation with either a dry or a wet interior
chamber wall on temperature, supersaturation, nucleation rate, and total density profiles in the
chamber; the effect of overheating the interior of the chamber wall on these conditions within the
cloud chamber; and the effects associated with using different density background gases on the
operation of the chamber. In a second paper, immediately following, we apply the formalism and the
solutions developed in this paper to address the important problem of buoyancy-driven convection
that can accompany (seemingly normal) operation of thermal diffusion cloud chambers in nearly all

ranges of total pressure and temperature.
[S0021-9606(97)51502-9]

INTRODUCTION

For some time now results of the nucleation experiments
reported from our laboratory have indicated that homoge-
neous nucleation depends both on the amount and the kind of
background gas present during the nucleation process.!”’
Our reports have generated considerable interest and contro-
versy since (1) it has long been assumed (based upon experi-
mental data) that a noncondensable background or carrier gas
present during vapor to liquid homogeneous nucleation acts
primarily to maintain the thermal environment and has little,
if any, effect on the nucleation process itself; and (2) nearly
all experimental nucleation data obtained at lower total pres-
sures and temperatures using expansion-based nucleation de-
vices indicate no (significant) effect of background gas on
the nucleation process.®

In addition to these experiment-based observations, we
note that widely used theoretical models of the nucleation
process (e.g., Becker—Doring—Zeldovitch theory and its
many derivatives) do not, in general, account explicitly for
the presence of a background gas. Furthermore, results of
recent nucleation model calculations that examine the depen-
dence of the equilibrium distribution of prectitical embryos
on the system pressure have been only marginally successful
in their attempts to explain the background gas effect.” Also,
the effect of total pressure on nucleation rate (through the
reversible work of formation of the critical cluster) has been
examined utilizing the Nucleation Theorem, but the pre-
dicted magnitude of the effect is considerably smaller than
observed.!® Finally, recent attempts to better understand the
(molecular level) interaction between the precritical clusters
and the condensable monomer in the presence of a back-
ground gas have shown some promise in providing insight
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into the role of the background gas in establishing precritical
cluster embryo distribution.!

Portions of the design and several of the operational fea-
tures of the high-pressure diffusion cloud chamber (HPCC)
used for much of our experimental investigations of the
background gas effect have lead to concern regarding the
quality of the nucleation data obtained with this chamber and
conclusions drawn from that data. In spite of the ability of
this chamber to reproduce nucleation data in the literature
{obtained using more traditional cloud chambers), the small
size of this chamber combined with the use of a thick cham-
ber wall (necessary to accommodate high total pressure) and
the use of both a wet and a dry interior chamber wall has
given rise to reasonable questions regarding the operation of
the chamber, the characterization of the chamber conditions,
and the overall stability (with respect to convection) of
chamber operation during experiments.

Interestingly, similar stability questions regarding the
operation of the more traditional version of the TDCC have
arisen recently in the context of quantitative nucleation rate
measurements carried out at ambient (or below ambient)
temperature and total pressure conditions. It has been re-
ported that despite stable upper and lower surface tempera-
tures the measured nucleation rates appear to be seriously
affected by relatively small changes in wall temperature12
(the interior surface of the TDCC wall is kept dry in these
instances through the use of heater wires wrapped around the
external surface of the chamber wall). In fact, over the years,
we have, on a number of occasions, observed unusual varia-
tions in measured nucleation rate apparently related to the
(dry) chamber wall conditions. The important point that
emerges from a careful review of all these observations and
concerns about ‘‘proper’”” TDCC operation is that we have
never carefully explored, in a quantitative fashion, the effect
of the walls on the interior chamber conditions of the TDCC.

© 1997 American Institute of Physics
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We have simply assumed that at the center, the walls have no
effect provided they are ‘‘far enough’” away; and our expe-
rience suggested that a diameter to height ratio of roughly 5
or greater was sufficient to place the walls ‘‘far enough”’
away. 3715

The method of characterizing operating conditions
within the TDCC has changed little over the last 25
years.m’15 The device is assumed to function (at the center, at
least,) in a mode that can be approximated by one-
dimensional equations describing the transport of energy and
mass between the upper and lower plates of the chamber.
Solutions to these equations can be as elementary as assum-
ing linear temperature and mole fraction profiles followed by
using the ideal gas equation of state to determine the super-
saturation proﬁle;16 or they can be more detailed, allowing
for transport and real gas effects.™ In all cases, however,
the one-dimensional nature of the description has been pre-
served. In addition to solutions of these one-dimensional
equations, virtually everything we know about the *‘proper’’
operation and use of the TDCC has been obtained empiri-
cally, based entirely upon observation and experience.

In this paper we describe the results of a two-
dimensional (z,r) treatment of the mass and energy transfer
processes that occur during the operation of the TDCC. In
this treatment, the location of the wall is considered in the
mass and energy transport in addition to the vertical distance,
z, between the upper and lower plate surfaces. We address
specific issues that relate directly to the questions and con-
cerns regarding TDCC operation discussed above. We exam-
ine the effect of aspect (diameter to height) ratio on chamber
operation. We examine the effects of operation with either a
dry or a wet interior chamber wall on temperature, supersatu-
ration, nucleation rate, and total density profiles in the cham-
ber. We examine the effect of overheating the interior of the
chamber wall on these conditions within the TDCC. And, we
examine the effects associated with using different density
background gases on the operation of the chamber. In ail
cases, in the limit of an infinite aspect ratio, our two-
dimensional analysis reduces to the standard one-
dimensional analysis. The two-dimensional model equations
are presented and discussed in the next section. The results
of our analysis and a discussion of those results are presented
in the following section and arranged according to the par-
ticular facet of TDCC operation being examined. Our con-
clusions are summarized in the final section of the paper. In
the following paper, we continue our analysis of the two-
dimensional aspects of TDCC operation by addressing the
important issue of stability (with respect to buoyancy-driven
convection) of the vapor—gas mixture in the diffusion cloud
chamber.

MATHEMATICAL DESCRIPTION

Transport equations

Mass balance

The mass balance for a nonreacting, cylindrically sym-
metric system can be written in cylindrical coordinates as'®

19 a
7 77 N+ o (N =0, (1)
where r is the radial distance from the center to the wall; z is
the vertical distance from the lower to the upper plate; and N
is the molar vapor flux in either coordinate. Inside the cham-
ber the vapor is diffusing through a stagnant gas. The flux is
given by

N=c¢D [V In(1—x)—a;xV In T), 2)

where ¢ is the total molar concentration, D, is the binary
diffusion coefficient, x is the mole fraction of the diffusing
vapor, ay is the thermal diffusion factor, and T is the tem-
perature. In this expression the first term represents the flux
due to a concentration gradient, as derived from Fick’s law.
The second term expresses the contribution of the Soret or
thermodiffusion effect. By substituting the equation for the
flux into the mass balance, the balance equation can be
solved for the mole fraction profile for a given temperature
proﬁle:

5 ln(l x) b dInT
r &r TP nart ar
I d In(1—x) dInT
P 12 T_CDl2aTx = 3)

As we are interested in more global issues associated
with cloud chamber operation and performance, several rea-
sonable simplifications will be made to simplify the solution
of this equation. The contribution of the thermodiffusion will
be neglected, since the value of ay is generally not well
known and the effect of that term is typically small.!*!® It
has been suggested, however, that it may play a role in the
dependence of the nucleation rate on total pressure.'> We
assume the product ¢D, to be independent of pressure and
composition and to depend on temperature in the following
fashion:

T b
cD ;= (cD13) et }_f . 4)
rel

where the subscript ref refers to known reference conditions
and the exponent b is fitted to experimental data. This rela-
tion can be derived for ideal gases, but has also been shown
to hold for nonideal systems at low and moderate
pressures.'® With these simplification the mass balance be-

comes
| ) dln T\ dIn(l—x) . #* In(1—x)
r ar ar ar?
dmToln(l—x) 4*In(1—x
) ( )Jr ( ) _ )

9z 0z 9z%

This form of the mass balance will be solved together
with the energy balance and appropriate boundary conditions
to determine the two-dimensional mole fraction and tempera-
ture profiles. We note (as an aside—not used in our analysis)
that, under certain, special conditions, further simplifications
can be made. If the temperature profile is known, the tem-
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perature derivatives can be evaluated; and, thus, the mass
balance can be decoupled from the energy balance. If we
consider the special case of a linear temperature profile, ex-
pressed as'®

T(2)=T.(1+ Bz/H), (©)

where the temperature of the lower plate, T; , has been cho-
sen as the reference temperature, H is the height of the
chamber, and B is defined by

B=(Ty—T. )Ty, (7

and if we further assume that the temperature profile is radi-
ally uniform, Eq. (5) simplifies to

(1+ Bz/H)' " PIn[ (1 —x,) /(1 —xp)]+1In(1—xp) — (B+ 1) *In(1 —x;)

161n(1-—x)+6’21n(1—x) bB/H & 1In(1—x)

r ar ar? 1+ Bz/H 0z
8% In(1—x)
+ —027‘— =0. (8)

If the diameter-to-height ratio becomes infinitely large, this

equation reduces to the one-dimensional case, and the result-
ing equation,

bB/H _dIn(l-x) d” In(1—x) ~0

1+ Bz/H  dz dz>

can be solved analytically.'® The solution for the mole frac-
tion profile is

)

The mass flux is given by
1—x; (l-b)B/H
NZ_(CDQ)refln(l_xU)' 1_(1+B)1—b' (11)

Energy balance

The energy balance for a cylindrically symmetric system
with no heat sources or sinks can be expressed in cylindrical
coordinates as'’

L g + i =0 (12)
ré’r (rqr) aZ (qz)‘ s
where g is the energy flux in either coordinate. The energy
flux is given as

q=—-AVT+NH+RTNaz(1—x). (13)

The first term in Eq. (13) represents the energy flux due to a
temperature gradient, as described by Fourier’s Law. The
thermal conductivity, N, is that of the mixture, since both
species contribute to the heat conduction. The second term
represents the convective energy flux; where H is the en-
thalpy of the vapor. The last term represents the Dufour ef-
fect, the energy flux due to a concentration gradient, and R is
the gas constant. By substituting Eq. (13) into the energy
balance, an equation is obtained that allows the calculation
of the temperature inside the chamber for a given mole frac-
tion profile,

Lo aT+N H+RTN, a1
r or r\ A or r rar(1-x)
9 oT _
1A 6—Z+NZH+RTNzaT(1—x) =0, (14)

As described in our discussion of the mass balance, this
equation can be simplified by neglecting the Dufour effect.

(10)

Since the Soret and Dufour effects are coupled, the argument
for neglecting this term is the same as presented earlier. The
resulting equation is

i )\&T+Nﬁ
Toar\ M T

A aT—!—N H|=0
A G TN T
(15)

d
+_._
9z

The change in enthalpy can be related to the heat capacity,

cp,as

9H 0OH oT T

T ar o ar (16)

Using this relation, the mass balance [Eq. (1)], and the
expression for the mass flux [Eq. 2], the energy balance can
be reformulated as

1 dIn\ c¢Dpc, d In(1—x)\ oT &T
—+ - —+—
r ar A ar or  dr

dln\ ¢Dyc, dIn(1—x)\ 9T 9*T
+( _ ¢Duc, 9 In( )) +—=0. (17)

07 A 9z E (9_27

This equation is used in conjunction with the mass bal-
ance [Eq. (5)] and appropriate boundary conditions to deter-
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mine the two-dimensional temperature and mole fraction
profiles in the cloud chamber.

We note (as an aside—not used in our analysis) that,
although the dependence of the thermal conductivity on lo-
cation is complicated since both the temperature and the
composition vary from one position to the next, the actual
variation in A is fairly small. If one assumes a constant ther-
mal conductivity, X, Eq. (17) is further simplified while in-
troducing only a small error. In the sample calculation car-
ried out with variable and constant values for the thermal
conductivity and for the heat capacity, the temperature pro-
file in the center of the chamber varied, at most, by one or
two degrees, while the mole fraction profiles for both calcu-
lations were identical. The radial profiles of the temperature
and mole fraction were even less affected, since the radial
mole fraction and temperature gradients are generally much
smaller than the axial ones. Throughout most of the chamber
(except in close proximity to the wall) the radial temperature
and mole fraction profiles are essentially uniform and the
radial gradient of the thermal conductivity is nearly zero.
With constant values for the thermal conductivity and the
heat capacity (which also varies slowly), the energy balance
reduces to
1 cDypc, d In(1~x) 8T+ T

roA ar ar or

cDypc, d In(1—x) T &*T
_ Dac, 5 Inl )—+—2=0. (18)
A Iz dz 0z

We note also that, under special circumstances (but,
again, not used here), this equation could be further simpli-
fied. The ratio of thermal conductivity to diffusivity and heat
capacity is dimensionless and is referred to as the Lewis
number (Le). It represents a measure of the relative impor-
tance of the conductive to the convective fluxes. Large val-
ues of the Lewis number signify that convective transport is
negligible compared to conductive transport. If the convec-
tive heat flux is neglected, we have

CD12CP 1

A Le (19)

For this special case, the energy balance further simplifies to

1 0T+(92T+02T 0 20
roar ort o 92 (20)
If the diameter to height ratio becomes infinitely large, this
equation reduces to the simple expression

d’T o

=0 (21
The solution to this equation yields the linear temperature
profile, which is, on occasion, assumed a priori in simplified
calculations. This analysis clearly shows the assumptions in-
volved when using a linear temperature profile.

Once the mass and energy balances [Egs. (5) and (17)]
are solved in conjunction with appropriate boundary condi-

tions, the mole fraction and temperature profiles, the density,
supersaturation, and nucleation rate at every point in the
chamber can be calculated. For the thermodynamic calcula-
tions and for calculations of the supersaturation in this inves-
tigation we assume ideal gas behavior for convenience (the
Poynting correction is included). Nucleation rates are ob-
tained using the Becker—Doring—Zeldovich (BDZ) rate ex-
pression.

Boundary conditions

The proper boundary conditions at the chamber wall for
the mass and the energy balances reflect the operating con-
ditions of the chamber (e.g., wet or dry chamber wall). The
chamber wall is a wettable surface; and, as such, the super-
saturation at this surface cannot be larger than unity. There
are two ways in which the supersaturation can be reduced to
unity (or below) at the wall.

Dry wall

In the case of a dry wall the equilibrium vapor pressure
is increased until it becomes equal to or larger than the par-
tial pressure of the condensable at the wall. This is achieved
by raising the temperature at the wall through heating of the
wall. Thus, the minimum temperature at the wall (for unit
supersaturation) is given as a function of the mole fraction,
x; as

T(Z,R) = 7(2) ) Teq(pvap) ’ (22)

where p,, represents the partial pressure of the condensable
adjacent to the wall and is computed as the product of the
mole fraction and the total pressure. T°%p,,,) signifies that
the temperature is obtained using the vapor pressure equation
and the partial pressure of the condensable at a particular
value of z. The function z) in this expression is used to
allow for overheating at the wall. The lowest possible tem-
perature for which the wall is dry is obtained for a value of
v=1, for which the supersaturation at the wall is unity. The
dependence of y on z indicates that overheating does not
need to be uniform, but can be modeled to represent the
presence of heating wires. The formulation of the boundary
condition at the wall closely mirrors the experimental proce-
dure. In an actual experiment, the wall temperature would be
increased (generally by increasing the power to the wall
heater wires) until the walls are just dry (to the eye), then
reduced slightly to avoid unnecessary overheating. The point
at which the wall becomes dry corresponds to the condition
that the vapor pressure at each height is equal to or greater
than the actual partial pressure of the condensable. For uni-
form heating y=1 yields a best case situation, one in which
the temperature disturbance is the smallest possible and still
achieves the desired effect. In most experiments, however,
the wall is heated by several heating wires, and it is difficult
to adjust the temperature at different heights independently.
Also, the spaces between the wires may be at temperatures
differing from those adjacent to the heater wires. Thus, over-
heating can occur over some regions of the wall. As a result,
the temperature will be elevated beyond the minimum re-
quired to clear the wall at certain elevations which will result
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in supersaturations of less than unity at certain locations
along the wall. This situation can be simulated by choosing
values of vy to be greater than unity and a function of height.

For the mass balance, the boundary condition at the wall
follows from the assumption that no vapor is condensing
there. Thus, the net radial mass flux at the wall has to vanish:

dIn(l—x)

r =0. (23)

Wet wall

In the case of a wet wall, no heat is supplied to the walls.
The vapor adjacent to the wall condenses, forming a film on
the wall. The mole fraction at the wall will be lowered until
the partial pressure is equal to the equilibrium vapor pres-
sure, giving rise to a supersaturation of unity at the wall.

The mole fraction at the wall is given by a phase equi-
librium calculation using the temperature at the wall.

€q T
x(z,R)zp ( ), (24)

tot

where p®Y(T) is the equilibrium vapor pressure and is a func-
tion of the temperature at the wall, T(z,R). The temperature
at the wall cannot be determined a priori. The condensing
vapor releases heat that elevates the temperature of the wall
above that at the center of the chamber and the condensate
film flowing downward from the upper plate slightly cools
the wall. The wall temperature further depends on the tem-
perature of the external surroundings relative to that of the
chamber, as well as the thickness and thermal conductivity
of the cloud chamber ring. In our calculation, we assume that
the temperature at the wall corresponds to the temperature
within the chamber, so that no temperature gradient exists
close to the wall:

o =0 25
oar e (25)

r=R

This assumption, most probably, results in a lower value
for the wall temperature and thus a lower equilibrium pres-
sure, giving rise to a larger disturbance in the mole fraction
profile. This assumption is analogous to that of the dry wall
case, in which the mole fraction profile remains undisturbed,
and only the temperature profile is adjusted to prevent con-
densation. In actual experiments the wall temperature may
differ due to the heat released on condensation or differences
in the temperature of the external surroundings (especially
with thin chamber walls). However, in the absence of de-
tailed knowledge of the wall temperature, we adopt the worst
case. If the wall temperature is elevated, the conditions in-
side the chamber will be an intermediate to the wet and dry
wall solutions, since close to the wall both the temperature
and the mole fraction profiles are disturbed.

Condensate Film: The reason the interior wall of the
TDCC is wet is due to the condensate returning from the
upper plate to the lower plate and to vapor from the chamber
interior condensing on the wall. The drainage from the upper
plate, however, usually occurs as a few localized rivulets and
thus may not contribute significantly to the thickness of the

film between these rivulets. The film of the condensate on
the wall will drain down the wall to the pool on the lower
plate. We establish the boundary condition at the wall to be
the temperature or the mole fraction at a value of r=R,
where R is the inner radius of the TDCC ring. There is a
thickness associated with the condensate film that can be
estimated and shown to be small. We present the analysis in
the Appendix. The thickness of the condensate films typical
for our experiments is 0.1 mm or less. The velocity with
which the film flows down the interior wali is also of inter-
est. There are important buoyancy-driven convection issues
associated with the vapor—gas mixture in the immediate vi-
cinity of the interior wall, and a flowing film may have an
effect on that mixture adjacent to the wall. The film falling
velocity analysis is also presented in the Appendix. Typical
falling velocities for our liquid films were of the order of 1-2
mm/s,

The remaining six boundary conditions are identical for
the wet and the dry wall case. The temperatures at the top
and bottom surfaces are directly amenable to measurement
and are known for any given experiment:

T(0,r)=T,,

T(H,r)=Ty. (26)

It is assumed that the vapor adjacent to the top and bot-
tom surface is in equilibrium with the liquid film at the top or
the liquid pool at the bottom. Thus, the mole fraction can be
obtained as

x(0,r) ZPCq(TL sPro) Prot s

27
x(Hsr)=peq(TU’ptot)/ptot- @)
The final two boundary conditions required for the solu-

tion of the mass and energy balances are those of symmetry

at the center of chamber. Here, all radial fluxes vanish, re-

sulting in vanishing radial gradients for the temperature and

the mole fraction:

aTr

o r=0=0, (28)
d1In(1—x)

T r=0=0. (29)

Solving the mass and energy balances [Egs. (5) and (17)]
using these boundary conditions yields the two-dimensional
mole fraction and temperature profiles inside the diffusion
cloud chamber. Once these profiles are known, the supersatu-
ration and the nucleation rate can be calculated at every point
in the chamber. These solutions being subject to our assump-
tions of ideal gas behavior, no thermophoretic effects, and

Eq. (4).

NUMERICAL SOLUTION

The partial differential equations presented in the previ-
ous section were solved numerically using the method of
finite differences. For convenience, the mass and energy

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997
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equations, as well as the boundary conditions, were con-
verted to dimensionless form. The dimensionless variables
and parameters are defined by

r Z
7]—'§, f—ﬁ, 0——-]'_;, ‘I’—ln(l—x). (30)
The temperature of the lower plate was chosen as reference
temperature 7°. The dimensionless mass and energy bal-
ances are, respectively,

H\?[ 1+b 98 a\lf+(92\1' b 36 &¥ ,92«1!_0
R| |\n 609 o o7 GoE o @
(31)
H)2(1 1oN 1 o¥ ao+¢920
R/ [\n Non Lean| og on°
Lon 1 9% a9+¢920_0 .
N of Le of )0 3 " G2
The dimensionless boundary conditions are
0(£=0)=1, W(£=0)=In[1-x*YT,)],
O0(é=1)=Ty/Ty, Y(E=1)=In[1-xY(Ty)],
a0 _ o —0- (33)
/| JR ’ /I ’
dry wall:
. v
0(n=1)=y0 (¥ 1), — =0; (34)
an =1
wet wall:
a0
— =0, V(np=1)=¥"(0,-)). (35)
an =1

By setting the parameter (H/R) to zero in Egs. (31) and
(32), we obtain the usual one-dimensional solution. In the
one-dimensional case the computed results for both the wet
and dry wall agree; which is expected since the two cases
differ only in their radial boundary conditions. This one-
dimensional solution has also been compared to solutions
obtained from previous analyses of our TDCC and HPCC
(high-pressure -diffusion cloud chamber) experiments. In
those analyses we assumed one-dimensional transport but
included nonideal gas behavior. The results for these tem-
perature and mole fraction profiles agree well with those
computed using these simplified equations. This provides ad-
ditional a posteori justification for our simplifications.

Furthermore, by setting the parameter (1/Le) to zero, the
convective energy flux is neglected. If, in addition, the one-
dimensional case is considered, the temperature profile is
found to be linear and the resulting mole fraction profile
corresponds to the analytical solution given in Eq. (10), as
expected.

The mass and the energy balances are solved simulta-
neously, since they form a system of coupled partial differ-
ential equations. In actuality, the solution is achieved itera-
tively. In the case of a dry wall where the radial mole

1-Propanol/Helium

TL =3029 K
TU = 256.5 K
v Ptot =1.18 bar
1-D Solution D/H=73
g
%
12
¥
2
R
) no overheating at the wall

FIG. 1. Two-dimensional temperature profile for an experiment involving
1-propanol and helium with a dry chamber wall and no overheating at the
wall. Also included is the comparison with the one-dimensional solution in
the center.

fraction profile is relatively uniform, the energy balance is
solved first, using the analytical solution for the mole frac-
tion as the initial guess. Then, the mass balance is solved
using the improved temperature profile. In the case of a wet
wall, the order is reversed. In this case, the mass balance is
solved first, since the radial temperature profile is relatively
uniform. Then, the calculated mole fraction profile is used in
the energy balance to improve the temperature profile. The
process is repeated until the both the mole fraction and tem-
perature profiles converge (usually achieved within four or
so iterations). This is due in large part to the rather good
initial guesses for the mole fraction or temperature profile.
Once the mole fraction and temperature profiles are known,
the supersaturation, nucleation rate, and density profiles are
computed.

RESULTS AND DISCUSSION

The two-dimensional transport equations have been
solved for a number of different experimental conditions.
The data used for the temperatures and pressures in these
simulations corresponds to actual experimental results ob-
tained in our laboratory. We chose the 1-propanol/helium
system for most of our simulations. This system has been
studied extensively so there is data available for use in our
simulations.'** Additional calculations were also made for
1-butanol with different background gases.® These experi-
ments (with 1-butanol) were carried out at higher tempera-
tures and total pressures with a wet wall.

Supersaturation and rate profiles

Figures 1-4 show representative three-dimensional per-
spective plots of the temperature and mole fraction profiles
that were obtained as numerical solutions to the two-
dimensional mass and energy balances [Egs. (5) and (17)].
Figure 1 represents the temperature profile inside the HPCC
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‘o no overheating at the wall

FIG. 2. Two-dimensional mole fraction profile for an experiment involving
1-propanol and helium with a dry chamber wall and no overheating at the
wall. Also included is the comparison with the one-dimensional solution in
the center. Since the vapor does not condense at the wall, the mole fraction
profile is radially uniform.

for the case of a dry wall for an experiment involving
1-propanol in helium at a total pressure of 1.18 bar and lower
and upper chamber plate surface temperatures of 302.9 and
256.5 K, respectively. A brief description of this representa-
tive figure will aid in understanding the subsequent three-
dimensional perspective plots that also illustrate solutions to
Egs. (5) and (17). :

The aspect ratio for the HPCC used in this experiment is
7.5, and the wall was dry during the experiment. The tem-
perature is plotted on the z or vertical axis, and the xy plane
corresponds to the vertical cross section of the HPCC
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TL =802.9K
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FIG. 3. Two-dimensional mole fraction profile for an experiment involving
I-propanol and helium with a wet chamber wall. Also included is the com-
parison with the one-dimensional solution in the center. The vapor con-
denses at the wall and is depleted in the outer region of the chamber.
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FIG. 4. Two-dimensional temperature profile for an experiment involving
1-propanol and helium with a wet chamber wall. Also included is the com-
parison with the one-dimensional solution in the center. The temperature
profile is radially uniform.

(through the center). In this figure, the center of the HPCC
begins at the base of the temperature axis and runs parallel to
the reduced height axis. The Reduced Radius axis begins at
the center of the HPCC and ends at the wall. The front of the
diagram (parallel to the Reduced Radius axis) represents the
conditions at the lower plate, the back of the diagram corre-
sponds to the upper plate surface. We note from the figure
that the temperature near the wall (shown along the Reduced
Height axis) is elevated. The one-dimensional solution for
the temperature profile is included in the plot to provide a
comparison between the one- and two-dimensional solutions.

Interpretation of the boundary conditions

The primary difference between the wet and dry wall
solutions, as reflected in the boundary conditions, is that in
the wet wall case the temperature profile is uniform and the
mole fraction profile is modified at the wall; while, in the dry
wall case, the mole fraction profile is uniform and the tem-
perature profile is modified at the wall. This is illustrated in
Figs. 1-4, which show results for temperature and mole frac-
tion profiles. The corresponding supersaturation and nucle-
ation rate profiles are shown in Figs. 5 and 6.

Figure 1 illustrates the temperature profile in the dry
wall case. In the center, the profile is nearly linear and agrees
well with the one-dimensional solution. Toward the wall the
temperature is elevated due to the heating of the wali. This
increases the equilibrium vapor pressure near the wall, thus
preventing condensation. In this simulation the wall was
heated uniformly and just enough to prevent condensation.
The partial pressure of the condensable is equal to the equi-
librium vapor pressure, and the supersaturation along the
wall is unity. Figure 2 shows the corresponding mole frac-
tion profile. It is radially uniform and not affected by the
wall.
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1-Propanol/Helium
TL=3029K
TU=256.5K
Ptot =1.18 bar
D/H=75

no overheating at the wall

FIG. 5. Two-dimensional supersaturation profile for an experiment involv-
ing 1-propanol and helium with a dry chamber wall and no overheating at
the wall. Also included is the comparison with the one-dimensional solution
in the center.

Figure 3 depicts the mole fraction profile in the wet wall
case. It is no longer radially uniform but decreases sharply
near the wall. This decrease is caused by condensation at the
wall that depletes the vapor. The mole fraction is lowered
until the partial pressure of the vapor is equal to the equilib-
rium vapor pressure resulting in a supersaturation of unity.
The temperature profile, which is shown in Fig. 4, is radially
uniform and not affected by the wall.

Figure 5 shows the corresponding three-dimensional per-
spective plot of the supersaturation profile inside the HPCC
for the case of a dry wall. We note from the figure that the
supersaturation falls to unity along the bottom and top plate

1-Propanol/Helium

TL=3029K
1-D Solution TU=256.5K
T Ptot=1.18 bar
D/H=75
2
~
%%
4
)
(-4
Rad
2 NS
%,
‘o no overheating at the wall

FIG. 6. Two-dimensional nucleation rate profile for an experiment involving
1-propanol and helium with a dry chamber wall and no overheating at the
wall. Also included is the comparison with the one-dimensional solution in
the center. The rate is normalized such that the maximum rate of the one-
dimensional solution is unity.
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FIG. 7. Comparison between the radial supersaturation profile in the nucle-
ation plane for a wet and dry chamber wall for an experiment involving
1-propanol and helium.

surfaces, as well as along the HPCC wall (shown along the
Reduced Height axis). The largest values for the supersatu-
ration are achieved in the center portion of the HPCC. The
one-dimensional solution for the supersaturation profile is
also included to provide a comparison between the one- and
two-dimensional solutions. The supersaturation profile at the
center of the HPCC agrees well with the one-dimensional
solution, indicating that conditions at the center of the cham-
ber in this calculation are not affected by the wall.

Figure 6 shows the plot for the nucleation rate for this
experiment. The rate profile has been computed using the
temperature and supersaturation profiles shown in Figs. 1
and 5 and the BDZ nucleation theory. The calculated rate has
been normalized so that the maximum rate in the one-
dimensional case is unity and thus corresponds apptroxi-
mately to the rate observed in the experiment. Again, the
one-dimensional solution has been included for comparison.
The rate profile in the center of the HPCC agrees well with
the one-dimensional solution, indicating that the center of the
chamber is not affected by the wall under these conditions.
The nucleation rate profile drops to zero in the vicinity of the
bottom and top plate and close to the wall. It passes through
a maximum at approximately, 75% of the height of the
HPCC.

Comparison of the wet and dry wall supersaturation
and rate profiles

In order to compare the effects of the behavior of the
mole fraction and temperature profiles in the wet and dry
wall cases, we compare the radial supersaturation and nucle-
ation rate profiles for both cases. We focus on the height in
the chamber at which the nucleation rate reaches a
maximum—we refer to this height as the nucleation plane—
since this allows the use of two-dimensional plots and facili-
tates our comparison.

Figure 7 shows the radial dependence of the supersatu-
ration in the nucleation plane for wet and dry walls. The
supersaturation reaches the highest value at the center of the
chamber and drops to unity at the wall. The radial supersatu-
ration profiles for the wet and dry wall solutions are similar.
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FIG. 8. Comparison between the radial nucleation rate profile in the nucle-
ation plane for a wet and dry chamber wall for an experiment involving
1-propanol and helium. The nucleation rate at the center of the chamber
reaches the value of the one-dimensional solution (indicated by a relative
rate of unity).

The same is true for the nucleation rate profiles shown in
Fig. 8. The same behavior has also been observed in our
simulations involving 1-butanol at higher temperatures and
pressures. The increase in the rate from zero to unity occurs
at approximately the same radial position. The radial rate
profile is particularly useful when discussing the influence of
the chamber wall, since the rate is particularly sensitive to
minor changes in the supersaturation. Recall that a reduced
rate of unity indicates that the rate profile at that radial po-
sition is the same as the one computed using the one-
dimensional solution for which wall effects are not mani-
fested. Thus, the disturbance in the temperature profile in the
dry wall case has the same effect on the nucleation rate in-
side the chamber as the depletion of the vapor adjacent to the
wall in the wet wall case. As long as the diameter-to-height
ratio is sufficiently large, the influence of the walls is con-
fined to the outer region and the mode of operation (wet or
dry wall) does not affect nucleation measurements made in
the central portion of the diffusion cloud chamber. Simula-
tions of several experimentally obtained data points with
varying temperature ranges and varying total pressure have
shown that the influences of temperature and total pressure
on the radial rate profile are virtually nonexistent.

Aspect ratio study

An important criterion for proper cloud chamber opera-
tion is the aspect (diameter to height) ratio. The larger the
aspect ratio, the less the wall boundary conditions influence
the central region of the chamber. For ‘‘sufficiently’’ large
aspect ratios, the mass and energy transport in the center of
the chamber is (essentially) one dimensional, and wall ef-
fects can be ignored. As stated earlier, an aspect ratio of 5 or
greater has been regarded as ‘‘sufficiently large.”” The aspect
ratio of the HPCC in which most of our recent experiments
were performed is 7.5. To examine in a somewhat more
quantitative fashion the influence of the aspect ratio, we have
simulated cloud chamber operation for aspect ratios of 2.5, 5,
7.5, and 10.

Figure 9 shows the radial dependence of the supersatu-

4.0 T T T T
35 = -
- D/H=5 — 5
_g 30+ . T . .
o D/H=25 — %
p=1
‘t'“' 25L.. .
2
@
a | 1-Propancl/Helium:
a 20 TL=302.9 K
TU=256.5K
15+ Ptot=1.18 bar:
1'0 L \ L . L L L . -
00 01 02 03 04 05 06 07 08 09 1.0

Reduced Radius

FIG. 9. Influence of the aspect (diameter to height) ratio on the radial
supersaturation profile in the nucleation plane for a dry chamber wall for an
experiment of 1-propanol in helium.

ration in the nucleation plane for these four aspect ratios,
assuming a wet wall. The results for the dry wall calculations
are virtually indistinguishable from the wet wall solutions (as
has been pointed out previously). For aspect ratios of 5 and
above the supersaturation at the center appears to reach the
value obtained using the one-dimensional solution. For an
aspect ratio of 2.5, however, the supersaturation in the center
is lower, indicating that the influence of the wall extends to
the center of the chamber.

Figure 10 depicts the dependence of the nucleation rate
in the nucleation plane on radial position. For aspect ratios of
7.5 and 10 the nucleation rate in the center of the chamber is
equal to that of the one-dimensional solution. We note, how-
ever, that for an aspect ratio of 5, the nucleation rate in the
center is decreased due to the influence of the wall. Even
though the supersaturation for this aspect ratio was essen-
tially that of the one-dimensional value in the center, the rate
is approximately 15% lower and drops off quickly with in-
creasing radius. This, of course, is a manifestation of the
strong dependence of the rate on the supersaturation. For an
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FIG. 10. Influence of the aspect (diameter to height) ratio on the radial
nucleation rate profile in the nucleation plane for a dry chamber wall for an
experiment of 1-propanol in helium.
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aspect ratio of 2.5 the nucleation rate is dramatically reduced
throughout the chamber.

The results of these aspect ratio studies strongly suggest
that it is important to consider the radial dependence of the
nucleation rate before attempting quantitative nucleation rate
measurements. There must not be a significant variation in
rate in the region over which the rate is being measured
unless that variation is accounted for: As can be seen in Fig.
10, for an aspect ratio of 5 and an observation region extend-
ing to a reduced radius of 0.5, the rate obtained from our
two-dimensional calculation is roughly one-half that ob-
tained using the one-dimensional solution. Even for an as-
pect ratio of 7.5, for which the rate in the center agrees with
the one-dimensional solution, the rate measurement must to
be limited to a region extending approximately one-third of
the reduced radius from the center, where the reduced rate is
essentially unity. This is a particularly important point to
consider when making nucleation measurements at low
nucleation rates, e.g. 107! drops/cm®/s and less, since the
tendency often is to measure the rate over a wider area
within the chamber.

Effect of overheating the wall

In the case of a dry wall, the temperature at the wall has
to be just high enough to prevent condensation. However, as
mentioned during our discussion of the boundary conditions,
in actual experiments the temperature at the wall is often
elevated beyond this level, resulting in supersaturations of
less than unity at the wall. This would occur, for example,
when two or three heating wires are used to clear the entire
wall. In our analysis, we model this by introducing an over-
heating function, Y(z) [see Eq. (22)], that depends upon re-
duced height. This function is used to compute the wall tem-
perature as follows:

Bbc-: alin+ ’)’(Z) . ( g°9— olin)’ (36)

where ¢ is the dimensionless temperature at the wall, &9 is
the dimensionless temperature for which the supersaturation
is unity, and @™ corresponds to the dimensionless tempera-
ture according to a linear temperature profile. This calcula-
tion of the temperature at the wall ensures that the tempera-
tures at the top and the bottom of the wall are equal to the
temperatures of the respective plates, thus avoiding singu-
larities in the boundary conditions. A value of y=1 corre-
sponds to no overheating. The function /(z) given as

y(z)=1+g-g2 5-[1—cos(2mg;2)], (37)

where g, g,, and g5 are parameters that can be adjusted to
tailor the temperature profile along the chamber wall. The g
term provides even overheating, and the g, term will produce
a periodic overheating with g, representing the number of
heating wires being used.

Figure 11 depicts the radial dependence of the supersatu-
ration in the nucleation plane in the case of even overheating.
We note that the higher the degree of overheat, the lower the
supersaturation at the wall. These low values of the super-
saturation propagate into the chamber. The effect on the ra-
dial nucleation rate profile is shown in Fig. 12. For higher
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FIG. 11. Influence of overheating at the dry wall on the radial supersatura-
tion profile in the nucleation plane for an experiment involving 1-propanol
and helium. If the chamber wall is overheated, the supersaturation drops
below unity at the wall.

degrees of overheat the effect (decrease) on the nucleation
rate moves closer to the center. We note, however, that for
the results shown in Fig. 12, the rate at the center of the
chamber is not significantly affected. It is important to note
that for these simulations, a degree of overheat of 2.0 corre-
sponds to an increase in wall temperature at the height of the
nucleation plane of approximately 35 K beyond the tempera-
ture required to dry the walls. Thus, transport effects as mod-
eled with the mass and energy balance equations, are not
sufficient to explain the worrisome dependence of nucleation
rate on the wall heat, which has been observed
experimentally.12

In actual operation, the diffusion cloud chamber wall
(e.g., the quartz or Pyrex ring) is usually heated using two to
four heating wires.'*!® Because of the discrete location of
the heating wires, even heating of the wall is not possible. In
order to prevent condensation in the cooler areas between the
heating wires, the regions in the vicinity of the heating wires
are overheated. Figure 13 depicts the temperature profile
near the wall for the case of three heating wires. The case of
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FIG. 12. Influence of overheating at the dry wall on the radial nucleation
rate profile in the nucleation plane for an experiment involving 1-propanol
and helium. The rate at the center of the chamber reaches unity in all cases
and thus is the same as that computed from the one-dimensional solution.
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FIG. 13. Temperature profiles near the wall (at reduced radii of 0.9, 0.95,
and 1.0) for a dry chamber wall and an experiment involving 1-propanol and
helium. The chamber wall is heated by three heating wires, resulting in a
periodic temperature profile at the wall.

no overheating (uniform heating) is represented by a solid
line. At the wall the sinusoidal temperature profile caused by
the three heating wires is clearly seen. Interestingly, these
oscillations damp out rather quickly; in fact, at a reduced
radius of 0.95 they are nearly undetectable. Thus, the effect
of overheating on the supersaturation and nucleation rate
profiles in the chamber tends to be the same for even, as well
as periodic, overheating. The differences between the two
kinds of wall heating are confined to a region close to the
wall.

Effect of the background gas on the one-dimensional
supersaturation and rate profiles

Using different background gases affects the shape of
the temperature and mole fraction profiles and thus changes
the shapes of the supersaturation and rate profiles. We have
observed experimentally that an increase in total pressure
shifts the position of the (observable) nucleation plane to-
ward the upper plate. Furthermore, we have observed experi-
mentally that using a more dense background gases also
shifts the nucleation plane toward the upper plate.3’19

Here we compare the temperature, supersaturation, and
nucleation rate profiles for experiments involving 1-butanol
in hydrogen, helium, nitrogen, and argon. These are com-
puted profiles based on actual experiments. The total pres-
sure for the experiments in hydrogen and helium was 7.5 bar;
for nitrogen, 3.9 bar; and for argon, 2.8 bar. During these
experiments, the temperatures at the top and bottom plate
were adjusted so that the observed rate was 2—-4 drops/cm®/s
and the calculated nucleation temperature was approximately
334 K for all four experiments.

Figure 14 depicts the temperature profiles at the center
of the chamber for the four different background gases. The
profiles for hydrogen and helium are nearly linear, while the
profiles for nitrogen and argon are more curved. The differ-
ent thermodynamic properties required for the solution of the

FIG. 14. One-dimensional temperature profiles in the center of the chamber
for experiments with 1-butanol in four different background gases.

mass and energy transport equations are included in the di-
mensionless Lewis number:

A
Le=

- Do (38)

The mixture of 1-butanol/H, has the highest Lewis num-
ber (Le=0.7935 at the lower plate), 1-butanol/Ar the lowest
(Le=0.3882 at the lower plate). Thus, for the heavier gases
the convective transport plays a more important role, and the
resulting temperature profiles differ significantly from the
common but simplifying assumption of a linear profile.

This difference in the temperature profiles affects the
supersaturation profiles. Figure 15 depicts the supersatura-
tion profiles in the center of the chamber for the four differ-
ent background gases. The location of the maximum super-
saturation shifts upward for the heavier background gases.
These changes in the temperature and supersaturation pro-
files result in an upward shift of the nucleation plane, as is
shown in Fig. 16, where we have plotted the four reduced
(compared to the one-dimensional value) nucleation rate pro-
files at the center of the chamber. For 1-butanol in hydrogen
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FIG. 15. One-dimensional supersaturation profiles in the center of the cham-
ber for experiments with 1-butanol in four different background gases.
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FIG. 16. One-dimensional nucleation rate profiles in the center of the cham-
ber for experiments with 1-butanol in four different background gases.

or helium the rate reaches its maximum at a reduced height
of 0.7; for nitrogen the reduced height shifts to 0.75; and for
argon it shifts to 0.85. »

This shift in height is entirely consistent with our experi-
mental observations.’ This shift in position of the nucleation
plane toward the cooler plate surface could present a signifi-
cant difficulty in the design of a downward diffusion cloud
chamber. In such a chamber the vapor diffuses downward
from the hot, upper plate to a cooler, lower plate. For some
time the downward diffusion cloud chamber has been re-
garded as a possible solution to the buoyancy-driven convec-
tion limitations inherent to the upward diffusion cloud cham-
ber when working with heavy background gases at elevated
pressures. Apart from the difficulty of maintaining a liquid
pool at the upper plate, the nucleation plane will move closer
to the bottom plate, leaving only small distances over which
the droplets form and fall. This behavior will make the de-
tection of nucleation and the measurement of nucleation rate
difficult.

SUMMARY AND CONCLUSIONS

We have defined and solved two-dimensional mass and
energy transport equations describing the operating condi-
tions at every point in the diffusion cloud chamber. We have
introduced wet and dry conditions at the wall through the use
of appropriate boundary conditions. Several key factors were
examined for their influence on the shape of supersaturation
and nucleation rate profiles throughout the diffusion cloud
chamber.

The aspect ratio of the diffusion cloud chamber is an
important design criterion since an inappropriate choice can
seriously compromise proper operation of the chamber and
deleteriously affect the results of nucleation measurements.
While in the past this was an empirically based design deci-
sion, here we present a quantitative criterion for a choice of
an appropriate value. We have shown that for typical vapor—
gas systems, such as those examined in this paper, an aspect
ratio of less than approximately 7.5 can lead to questionable
results if the nucleation rate is measured over too large an
area within the chamber, and this area of measurement is

not properly considered in the analysis of the nucleation rate
data. The measured nucleation rate, while seemingly steady
and reproducible, can easily be in error by a factor of 2 or
more. With the emphasis currently on quantitative nucleation
rate measurements, it is important that these sorts of (correct-
able) measurement errors be properly accounted for. For the
measurement of onset of nucleation (critical supersaturation),
it is possible to use aspect ratios of 5 or greater.

From our model calculations, we conclude that the pres-
ence of a wet or dry wall does not seriously affect the interior
conditions of the 