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The influence of buoyant convection on the operation of the upward
thermal diffusion cloud nucleation chamber
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Recently, the stable operation of the upward thermal diffusion cloud chamber with respect to
buoyancy-induced convection has become a concern in obtaining reliable nucleation data. During
chamber operation, evidence of strong convective currents are clearly visible due to the curved
trajectories of entrained droplets. A potential problem exists when these flows are much smaller in
magnitude; there is no visible evidence of convection, yet these minute flows may result in
systematic errors in the nucleation data calculated via 1D diffusive models of the transport
mechanisms within the chamber. To examine whether such flows are possible and the characteristics
of these flows we have developed an extension to recent 2D modeling of the nucleation chamber
which includes buoyancy-induced, convective motion. We have examined both wet and dry
chamber operation with an example case of 1-propanol in helium at a pressure of 1.18 bar. In
addition, for the dry wall case we examined the effect of overheating the chamber wall and varying
the chamber diameter. Results indicate that, for the representative cases investigated, very subtle
convective flows can exist and that these minute flows can affect the maximum attainable
supersaturation along the chamber centerline. Finally, a list of general recommendations are given
for minimizing the possibility of such flows within the cloud chamber. ©1999 American Institute
of Physics.@S0021-9606~99!51833-3#
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I. INTRODUCTION

The upward thermal diffusion cloud chamber~TDCC!
was first developed by Katz and Ostermeir and it has bee
elegant tool in the quantitative study of the homogene
nucleation process.1 In the past few years this system h
been improved and expanded to allow studies of other ty
of nucleation including photo-2 and ion-induced nucleation3

and even the nucleation of high temperature, meta
systems.4 One of the most important advantages of the u
ward thermal diffusion cloud chamber~TDCC! is that it is a
steady-state device and experimental conditions can be
ied to change the nucleation rate. Also, because of its la
diameter to height (D/H) ratio, experimental conditions ca
be analyzed by solving one-dimensional equations for
energy and mass transport occurring within the chamber

In the early years of its development, the cloud cham
was used to measure the critical supersaturation,Scr , the
supersaturation when the nucleation flux was n
1 cm23 s21. There has been favorable agreement betw
data collected using the TDCC and the more traditional a
batic expansion cloud chambers and supersonic nozzle
numerous organic substances.5 Later in the 1980’s when both
the nucleation rate as well as the supersaturation were m
sured, the diffusion cloud chamber data suggested a de
dence upon carrier gas pressure that was not seen in ex
sion chambers/nozzle experiments.6 Since the nucleation rat
is extremely sensitive to the temperature and supersatura
the condensation flux is a much more sensitive indicato
8010021-9606/99/111(17)/8013/9/$15.00
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differences among these systems; small percentage di
ences in supersaturation can result in order-of-magnitude
ferences in the the condensation flux.

This dependence upon pressure prompted a series o
periments on the nucleation of materials at eleva
pressures.7–10 These experiments indicated an increas
value of Scr with total pressure or conversely a decrease
flux with increasing pressure. The experimental results w
also dependent upon the type of background gas, namely
Scr vs total pressure variation was greater with helium th
with hydrogen.8

This pressure dependence as well as the report of a
pendence of the nucleation flux upon the degree of heatin
the chamber walls prompted Bertlesmann and Heist to
velop a more detailed model of the energy and mass tra
port processes within the TDCC. The authors develope
two-dimensional analog of the 1D model, thereby incorp
rating the influence of the walls into their analysis.11

Bertelsmann and Heist examined the effect of wet a
dry operation~including overheating of the chamber walls!,
the D/H ratio, and the effect of background gases w
1-propanol. The authors found that the effect of the walls c
influence the centerline results if theD/H ratio is not large
enough. Therefore it is important to consider this ratio in t
design of a chamber and they found that this ratio should
greater than 5 forScr nucleation measurements and ev
larger for accurate flux measurements. Whether the TDC
operated in wet/dry mode did not seem to matter as long
3 © 1999 American Institute of Physics
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the chamber walls are not greatly overheated. In addition
accordance with experimental observations, their results
dicated that the nucleation plane moved towards the up
plate with an increase in the pressure or density of the ba
ground gas. Unfortunately, the modeling indicated that e
excessive overheating was not able to account for the in
ence of wall heating upon the nucleation flux which is e
perimentally observed.

Bertelsmann and Heist noted that the stability of the
por mixture with respect to buoyant convection is one of
most important issues facing operation of the TDCC. In
accompanying paper, they developed an equation to pre
the onset of convection within the chamber.12

The work of Bertelsmann and Heist expanded the typ
1D solution to two dimensions, thereby shedding some
sight into the influence of the walls on TDCC operatio
Unfortunately the model did not include convective effe
and these can have a profound effect above and beyond t
noted for the diffusive ones. The goal of this work is
extend their work to include buoyant convection and de
mine its influence upon the temperature and maximum
tainable supersaturation within the chamber. Such mode
is important since there is currently some controversy a
whether the nucleation dependence upon pressure is r13

~and not included in the classical nucleation developme!,
due to non-ideal gas effects14 or due to wall/hydrodynamic
effects. In this work we will examine several representat
cases to determine the kind of flows and influences that
possible. Because of the complexity of the geometry a
equations, the goal is not to replace the typical 1D model
but perhaps gain some insight on what should be don
keep such simplification valid.

II. MODELING OF THE CLOUD CHAMBER

A. Chamber description

A simplified cross-sectional diagram of a typical TDC
is shown in Fig. 1. The chamber consists of upper and lo
plates separated by an annulus. The inside diameter of t
plates is denoted byD and the height of the annulus isH.
The bottom plate is covered with a thin pool of the liquid
be studied and the chamber volume is filled with a nonc
densable, nonreacting carrier gas at a specified pres
These pressures are typically at or below ambient press

FIG. 1. Cross-sectional diagram of a typical upward thermal diffusion cl
chamber.
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but in recent years Heist has developed a high pressure c
chamber~HPCC! that can be operated at elevated pressur7

During operation, the temperatures of the two plates
adjusted such that the lower plate is warmer than the up
plate. Vapor leaving the lower pool migrates toward t
cooler, upper plate where it condenses and forms a thin
on the upper plate. If the vapor in the chamber is sufficien
supersaturated, isolated droplets can form which fall into
pool of liquid on the lower plate, thus providing a continuo
system.

Until recently, the TDCC has only been operated in t
dry wall mode. In dry wall operation, the chamber sidewa
are heated just enough to prevent condensation on the w
and this configuration has the advantage that it allow
clearer view of the inside of the chamber. Because of c
cerns of possible influences on the data due to heating o
walls, Heistet al. have recently started collecting data und
wet mode operation.7–10 In this configuration, chamber side
walls are not heated and the condensing vapors are allo
to condense and ‘‘wet’’ the chamber sidewalls.

By solving the equations governing the energy and m
transport within the chamber, it is possible to calculate
conditions under which the material condenses. This anal
is simplified by making the chamber diameter to heig
(D/H) ratio so large that wall effects can safely be ignor
and the system can be modeled as a 1D system.

In this work we will examine the same baseline case
studied by Bertelsmann and Heist, namely, 1-propano
helium at 1.18 bar with lower and upper temperatures
302.9 and 256.6 K, respectively. This will facilitate dire
comparisons with their work. Bertelsmann and Heist’s e
perimental data for this system were collected using
HPCC and the wet wall configuration. They report that t
inside diameter of this chamber is 10.38 cm and, after
counting for the height of the liquid pool, have aD/H
57.5.7 These dimensions will be used in this work for th
size of the chamber. The nucleation chamber is assume
be oriented such that the gravitational acceleration is exa
normal to the chamber’s upper and lower plates. Theref
the chamber can be modeled in two dimensions only.

B. Governing equations

It is assumed that the condensation flux is low and he
significant condensation effects can be ignored~i.e., heat of
condensation, multiphase flow!. The governing equations fo
this binary system of condensible vapor,a, and background,
carrier gas,b, are

continuity equation:

1

r

]~rru!

]r
1

]~rv !

]z
50, ~1!

r -momentum:

1

r

]~ruru!

]r
1

]~rvu!

]z

52
]P

]r
2F1

r

]~r t rr !

]r
2

tuu

r
1

]t rz

]z G , ~2!
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z-momentum:

1

r

]~rurv !

]r
1

]~rvv !

]z

52
]P

]z
2F1

r

]~r t rz!

]r
1

]tzz

]z G1rgz , ~3!

energy equation:

1

r

]~rurCpT!

]r
1

]~rvCpT!

]z

5F1

r

]

]r S kr
]T

]r D1
]

]z S k
]T

]zD G , ~4!

conservation of speciesa:

1

r

]~rurwa!

]r
1

]~rvwa!

]z

5F1

r

]

]r S Dabr
]wa

]r D1
]

]z S Dab

]wa

]z D G , ~5!

equation of state:

r i5
PiMwi

RT
, ~6!

and

r5ra1rb . ~7!

In these equationsr andz are radial and axial coordinates,u
and v are the radial and axial velocity components,P the
pressure,t the stress tensor,wa the mass fraction of compo
nenta, andT the temperature. The transport properties u
in these equations arer, the density,m, the viscosity,k, the
thermal conductivity,Cp , the heat capacity, andDab the
binary diffusion coefficient. It is also assumed that the co
pling effects between the mass and temperature fields~soret/
dufour effects! are negligible.

In terms of the velocity components the stress ten
components are

t rr 52mF2•
]u

]r
2

2

3 S 1

r

]

]r
~ru !1

]v
]zD G , ~8!

tuu52mF2•
u

r
2

2

3 S 1

r

]

]r
~ru !1

]v
]zD G , ~9!

tzz52mF2•
]v
]z

2
2

3 S 1

r

]

]r
~ru !1

]v
]zD G , ~10!

t rz5tzr52m F]u

]z
1

]v
]r G . ~11!

Two important simplifications of the above equatio
should be noted. First, if the gravitational term is set to
buoyancy effects are eliminated, Eqs.~1!–~3! drop out and
all velocity components are zero~for the boundary condi-
tions in this work!. The temperature and mass fraction pr
files are still coupled, but only depend upon the diffusi
d

-

r

,

-

contributions in Eqs.~4! and~5!. Further, if theD/H ratio is
extremely large, the equations reduce to the simple o
dimensional form.

C. Boundary conditions

The boundary conditions for the governing equations
very nearly identical to those Bertelsmann and Heist use
their analysis of the cloud chamber; the biggest differenc
the need for additional boundary conditions for the mom
tum components.

1. Upper plate

At the upper plate, the temperature is fixed while t
mole fractions of the vapor are given by the ratio of t
vapor pressure to the total chamber pressure. In typ
TDCC modeling it is customary to use mole fractions a
write the mass transport equations in terms of these m
fractions. Because mass averaged velocities are neede
the momentum equations, it is simpler to use mass fracti
throughout and the mole fraction boundary conditions
converted to mass fractions. Hence it is useful to define
function,Wx , which indicates a conversion from mole fra
tions to mass fractions for the binary mixture. Using th
newly defined function,

T5Tupper, ~12!

and

wa5Wx FPeq~T!

Ptotal
G . ~13!

Also, it assumed that there is no slip on the top plate so
u5v50.

2. Lower plate

The boundary conditions for the lower plate are simi
to the upper plate, i.e.,

T5Tlower ~14!

and

wa5Wx FPeq~T!

Ptotal
G . ~15!

Unlike the upper plate, the bottom plate is covered with
liquid pool of the condensible material/species so it is p
sible to have nonzero velocities at the interface. Since
liquid layer is very thin, it is assumed to first approximatio
that the velocity components at this interface are zero.

3. Centerline

At the centerline there is neither radial heat nor ma
flux; hence

]T

]r
5

]wa

]r
50. ~16!

Also, the radial velocity is zero at the centerline while t
gradient of the axial velocity is zero
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u5
]v
]r

50. ~17!

4. Sidewall

The nucleation chamber can be operated in either the
or wet configuration. The boundary conditions for the te
perature and mass fraction differ in both cases and are
cussed below. In both cases the velocity components a
wall are assumed to be zero.

5. Dry operation

In the dry wall configuration the walls are heated to p
vent condensation, hence the supersaturation at every p
along the wall must be<1.0.

This temperature will be denoted byTeq, the tempera-
ture needed to produce a supersaturation of 1.0. Hence,

T5Teq ~18!

and

wa5Wx FPeq~T!

Ptotal
G . ~19!

6. Sidewall –wet operation

During wet operation of the TDCC, the chamber sid
walls are not heated and the condensing vapors are allo
to wet the chamber sidewalls. It is assumed that the va
pressure of the condensing vapor is in equilibrium with
liquid at the sidewall temperature,T, or

wa5Wx FPeq~T!

Ptotal
G . ~20!

Unfortunately, the sidewall temperature itself is more dif
cult to prescribe. The temperature at the chamber side
will depend on a variety of factors including condensatio
heating and convective losses to or gains from the ambi
For now, we adopt the same boundary condition as Bert
mann and Heist, namely,

]T

]r
50, ~21!

but we shall discuss the appropriateness of this bound
condition later in the results section.

D. Physical properties

Physical properties for 1-propanol, including the vap
pressure and binary diffusion coefficient for the helium
propanol system, are taken from the expressions used
Heist et al.7 Helium physical properties are taken from pu
lished fits to experimental data and these fits are listed
Table I.

To calculate the viscosity of the 1-propanol/He mixtu
the method of Wilke is used16

mmix5(
i 51

n F Xim i

( j 51
n Xjf i j

G , ~22!

where
ry
-
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in

,

f i j 5
1

A8
S 11

Mwi

Mwj
D 21/2F11S m i

m j
D 1/2 S Mwj

Mwi
D 1/4G2

~23!

and n is the number of components. An analogous expr
sion is used for the thermal conductivity of the vapor/g
mixture16

kmix5(
i 51

n F Xiki

( j 51
n Xjf i j

G . ~24!

In this equation the same expression forf is used as for the
viscosity, i.e., Eq.~23! and the pure component viscositie
are determined from the expressions given in Ref. 7 a
Table I.

E. Solution method

The governing equations are solved numerically us
finite differences and the semi-implicit method for pressu
linked equations~SIMPLER! technique. This technique ha
been thoroughly discussed in the literature and will not
discussed in detail here.17 Briefly, the SIMPLER technique
employs a staggered grid where pressure and tempera
nodes are placed at the center of control volumes and
velocity components are positioned at the faces of these
umes. In this work the resulting discretized equations
solved on a 60360 grid using a line method and iteration
are continued until convergence. Convergence is defined
two criteria: first, the continuity requirement is satisfie
~within a specified limit! for every cell in the computationa
domain, and second, the global energy balance for the
tem ~heat flux in5heat flux out! must agree to within
0.005%.

III. RESULTS

A. Dry wall boundary condition

As stated earlier, during dry wall operation the chamb
walls are heated such that the supersaturation at the wa
<1.0. The condition whereS51.0 at all points along the
sidewall represents an ideal case where the walls are he
just enough to prevent condensation; in actual operation,
wall will almost certainly be hotter than this case.

Figure 2 is a collection of contour plots from a simul
tion of the dry wall chamber operation for 1-propanol
helium at 1.18 bar. This case is identical to that of the ba

TABLE I. Table of helium physical properties used in this work. Data a
given for the thermal conductivity,k, ~W/m K!, viscosity,m, ~cP!, and heat
capacity,Cp , ~J/mole K!.a

Helium-Component b

k(T)51.570 32203102216.750 200331024T
21.187 159331026T211.644 647031029T3

28.036 8411310213T4

m(T)53.593 80843102516.334 689831027T
23.409 9052310210T211.242 1068310214T3

Cp(T)520.786

aReference 15.
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FIG. 2. Contour plots for the critically heated, dry wall operation TDCC for 1-propanol in helium at 1.18 bar. Plots shown above are~a! temperature,~b!
streamfunction,~c! r -component of velocity (u), ~d! z-component of velocity (v), ~e! mass fraction of 1-propanol, and~f! supersaturation.
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line case used by Bertelsmann and Heist and will also
used as a baseline case in this work for direct comparis
The contour plots consists of~a! temperature,~b! stream
function,~c! r -component velocity (u), ~d! z-component ve-
locity (v), ~e! mass fraction of 1-propanol, and~f! the super-
saturation profile.

Throughout most of the chamber the isotherms are
and layered, but at the sidewall there is a steep gradien
the temperature field. This gradient induces a single conv
tive cell as shown in the streamline plot of Fig. 2~b!. There is
a steep gradient in the streamlines at the sidewall wit
much shallower gradient towards the centerline. These
indicative of a strong upward flow extremely close to t
sidewall with a slower, but farther reaching downward flo
These same observations are shown in a different form in
individual momentum components. Figure 2~d! shows the
extremely sharp, strong upward flow clinging to the sidew
balanced by a much wider and slower downward flow alo
the centerline.
e
n.

t
in
c-

a
re

.
e

ll
g

The mass fraction profile is layered with no gradient
the wall as dictated by the boundary conditions. The conc
tration at the sidewall is slightly higher than would be giv
by diffusion alone. The strong upward flow at the sidew
tends to pull the lines of constant mass fraction away fr
the lower plate and bunch them slightly at the top plate.

Figure 2~f! shows the result of the convective flow o
the predicted supersaturation profile. In the model, conv
tive flows can be conveniently eliminated by setting t
gravitational level to zero. Therefore, the changes due
convective effects can clearly be seen by setting the grav
tional levels to 0 and 1 and comparing the results. For theg
case the maximum attainable supersaturation is 3.224. W
the convective flows, this maximum is reduced to 3.168—
slight, ;2% reduction.

The radial velocity component,u, is very nearly zero
along the centerline. Therefore, flow in this region is dom
nated by the broad, downward axial velocity component,v.
It is possible that visual evidence of such a flow would
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FIG. 3. Contour plots for the wet wall operation TDCC for 1-propanol in helium at 1.18 bar. Plots shown above are~a! temperature,~b! streamfunction,~c!
r -component of velocity (u), ~d! z-component of velocity (v), ~e! mass fraction of 1-propanol, and~f! supersaturation.
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difficult to find in an experiment. The flow along the cente
line is very weak and nearly ‘‘plug-like,’’ i.e., the radia
variation of thev-velocity is very slight. Therefore, the pat
of any entrained drops along the centerline would tend to
fairly straight and the drops would seem to be falling.

It is not difficult to envision agreement between the flo
fields given in Fig. 2 and what is typically observed expe
mentally with heated side wall operation. During stable d
wall operation, the droplets that form in the center of t
chamber fall downward in a straight path to the liquid po
below. There is however a small region close to the cham
walls where there is no nucleation.18

B. Wet wall boundary condition

Figure 3 is a collection of contour plots for the wet wa
case. In this case, there is a minimum disturbance to
temperature field and a maximum disturbance to the con
tration profile. In Fig. 3~a!, the isotherms are fairly flat with
some distortion towards the lower sidewall. If the velociti
e

-
y

l
er

e
n-

were zero, the isotherms would be perfectly flat, and in eff
plane-parallel. Because the upward flow increases the tr
port of propanol along the sidewall, the concentration of p
panol is just slightly elevated. In order to satisfy the con
tion that S51.0 at the wall, the temperatures are sligh
elevated along the sidewall.

Buoyant convection is driven by differences in dens
and convective currents will work to eliminate such dens
differences. In the dry wall case, differences in density
duced by the temperature field caused a slight distortion
the concentration profile along the wall. In a similar fashio
for the wet wall case, differences in density caused by
concentration gradient cause a slight distortion in the te
perature field.

The appearance of the flow in this wet wall case is e
tremely similar to the dry wall case, but the magnitude of t
flow is stronger. There is still strong flow very close to th
sidewall balanced by a broader, slower flow along the c
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terline. The downward flow in this case extends a bit fart
toward the centerline.

The lines of constant mass fraction of propanol are
as flat as in the dry wall case and the maximum attaina
supersaturation is;5% lower than the value calculated wit
no convection. Also because the mass fraction profile is
as flat as in the dry wall case, the region of maximum sup
saturation for the wet wall case does not extend as clos
the walls as in the dry wall case.

For wet wall operation the temperature boundary con
tion, ]T/]r 50, is probably the most debatable bounda
condition used in this work. It implies that the chamber wa
are perfectly insulating and that no heat is lost to or gain
from the ambient environment. Although losses/gains fr
the sidewalls may be low, it is unlikely that the sidewalls a
perfect insulators. The actual temperature profile along
chamber sidewall will depend upon vapor condensation
fects, the thickness and conductivity of the sidewall, the a
bient temperature, etc. Therefore it is important to consi
these possible changes in the temperature field at the
wall when there are large temperature differences betw
the chamber side walls and the ambient.

C. Effect of wall heating

To examine the effect of chamber sidewall overheati
Bertelsmann and Heist used a complex overheating func
which was able to simulate the effects of multiple heat
wires and various degrees of overheating. Since their res
showed that perturbations due to multiple heating zo
tended to be confined to regions extremely close to
chamber sidewall, we decided to use a similar, yet simp
overheating function than Bertelsmann and Heist, namel

T5Teq1DToverheatsinS 2pz

H D . ~25!

This function is intended to simulate the effect of a sing
heating zone. At the top and bottom of the chamber sidew
there is no disturbance to the sidewall temperature, but
maximum difference between the critically heated wa
(Teq) is given byDToverheatand occurs at the midpoint of th
chamber.

Figure 4 is a plot of the reduced supersaturation a
function of degree of overheat for three different cham
D/H ratios. The reduced supersaturation is defined her
the ratio of the maximum attainable supersaturation to
maximum attainable supersaturation calculated via set
the gravitational level to zero. Again, since the same phys
properties are used in each case (g50,1), the effects due to
convection alone can clearly be seen. It has also been
fied that the maximum attainable supersaturation calcula
by setting the gravitational level to zero is also equal to
answer obtained by a one-dimensional solution of the eq
tions for the baseline case. The data given in Fig. 4 are ba
on a chamber diameter of 10.38 cm andD/H ratios of 7.5,
10, and 15. ForD/H510 and 15, the reduced supersatu
tion is very nearly 1.0 even for considerable overheati
There is a slight, noticeable decrease in this reduced su
saturation with heating for theD/H510 case, though. Fo
r
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the caseD/H57.5, there is a more significant reduction
the reduced supersaturation with increasing heating.
shown earlier, there is an approximately 2% reduction in
maximum attainable supersaturation even at the critic
heated~i.e.,DToverheat50! case. As the degree of overheatin
is increased there is a corresponding decrease in the m
mum supersaturation. At the highest overheating inve
gated,DToverheat535 K, there is nearly a 6% decrease in t
maximum supersaturation over what would be calculated
the typical one-dimensional model. Although these are v
slight reductions in the supersaturation, the resulting chan
in the flux should be much more significant.

These results indicate that buoyant convection is a lik
culprit for the experimental observation of a flux dependen
on wall heating. In theD/H57.5 case of Fig. 4 a lowering of
supersaturation with an increase in wall heating would re
in a lower flux. It should be noted that specification th
D/H>10 is not general and that the results in Fig. 4 are
a specific case~1-propanol in He! under certain conditions
for other substances or chamber configurations, the resu
convective flows may be much smaller or larger.

D. Effect of chamber size

Unlike the one- and two-dimensional conduction so
tions used previously, for a given aspect ratio, it is possi
for the temperature and supersaturation profiles to dep
upon chamber size. A clarification of this statement will
given in a later section. To examine the magnitude of t
effect we have maintained the aspect ratio at 7.5 as a bas
case and varied the chamber diameter from 1 to 40 cm.
sults are shown in Fig. 5 along with similar results for asp
ratios of 10 and 15.

As shown in Fig. 5, the reduced supersaturations for
aspect ratios converge to 1.0 for very small chamber si
As the chamber volume is reduced, viscous drag with
chamber boundaries dominates and the flow field soluti
approach the 2D, diffusive case.

As the chamber diameter is increased, convective flo
cause a drop in the maximum attainable supersaturation

FIG. 4. Effect of chamber overheating on reduced supersaturation r
Results are shown for aspect ratios ofD/H515, D/H510, and D/H
57.5.
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the effect is more pronounced for the lower aspect ra
chambers. These results are computed for the critic
heated case; if the chamber is overheated siginificantly,
heating may cause a further depression in the maximum
persaturation. Again, these results are for specific cases
they clearly indicate that smaller chamber volumes a
higher chamber aspect ratios are preferable.

E. General recommendations

The previous cases provided a glimpse of the effec
some parameters on the operation of the TDCC. In the c
of a heated wall, as the convection increases it reduces
maximum attainable supersaturation within the nucleat
chamber.

It is possible to provide some general recommendati
on minimizing convection within the chamber by looking
a simplification of the governing equations used in this wo
An important simplification often used in problems involvin
free convection is the Boussinesq approximation. This
proximation is valid for systems in which density differenc
are small. For a full description of the approximation and
conditions under which it is valid see Ref. 19. Under th
approximation all physical properties, including density, a
taken to be constant except for the body force term,rg, in
the momentum equations. In this case, the density is rew
ten as a linear function of temperature~and/or concentra-
tion!. The TDCC is typically operated with heated walls a
the density differences driving any buoyant flows are cau
by the temperature gradient at the wall. Therefore, for
purposes of illustration, consider only density changes du
temperature changes—a similar argument also holds
concentration-induced density changes. Casting the den
into a linear function of the temperature gives

r5r01
]r

]T U
T0 ,wa0

~T2T0!1¯ , ~26!

where the subscript 0, represents a reference condition.
equation can be rewritten as

FIG. 5. Effect of chamber size on maximum supersaturation ratio. Res
are shown for aspect ratios ofD/H515, D/H510, andD/H57.5.
o
ly
is
u-
ut

d

f
se
he
n

s

.

-

e

e

it-

d
e
to
or
ity

is

r5r01r0b~T2T0!1¯ , ~27!

whereb is the thermal expansion coefficient and is defin
as

b52
1

r0

]r

]T U
T0 ,wa0

. ~28!

Under the Boussineq approximation, the governing equati
can be written in non-dimensional form and for a given set
boundary conditions and aspect ratio, are governed by
Rayleigh number

Ra5
gbDTD3r2Cp

mk
, ~29!

which represents the ratio of the destabilizing buoyan
forces to the retarding, viscous forces. The Rayleigh num
in Eq. ~29! is written for buoyancy effects arising from the
mal variations and involves a characteristic temperature
ference,DT5(Tlower2Tupper). For an ideal gas, the term,b,
is simply equal to 1/T. If the other density terms are ex
panded using the ideal gas equation for the vapor–gas m
ture the Rayleigh number becomes

Ra5
gDTD3P2Mw

2 Cp

mkR2T3 . ~30!

As Ra increases, buoyancy-induced convection increa
Examination of this term highlights some recommendatio
noted by other researchers on the stable operation of the
diffusion cloud chambers. Namely, convection will be min
mized for higher thermal conductivity, lower molecula
weight gases, and higher absolute temperatures. One p
not noticed to date is that, for a given aspect ratio, low
overall chamber volumes~as given by the characteristi
length, D! will result in lower values of convective distur
bances.

IV. CONCLUSIONS

We have developed a model of the energy and m
transport operations within a thermal diffusion cloud cha
ber which includes buoyancy-induced convective transp
We have used this model to study the wet and dry opera
of an example case of 1-propanol in helium. For dry cham
operation, previous models were unable to show that w
heating of the thermal diffusion cloud chamber resulted
departures from the 1D results, even for considerable o
heating. In contrast, by including convective effects we
able to show that there can be differences in the calcula
maximum supersaturation even for critical wall heating.
this representative case, a subtle downward flow along
centerline results in a decreasing maximum supersatura
with increasing wall heat.

Unfortunately, as models tend to become more realis
they often become less general and the model develope
this work has only been applied to one specific case. I
important to stress that even though heating of the w
resulted in a decreased maximum supersaturation, this is
a general statement that all wall heating will result in erro
in supersaturation measurements. Whether or not signifi

lts
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buoyant convection will develop depends on a variety
factors including the type of carrier gas used, the cham
dimensions, the condensible species being investigated,

Although this work does not provide general quantitat
criteria for the stable operation of the TDCC, it does prov
general guidelines for the minimization of buoyant conve
tion. Some of these have been highlighted before; for
ample using low molecular weight background gases
operating at higher absolute temperatures. One new fea
found in this work is that convection is minimized for sma
chamber volumes due to the viscous damping effects of
chamber’s boundaries. Therefore, results for two differ
size cloud chambers under identical operating conditions
aspect ratio can be different due to stronger convective fl
in the larger chamber.
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