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Abstract—An investigation has been conducted to ascertain the feasibility of augmenting natural con-
vection heat transfer rates by using binary gas coolants. In this study. a helium-rich mixture which is seeded
with a small amount of xenon yields higher heat transfer rates relative to those associated with pure helium.
Experimental and analytical results imply that three mechanisms are in part and, to various degrees,
responsible for the augmentation. Convective heat transfer rates are increased due to thermophysicat
property variation induced by seeding the helium with xenon. Prandtl effects limit augmentation while
solutal buoyancy forces, which are established by thermal diffusion, are of minor importance.

INTRODUCTION

INTEREST has recently developed in natural convective
heat transfer involving binary fluids. To date, appli-
cations such as materials processing have served as
the motivation to study heat transfer in these fluids
[1]. However, it has been suggested that binary mix-
tures can be used in other engineering applications,
such as the passive cooling of electronic components,
in order to enhance natural convective cooling rates
[2]. The following discussion describes the potential
advantages associated with the use of binary gas cool-
ants in natural convection systems.

If a binary coolant is considered as a heat transfer
fluid in a natural convection situation, heat transfer
augmentation may occur due to an array of consider-
ations. For example, augmentation may be due to the
rather straightforward consequences of thermo-
physical property variation. For a specified geometry,
the dimensionless natural convection heat transfer
rate is related to the Rayleigh or Grashof number and
the Prandtl number of the fluid. If variations in Pr are
small, heat transfer correlations are typically of the
form, Nu oc Ra. Using this proportionality, 4 for a
particular geometry and applied temperature differ-
ence may be expressed as

hoc(c:p’luy"-k'". M

Since 7 is positive but less than unity, it is apparent
that A may be increased by selecting coolants char-
acterized by large densities and thermal conductivities
and, to a lesser extent, specific heats. High viscosity
fluids are to be avoided.

In a similar fashion, pure coolants may be seeded
with additives ta tailor the thermophysical properties
of the mixture. A specific coolant the thermal per-
formance of which may be augmented in this manner
is helium, which has the desirable feature of high

thermal conductivity. A cursory inspection of the
properties of noble gases suggests that mixtures of
helium (MW = 4) and larger elements such as xenon
(MW = 131) possess substantially increased p and,
perhaps 4 may be increased. Indeed, Fig. 1 illustrates
the degree of heat transfer augmentation which may
be expected by adding X mole fraction of xenon to
helium. Thermophysical properties are taken from the
Appendix while Pr effects are assumed to be negli-
gible. Augmentation, due merely to thermophysical
property variation, is predicted to occur over narrow
ranges of X and optimal blends exist because of the
decreased thermal conductivity and increased vis-
cosity of the mixtures relative to pure helium. The
degree of augmentation increases with the exponent
n.

The physical concepts used to develop Fig. 1 are
straightforward and, of course, other blends may be
identified. Upon further consideration of binary cool-
ants, however, it becomes evident that other phenom-
ena may serve to augment heat transfer rates as well.
Because of the disparate molecular weights of helium
and xenon, for example, significant solutal buoyancy
forces may be established by cross-diffusion. Despite
the general disregard of these processes in heat trans-
fer applications, their influence on the natural con-
vection of binary fluids can be significant [3, 4).

Species gradients are established by Soret diffusion
if a binary fluid is subjected to a temperature gradient.
Returning to the helium-xenon system as an example,
heavy xenon is diffused toward cold temperature
regions. As a result, thermal and solutal buoyancy
forces will presumably act in unison to drive natural
convection. To quantify solutal buoyancy forces, a
dimensionless stability parameter may be evaluated
to estimate the relative magnitude of Soret-induced
solutal to thermal buoyancy forces within the system

[3]
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NOMENCLATURE
c specific heat X mole fraction of xenon.
C xenon mass fraction
D binary diffusion coeflicient Greek symbols
g gravitational acceleration 8 expansion coefficient
k thermal cc'mdl.fctlvny . » dimensionless stability ratio
kt thermal diffusion coefficient 5 heated plate height
h average heat transfer coefficient 0 angular coordinate. dimensionless
Le  Lewis number, Sc/Pr temperature
MW molecular weight u dynamic viscosity
n_ exponenton Ra p mass density.
Nu  average Nusselt number
P pressure )
¢ heat rate per unit length Subscripts
; radius c solutal, cold
R inside radius of the pressure vessel h hot
Rar  thermal Rayleigh number ref  reference
S separation parameter T thermal
Sc Schmidt number 0 pure helium.
T temperature
u 0 component of the velocity Superscript
r r component of the velocity average.

where T is the average temperature of the mixture.
The stability parameter varies with X as shown in the
Appendix and it is noted that the maximum 7 value is
0.55 at X = 0.08. Tantalizingly, Soret-induced solutal
gradients may increase density variations within the
coolant by 50%, leading to even greater heat transfer
augmentation than implied in Fig. 1. Other effects
attributable to Soret diffusion, such as the diffusion
of high thermal conductivity, helium-rich fluid toward
heated surfaces, may serve to decrease the heat trans-
fer resistance of the coolant even further.

Based on the previous discussion, it is evident that
a binary coolant, such as helium—xenon, may offer a
decreased convective heat transfer resistance relative
to pure helium. Furthermore, the degree of aug-
mentation cannot be determined beforehand, since
solutal buoyancy forces may significantly impact con-
vective transport mechanisms. As such, the objective
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F1G. 1. Potential natural convective heat transfer enhance-
ment resulting from seeding helium with a xenon additive.

of this study is to investigate natural convective heat
transfer using, as an example, the binary helium-
xenon system. As will become evident, this strategy
elucidates the role of solutal buoyancy forces for the
particular geometry considered here.

THE EXPERIMENTS

A series of experiments was performed in order to
measure heat transfer augmentation associated with
binary gas coolants. The helium-xenon system was
selected due to the availability of reliable thermo-
physical property information and due to the dis-
parate molecular weights of the constituents. A total
of 15 experiments, using three different power inputs,
were conducted using various helium-xenon mixtures.

The experiments were performed in a test cell con-
sisting of a heated vertical isothermal plate held within
a sealed cylindrical pressure vessel as shown in Fig. 2.
A positive coolant pressure of two atmospheres was
imposed to prohibit air leakage into the enclosure.

The heated plate consists of a 0.005 mm thick
resistive heating element sandwiched between two
polished 0.8 mm thick, 25.4 x 356 mm copper sheets.
Four 0.1 mm diameter copper—constantan thermo-
couples were installed in fine grooves machined in the
inner surfaces of the copper plates and placed 12.7
mm from the bottom edge of the vertical plate at axial
locations of 22, 100, 192 and 289 mm. The plate was
situated in the center of the cylindrical pressure vessel
which was equipped with appropriate hardware to
allow for vessel evacuation, gas pressurization and
measurement of the quantities of interest.
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Fi1G. 2. Schematic of the test cell and instrument connections.

The pressure vessel was constructed of a 102 mm
nominal diameter stainless steel pipe with a 9.5 mm
wall thickness. The pipe is capped at one end and a
136 kg (300 Ib) stainless steel neck is butt-welded to
the opposite end. A 136 kg (300 Ib) stainless steel
blind, which houses all of the gas and instrumentation
connections, is mounted to the neck and sealed with
high vacuum grease providing for negligible helium
leakage during an individual experiment. A multi-
conductor feedthrough is threaded into the blind and
houses electrically-insulated copper and constantan
feedthrough studs which are used as the electrical
connections to the thermocouples and the resistance
heater.

The inner polished wall of the pressure vessel serves
as the cold surface in the experiments. It is kept at a
constant temperature by a water jacket formed of
tubing wrapped around the outer surface of the vessel.
Temperature differences across the vessel wall are neg-
ligible. The tubing and vessel are insulated from the
laboratory and three thermocouples are mounted on
the interior wall of the vessel in order to measure its
temperature. The coolant pressure is measured by a
semiconductor strain gage transducer which is used
to determine the partial pressures of the gas com-
ponents during vessel filling and to detect potential
leakage during the course of an experiment.

The vessel is evacuated and held under high vacuum
conditions for approximately 6 h prior to the start
of each experiment. After introducing research grade
helium and xenon into the vessel in the desired pro-
portions, the gases are mixed for approximately 10 h
by placing the vessel vertically on a heated magnetic
stirrer. The stirring rod is positioned inside a cage at
the capped end of the vessel. After mixing, the vessel
is leveled on a horizontal rack and heating and data
acquisition commences. Typically, 34 h is sufficient
time to ensure that steady state conditions have been
achieved. The temperature of the vertical plate is
determined by averaging the readout of the two
thermocouples closest to the plates’ center, since slight
end cooling effects exist. In addition, the thermo-
couple output is averaged over the final 5 min of
the experiment because small fluctuations (+0.02°C)
occur during steady state operation due to instrument

noise. The temperature measurements were corrected
to account for radiative transfer and all of the instru-
mentation was calibrated prior to each experiment {35].
The uncertainty in the temperature measurements is
+0.05°C and the uncertainty in X, for a particular
experiment, is +0.006, as determined by the sequen-
tial perturbation method [6].

THE MODEL

Since optical access to the system is restricted and
the xenon concentration variations within the coolant
are small and immeasurable, it is prudent to develop
analytical methodologies to predict local system
behavior in order to identify the physical mechanisms
responsible for heat transfer augmentation.

The computational system is shown in Fig. 3. A
two-dimensional domain is considered and consists of
an infinitely-thin heated plate of height J, held
concentrically within a cooled cylindrical enclosure
of radius R. Since the system is symmetric about
the vertical center line, only half of the enclosure is
modeled.

Natural convection occurs in the binary coolant
and the species separate by Soret effects which, in
turn, establish solutal buoyancy forces in the system.
The governing equations which describe the thermal
response of the system are conservation of mass,
momentum, energy and species. Coupling between
the conserved quantities occurs due to thermosolutal

F1G. 3. Schematic of the coordinate system.
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buoyancy contributions in the momentum equations
and Soret diffusion of the xenon. The thermophysical
properties of the fluid are assumed to be constant at
any X, the Boussinesq approximation is invoked and
the flow is taken to be laminar, steady and two-dimen-
sional. The Dufour effect is of second order import-
ance and is neglected. Although radiative transfer
occurs between the plate and the cold vessel wall and
can be significant, it is ignored in order to focus atten-
tion on the natural convection phenomena in the
binary gas mixture.
The governing equations are:

continuity
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The last two terms on the RHS of equation (7)
describe Soret diffusion of xenon [7].
The boundary conditions are associated with no-
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slip, impermeable walls with a specified temperature
on the plate and the cold wall.

u=0 at r=R and at
0<r<RO=0,7 (8)

vr=0 at r=R and at
0<r<d2,0=0n (9
Crjé0=0 at 62<r<ROI=0,n (10
0Cier = —ke/T+6T/0r at r=R (11)
¢Cid0 = —ky/T+0TICO at 6=0,n (I2)
T=T, at 0<r<82.6=0,n  (13)
T=T. at r=R (14)
éTié0=0 at 02<r<RO=0,n. (I5)

Normalization of the governing equations yields
the following dimensionless parameters which govern
system response:

thermal Rayleigh number

RaT =gﬂ753AT/V'a (16)

Prandtl number Pr=1v'x an
Schmidt number Sc=+v'D (18)
dimensionless plate size * = §/R (19)

separation parameter S = (k;'T)-AT (20)

and the stability parameter of equation (2). The par-
ameters in equations (16), (17) and (19) apply to
natural convection involving a pure fluid in the
geometry of interest while the Schmidt number is the
ratio of momentum to species diffusivities and the
separation parameter is a measure of the potential
species concentration differences within the system.

The governing equations were discretized using the
control volume approach while the power law form-
ulation was used to determine the combined advec-
tive and diffusive fluxes across the control surfaces.
The line-by-line procedure was used to solve the
matrix equations and the SIMPLER algorithm was
used to determine the pressure distribution within
the system [8]. Additional terms in the momentum
equations and the Soret diffusion terms of the species
equation were treated as sources in the numerical
procedure. An integral constraint was placed on the
species concentration in order to enforce global spec-
ies conservation, as described in ref. [2].

A uniform, 30 x 30 numerical grid provides fine
spatial resolution adjacent to the heated plate and was
used in all of the simulations. Model predictions were
validated by comparing them with the experimental
results.

RESULTS

Experimental results and numerical predictions
indicate that natural convection heat transfer is aug-
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FiG. 4. Predicted streamlines, density isograms, isotherms
and xenon concentration isopleths for ¢’ = 2.34 Wm~'. (a)
Air, v, =457 mm s™". (b) X = 0.00, v, = 19.5 mm s~ "
(©) X=005 0r,=303 mm s'. Cu.=06334,
Con =0.6325. (d) X=0.10, 05, =350 mm s/,
Corax = 0.7849, C,,,, = 0.7842. All contours are shown in even
increments between the maximum and minimum values.

mented by using the gas additive concept. As will
become evident, varying degrees of augmentation
occur due to a variety of physical phenomena.

Predicted and measured augmentation of natural con-
vective heat transfer

Figure 4 includes numerical predictions which illus-
trate the augmentation of natural convection cooling
with the use of binary gaseous coolants. Here, the
plate temperature was adjusted numerically until a
heat rate of approximately 2.34 W m~' was predicted.
Results are shown for air (Fig. 4(a)), pure helium
(Fig. 4(b)) and two different helium~xenon mixtures
(Figs. 4(c) and (d)). Predicted streamlines and iso-
therms are shown for the air and helium cases while
predicted density isograms and xenon concentration
isopleths are included for the binary coolant results.
Locations and values of the maximum (and mini-
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mum) vertical velocities (xenon concentrations) are
included in the figure.

A comparison of Figs. 4(a) and (b) illustrates the
benefits which occur as the pure coolant is changed.
When air is used, the gas density and buoyancy forces
are large, resulting in substantial convective mixing
and correspondingly large temperature gradients near
the heated component, relative to the mixing and
gradients for pure helium. However, due to the high
thermal conductivity of helium, the plate temperature
is significantly less (AT = 3.52°C) than that associated
with air (AT = 7.11°C).

The simulations of Figs. 4(c) and (d) are associated
with binary mixtures of X = 0.05 and 0.10, respec-
tively. As X increases, the increased coolant density
results in enhanced mixing refative to the pure helium
results and induces steeper temperature gradients
adjacent to the heated component. The warm plate is
cooled more effectively and T, is 3.23 and 3.28 K
warmer than T, for X' = 0.05 and 0.10, respectively.
As suggested by these results, optimum X values exist
to minimize the operating temperature of the plate.

Xenon distributions within the coolant are quite
complicated. In general, large concentration gradients
coexist with large temperature gradients. Xenon
gradients are, however, more severe than their thermal
counterparts, since Le = S¢/Pr > 1. The maximum
xenon concentration exists in the vicinity of the
maximum thermal gradients at the cold wall {near the
edge of the thermal plume which rises from the plate)
and a film of xenon-rich fluid slides to the bottom of
the enclosure. The lower portion of the enclosure is
relatively stagnant with nearly uniform temperature,
xenon concentration and density distributions.

Experimental results suggest that augmentation
occurs when the binary fluid is used, as implied by the
dimensionless heat transfer results of Fig. 5. The data
are slightly below a correlation for heat transfer from
a vertical plate in a quiescent environment (with
Pr=10.7) [9] because of the slight warming of the
average fluid temperature within the enclosure. Since
the scatter in the data is potentially due to Pr and/or
v influences which are, at this point unknown, the
results are correlated without taking these effects into
account and are best described by

Nu = 0.565Rad 7. @n

In corroboration with the predictions of Fig. 4, the
contents and results of Fig. | and equation (21) sug-
gest that an 8% increase in / will occur at X = 0.075,
if Prandtl and Soret effects are not important.

Measured and predicted ¢’ values are included
in Table I for all of the experimental conditions. Ex-
cellent agreement is evident with the average and
maximum difference between the experimental and
numerical results being 1.5 and 5%, respectively.
Hence, the numerical model is considered to be veri-
fied and can be used to determine the relative impor-
tance of solutal buoyancy in determining system
performance.
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Fi1G. 5. Experimental heat transfer results for the various coolants.

Variations in heat transfer augmentation

To quantify the heat transfer augmentation offered
by the binary mixture, a dimensionless plate tem-
perature is defined as

§ = AT/AT, (22)

which is, of course, inversely related to A. Figure 6
shows the measured and predicted thermal per-
formance resulting from use of binary fluid mixtures
for various values of X and ¢’

As discussed previously, if Pr and 7 influences are
not significant and Nu ¢ R}, identical levels of aug-
mentation must occur at a given X, regardless of ¢’.
Since different degrees of augmentation are evident in
Fig. 6 for the different power rates, Prandtl and 'or
Soret effects must be significant and are also respon-
sible for the slight scatter of the dimensionless heat
transfer data of Fig. 5. Although it is well known that
increases in Pr generally increase natural convective

heat transfer rates, reconsideration of the significant
+ values for the helium—xenon pair does not allow
one to dismiss the potential importance of solutal
buoyancy forces. It is not possible to quantify either
Soret or Prandtl influences using the experimental
data. As such, the model is used to identify the cause
of the unexpected results of Fig. 6.

Figures 7 and 8 include predictions associated with
Experiments G and H. In these simulations, the oper-
ating temperature of the vertical plate is identical to
the measured temperature listed in Table 1. The pre-
dictions include only thermal buoyancy forces (Figs.
7(a) and 8(a)), only solutal buoyancy forces (Figs.
7(b) and 8(b)) and thermosolutal buoyancy forces
(Figs. 7(c) and 8(c)). Since the actual species sep-
aration is predicted, a modified stability ratio,
“* = B.-AC/Br* AT, may be used to quantify solutal
buoyancy effects.

Figures 7 and 8. which are typical of simulations

Table I. Comparison of measured and predicted heat transfer rates for all of the
experiments

Percentage

difference
Experiment X AT(C) g (Wm™) g (Wm™) (%)
A 0.00 3.52 232 2342 0.95
B 0.00 8.25 7.11 6.999 1.56
C 0.00 12.39 11.95 11.688 2.19
D 0.025 3.24 234 2.320 0.85
E 0.025 7.93 7.15 7.157 0.10
F 0.025 11.98 12.00 11.910 0.75
G 0.050 3.23 2.34 2375 1.50
H 0.050 7.87 713 7.218 0.95
I 0.050 11.93 12.00 12.030 0.25
J 0.100 3.28 233 2.408 3.35
K 0.100 8.00 7.14 7.268 [.79
L 0.100 12.11 11.98 12.054 0.58
M 0.150 3.38 233 2448 5.06
N 0.150 8.22 7.12 7.192 .01
(0] 0.150 12.60 11.93 12.090 1.34
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F1G. 6. Measured and predicted heated plate temperatures
normalized by the X = 0.00 results.

with B¢ or B¢ = 0 for other X and ¢, share common
features. Specifically, comparisons of Figs. 7(a) and
(c). as well as Figs. 8(a) and (c) indicate that the
convective characteristics of the system are nearly
unchanged as solutal buoyancy is accounted for.
Maximum vertical velocities are only slightly modified
and the predicted species separations are nearly ident-
ical, regardless of whether or not Bc is included in
the simulations. Xenon separation is decreased by
convective mixing, relative to the degree of separation
implied by y (x0.50) and y* values are 0.208 and
0.218 in Figs. 7(c) and 8(c), respectively.

Figures 7(b) and 8(b) reveal that solutal buoyancy
forces are present and sufficient to drive residual con-
vection within the system. Solutally driven convection
is, however, weak relative to the thermally driven flow
and, due to the decreased mixing in the system, the
xenon separation increases relative to the case where
B+ is accounted for. Xenon-laden gas fills the bottom
of the enclosure and helium-rich fluid lines the warm
plate. Pockets of low xenon concentration fluid
exist near the top and bottom of the heated plate,
as expected from consideration of the conduction
solution [5].

The relevant heat transfer result of Figs. 7 and 8 is
the variation of the predicted heat transfer rate as
solutal buoyancy forces are included in the analysis.
In the low power case (Fig. 7) the plate heat transfer
rate is increased only marginally from 2.371 to 2.376
W m~'as Soret-induced buoyancy forces are included
in the analysis. For the high power case (Fig. 8) the
heat transfer rate is decreased from 7.232 to 7.218 W
m~' as B¢ is accounted for. Hence, Soret diffusion

T 33:7-F
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FiG. 7. Predicted streamlines, density isograms. isotherms
and xenon concentration isopleths for X' =0.05 and
AT = 3.23°C. The predictions are associated with (a) thermal
buoyancy forces only. r'm = 30.3 mm s~!, C,,, = 0.6334,
Can = 0.6325, (b) solutal buoyancy forces only. t,,. = 5.1
mms™", Cpuy = 0.6340. C,,,, = 0.6322 and (c) thermosolutal
buoyancy forces, ty,. = 30.3 mm s™', C.., = 0.6334 and
Crn = 0.6325. All contours are shown in even increments
between the maximum and minimum values.

has a slight effect on the heat transfer in the system,
but not to the degree implied by the value of 7. More-
over, solutal buoyancy forces can decrease convective
heat transfer rates. Since Le # | solutal and thermal
buoyancy forces do not coexist spatially and are not
necessarily additive effects. The results of Figs. 7 and
8, as well as simulations for other experimental con-
ditions, show that solutal buoyancy effects tend to
spread the curves of Fig. 6, but are not of sufficient
strength to affect the augmentation mechanism to a
significant degree. As such, the variation in the heat
transfer augmentation at any X is due to other effects.

In general, Nu; increases with Pr in natural con-
vection systems and, with the exception of the lowest
Rar, X = 0.00 result (and to a lesser extent the results
for X = 0.15, Ray = 2000) this trend is observed in
Fig. 5. Hence, for the intermediate and high ¢’ cases,
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FiG. 8. Predicted streamlines, density isograms, isotherms
and xenon concentration isopleths for X =0.05 and
AT = 7.87-C. The predictions are associated with (a) thermal
buoyancy forces only, ., = 50.2 mm s~', C,.. = 0.6338,
Cp = 0.6315, (b) solutal buoyancy forces only, . = 8.1
mms~', Cp,, = 0.6349, C,,., = 0.6311 and (c) thermosolutal
buoyancy forces, Uy, =49.4 mm s=', Cn, = 0.6338 and
Coin = 0.6315. All contours are shown in even increments
between the maximum and minimum values.

Pr effects limit augmentation to levels below those
suggested by Fig. 1. The more significant enhancement
for the low ¢’ case is due to changes in the convec-
tive flow structure at extremely low Ra;. A series
of numerical simulations revealed that, for
300 < Ra, < 1000, the bottom of the enclosure trans-
forms from a thermally active state (Fig. 4(b)) to a
thermally inactive condition as Ra; is increased and
the amount of inactivity increases with Ra; [5]. As
such, the value of n decreases with increasing Ra,
and augmentation of the helium system at low Ra; is
greater than suggested by equation (21).

SUMMARY AND CONCLUSIONS

The motivation for this study was to identify alter-
native methods for passively enhancing the natural
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convection cooling of heated components. Pre-
liminary considerations suggested that enhancement
may be achieved by seeding pure coolants with high
molecular weight additives. For the helium-xenon
system, enhancement was speculated 10 occur by a
combination of thermophysical property variation
and the development of solutal buoyancy forces
induced by Soret diffusion.

The measured and predicted levels of cooling
enhancement resulting from xenon seeding are in
excellent agreement. With validation of the numerical
model, it was determined that variations in the level
of enhancement occur as the xenon mole fraction
and applied power level are varied. For the system
considered here, the enhancement is due, almost
solely, to thermophysical property variation and solu-
tal buoyancy forces are not of sufficient strength to
affect the system’s behavior. In fact. solutal buoyancy
can decrease heat transfer rates slightly. since the
temperature and species distributions do not coincide
spatially.

The results and conclusions of this study are limited
to the geometry considered here and care must be
taken in applying the results to other cooling situ-
ations. Specifically, variations in the convective flow
structure and the fashion in which the Soret-induced
species distribution develops within the enclosure will
be different for other geometries and heating
conditions. Hence, variations in the amount of heat
transfer augmentation and the importance of solutal
buoyancy forces are problem dependent [2].
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Table 2. Selected thermophysical properties of the helium~xenon mixture at 7 = 350 K and P = 2 atm
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Thermophysical properties of the helium—xenon gas mix-
ture are shown in Table 2 for selected xenon mole fractions.
The properties were determined as follows.

The average molecular weight of the mixture is

MW = XMW ot (1 = X)) MW\ chum (AD)
while the mass fraction of component i is
C=X MW/MW. (A2)

The gas density and specific heats may be determined by
approximating the mixture as an ideal gas while the thermal
conductivity and absolute viscosity are taken from ref. [10].
The Lewis number of the mixture is reported in ref. {4], from
which D may be evaluated. The values of k; and B¢ are
determined by the methods outlined in ref. [11].

AUGMENTATION DE LA CONVECTION THERMIQUE NATURELLE PAR
UTILISATION DE REFRIGERANTS GAZEUX BINAIRES

Résumé—On étudie la possibilité d accroitre le transfert thermique par convection naturelle en utilisant des

gaz réfrigérants binaires. Un mélange riche en hélium avec une faible proportion de xenon conduit a des

flux thermiques plus grands que pour I'hélium pur. Les résultats expérimentaux et analytiques impliquent

trois mécanismes qui interviennent, a des degrés différents, dans cet accroissement. Les fiux thermiques

convectés sont augmentés a cause de la variation de propriétés physiques résultant du mélange de I’hélium

avec le xenon. L'effet du nombre de Prandt! limite I'augmentation tandis que les forces de flottement
solutales qui s'établissent par diffusion thermique sont de moindre importance.

ERHOHUNG DER WARMEABFUHR DURCH NATURLICHE KONVEKTION BEI
VERWENDUNG EINES BINAREN GASGEMISCHES

Zusammenfassung—Es wurde eine Untersuchung durchgefiihrt, um die Moglichkeit einer Verbesserung
der Kiihiung durch natiirliche Konvektion bei Verwendung eines bindren Gasgemisches zu bestitigen. In
dieser Arbeit wird Helium mit einer geringen Menge Xenon geimpft, was zu einer Verbesserung des
Wirmeiibergangs gegeniiber der Verwendung von reinem Helium fiihrt. Die experimentellen und analytischen
Ergebnisse deuten auf drei Mechanismen hin, die—in unterschiedlichem AusmaB8—fiir die Verbesserung
verantwortlich sind. Der konvektive Wirmeiibergang wird durch eine Veridnderung der thermophysi-
kalischen Eigenschaften infolge der Impfung mit Xenon verbessert. Einfliisse der Prandtl-Zahl begrenzen
die Verbesserung, wihrend konzentrationsbedingte Auftriebskrift von geringerer Wichtigkeit sind.

HUHTEHCH®UKALINA ECTECTBEHHOKOHBEKTHUBHOI'O TEIUJIOIIEPEHOCA NPH
HUCITOJIL30BAHHUH B KAUECTBE XJIAJATEHTOB BHHAPHBIX I'A30BbIX CMECEHA

Amorawmis—IIpoBencHO HCCNENOBAHME C HEbIO ONPEACICHAA BOIMOKHOCTH HHTCHCHOHKALMM eCTeCT-
BEHHOKOHBEKTHBHOIC TCIUIONEPCHOCA 3a CYET HCMOJB3OBAHHA B KAYECTBE XJIAJAreHTOB GMHApHBIX
ra3ospix cMeceil. [Ipn BBeseHHH HEGOMBWOro KOJHYECTBA KCEHOHA B IeTHA APHBOAMT X BO3PacTaHHIO
HHTEHCHBHOCTH Tertonepenoca. [loayycHHbIe 3XCNCPHMEHTA/ILHBIC H AHATHTHYECKHE PE3y/AbTAaTH NO3-
BOJISIOT CAENIaTh BLIBOA O TOM, YTO 3Ta HHTeHCH}KaIMA 06yc/IOBIeHa B Pal/IMYHOMN CTENCHH AeHcTBACM
Tpex MexaHuamoBs. HameneHue Tennogpuanyecxux CBOHCTB, CBA3AHHOE ¢ BBCACHHEM KCEHOHA B reJini,
BLi3bIBACT BO3PACTAHHE HHTCHCHBHOCTH KOHBCKTHBHOTO TemlonepeHoca. IIpanarnesckue 3ddexTni
OrpaHWYHBAIOT HHTECHCHHUKAlUMIO, TOTA2 KaX AcHCTBYIOIHE Ha NPUMECh APXHMEIOBB CUIIBI, NOpoXaae-
Mmbie Tertosoit anddyauneit, HIPalOT HEIHAYHTENLHYIO POJIb.



