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Abstract—Experimental investigations of forced convection heat transfer to Freon 12 in a vertical

annulus indicate a pseudo-boiling phenomenon when bulk temperatures are maintained within a few

degrees of the critical temperature. An empirical correlation of the experimental data, as well as visual
and photographic studies, indicate a film boiling type of process.

NOMENCLATURE

A, area of heat-transfer surface [{t2];

f(p), empirical pressure function defined by
equation (2);

h, average heat-transfer coefficient [Btu/h-
ft2-degF];

p, test section pressure [psia];

pe,  critical pressure [psia];

g,  heat-transfer rate [Btu/h];

T, bulk temperature [°F];

Tc, critical temperature [°F];

Ty, film temperature, (T8 + Tw)/2 [°Fl;

Tw, wall temperature [°F};

Nu, Nusselt number, dimensionless;

Pr, Prandtl number, dimensionless;

Re, Reynolds number, dimensionless.

Subscripts
B, evaluated at bulk conditions;
f,  evaluated at film conditions;
W, evaluated at wall conditions.

INTRODUCTION
Stubies of critical state heat transfer have
yielded variable results. Free convection has
been reported to increase by a factor of 10 {1},
forged convection with oxygen, nitrogen, and
hydrogen produced minimum heat-transfer co-
efficients near the critical temperature and at
supercritical pressures {2], while forced convec-
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tion studies with water, carbon dioxide, and
Freon 12 indicated increased heat-transfer rates
near the critical point [3-6, 16]. A pseudo-boiling
phenomenon has been postulated to explain the
increased heat transfer, this phenomenon being
the result of the growth and collapse of bubbles
or clusters of molecules in the supercritical
region [7]. Flow visualization studies in free
convection have served to verify this hypothesis
[8], but the heat-transfer rates did not vary
appreciably from those observed outside the
critical region. Bonilla and Sigel [9] found that
strong natural convection heat transfer could be
obtained in the critical region using n-pentane,
but that the data follow the same general corre-
lation as for turbulent natural convection in the
subcritical region.

Increased heat transfer near the critical state
is generally attributed to the very large values of
specific heat and volume coefficient of expansion
which occur in this region. The theoretical
analysis of Deissler [10] has considered the
property variations of water in the critical
region in an attempt to predict the heat-transfer
behavior, but the results are not in good agree-
ment with experiment. Conventional dimension-
less groups have been employed for empirical
correlations but there is considerable disagree-
ment as to the proper method to use for evalua-
tion of properties in the Nusselt, Reynolds, and
Prandtl moduli. The rapid change of properties
in the critical region accentuates the disagree-
ment because of the substantial variations which
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Fic. 1. Schematic of test section,

can occur over a rather narrow temperature or
pressure range.

EXPERIMENTAL INVESTIGATION

The purpose of the present investigation was
to obtain further detailed measurements near the
critical state and make visual observations of the
flow. For this purpose Freon 12 was selected as
the working fluid because of its modest critical
temperature and pressure (7. = 233:6°F,
pe = 5969 psia). A 12-in vertical annulus was
constructed as shown in Fig. 1. An electrically
heated 0-500-in O.D. stainless steel tube served
as the inner surface of the annulus while a
2-in O.D. by }-in LD. tempered Pyrex tube
formed the outer surface. The heating element
was instrumented with eight chromel-alumel
thermocouples and alternating-current heating
was employed.

A schematic of the overall system is shown in

Fig. 2. A steam preheater was used to control
the inlet temperature to the test section and a
water-cooled condenser served to cool the Freon
after leaving the test section. A calibrated ven-
turi was used for the flow measurement while a
small gear pump served to circulate the fluid.
Stainless steel construction was employed in all
sections of the heat-transfer loop at tempera-
tures above ambient in order to insure that no
chemical decomposition of the Freon would
occur. Fluid bulk temperatures were measured
with calibrated iron-constantan Megopak
thermocouples inserted in mixing sections at
entrance and exit to the test section. A Heise
bourdon tube gage was employed for the test
section pressure measurement and a calibrated
Honeywell bellows gage was used to measure the
differential pressure across the venturi.

The test section thermocouples were cali-
brated directly by comparison with the bulk
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temperature thermocouples at various preheat
temperatures but without heating of the test
section. Test section voltage and current
measurements were made with conventional
electrical instruments having a calibrated
accuracy of 0-2 per cent.

The Freon 12 was supplied by E. 1. DuPont
de Nemours and Company in the purity of their
commercial product.

As a check on the purity and thermodynamic

properties of the Freon 12, several preliminary
runs were made with various degrees of pre-
heating. The throttling valve at exit from the test
section was adjusted until wisps of vapor were
visible in the test section. In general, the ob-
served pressures and temperatures agreed with
the saturation property data of reference [11],
within 2 psia. The critical state could be ob-
served within one or two degrees Fahrenheit of
the accepted value of 233-6°F. After the heat-
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transfer tests were conducted this procedure
was repeated as a check against contamination
or decomposition of the fluid. The check indi-
cated no change in the fluid properties.

The thermodynamic properties of Freon 12
were obtained from reference [11]. Viscosities
were calculated from the generalized correlation
of reference [12]. Thermal conductivities were
evaluated in a similar fashion using references
[13] and [14]. These calculations are in agreement
with those of Calcaterra [15]. The advantage of
the use of the generalized property correlations is
that consistent variations are obtained. More
precise calculations must await experimental data
on transport properties in the critical region.

RESULTS OF EXPERIMENTS

Experiments were conducted with the Freon
bulk temperature below, above, and in the
immediate vicinity of the critical temperature.
Pressures ranged from 530 to 750 psia with the
bulk temperature varying between 200 and 290°F.
Heat flux varied from 1500 to 85000 Btu/h-ft2
while the mass flow ranged from 2000 to 5000
Ibm/h. An average heat-transfer coefficient was
evaluated for each experimental run from the
relation
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where ¢ is the total heat transfer as determined
from the voltage and current measurements and
A is the area of the heated surface. The average
outside wall temperature is obtained by inte-
grating wall temperature profiles like those
shown in Fig. 3. The outside wall temperatures
were calculated from the measured inside
temperatures by assuming uniform heat genera-
tion in the heater tube with an adiabatic inner
surface. A constant heat flux was assumed so
that the average bulk temperature was taken as
the mean of the measured inlet and outlet bulk
temperatures.

For those data with bulk temperatures either
10 degrees above or below the critical tempera-
ture it was possible to obtain sets of empirical
correlations. Figure 4 shows the result when
Nusselt and Prandtl numbers are evaluated at
the wall temperature and Reynolds number at the
mean film temperature defined by

_TstTw

= 7
Two curves result, depending on whether the
bulk temperature is subcritical or supercritical. A
similar result is obtained when Reynolds number
is evaluated at the bulk temperature as shown in
Fig. 5. In this instance the two correlations
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FiG. 5. Correlation of heat-transfer data with Reynolds
number based on average bulk temperature.
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depend on whether the wall temperature is
subcritical or supercritical. Generally unsatis-
factory results are obtained when all groups are
evaluated at the bulk temperature. More
specifically, the Dittus-Boelter type of relation
as used in references [5] and [3] is inadequate for
correlating the data. In all of the above correla-
tions the hydraulic diameter is used in the
Reynolds and Nusselt numbers.

When data points with bulk temperatures
closer than ten degrees to the critical value are
plotted on the above coordinates, considerable
scatter results and no specific conclusions may
be drawn. A strong contributing factor to this
scatter is probably the uncertain property values
in the critical region. It may be noted, for
example, that experimental and calculated
densities of reference [11] may differ by as much
as 6 per cent in the critical region. It is possible
that intense free convection currents may
account for some of the scatter near the critical
state, but this effect should be relatively small in
view of the high Reynolds numbers.

A number of measurements were made with
fluid bulk conditions as close to critical tempera-
ture and pressure as could be attained. This
state is very difficult to maintain and pressure
fluctuations of a few psi are almost impossible to
eliminate. It was necessary to maintain a rather

constant flow rate of about 4600 Ibm/h in order
to maintain critical conditions in the test section.
Figure 6 shows the results of the tests in the
immediate vicinity of the critical point. To
account for the slight pressure variation between
the runs a simple linear empirical function was
determined to bring these data together as shown
in Fig. 7. This function is

Sf(p) = 1075 (p — 580'7) @
The correlation for the heat flux in the critical
region is

g/A = 1-62 f(p) (Tw — Tp)"* 3

The corresponding heat-transfer coefficients are
shown in Fig. 8. A comparison of these data
with the subcritical and supercritical correlations
is shown in Fig. 9, indicating the incompati-
bility of the critical data with these correlations.

Photographs of the flow corresponding to the
data of Fig. 6 indicate a boiling-like phenomenon
as shown in Fig. 10. The intensity of the vapor
trails increases considerably at wall temperatures
in the supercritical range. When the fluid bulk
conditions are more removed from the critical
state the intensity is substantially reduced. For
bulk temperatures twenty degrees above critical
no vapor-trails are observed whatsoever.
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Fi1G. 8. Heat-transfer coefficients corresponding to data of Fig. 7.

It is not clear whether the vapor-trails ob-
served in Fig. 10 are actually the result of a
pseudo-boiling phenomenon at supercritical wall
temperatures, or are evident because of the
refraction of light resulting from the strong
density gradients which occur in the critical
region. This is a tenuous point however, because
boiling results from strong density gradients and
it seems reasonable to give the phenomenon a

pseudo-boiling name even if it is not possible to
maintain a distinguishable liquid and vapor
interface at supercritical temperatures. Equation
(3) suggests a film conductance type of mechan-
ism so that the overall heat-transfer mechanism
might be referred to as a film boiling process. The
increase in heat-transfer coefficient as the
critical state is approached, as indicated in Fig.
8, is probably the result of increases in thermal
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conductivity, density, and specific heat for this
region.

CONCLUSIONS
Differentempirical correlationsfor heat transfer
are obtained for subcritical and supercritical
flow regions close to the critical point. The results

of this investigation indicate these correlations
to be:

Nuw = 1-51 X 10-9 ReZ%® Prg5s @

for Tg<Te, Tw<Te, p> pe

Nuw = 453 % 10- ReZ8 P55 (5)
for Tp<Te, Tw>Te, P> Do

Nuw = 0-00175 Re}°? Pryss (6)
for Tg > T Tw> T,

When bulk fluid conditions were maintained
in the immediate vicinity of the critical point
the above relations were inadequate to describe
U

the experimental data and the heat-transfer
coefficient was found to follow a variation of

h ~(Tw — Tg)~046 Q)]
for Tg~ T, and p ~ p,

Considerable uncertainty exists in the property
data and the above relations should be accepted
with caution. It does appear, however, from the
form of equation (7) and also from the flow
visualization studies that a film-boiling type of
process occurs when the fluid bulk conditions
are maintained very close to the critical state.
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Résumé—Les recherches expérimentales du transport de chaleur par convection forcée de Fréon 12

dans un tuyau annulaire vertical indique un phénoméne de pseudo-ébullition lorsque les températures

globales sont maintenues a quelques degrés de la température critique. Une corrélation empirique des

données expérimentales, ainsi que les études visuelles et photographiques, indiquent un processus du
type ébullition par film.

Zusammenfassung—Experimentelle Untersuchungen des Wiarmeiiberganges an Freon 12 bei Zwangs-
konevektionineinemsenkrechten Ringspalt weisen ein ‘“Pseudo-Siedephdnomen” auf, wenn die Misch-
temperatur des Mediums nahe der kritischen liegt. Eine empirische Beziehung fiir die Versuchsdaten
deutet ebenso wie die visuelle oder photographische Beobachtung auf eine Art von Filmsieden hin.

ANBOTANES—OKCIIEPUMEHTANbHEE MCCIEN0BAHUA IepeHoca Temxa K Ppeony-12 npu

BHHYKReHHOI KOHBEKIMY YKAsSHBAIOT HA ABJIECHHE NCEBAOKUIICHUA B Cy4ae, KOrna 06peMuble

TEeMIIEPATYPH MOASPHUBAIOTCA B AHANAB0HEe HECKOILKHX IPAgyCcoB B 00IIACTH KPUTHYECKOH

TEMIEPATYPH. DMONPHYECKaA KOPPEIANHA SKCICPUMEHTAIBHNX JAHHHX, 8 TaKKe BA3yal-

bHOe HaGmioferue i goTorpadupoBanne CBUACTEILCTBYIOT O IFIEHOYHOM XapaKrepe mpouecca
KMIEHUA,



