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Abstract—Experimental results are presented for forced convective heat transfer from a flat plate in
carbon dioxide near the thermodynamic critical point. State conditions were varied throughout the
critical region, but most tests were conducted in the single phase (supercritical) state. One of the principal
objectives was direct visual observation of the heated flow field, and high speed movie films were taken
using a color Schlieren apparatus. A few exploratory hot wire measurements of velocity fluctuations
near the plate were also made.

Although the experimentally determined heat-transfer coefficient became large whenever the plate
temperature approached the pseudocritical, no significant change in the gross nature of the flow field
could be observed. In particular no “bubble-like” phenomena could be detected such as has been observed
in free convection with other heater geometries. The high heat-transfer coefficients were accordingly
ascribed to the large values of thermodynamic and transport properties occurring near the critical point

as well as to more minor modifications of the turbulent motion.

INTRODUCTION

NEAR the critical state, very large changes in
thermodynamic and transport properties of a
fluid can occur with only slight changes in fluid
temperature and pressure. Accurate prediction
of heat-transfer characteristics of such fluids thus
becomes a complicated if not impossible pro-
cedure.

The critical point itself may be defined as the
pressure and temperature at which no distinc-
tion between the liquid and vapor phase of the
fluid can be made. In what follows, the term
“supercritical” is used to denote the region in
which the fluid pressure is just slightly above the
critical value. Another concept to which refer-
ence will be made is the pseudocritical tempera-
ture. This quantity is defined as the temperature
at which the thermodynamic and transport
properties have their maximum rate of change
with temperature at constant pressure. Its sig-
nificance is that below the pseudocritical tem-
perature, the fluid has liquid-like properties
while above, it more closely resembles a vapor.

Because of the need for information on heat-
transfer coefficients in such applications as

liquid fuel regenerative rocket engines, high
pressure steam generators, and internally cooled
gas turbine blades, many experiments have been
conducted over the past few years to secure the
required data. In some of these investigations,
unusual behavior of the experimental equip-
ment and erratic heat-transfer results were
observed [ 1-5]. Other experimenters noted large
pressure and flow oscillations [6-9], as well as
intense noise generation in the experimental
apparatus [10-12]. Several theoretical investi-
gations attempted to incorporate the large
property variations occurring in supercritical
fluids into the usual equations governing shear
stress and heat transfer, and thereby predict
heat-transfer results. When the bulk states
considered were sufficiently far removed from
the critical, or when heat-transfer rates were low,
reasonably good agreement could be obtained
[13-17]. However, many experimental results
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for fluids near the critical state show wide
discrepancies from the predicted performance.
These discrepancies, in addition to the unusual
behavior of experimental apparatus, have led
some observers to suggest that the basic mech-
anism of heat transfer to supercritical fluids
might be different than that to a single phase
fluid far removed from the critical point.

In one hypothesis [18] of this kind it is
postulated that the fluid adjacent to a very hot
surface could have overall properties much like
a vapor, while the relatively cool freestream fluid
would be more like a liquid, and that the
ensuing motion resemble nucleate boiling.
Support for such a concept may be derived from
a recent experimental study of free convective
heat transfer from a horizontal cylinder in
supercritical CO, [19]. The results of these
experiments showed that under certain con-
ditions of heat flux and bulk properties, the
basic nature of the heated flow field could
abruptly change to an unusual “bubble-like”
flow with an attendant sharp increase in heat-
transfer rate.

The purpose of the present investigation was
the study of forced convection heat transfer to
supercritical fluids, the primary objective being
to determine if unusual transfer conditions also
existed in this case. It was felt that direct visual
observation of the heated surface, in a manner
similar to reference [19], would be of assistance
in identifying such a mechanism. These visual
observations, along with limited measurements
of heat transfer, would admittedly have little
value for the quantitative prediction of super-
critical heat-transfer rates. However, it was
hoped they would aid in the selection of realistic
models of the heat-transfer mechanism to be
used in future theoretical studies. To aid in the
interpretation of the visual observations, a hot
wire probe was inserted in the flow near the
heated surface and records were made of the
fluctuations in wire current.

A detailed description of this investigation, in
addition to a review of other pertinent studies
in supercritical fluids may be found in [20].
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EXPERIMENTAL APPARATUS
AND PROCEDURE

Figure 1 shows a schematic diagram of the
forced circulation loop used in this investigation.
The heated flat plate is located at mid-height in
a glass-walled rectangular channel 2-in high and
1-in wide, with the plane of the heated surface
horizontal. The rectangular channel itself is
located inside a 4-ft long horizontal cylindrical
vessel 3 in. in diameter, having two glass
viewing ports as shown in Fig. 2. The rectangular
channel may be moved within the vessel so that
the entire 1-ft length of heated plate surface is
visible. The test fluid flows into the cylindrical
vessel at a low speed (about 01 ft/s) and passes
through a contracting transition section, enter-
ing the rectangular test channel and passing
over the flat plate. An optical bench was located
with its axis normal to the flow direction and
parallel to the surface of the heated flat plate.
The bench was used for a color Schlieren system,
with a scheme of multiple point source and
matching cutoffs specially adapted for sharp
focusing effects, following ideas outlined in [21].
Flow fields were recorded with a Fastex 16 mm
movie camera having a terminal speed of 8000
pictures per second.

The flat plate is made of -in thick Pyrex
glass with a thin electrically conducting film
fired on to one surface. An electrical current was
dissipated in the thin film and the heat trans-
mitted to the fluid. A sharp-edge metal nose was
fitted to the leading edge, and positioned so that
no flow separation occurred on the heated side.
Plate surface temperatures were measured with
thermocouples located in 0:025-in diameter
holes drilled through the plate and inserted
flush with the heated surface. The thermo-
couples were cemented into position, the upper
portion of the drilled hole being filled with
cement and smoothed off so as to minimize
disturbances to the flow field.

The hot wire probe was placed at a height of
approximately 0-010 in above the heated surface,

and about 7-50 in from the leading edge (oppo-

site a surface thermocouple). The probe was



5c

FORCED CONVECTION HEAT TRANSFER

120 voLT o—

D.C. SUPPLY ,
@—— PRESS.
N, REGULATOR

\
-

PRE-HEATER,
CO, SUPPLY
TEST SECTION COOLER
ACCUMULATOR
el
VN
VENTURI
| \_/
N2 SUPPLY

MAIN SYSTEM PUMP

VACUUM PUMP

N, VENT EZ

2
SYSTEM VENT

)

X

CIRC.Pump CE BATH
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connected to a Shapiro-Edwards constant tem-
perature anemometer set and operated so that
the probe current was affected principally by
velocity fluctuations. Further details of the
apparatus are given in [20].

A series of tests were conducted at fluid
pressures of 1050, 1100 and 1200 psia (critical
pressure of CO, 1071 psia). The main portion
of the tests conducted at these pressures were
performed with the fluid temperature fixed at
75, 85, 95 and 105°F (critical temperature of
CO,, 87-8°F) while the surface temperature of
the plate was varied uniformly from the free-
stream to as much as 500 degF above this value
(at a maximum heat flux of 77000 Btu/h ft2F).
Each series of these tests were repeated at various
freestream velocities, up to a maximum of
of 1-5 ft/s.

A second, less extensive set of tests was
conducted at the pressures cited above, but with
fixed flow rates and heat flux while the free-
stream temperature was allowed to vary uni-
formly.

In order to gain some information about the
effect of free convection on heat-transfer rates,
a few experiments were conducted with the
heated surface facing downwards. To place the
test plate into this position, the entire cylindrical
pressure vessel could be rotated 180° about its
longitudinal axis. Thus the location of the flat
plate in the channel and the approaching flow
field was unchanged, and the results could be
directly compared to those obtained with the
plate in its normal position.

RESULTS

A. Heat-transfer measurements

The thermocouples employed for measuring
surface temperatures were located in the fully
turbulent downstream portion of the boundary
layer. The trend of the heat-transfer results
recorded from each of the thermocouples were
quite similar (except for a length-scaling factor
due to their different locations) and so only the
results of a single thermocouple, 7-25 in down-
stream of the leading edge are presented here.
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On the basis of this length the Reynolds number
is approximately 10° for a velocity of 1-5 ft/s.
Let us first consider the results from a series
of tests at supercritical pressures but for bulk
temperatures below the pseudocritical value. For
each test the bulk temperature was maintained
constant and the surface temperature was in-
creased in steps. For these cases the heat-transfer
coefficient was observed to increase with in-
creasing surface temperature, reaching a maxi-
mum when the surface was very near the pseudo-
critical temperature. Further increases in surface

‘temperature above the pseudocritical resulted

in a decreasing heat-transfer coefficient. The
actual magnitude of the peak heat-transfer
coefficient was observed to depend on free-
stream pressure, temperature and velocity. Pres-
sures nearest the critical exhibited the highest
heat-transfer coefficients, while at any fixed
pressure the heat-transfer coefficients increased
as the freestream approached the pseudocritical
temperature. A sample plot of experimental
results is shown in Fig. 3 for freestream con-
ditions of 1100 psia and 75°F. It may be worth
noting incidentally that, although the heat-
transfer coefficient exhibits a peak in Fig. 3, the
corresponding actual heat-transfer rate increased
smoothly with increasing surface temperature
and in no instance were abrupt changes such as
in [19] recorded.

For tests in which the freestream temperatures
were above the pseudocritical, the heat-transfer
coefficient decreased slightly with increasing
surface temperature. This behavior may be seen
for example in Fig. 4 which was taken at free-
stream conditions of 1100 psia and 105°F. It
should be noted that the curve shows no peaks
and in this respect it differs from the ones which
were obtained for stream temperatures below
the pseudocritical.

A few results were also obtained in another
series in which the freestream temperature was
varied and the flow rate and heat flux were
maintained constant. The data are presented in
Fig. 5, which shows that for temperatures below
the pseudocritical (approximately 90°F at 1100
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F1G. 3. Heat-transfer coefficient for a flat plate in supercritical CO, at
1100 psia and 75°F. (Pseudocritical temperature, 90°F.)
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FiG. 4. Heat-transfer coefficient for a flat plate in supercritical CO, at
1100 psia and 105°F. (Pseudocritical temperature, 90°F.)
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psia) the heat-transfer coefficient was extremely
dependent on heat-transfer rate (or equivalently
on surface temperature). Large heat-transfer
coefficients were measured when the freestream
was slightly below the pseudocritical tempera-
ture, provided the heat rate was such so that the
surface was just slightly above the pseudocritical
temperature.

Although most of the tests were performed
with the plate facing up, a few were also con-
ducted with the heated side facing downward
so as to obtain an indication of the influence of
the gravitational field on the present data.
When both freestream and surface temperatures
were below the pseudocritical, the heat-transfer
coefficient was not significantly altered by
inverting the heated surface. With both free-
stream and surface temperatures above the
pseudocritical, no influence of direction of body
force could be detected. However, when the
surface temperature was above and the free-
stream temperature was below the pseudo-
critical, the heat-transfer coefficient was appreci-
ably reduced by inverting the plate. Nevertheless,
the general shape of the curve was maintained,
and the maximum occurred at about the same
temperatures.
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For purposes of comparison some experi-
ments were performed at 1050 psia at which
pressure the fluid is subcritical. The familiar
regimes of nucleate, partial and complete film
boiling were easily identified and Fig. 6 shows
the heat-transfer coefficient as a function of the
temperature difference. One may clearly see the
characteristically sharp rise of the curve at the
beginning of nucleate boiling. Peak nucleate
heat flux was about 18500 Btu/h ft?, and the
temperature difference ‘at the onset of stable film
boiling about 63 degF for a freestream velocity
of 1-5 ft/s.

B. Flow field observations

Single frames have been selected from a few
of the high speed movies taken of the heated
flow field and are shown in Figs. 7-10. In the
color film record, the cold freestream fluid
appears green, and subsequent warmer regions
are yellow and red, respectively. The free-
stream fluid moves from left to right and the
heated flat plate appears as the horizontal
black band at the bottom of the photographs.

Figures 7-9 show the heated turbulent bound-
ary layer at freestream conditions of 1100 psia
and 75°F with a freestream velocity of 1-5 ft/s.

1500

T
£ =1050 psia, 7, =75°F
y,, ft/s

1000

o}
4
®
L]

Btu/h #° °C

h,

500

e

[o}]

. 100 1000

TTo, °F

F1G. 6. Heat-transfer coefficient for a flat plate in subcritical CO, at 1050
psia and 75°F.



F1G. 7. Heated flow field over a flat plate in supercritical CO2 at 1100 psia and 75°F. (75 m from leading
edge, 5x enlarged, Vo = 15 ft/s, T — To = 89 deg F.)

FiG. 8. Heated flow field over a flat plate in supercritical COz at 1100 psia and 75°F. (7-5 in from leading
edge, 5< enlarged, Vo = 1-51t/s, Ty — To = 178 deg F.)

FiG. 9. Heated flow field over a flat plate in supercritical COz at 1100 psia and 75°F. (7-5 in from leading
edge, 5 x enlarged, Vo = 1-5 ft/s, Too — To = 606 deg F.)

FiG. 10. Heated flow field over a flat plate in subcritical COs at 1050 psia and 75°F. (75 in from leading
edge, 5 enlarged, Vo = 1-5 ftfs, Ty — To = 832 deg F.)
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These figures form a sequence in which the
surface temperature is increasing. At low heat-
transfer rates the surface temperature is below
the pseudocritical and the flow field appears to
be substantially that of a constant property
turbulent flow as shown in Fig. 7. A slight amount
of fluid motion normal to the heated surface,
probably caused by free convection, could be
detected by viewing the movie films. Figure 8
shows the flow field occurring near the peak
heat-transfer coefficient in Fig. 3. The surface
temperature is about 2 degF above the pseudo-
critical and the ratio of freestream to surface
fluid density is about 2-5. Although small dark
areas indicating regions of rapid change in
density were detected, the main portion of the
flow did not exhibit any unusual effects and still
appears similar to a normal turbulent forced
flow field. At surface temperatures further above
the pseudocritical the regions of differing density
appear increased in size, and free convective
motion becomes superimposed on the basic
forced flow through a large portion of the
boundary layer. Figure 9 shows the flow for a
temperature difference of about 60 degF, and a
ratio of freestream to surface density of about
4:5. As a comparison, Fig. 10 (the only photo-
graph in the subcritical region) shows the heated
flow field at 1050 psia and 75°F. The heat-
transfer rate is such that stable film boiling
occurs (a temperature difference of about 83
degF). The vapor film itself is not visible, but
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FiG. 11. Turbulence levels near a heated flat plate during
forced convection heat transfer to supercritical CO, at
1100 psia and 75°F.
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large vapor clusters which break away and rise
into the freestream fluid appear as the large
black spots.

The results of some of the measurements of
the velocity fluctuations are shown in Fig. 11.
The ‘“‘turbulence level” plotted was arbitrarily
taken as four times the RMS value of the fluc-
tuating part of the probe current, in order to
compare with usual measurements in homo-
geneous flows. The turbulence level at 1-5 ft/s
freestream velocity and 1100 psia and 75°F
remains relatively constant for surface tem-
peratures below the pseudocritical. As the
surface temperature increases beyond the
pseudocritical, the turbulence level begins to
increase slowly until at a temperature difference
of 136 degF it is approximately three times the
unheated plate level. No sharp or discontinuous
increase was noted when the surface was at the
pseudocritical temperature, where the heat-
transfer coefficient reaches its peak. At this flow
rate, the hot wire was situated approximately at
the outer edge of the buffer or transition region
of the boundary layer. By way of comparison,
Fig. 12 shows that at the onset of nucleate
boiling in a subcritical fluid a sharp and abrupt
increase in turbulence level could be detected.

DISCUSSION

The heat-transfer results described in the
previous section indicate that heat-transfer co-
efficients for fluids near the critical point
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F1G. 12. Turbulence levels near a heated flat plate during
forced convection heat transfer to subcritical CO, at
1050 psia and 75°F.
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definitely depend on the freestream and surface
temperatures, and particularly on the magnitude
of these temperatures relative to the pseudo-
critical temperature. The information obtained
is quite similar to that found in several previous
forced convection studies. For example in a
liquid-like freestream fluid, a peak heat-transfer
coeflicient was obtained when the surface tem-
perature was near the pseudocritical. This type
of peak was also found in [22]. With the heat-
transfer rate fixed at a sufficiently low value,
increases in freestream temperature produced a
maximum in the heat-transfer coefficient at
temperatures slightly below the pseudocritical
as in [23]. However, at larger heat-transfer
rates, the heat-transfer coefficient exhibited a
sharp drop when the freestream temperature
slightly exceeded the pseudocritical. The result-
ing low value after the drop may actually
correspond to a minimum. Thus both maxima
and minima in heat-transfer coefficient may
occur depending on the heat-transfer rate and
bulk fluid properties. This experimental indica-
tion may possibly serve to explain some of the
apparently conflicting results regarding the
occurrence of maxima and minima in the heat-
transfer coefficient near the critical point. Com-
paring the photographs of the flow field occurring
at the peak heat-transfer coefficients with those
where the fluid acted essentially as a constant
property fluid, it can be seen that although
differences exist in the detailed nature of the
flow, the basic flow pattern resembles normal
turbulent forced convection for all the regions
investigated in this study. In particular, no
significant break-up of the normal forced con-
vection pattern (such as occurs for example in
nucleate boiling) could be observed when the
heat-transfer coefficient reached its peak. The
hot wire studies also showed the turbulence
levels occurring at the peak heat-transfer co-
efficient were not grossly different from those
occurring in normal turbulent flows. Neverthe-
less, some modification of the spectrum and
intensity of the turbulent motion probably did
occur. Effects of this type have been postulated
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by previous investigators, e.g. Hall, Jackson and
Khan [24].

It should be stressed that although in the
present experiments the basic heat-transfer
mechanism was found to be similar to normal
forced convection, this need not be the case for
other heater geometries or possibly very different
test conditions. In contrast to the present results,
the experiments described in [19] show that
under certain conditions a discontinuous change
in heat-transfer rate may occur during natural
convection from a heated wire, and that such a
change is accompanied by a complete disruption
of the flow pattern existing prior to the change.

CONCLUSIONS

The purpose of the present experiment was to
study forced convection of CO, in the single
phase region near the critical point. The flow
was examined visually and by means of certain
hot wire measurements. In the range of experi-
mentation no gross flow disturbances could be
detected which could be likened in any way to
those observed in earlier free convection around
a cylinder, or to the disturbance observed in
nucleate boiling. The improvement in the heat-
transfer coefficient which was observed is there-
fore ascribed to the actual values of the thermo-
dynamic and transport properties throughout
the fluid as well as to possible modifications of
the turbulent fluctuations.
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Résumé—On présente les résultats expérimentaux pour le transport de chaleur par convection forcée a
partir d’'une plaque dans le gaz carbonique prés du point critique thermodynamique. On a fait varier les
conditions d’état A travers la région critique, mais de nombreux essais ont été effectués dans I’état (super-
critique) avec une seule phase. Un des principaux objectifs était 'observation visuelle directe du champ
de I'écoulement chauffé, et des films & grande vitesse ont été pris a I’aide d’un appareillage strioseopique
en couleur. Quelques explorations par fil chaud des fluctuations de vitesse prés de la plaque ont été égale-
ment effectuées.

Bien que le coefficient de transport de chaleur déterminé expérimeritalement devenait élevé lorsque
la température de la plaque approchait la température pseudocritique, aucun changement sensible dans
la nature générale du champ d’écoulement pouvait étre observé. En particulier, aucun phénoméne du
type avec “bulles”, comme ce qui a été observé dans la convection naturelle avec d’autres géométries
thermiques, ne pouvait étre décelé. Les coefficients élevés de transport de chaleur étaient attribués par
conséquent aux grandes valeurs des propriétés thermodynamiques et de transport au voisinage du point

critique aussi bien qu’a des modifications plus secondaires du mouvement turbulent.

Zusammenfassung— Fiir den Wirmeiibergang bei Zwangskonvektion an einer ebenen Platte in Kohlen-
dioxyd nahe dem thermodynamisch kritischen Punkt werden Versuchsergebnisse mitgeteilt. Die Zus-
tandsbedingungen wurden in kritischen Bereich variiert, die meisten Versuche sind aber im (iiberkritischen)
Einphasengebiet durchgefiihrt. Eines der Hauptziele war die direkte visueile Beobachtung des beheizten
Stromungsfeldes; dazu wurden Hochgeschwindigkeitsfilme mit Hilfe einer Farbschlierenapparatur
aufgenommen. Einige klirende Hitzdrahtmessungen der Geschwindigkeitsschwankungen nahe der Platte
sind ebenfalls durchgefiihrt worden.

Obwohl die experimentell bestimmten Wirmeiibergangskoeffizienten stets gross wurden bei Annihe-
rung der Plattentemperatur an die pseudokritische, konnten keine bedeutsamen Verdnderungen in der
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Gesamterscheinung des Stromungsfeldes wahrgenommen werden. Insbesonders wurden keine ““blasenihn-

lichen” Phinomene entdeckt, wie sie bei freier Konvektion in anderen Heizanordnungen beobachtet

wurden. Die grossen Wirmeiibergangskoeffizienten werden dementsprechend den grossen Werten der

thermodynamischen- und der Transporteigenschaften zugeschrieben, wie sie nahe dem kritischen Punkt
auftreten, sowie einigen kleineren Anderungen der turbulenten Bewegung.

Annoranus—IIpeAcTaBIeHI PEBYABTATH DKCIEPUMEHTOB II0 TeINI0OGMEHY HPH BHHYHEIH-
HOM KOHBEKI[MM HA IMIIOCKOW IJIACTHHE B ABYOKHCH yriepojga BOIMSH TepMOAMHAMKYeCKOR
KpUTHYEeCKOH TOUKH. YCIIOBHA MEHANHCh BO Beelt KpUTHYeCKOH o6macté, HO GONBIIMHCTBO
ONKTOB NPOBOJMANCE B ORHO(A3HOM (CBEDPXKPHTHYECKOM) cocrosnMH, OfHOM M3 INIaBHHX
Heleft uccaegoBanua OHulo npAMoe HaGmofeHWe B II0Je HArpeBaeMoro IOTOKa, MJIA 4ero
NpPUMEHANACh BEHICOKOCKOPOCTHAH KHMHOCHEMKA C MCHOJB30BAHMEM LBETHOM INJIMpPEH-
annaparyps. HexkoTopnie uamepeHua nyapcalimit CKOPOCTH BOJINBH MIACTHHHE TPOU3BOUINCE
MEeTONOM HarpeTol HHUTH.

Xora KaskAHM pas, KOTAA TeMHOepaTypa IJIACTHHH NMPHOIMMKAIACE K NICeBAOKPHTHYECKOH,
SHCIEPUMEHTANLHO HalifenHHe Koo(G@UIMEeHTH TemooGMeHa uMenn GOJbIIYI0 BENMYHHY,
BHAYMTEJNLHHX HaMeHeHHit B ofUieM XapaKTepe IOJA TedeHHA He nabmiogamock. Boxasbuime
Koa(PuIMeHTH Ter1006MeHa MOMHO 00BACHATL BHCOKHMU 3HAYCHHAMH TePMOLUHAMHYECKUX
BeJIMYHH, HaOIOfaeMHX BOJINSM KPHTHYECKOH TOYKH, a4 TaKke MeHee BHAYUTENBHHMU

NBMEHEHNAMH B TypOYJIEeHTHOM [BHKEHUH.



