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ABSTRACT

Experimental results are presented for forced convective
heat transfer from a heated flat plate in carbon dioxide near the
thermodynamic critical point. The heated plate was in a horizontal
position and most measurements were made in the fully turbulent
downstream portion, with the heated surface facing both up and down.

The bulk conditions of the carbon dioxide were varied from
below the pseudocritical temperature ("liquid-like!* region) to above
the pseudocritical temperature (''vapor-like'' region), and in some
instances the bulk and wall temperatures were on either side of the
pseudocritical temperature. Some limited observations on the
effect of free stream velocity were made, and experiments were also
conducted below the critical pressure in order to obtain a comparison
with boiling.

One of the principal objectives was to observe the nature of
the heated boundary layer. High speed movie films were taken
using a color schlieren apparatus, modified to obtain semi-focusing
effects. Although the experimentally determined heat transfer
coefficient became high whenever the wall temperature approached
the pseudocritical, no significant change in the gross nature of the

flow field could he observed, A few exploratory hot wire measure-



iv
ments of the velocity fluctuations near the plate were also made,
and they confirmed that no significant increase in turbulence was
associated with the regions of high heat transfer coefficients.

On the basis of the results it is concluded that the high heat
transfer coefficients observed were due to the large values of
thermodynamic and transport properties occurringnear the critical
point, and not because of theoccurrence ofa '"pseudo-boiling"
phenomena. It is further concluded that the ''pseudo-boiling"
phenomena does not occur with this parficular heater geometry or
in the range of parameters investigated, although 1t may in others.

Because of the similarity of fully turbulent boundary layers
to turbulent pipe flow, it is felt these conclusion may be extended
to cover the latter case as well,

Photographic materials on pages 171-175 are essential and

will not reproduce clearly on Xerox copies. Photographic copies

should be ordered.
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I. INTRODUCTION

In several modern applications of natural and forced flow
heat cxchangers, the demands for large heat transfer and mass flow
rates have forced the bulk conditions of the fluid into regions near
the thermodynamic critical point. Current large thrust liquid
propellant rocket engines with regenerative cooling of the
nozzle area generally have combustion chamber pressures greater
than 500 psig, surpassing the critical pressure of most common
hydrocarbon propellants. A steam generator installation soon to be
completed for a public utility company in the southeastern United
States is expected to produce steam pressures in the vicinity of
3,800 psig, some 600 psig above the critical pressure of water.

Designers of such heat transfer equipment have been faced
wilh rather unique and complex problems. Near the critical state,
very large changes in thermodynamic and transport properties may
occur with chan.ging fluid temperature and pressure, and accurate
prediction of heat transfer characteristics becomes a complicated
if not impossible procedure. In addition, very little is known about
the basic mechanism of heat and momentum transport in fluids in

the vicinity of the critical point. Nevertheless, near-critical



fluids are attractive heat transfer media because of the very large
heat transfer rates that can be obtained using relatively small
temperature differences.

The critical point itself may be defined as the pressure and
temperature at which no distinction can be made between the liquid
and vapor phase of a fluid, If the pressure of a fluid is above its
critical value, a constant pressure heating process brings about a
continuous change from a very dense state resembling a liquid to a
lighter state resembling a gas. lf the temperature of the fluid is
above its critical value, a constant temperature compression or
expansion process can likewise only bring about a continuous change
in properties., This implies that no distinct interface can occur
between liquid and vapor at the critical point, and so surface
tension ceases to exist. Boiling and condensation can not occur
in fluids above their critical pressure and temperatures, hence the
critical point can also be considered as the limiting pressure and
temperature at which these phenomena may still exist. Experimental
measurements indicate that precisely speaking, the critical point is
not a single or unique value of pressure, temperature and density,
but that this phenomenon occurs in a small region of bulk states,

pcerhaps O. 002% of the critical values. Temperature and pressure



differences normally occurringinengineering processes are
usnally much larger than the range of this critical region, so that
for most purposes it is usually considered to be a unique point.
Table 1 gives the critical values of some fluids having current
interest for engineering usage.

It is usually convenient to term fluids with pressures above

the critical as supercritical, those with pressures below as sub-
critical. At a specified pressure in a subcritical fluid there is a
distinct temperature (saturation temperature) at which change takes
place from liquid to vapor. Supercritical fluids have no such unique
temperature, but there is usually a well defined temperature at
which the rate of change of thermodynamic or transport properties
from the denser to lighter state will have a maximum. This temper-

ature is called the pseudocritical temperature, and depends upon

the pressure of the fluid. Individual properties have their maximum
rate of change at different temperatures, but the variation between
them is slight closc to the critical point. In this study the pseudo-
critical temperature will be considered to be the location of the
maximum rate of change of en.thalpy at constant pressure, or
equivalently, the location of the maximum specific heat at constant

pressure. Supercritical fluids below the pseudocritical temperature



are called liquid-like, those with temperatures above are called
vapor-likc. Whilc this tcrminology is by no mcans unique, it
appears to be most prevalent in the literature. Figure 1 summa-
rises these definitions graphically.

The use of supercritical fluids as coolant and power
generating media in cases as cited above required the knowledge of
their heat transfer and préssure drop characteristics. Early
investigations of heat transfer to supercritical fluids attempted to
provide this information through suitable experiments. During
these investigations unusual behavior of the experimental equipment
and erratic heat transfer results were sometimes observed.
Distribution of temperature and heat transfer coefficients throughout
the apparatus would sometimes exhibit sharp peaks, and overall
heat transfer coefficients were much larger than those occurring in
fluids further removed from the critical point. Some experimenters
observed large pressure and flow oscillations as well as intense
noise generation in the experimental apparatus. Several theoretical
investigations attempted to incorporate the large property variations
occurring in supercritical fluids into the basic 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. However at states
closer to the critical wide discrepancies would occur. These
theoretical calculations also fail to predict the unusual distributions
in temperature along the heated surfaces.

The unusual behavior of experimental apparatus, and the
discrepancy between theoretically predicted and experimentally
observed results has led some observers to suggest that the baéic
mechanism of heat transfer to supercritical fluids must be different
than that of single phase fluids far removed from the critical point,
Since noises, pressure pulsations and sharp increases in heat
transfer frequently occur in forced-flow boiling, it has been
hypothesized that under certain conditions the supercritical heat
transfer mechanism may be similar to subcritical, or boiling heat
transfer. One hypothesis states that although only a single phase
can exist under equilibrium conditions in a supercritical fluid, large
heal lransfer rales may produce a non-equilibrium situation so that
two '"'phases!" may coexist transiently. If a pocket of liquid-like
fluid were brought into contact with a heated wall, a small addition
of heat would cause it to ''explode!' into something more like a vapor.

A second hypothcsis presumecs that the fluid adjacent to a very hot



wall will have overall properties much like a vapor, while the
relatively cool free stream the fluid would be more like a liquid.
The '"interfacel! bétween these regions may become unstable under
certain conditions of flow rates and property variation so that
disturbances would cause it to become wavy and fina.lly’ break, much
like the breaking of ocean waves. The resulting motion of liquid
and. vapor regions might produce a situation very similar to
ordinary boiling.

The !''pseudo-boiling! hypotheses described above have
formed the basis of divergent opinions about the mechanism of heat
transfer to supercritical fluids. Many experiments have now been
performed in a variety of fluids, heater geometries, bulk conditions,
heat transfer rates and fluid flow conditions. By examining the
trend of their results, or by comparision with analysis when
available, experimenters have concluded that the hypothesis either
is or is not valid. Conclusions on this basis leave much to be
desired however, as in at least in one case either the supposition
of conventional or boiling like mechanisms will predict heat
transfer rates that compare equally well with experimental results,
Further experiments are necessary in order to establish the basic

mechanism of heat transfer to supercritical fluids.



In some recent experiments in free convective heat transfer
to supercritical carbon dioxide, attempts were made to actually
visualize the flow field around the heating surface, and thereby
gain information on the type of phenomena occurring during heat
transfer to supercritical fluids. Under some conditions, the flow
field was observed to be completely conventional, that is, the flow
was of a type which is observed during free convective heat transfer
to ordinary fluids. In some instances however, this flow pattern was
observed to abruptly change to one more similar to that occurring in
boiling heat transfer, and measurements of heat transfer rates show
a sharp increase coincident with the onset of this second type of
flow. These experiments have definitely shown that at least for one
particular geometry, with certain bulk conditions and heat transfer
rates, a second mechanism of heat transfer similar to boiling can
occur during free convection in supercritical fluids.

The purpose of the present investigation was the study of
forced convection heat transfer to supercritical fluids. The primary
objective was to determine the basic mechanism for heat transfer
and obtain quantitative information that might be applicable for
design purposes as well. Since the possibility of an unusual mode

of heat transfer exists, it was felt that direct observation of the



heated surface, in a manner similar to the free convection
experiment described above, would be of great value in identifying
such a mechanism. It was hoped that by comparing the observed
flow fields in several circumstances of heat transfer, flow rate
and bulk conditions, while making direct measurements of these
quantities, some definite ideas about the transport mechaniems
could be obtained.

An apparatus was designed and constructed for circulating
supercritical carbon dioxide past a heated surface. The apparatus
has many features of an ordinary low-speed wind tunnel, except
that special provisions had to be made to contain the fluid near its
critical state. Direct observation and photography of the heated
boundary layer was also a principal consideration of the design,
Flexibility was retained in all features of the design so that several
different tsrpes of experiments could aiso be performed :a.fter slight
modification.

The optical records and limited measurements of heat
transfer in this type of experiment would admittedly have little
quantitative value for actual prediction of supercritical heat transfef
rates. It was hoped however that they would help in the selection

of realistic models of the heat transfer mechanism to be used in



theoretical predictions of heat transfer rates. Further, more
detailed measurements of velocity and temperature, their
fluctuations and correlations are still needed in order to fully under-

stand the phenomena occurring.
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II. REVIEW OF PREVIOUS STUDIES IN

SUPERCRITICAL FLUIDS

In the past three decades, a significant amount of research
has been devoted to heat transfer in supercritical fluids. As was
mentioned in Chapter 1, experimentai and analytical studies have
been made for various heater geometries, fluid bulk states, heat
transfer rates and fluid flow coﬁditions. For the purposes of the
present discussion, it is convenient to make only the following
distinction: experimental studies in both free and forced convection;
analytical studies in both free and forced convection. Although the
present study is primarily concerned with forced convection, it is
felt that some of the observations in free convection experiments,
because of their basic nature, may shed light on the corresponding
forced flow problem. For this reason the free convection studies

will also be included in this review.
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A. Experimental Investigations

Perhaps one of the earliest investigations of heat transfer to
supercritical fluids was that of Schmidt, Eckert and Grigull (1). *
Schmidt suggested that because of the rather large specific heat and
coefficient of expansion near the critical point, significant increases
in heat transfer rates may occur. Their experimental apparatus
consisted of a natural convection loop filled with ammonia, heated
in one vertical section and correspondingly cooled in another. Their
results were presented in terms of an "apparent thermal conduc-
tivity!, defined as the thermal conductivity required to transfer an
equivalent amount of heat at the same temperature difference through
a material having the same cross sectional area and length as the
loop. This apparent conductivity was observed to grow very large
near the critical point, perhaps as much as 100 times that of water
at 60°C. Fluctuations in both pressure and temperature were
observed when the pressure was near its critical value. Later
studies by Schmidt (2) in a closed vertical tube showed that the

apparent thermal conductivity could be as much as 4, 000 times that of

% Numbers in brackets refer to references.
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copper. By inclining the apparatus, Hahne (3) found that the
apparent thermal conductivity could be further increased to almost
10, 000 times that of copper! These high values of apparent thermal
conductivity were reached only in narrow ranges of bulk temperature
however, and slight displacements from this critical range would
cause the apparent conductivity to decrease rapidly. Nevertheless
this type of set-up has been used successfully for internal cooling
of gas turbine blades (4). A natural convection loop filled with
Freon-12 was also studied by Boggs and Holman (5). They observed
pressure fluctuations and intense vibrations of the appératus as the
fluid approached the critical region, but were able to successfully
correlate heat transfer and flow rate measurements when removed
from this region. Similar observations were made in water by
Van Putte and Grosh (6) and in Freon-114 by Harden and Boggs (7).
A numerical analysis of the stability of such a loop with respect to
pressure oscillations was given by Harden (8) in terms of enthalpy-
density plots. Experimental verification of this stability criterion
was given by Walker and Harden (9), using several different fluids,
‘The problem of free convective heat transfer to quiescent,
quasi-infinite fluids near their critical point has also been the

subjcct of recent cxpcriments.. Eckert and Simon {10) werc able
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to make extremely precise measurements of the temperature field
around a vertical flat plate in CO, by use of interferometry
techniques. Their experiment was necessarily restricted to small
temperature differences (0.001-0.01°C.) in order to keep the flow
laminar, and thus closely approximated a2 constant-property con-
ditiva., Both the thermal conductivity and hcat transfer coefficient
attained large values near the critical point, and also exhibited
dependence on the heat transfer rate. Fritsch and Grosh (11) per-
formed experiments with a similar heater geometry in water. The
flow about the plate was also laminar, with temperature differences
between the heated plate and bulk fluid of about 20°F. The temper-
atures were measured with thermocouples. Heat transfer coefficients
were largest when the bulk temperatures were near the pseudo-
critical, but still compared favorably with an analytical prediction
of Fritscl% and Grosh (12). On the basis of this agreement they
concluded that the heat transfer rnechénism near the critical point
was unchanged from that of ordinary fluids, and that the large heat
transfer rates previously reported could be accounted for by
consideration of the property variations. Similar conclusions for
low temperature differences were reached by Brodowicz and

Bialokoz (13) during turbulent natural convection from a vertical
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plate in Freon-12, and by Larson and Schoenhals (14) in super-
critical water. Somewhat larger temperature differences
(approximately 100°F. ) were obtained by Doughty and Drake (15)
during free convection to Freon-12 from a horizontal cylinder.
They observed that the heat transfer coefficient grew large as the
fluid approached the critical state, but remarked that this increase
was limited to a small region of state conditions. Bonilla and
Sigel (16) measured heat transfer from a horizontal flat plate to a
pool of n-pentane both below and above the critical pressure, with
bulk temperatures 200-300°F. below the critical. They found that
even with large temperature differences their results could be
correlated favorably using familiar dimensionless groups. When
the temperature differences became large enough for the wall
temperature to surpass the critical, a "limiting phenomenon was
observed to affect the heat transfer, and the heat transfer coef-
ficient became essentially constant.

In all of the above mentioned investigations, conclusions
about the heat transfer mechanism were formed by studying the
trend of experimental data, rather than by direct observation of
the heated flow fields. Some of the first direct observations of a

heated surface in a supercritical fluid were performed by Griffith
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and Sabersky (17) on a heated horizontal cylinder in Freon-114A.
”Bubblé—like“ flow was observed around the wire, but did not
correspond to any large increases in heat transfer rate such as
those at the onset of nucleate boiling. Nevertheless they concluded
that '"bubble-like!! flows can exist in some cases, Holt (18)
photographed the heated surflace of a vertical plate in water at
large temperature differences (up to 1000°F.) but concluded that
no '"boiling-like!" mechanism was present., Graham et al (19)
observed a heated horizontal flat strip in liquid hydrogen at a range
of pressures and accelerations, and reported that the flow field
during heat transfer in the supercritical region was quite similar
to boiling. In a recent experiment on a2 heated wire in CO,,

Knapp (20) obtained photographs which clearly show a secondary or
"pubble-like!" flow on the heated surface under some conditions.
This '"bubble-like!" flow was coincident with a sharp increase in
heat transfer rate. The flow around vertical and horizontal strips
was also studied, but no indication of a ''bubble-like'' flow or
increased heat transfer rate was observed for these cases. On the
basis of these observations, he concluded that a secondary or
"hubble-like!! flow definitely could exist under certain conditions of

heater geometry and bulk states, and may produce corresponding
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increases in heat transfer rates. He further concluded that this
secondary flow arose from a hydrodynamic instability of the usual
laminar convection pattern. Yamagata et al (21) independently
performed a very similar experiment and obtained results similar
to (20).

Research on forced canvective heat transfer to supercritical
fluids was first stimulated by the requirement for more technical
information about cooling of nuclear reactors. Some of the
earliest studies were those of Chalfant (22), and Randall (23).

These investigations were conducted with supercritical water
flowing through electrically heated tubes at extremely high heat
transfer and mass flow rates. Under certain conditions, ''singing!!
or '"'whistle-like' noises would occur coincident with increases in
the heat transfer coefficient, Goldmann (24) compared ‘Fhe data of
(22) and (23) to an earlier analytical prediction (Goldmann (25))

and found good agreement for the regions in which "whistle'' did

nol occur. Goldmann (26) further hypothesized thatl Lthe heat transfer
mechanism during '"whistle! was similar to boiling at subcritical
pressures. He visualized the heat transfer process as a suffi-
ciently non-equilibrium phenomena so that two phases could actually

coexist transiently. If by some mechanism a pocket of "liquid-like!
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fluid was brought into contact with the heated surface it would
"burst! into a 'vapor-like' fluid, and the ensuing motion of high
and low density pockets would supposedly resemble that occurring
in normal boiling. Goldmann also proposed a second mechanism
based on hydrodynamic stability arguments to account for the high
heat transfer coefficients. He proposed that the interface between
the liquid-like freestream fluid and the vapor-like fluid on the
heated surface might become unstable under certain conditions of
heat transfer rates and bulk fluid states. The 'waves'' on the
interface would ""break! much like ocean waves, thereby bringing
the liquid-like fluid into contact with the heated surface and produce
large heat transfer rates.

Hines and Wolf (27) also observed intense pressure
fluctuations and '"'whistle' duriug turbulent forced convective heating
of RP-1 and Diethylcyclohexane (hydrocarbon mixtures commonly
used as liquid rocket propellants). In some cases the pressure
fluctuations were severe enough to rupture the thin-walled heater
tubes, and coincided with sharp increascs in the hcat transfer
coefficient. They hypothesized that because of the rapid change in
viscosity near the critical region, the boundary layer could become

unstable and thereby trigger the pressure fluctuations and resultant
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increases in heat transfer. Pressure oscillatibns during heat
transfer to supercritical fluids were also observed by Thurston (28)
in liquid hydrogen and Cornelius and Parker (29) in f‘reon-ll4.
Thurston bel ieved his oscillations due to different acoustic modes
within the experimental apparatus, but Cornelius and Parker also
found a mode whose frequency was much lower than expected from
an acoustic mode. They concluded this unusual mode was triggered
by the onset of a 'boiling-like'" phenomena.

Forced convective heat transfer without the occurrence of
unusual pressure pulsations or noises has also heen frequently
reported. Dean and Thompson (30) studied the forced convective
heat transfer to liquid nitrogen in annular flow, comparing their
results to boiling in the same apparatus. The heat transfer
coefficients for a supercritical fluid were larger than those of
stable film boiling. Powell (31) observed that during flow of super-
critical nitrogen, oxygen and hydrogen respectively below their
critical temperatures, the heat transfer coefficicnt showed a
minimum as the wall temperatures approached the critical. However,
Bringer and Smith (32) found that during turbulent forced convection
heating of CO, in a round tube, the heat transfer coefficient was a

maximum near the critical point, in contrast to the results of
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Powell. The occurrence of a maximum heat transfer coefficient
during turbulent forced convection near the critical point was also
observed by Dickinson and Welch (33) using water, Del Bene and
Barger (34) using Freon-12, Koppel (35) in CO, and Petukhov et al
(36) in CO,. Similar trends were also reported by Armand et al
(37), and Miropolsky and Shitzman (38) in water, and Szetela (39)
in hydrogen. The occurrence of a maximum heat transfer coefficient
when the wall temperature approaches the critical region seems to
be well substantiated in view of the above mentioned investigations.
Mcasurcmeonts of the actual vclocity and temperature profiles
occurring during turbulent forced convection to CO3 in a vertical tube
were made by Wood and Smith (40). They showed that in some
instances the maximum velocity in the tube does not occur at the
tube centerline, but at some point between the center and wall.
Temperature profiles showed no unusual trends, but density profiles
inferred from the temperature showed sharp discontinuities across
the tube. ILarge increases in the heat transfer coefficient were also
measured when the fluid bulk temperature approached the pseudo-
critical, They concluded these results were due to a '"two resistance
concept, which considers the thermal conductivity near the wall and

the heat capacity some distance from the wall'', but also thought
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that very near the critical point the phenomenon could be treated
as an extension of boiling.

In normal constant property forced convective heat transfer
it is often convenient to express heat transfer and fluid flow
relationships in terms of dimensionless groups such as the Nusselt,
Prandtl and Reynplds numbers. In some cases these techniques
have also been applied successfully to supercritical fluids. By
suitable selection of temperatures at which to evaluate properties.
Domin (41) was able to satisfactorily express his data for heat
transfer Lo supercritical water in terms of these quantities.
Shitzman (42) had previously presented a similar correlation for
experiments in water, oxygen and CO,. Further dimensionless
groups accounting for proper#y variations were proposed by
Petukhov et al (36), and by Swenson, Kakarala and Carver (43).
Petukhov et al were able to ‘derive a generalized correlation
scheme applying to supercritical water and CO,, while Swenson
et al successfully applied their correlations to experiments in
water.

The previously mentioned hypothesis about the analogy
between supercritical and boiling heat transfer was exploited in a

novel correlation scheme proposed by Hendricks et al (44). By
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assuming a supercritical fluid to be composed of a certain fraction
of "Might! and '"heavy' species, heat transfer results could be
corre}ated with the Martinelli parameter, which is a coefficient
accounting for shear stresses at the wall and phase boundaries in
two-phase flow. The authors concluded that the favorable
correlation of experimental data supported the hypothesis of
"boiling! in supercritical fluids.

It should be pointed out that correlation techniques, while
extremely useful for engineering purposes, have limited value for
determining the actual mechanism of heat transfer to supercritical
fluids. Hess and Kunz (45) used the data of Hendricks et al and
proposed a correlation scheme based on conventional forced
convection parameters. They showed that both conventional and
two-phase fluid approaches would correlate the same data equally
well ! It is apparent that a successful correlation can be made by
judicious choice of fluid properties and flow model, but the actual

transport mechanism may well be veiled with such a technique.
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B. Analytical Investigations

Attempts at analytically predicting heat transfer to super-
critical fluids have been severely restricted by two facts; the
severe property variations with temperature and pressure near
the critical point; the lack of a complete understanding of the basic
heat transfer mechanism. The first of these effects, that of
property variations, can be circumvented by the choice of problem
in some cases. One example of this is the case of laminar flow
heat transfer at fairly low temperature differences. Since the
temperature differences are low, the constant property case may be
closely approximated, and hence analytical solutions may be
obtained by series expansions in some suitable parameter about the
constant property case. Another instance is when the basic flows
yield to similarity type solutions. Fritsch and Grosh (12} con-
sidered the case of laminar free convection from a vcrtical flat
plate. By assuming that only density and specific heat varied
significantly in the critical region, they were able to reduce the
boundary layer equations using a conventional similarity trans-
formation, The resulting equations were numerically integrated

on an electronic computer for specific bulk states and temperature
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differences. The results compared favorably with experiments (11).
Brodowicz and Bialokoz (13) performed a similar computation but
included variations in viscosity and thermal conductivity as well.
For the case of turbulent free convection the problem is complicated
by the fact that no quantitative values of the velocity and temperature
profiles are available. Iarson and Schoenhals (14) used approximate
integral methods with assumed velocity, temperature and enthalpy
profiles to compute turbulent free convection from a vertical plate
in water. Fairly good agreement with experiment was obtained for
lower temperature differences, but wide deviation occured as
temperature differencesywere increased. They concluded that this
discrepancy was due to lack of accurate knowledge of values of the
Prandtl number in the critical region.

Analyses of forced convective heat transfer to supercritical
fluids are limited by the same complications as in free convection.
Koppel and Smith (46) considered the laminar forced convection of
supercritical carbon dioxide in a vertical tube. By neglecting radial
velocity and introducing a modificd tempcrature potential, they
were able to numerically integrate the equations of conservation of
mass, momentum and energy. Results for the axial variation of

heat transfer coefficient were presented for specific bulk states,
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flow rates and heat transfer rates. Turbulent forced convection
problems are additionally complicated by a lack of information on
turbulent transport of heat and momentum even in constant property
flows. In what has become the most cited analytical work in
variable-property turbulent heat transfer, Deissler (47) assumed
certain analytical forms of the turbulent eddy diffusivity for
turbulent heat and momentum transfer in order to integrate
expressions for shear stress and heat flux. Specific results for
supercritical water were presented in terms of Nusselt and Reynolds
numbers, with an additional heat flux parameter § . Good agree-
ment with experimental results was achieved, for moderate property
variations, but discrepancies as large as 50% occurred when the
bulk fluid and wall temperature straddled the pseudocritical.
Goldmann (25) proposed an alternate scheme of integrating the shear
stress and heat flux expressions which gave better agreement with
experiments, even when straddle occurred (reference (24) ). Hsu
and Smith {18) modificd Deissler's approach to account for radial
momentum transport and buoyancy effects during turbulent flow
through vertical tubes. Spécific results were computed for CO2 )
and compared well with the data of Bringer and Smith (32). The

velocity and temperature profiles were also computed. These
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computations showed that the velocity could have a maximum at a
location other than the centerline of the tube, and this phenomenon
was later verified by the experiments of Wood and Smith (40). Hess
and Kunz (45) modified a variable property method proposed by
Wiederecht and Sonnemann and applied it to supercritical hydrogen.
The calculatcd valucs of shecar stress and heat flux agreed well with
data, and an engineering correlation scheme was proposed. They
further investigafed the change in Nusselt number along the length of
the tube and found good agreement even at points where the data
showed sharp peaks in heat transfer coefficient. On the basis of
this agreement they concluded that the sharp changes in heat transfer
coefficient could be explained by accounting for property variations,

and that no hypothesis about pseudo-boiling was required,
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III. CHARACTERISTICS OF FLUIDS NEAR

THE CRITICAL POINT

A, Thermodynamic Properties

In Chapter I it was mentioned that fluids near the thermo-
dynamic critical point are characterized by their extreme variations
in thermodynamic and transport properties. In order to determine
how these property variations may affect heat transfer processes,
and to define the range over which they may be significa‘nt for
engineering applications, a brief examination of these properties
will now be given.

The thermodynamic properties most pertinent to heat
transfer proccsses arc density, volumectric coefficient of expansion,
and specific heat at constant pressure. The product of specific
heat and density determines the ability of a volume of fluid to
absorb heat, while the coefficient of expansion determines whether
body forces can significantly affect the motion of the fluid.

At subcritical pressures the fluid may be in either its
liquid or vapor phase, their densities varying slightly with temper-
ature and pressure. At the saturation temperature and pressure,

the density may have any value from the pﬁre liquid to pure vapor
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values. A graph of density versus temperature at constant

pressure such as Figure 2 shows a step change in density at the
saturation temperature and pressure. As the pressure is increased
the saturated liquid and vapor densities approach each other,
becoming equal at the critical point. At the critical pressure the
density versus temperature curve has a vertical tangent when
the critical temperature is reached, but it is smooth and shows no
discontinuities. Above the critical pressure the density also varies
smoothly, but its rate of change with temperature may become
quite large at the pseudocritical temperature. As an example
Figure 2 shows that the density of CO, at 1, 100 psia can change by
a factor of 8 when the temperature changes from 80°F. to 160°F.
With increasing pressures the density change becomes less pro-
nounced and eventually approaches the density-temperature
relationship of a perfect gas.

The volumetric coefficient of expansion is proportional to
the negative of the slope of the density-temperaturc curve at constant

pressure, that is

ap

1
B=-% 3T

The description of density variation given above points out that a

subcritical saturated fluid may change density discontinuously from
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the liquid to vapor phase. Thus in a manner of speaking 8 can be
considered infinite when liquid and vapor coexist, although it is
finite in the individual pure phases. As the pressure increases the
coexistence region diminishes and exists only in a limiting sense
at the critical point. Hence # becomes infinite precisely at the
critical point. At prcssurcs above the critical 8 can have large
although finite values, for example CO, at 1, 100 psia and 90°F.
has 8 =0.5°F. ©, about 250 times larger than air at standard
temperature and pressure. Such large values of § may give rise
to large buoyancy forces, so that free convection effects become
important even in a predominately forced convection problem. This
can be visualized in the case of forced convection heating of a super-
critical fluid with the bulk temperature sufficiently removed from
the critical, and the heating surface temperature near the critical.
Next to the heated wall the flow would be of a mixed free and forced
convection type, and thus would affect the normal forced convection
heat transfer results.

The specific heat at constant pressure varies in a manner
similar to that of the volumetric coefficient of expansion. Adding
a small amount of heat to a subcritical liguid at constant pressure

changes the temperature slightly, so that cp has a finite value.
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However in a saturated condition the liquid is able to absorb the
entire latent heat of vaporization without change in pressure or

temperature, thus CP is infinite in the coexistence region. Since

the critical point can be considered as a limiting value of the

coexistence line, c, is also infinite right at the critical point. The

P

variation of Cp is conveniently described by studying the slope of

a constant pressure curve in an enthalpy-temperature graph.

Since
~ 9S - dh
Cp - T |p aT |p

the specific heat is equal to the slope of this curve. Figure 3
shows a plot of enthalpy versus temperature for COj, which has
a behavior typical of fluids in the critical region. Below the
critical pressure the specific heat is infinite in the coexistence
region as described above. At supercritical pressures the
specific heat remains finite, but may take on large values in
particular cases, For example at 1, 100 psia and 90°F.,

¢p = 15 BTU (lbm°F. )-l , about 75 times larger than air at S.T. P,

The very large values of c_ can be expected to significantly alfect

p
heat transfer processes, since only a small change in temper-

ature is required to absorb a large amount of heat. Large

increases in heat transfer coefficients may then be expected when
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the bulk fluid or wall temperature is near the pseudocritical temper-
ature.

It should be pointed out that while both the coefficient of
expansion and the specific heat assume large values near the
critical point, the actual range over which this occurs may be very
small. Figurc 3 shows that although the spccific heat of COZ at
1,100 psia is large when the temperature is between 89 to 92°F .,
it drops very rapidly outside this range. Hence the effect of large
values of Cp and ﬁ may not be fully realized in a practical
application unless either the wall or bulk temperatures can be
accurately maintained within this small region. However in a broad
region around the critical point these properties may still be larger
than those of normal fluids, so that some improvement in heat
trgansfer might still occur.

Thermodynamic properties such as specific heat at constant
volume and latent heat of vaporization can also influence heat
transfer rates. However, they are not expected to produce any
unusual effects near the critical point since their values do not differ

markedly from those of normal fluids.
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B. Transport Properties

Forced convection heat transfer processes are also
influenced by the momentum and thermal transport properties of
the fluid, that is, by the coefficient of absolute viscosity and the
thermal conductivity. Except for a small region extremely close
to the critical point, the thermal conductivity and viscosity
exhibit similar dependence on temperature and pressure around
the critical point,

In a subcritical liquid, the viscosity and thermal conduc-
tivity decrease smoothly as the temperature is increased at constant
pressure. At the saturation temperature they may vary from the
pure liquid to the pure vapor values. Increasing the teniperature
of the pure vapor causes these properties to decrease further, until
minimum values are attained. Further increases in temperature
cause increases in viscosity and thermal conductivity, with the
fluid then behaving as a perfect gas. At pressures far above the
critical, the viscosity and thermal conductivity change smoothly
from liquid-like to vapor-like values as the temperature increases.
However at pressures and temperatures only slightly above the
critical values, the thermal conductivity exhibits extremely large

peaks while the viscosity drops rapidly with increasing temperature.
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This behavior is shown for CO; in Figures 4 and 5.

The occurrence of a sharp peak in the thermal conductivity
has been actively discussed by workers in this field. In practice
it is extremely difficult £o prevent theoccurrence of free convection
within the thermal conductivity measuring apparatus, and some
workers hold the view that the sharp peaks observed are actually
due to the onset of such convection patterns (49). In an
experiment carefully designed to prevent such convection, Michels
et al (50) still observed large peaks in thermal conductivity, and
it has now become generally accepted that this is the true behavior
in the critical region. A recent review of the transport properties
of CO, in the critical region was given by Sengers (51).

The very large values of thermal conductivity could be
expected to produce large heat transfer coefficients, since large
amounts of heat could be conducted with only small temperature
differences. However as in the case of the specific heat, the
occurrence of large thermal conductivity is restricted to a narrow
range in temperature and pressure so that in practice the very large
heat transfer rates may not be achieved. Nevertheless the sharp
variation in <p with temperature may still have a significant

influence on heat transfer.
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The rapid drop in viscosity near the critical region may also
affect heat transfer through changes in the basic convection pattern.
Changes in viscosity with temperature can influence the curvature
in the velocity profile of a flowing fluid, thereby affecting its
stability, Near the critical point the changes in viscosity may
conceivably be large enough to make the primary flow unstable, so

that a completely different type of motion may result.
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C. Additional Properties

In constant-property flows, heat transfer results are
significantly influenced by changes in the Prandtl number, defined
as the ratio of viscous to thermal diffusivities of the fluid ucp/k .

In the critical region both c and k change rapidly, and
the Prandtl number attains very large values close to the critical
point. Figure 6 shows that the Prandtl number of COp can be as
large as 27 in the critical regioh. Heat transfer to such a fluid
would produce large variations in Prandtl number, with corre-
sponding changes in the relative importance of momentum and
thermal transport,

Compressibility effects can also affect heat transfer and
shear stresses. Fluids may be considered incompressible when-
ever the flow velocity is much less than sonic velocity (52). The

speed of sound (at zero freguency) is usually given as

D ap
c=V ’cv BV‘T

At the critical point cH becomes infinite while ( 3p/ dV) T
goes to zero, so that this expression for sonic velocity is indeter-

minate. However this expression may be transformed so that the
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limiting value for c¢ at the critical point is given by

ap [T
Y C
v

c =V =
oT
Hence c¢ has a non-zero, finite value near the critical point,

Carbon dioxide has a minimum sonic velocity of about 520 feet per

second near the critical point (53), so that for most engineering

heat transfer applications it can be considered as incompressible,
Summarizing this description of near critical fluids, it

may be said that the unusual variation of fluid properties might

be expected to produce significant changes in heat transfer. In

addition the heat transfer processes will not only depend upon the

actual value of the fluid properties, but on their rate of change

with pressure and temperature as well. Thus heat transfer
coefficients can be affected by the heat transfer rate itself. It
is well to note however, that the actual range of bulk states in
which these changes occur is extremely small, so that the very
high heat transfer rates may be hard to achieve in practice

despite the high heat transfer coefficients.
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IV. EXPERIMENTAL APPARATUS

A. General Features

Selection and design of the components of the apparatus were
governed by the basic experimeutal objectives; to provide a means
for measurement of heat transfer rates, flow rates and heated
surface temperatures in a supercritical fluid, while allowing for
direct visualization of the heated surface and heated flow field.

Previous forced convection studies have been performed in
situations such as flow through pipes and annuli. Visualization of
the flow next to the heater surface is difficult in these geometries
because of their curvature and the blurring effect of the bulk field.
On the other hand a flat plate geometry in a uniform flow has
essentially the same type of turbulent boundary layer velocity and
temperature profiles as fully developed turbulent pipe flow, and
direct observation is not hindered by the factors mentioned above.
Since visual observation was to be a principal concern of this
experiment, a flat plate geometry was chosen for the heated surface.
In addition, a large amount of work has been carried out both
experimentally and analytically on heat transfer from flat plates

with constant property fluids, so that some comparison could be
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made with fluids near the critical point.

Two basic flow producing schemes are commonly used in
forced convection studies, a closed circulation loop and a ""blow-
down'!' system. !'"Blow-down'' schemes are principally used where
high mass flow rates or low turbulence levels are required. Only
moderate flow rates were contemplated for these experiments
however, so that the circulating loop system was chosen. It was
felt that satisfactory flow conditions could be produced in a loop
with proper selection of fhe pump and turbulence damping screens.

The general features of the apparatus are schematically
indicated in Figure 7. The fluid is circulated through the loop by
a centrifugal pump driven at constant speed with an A. C, motor.
The fluid flow rate in the test section is controlled by a series of
valves and a simple by-pass system. The heated flat plate is
located at mid-height in a glass walled rectangular channel, with
the plane of the heated surface horizontal. The rectangular channel
itself is located inside a long horizontal cylindrical vessel which
has two glass viewing ports. The rectangular channel may be
moved within the vessel so that the entire heated length of the flat
plate can be observed. The fluid flows into the cylindrical vessel

at a low speed and passes through flow straightening and turbulence
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damping devices. It then passes through a contracting transition
section, entering the rectangular channel and passing over the
heated flat plate. The field also passes simple heating and cooling
devices located in other parts of the circuit for maintaining system
temperature. A free piston hydraulic accumulator connected to a
nitrogen reservoir is used to control system pressure. Flow rates
are measured using an ASME standard venturi section. An optical
bench, with provision for mounting of lenses, lamps and cameras,
is located with its axis normal to the flow direction and parallel to
the plane of the flat plate. The optical system may be used as
either a shadowgraph or schlieren device. The present study was
performed with a specially modified schlieren scheme, described
more completely in Section E of this Chapter.

The flat plate is made of glass with a thin electrically
conducting film fired on to one surface. A direct current, controlled
by a series of air cooled resistors, is dissipated in the surface film
of the plate and thereby transmitted to the fluid. Plate temperatures
are measured with thermocouples located in small holes drilled
through the plate and inserted flush with the heated surface. The
thermocouples are cemented into position, the upper portion of the

small hole being filled with cement and smoothed off so as to
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minimize disturbances to the flow field.

Carbon dioxide (critical pressure 1071 psia, critical temper-
ature 87. 8°F.) was selected as a working fluid. The selection of
carbon dioxide was made for several reasons; it is readily obtained
in high purities, its thermodynamic and transport properties have
been well established in the critical region, it is chemically stable,
non-toxic, non-corrosive and non-flammable. The critical state,
although requiring moderately high pressure apparatus, is easily
reached in the laboratory. It was felt that previous experiments
performed in CO, may also afford some comparison with the present
study. The various components of the apparatus are described in

more detail in the following sections.
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B. Design and Construction

The main pressure vessel in which the heated test section is
contained is a precision-bore steel cylinder 45'" long with 3" inner
diameter. A 2' diameter hole was drilled normal to the cylinder
axis at approximately mid-length in order to provide an optical path
through the apparatus. A collar for passing over the outside of the
cylinder was made by boring a hole through one side of a 5! by 5
by 7' steel block. A second hole was bored through the square side
of the block, thereby forming the optical path when aligned with the
hole in the cylinder. Crown borosilicate glass discs 2.5"in
diameter and 1, 25" thick were inserted into a mating shoulder inside
the collar before installation over the cylinder, and served as the
viewing ports. The ends of the cylinder were fitted with steel caps
that were tied together with two tie plates. Tube fittings were
connected to each end to deliver and return the working fluid. The
clearances between the glass porthole and collar, cylinder and
collar, and end cap and collar were sealed with neoprene '"O'-ring
gaskets, Qne of the end caps was fitted with sealed gland assem-
blics fér passing power cables and thermocouple leads out of the

apparatus. An overall view of the assembly mounted in position is
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shown in Figure 8. The design features of the apparatus described
above resulted in great ease of assembly, maintenance and alignment.
The entire apparatus, designed to withstand pressures of 2, 000 psia
and temperatures of 200°F., could be completely assembled in
minutes.

After fabrication, the apparatus was assembled and tested in
a hydraulic test stand at 2, 000 psia for 24 hours with no leaks being
detected. It was then dismantled, thoroughly degreased and plated
with a layer of cadmium. The apparatus was then mounted and
connected to the various components of the loop with 1! diameter
stainless steel tubing. After checking the entire assembly for leaks,
the apparatus was cleaned with Cineclene, a commercial degreasing
agent.

The rectangular channel in which the heated plate was
situated, shown in Figure 9, was machined from aluminum and
inserted in a cylindrical carriage having clearance fit with the long
precision-bore pressure vessel. The entire carriage slides
smoothly within the larger cylinder, and a keyway along the top
provides proper alignment., The carriage was pulled along the
cylinder by 0. 035" diameter steel wire which passed through both

end caps. The position of the carriage could thus be changed during
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a test run. The upstream end of the carriage contained a contracting
transition section from the circular cylinder to the rectangular test
channel. The transition section was cast from Cerrobend, a low
melting temperature lead alloy, and was smoothly finished and aligned
to provide a uniform entering flow believed to be free of secondary
motions. The downstream end of the carriage served as a terminal
board for power and thermocouple leads which passed through the
end caps. Figure 10 shows a sectioned sketch of the cylindrical
vessel and test carriage, and a photograph of the test carriage is
shown in Figure 9.

The pump used to circulate the carbon dioxide was a 4 vane

centrifugal pump operating at 3, 600 RPM and producing about 30 feet

of head in the working fluid at a flow rate of 30 lb. /sec. The drive
shaft was sealed with a rotating carbon-face seal installed by the
pump supplier. The pump and driving motor were mounted as a

unit and connected to the apparatus with flexible high pressure hoses.
In this way a minimum of vibration was transmitted to the test

section.
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C. Controls and Instrumentation

The pressure within the apparatus was maintained by a free-
piston hydraulic accumulator with one side of the accumulator
connected to the apparatus, the other to a nitrogen supply reservoir.
The pressure on the nitrogen side was controlled by a pressure
regulator and vent, the total volume of the nitrogen system being
about 3 times that of the apparatus. Because of the large nitrogen
to COZ volume ratio, large changes in the C02 bulk temperature
could be accomodated without substantial pressure change. By
slight venting or addition of nitrogen, the CO, pressure could be
easily controlled to within 1 psia. The pressure within the
cylindrical pressure vessel was measured with a Heise bourdon
tube gauge, calibrated against a dead-weight tester and accurate
to 0. 1% of the full scale reading. The pressure within the pressure
vessel actually varies from upstream to downstream end, but the
difference between ends is slight (see Appendix F¥). The pressure
readings only served to indicate the bulk fluid conditions and are
not actgally used for computational purposes, so that simply
measuring the pressure at the downstream end of the vessel was

felt to be sufficient.
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The system temperature was controlled by passing the fluid
through either heated or cooled lengths of piping. The heater was
formed by wrapping electrical heating tape around a 3 foot length of
the main flow loop. The heating rate in the tape was controlled with
a variable A. C. transformer. The cooled section was a 4 foot
length of straight tubing in the main flow loop. An annulus was
fashioned around the tubing, and ice water from an ice bath
circulated through the annular jacket. By adjusting either the ice
water flow or the power to the heater, the system temperature could
bc maintained to 0. 3°F. in a range from 60°F. to 120°F.

All temperature measurements were made using iron-con-
stantan thermocouples, calibrated against an ASTM precision
thermometer. A probe for measuring freestream fluid temperature
approaching the heated plate was made by butt-welding 0. 005"
diameter iron and constantan wires. This probe was located
slightly in front of and below the leading edge of the plate. Surface
temperatures of the flat plate were measured with Aeropak sheathed
thermocouple assemblies. These assemblies are 0. 004" diameter
wires insulated from each other by magnesium oxide and encased
in a 0. 025" outer diameter stainless steel sheath. The hot junction

was attached to the inner surface of the sheath tip and the entire
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sheath assembly was mounted in a 0. 026" diameter hole drilled
completely through the glass plate. The tip of the sheath was flush
with the heated surface, and the portion of the hole not occupied by
the sheath was filled with epoxy cement and smoothed off. The hot
junction is insulated both electrically and thermally from the heat-
generating film and as such does not measure its temperature
directly. However it does measure the temperature of the fluid
adjacent to the thermocouple tip, which differs only slightly from the
heated surface temperature nearby, An estimate of the error
involved with this technique is presented in Appendix F.

The plate and freestream thermocouple leads were passed out
of the pressure vessel by a Conax transducer gland, and a cold
junction was formed by connecting them to individual copper leads.
The cold junctions were coated with electrically insulating varnish
and inserted into a distilled water-ice bath., The copper leads were
connected to a selector switch which permitted measurement of
either individual thermocouples, or the difference between plate and
freestream thermocouples. The thermocouple E. M, F's were
measured with a Leeds and Northrop thermocouple potentiometer,
Model 8686, or a Hewlett-Packard Model 425A microvolt-ammeter.

A venturi tube inserted in the main flowloop was used to deter-
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mine the freestream fluid velocity approaching the flat plate. The
venturi geometry conformed with ASME standards for this type of
meter (54). It has an upstream diameter of 0. 875", a diameter ratio
of 0.5, and a discharge coefficient of 0.971 over the entire velocity
range used in this investigation. It was installed with about 50 tube
diameters of straight run preceding the upstream pressure tap.
Pressure differences between the upstream and throat sect_ions were
measured with a Barton Model 200 differential pressure meter. A
thermocouple for measuring bulk fluid temperature was located about
1.5" downstream of the diffuser.

Heat transfer rates from the flat plate were determined by
measuring the power dissipated in the conducting surface film. A
simple circuit, shown in Figure 7, was arranged to vary the
dissipation in the platc by adjusting a large bank of air cooled
resistors. Current was taken from a 120 volt D. C. main, passed
through the dropping resistors and into the heated film. The maximum
power dissipated in the plate in the present investigation was about 1
kitlowatt. A Weston Madel 281 ammeter-voltmeter combination was
used to measure power to the plate at higher power levels, each
meter having an accuracy of about 1% of full scale reading. Lower

power levels were measured using a Weston Model 310 precision
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wattmeter with 0. 25% accuracy at full scale.
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D. Features of the Flat Plate and ¥low Channel

A Corning pyrex glass plate, 1! wide, 10 1/2'" long and 1/8"
thick served as the flat plate test section. A metallic oxide film
was fired on to one side of the plate, forming an integral conducting
surface that was smooth, hard, and would not flake off. The resis-
tivity of the film was uniform to within 3%, so that the heat transfer
rate was approximately constant over the plate surface.

Power was transmitted to the film by two narrow conducting
strips that ran along both of the 10 1/2" long plate edges. The
conducting strips were painted on with aluminum conducting paint,
and were about 1/4" wide, leaving a 1/2'" wide strip of dissipating
film in the middle of the plate. Copper conductors were attached to
both strips at the downstream end of the plate, The current passed
along the length of the plate through the conducting strips, and
across the width through the dissipating film. The leading edge of
the plate was formed by attaching a small metal tip having a circular
arc profile to the upstream edge. This tip had a sharp leading edge
and joined smoothly with the heated surface. The unheated length of
the plate due to the tip was about 1/4'. Two thermocouples for

measuring the surface temperature were located in the center of the



49

heated film, 3.25" and 7. 25" from the leading edge respectively.
The flat plate was located at approximately mid.—height in a
rectangular channel 1. 06" wide, 1.75" high and 12.5'" long, shown
in Figure 9. Two side walls of the channel were glass, and the
heated plate was attached to one of them with a small angle bracket
at the middle of the plate., The small gap between the glass side
walls and plate edges was sealed with RTV 5, a flexible silicone
rubber cement. The plate was thus free to move due to thermal
expansion, and could sustain a heated surface temperature of 500°F.
without cracking.

The plate was not parallel to the upper and lower channel
surfaces, but was inclined at about 0. 8° to them. The inclination
was such that a stagnation pointoccurredonthe heated side of the
plate, just downstream of the sharp edge. This insured the existence
of a laminar boundary layer starting on the plate. A shadowgraph
picture of the leading edge flow is shown in Figure 11. In this
photograph the streamlines were made visible by a small heated wire
inserted in front of the plate. The thermal wake of the wire follows
the fluid streamlines, which can then be recorded by the shadow-

graph method.
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Boundary layer growth along the plate plus the plate inclination
caused a ""blocking!' effect within the channel. This resulted in about
a 12% change in freestream velocity along the plate {see Appendix F).

Freestream turbulence levels are known to affect heat tfansfer
rates and boundary layer stability (55), so that considerable attention
was given to the na.tﬁre of the flow approaching the plate. The fluid
entering the cylindrical pressure vessel first passed through a 4
long porous matrix made from copper wood pads packed together,
This matrix served to dissipate the energy in the larger turbulent
eddies and partially reduce pressure fluctuétions produced by the
pump. The fluid then entered a 6! long 1/8" cell size honeycomb
section, which rel;noved swirl components from the main flow. A
final section of 4 fine-mesh screens, selected on the basis of meas-
urements by Dryden and Schubauer (56), served to further reduce
the turbulence level. The entire set of straighteners and screens
was located about 8! upstream of the converging transition section.
The result of the turbulence damping screens was a freestream
turbulence level of from 0. 25% to 0. 35%, considered sufficiently low

for this investigation.
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E. Optical Bench

In this investigation a semi-focusing color schlieren method
was used to photograph the heated boundary layer. Schlieren
mecthods producc an imagc that depends on the gradient in refractive
index (or equivalently, the gradient in density and temperature)

occurring along the optical path. Because of the extreme property
variations near the critical point, significant density gradients
may also exist along the optical path outside of the heated boundary
layer. Thus a conventional schlieren system may give rise to
significant 'optical noise' when used in the vicinity of the critical
point. A semi-focusing scheme devised by Kantrowitz and

Trimpi (57) was further modified to produce color images, and
allowed focusing!! of the schlieren image from the heated boundary
layer alone. The semi-focusing scheme relies on multiple source-
knife edge combinations, arranged so that pencils of light traverse
the test section oblique to the optical axis. A brief description

of the optical principles involved in this technique is 3ziven in
Appendix D. Figure 12 shows supercritical CO; flowing over a
heated object when viewed with the conventional and semi-focusing

techniques.
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The principal elements of the optical bench are shown in
Figure 13. The bench itself was machined from a 7 foot long, 31
deep I-beam section, and provided a rigid base for mounting of
optical components. Micrometer adjustments were provided for
the lens, source and filter holders so that the optical axis could be
accurately positioned. The so-called schlieren lenses were a pair
of 178 mm. focal length f/2.5 Aero-Ektars. These are astigmatic
lenses, corrected for spherical and chromatic aberration and made
from highest quality optical glass. The astigmatism is not required
in conventional schlieren systems, but is necessary for the semi-
focusing system because of the off-axis light sources.

The key element of the semi-focusing scheme is the multiple
source plate and matching cut-off. Two types of source geometry
were used; a single horizontal row of uniformly spaced small
circles, and a single horizontal thin slit. The knife-edge normally
used in black and white schlieren systems v}as discarded in favor
of color filters for two reasons; poor performance in large range
systems (see Appendix D), and inability to distinguish boundaries
of heated opaque objects in the optical path., The filter corre-

sponding to the row of circular sources was a matching row of
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green dots surrounded by a concentric yellow ring and located on

a red background. This produced an unheated flow that appeared
green., Subsequent heating of the boundary layer caused the
schlieren image to change from green to ycllow to red in the hcated
regions.

The color filter and source were made by first pasting a
row of yellow dots having small green centers on a 3 foot square
sheet of red paper. A sheet of tracing linen was placed on top
and a row of black dots made to coincide with the green. The
black dots and colored paper were then photographed together, and
the resulting negatives used as filters after being reduced to the
desired size. The horizontal slit source was made by simply
photographing an accurately drawn uniform black line on a large
white sheet. A reduced negative was then used for the source.
The matching color filter was made by mounting thin strips of
various color Wratten filters on a glass plate following North {58).
The actual spacing and size of the light sources was not critical,
and several sizes and color arrangements were tried until
optimum performance was obtained. Howcver in order to provide

the semi-focusing effect the maximum obliquity of the light rays
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to the optical axis was kept as large as possible. The largest
obliquity used in this investigation was about 6°.

The images formed were recorded with two lamp-camera
combinations. Still photographs were taken using a Speed Graphic ‘
camera with a Polaroid back. A Strobex Model 122 electronic
" flash lamp was used for the light source. Flash duration was
about 25 microseconds for the flash intensities used. Motion
pictures were taken with a Fastex WI 2 16 mm. high spced camcra,
having a terminal framing speed of about 8,000 frames per second.
A tungsten filament lamp connected to a regulated D. C. power

supply was used for a light source.



F. Hot Wire Anemometer

Measurements of the turbulent velocity fluctuations in the
approaching flow as well as next to the heated plate were made
using a Shapiro and Edwards Model 60B constant-temperature
h.ot wire set. The hot wire probe forms one leg of a Wheatstone
bridge, and a feedback loop maintains the wire surface at a desired
temperature by adjusting the instantaneous currenf passing through
the probe. A more complete description of this and other hot wire
techniques may be found in Kovasznay (59).

The fluctuations in the wire current are actually a measure
of fluctuations in v'elocityﬂ_@ temperature in the neighbourhood
of the probe, and a strict interpretation of their separate mag-
nitudes is extremely complicated, if not impossible. For purposes
of this study however, it will be sufficient to simply term their
combined effect as the "turbulence level'' near the probe.

Appendix E gives a brief discussion on the feasi bility of such an
interpretation for the present study.

Quantitative measurements of the wire current fluctuations
were made with a Hewlett-Packard Model 400D root mean square

vacuum tube voltmeter. An actual trace of the instantaneous wire
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current fluctuation was obtained with a Type 551 Tectronix Dual
Beam Oscilloscope, fitted with a Polaroid camera. These traces
served to indicate whether the fluctuations were composed of any
predominant frequencies.

The probe used to measure turbulence in the approaching
flow was located at the centerline of the rectangular channel
about 1/2'' upstream of the leading edge of the plate. The probe
was a tungsten wire, 0. 0004“‘ in diameter and about 1/4'" in length.
It was removed from the channel during the flat plate heat transfer
studies.

Turbulence levels near the heated surface were recorded
with a probe fixed at a height of approximately 0. 010! above the
plate and located about 1/4' downstream of the back plate thermo-
couple {7.50" from the leading edge). The probe was made by
soldering a 0.0004'" diameter by 0. 010' long platinum wire to two
copper needles, using soldering techniques described in (59). The
probe can be seen mounted in the channel in Figure 9. A color
schlieren photograph of the heated wake from the wire is shown in

Figure 14.
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V. EXPERIMENTAL PROCEDURE

A. Initial Preparation

After the apparatus had been pressure tested, dismantled,
cleaned and reassembled as described in Chapter IV, it was
carefully aligned so that the upper and lower rectangular channel
surfaces were horizontal. The lamp on the optical bench was
turned on, and the bench adjusted so that the optical axis was
parallel to the heated flat plate. The apparatus was then connected
to the COZ and nitrogen supply cylinders. The COZ cylinder held
the fluid in a saturated state corresponding to room temperature,
and was fitted with an internal siphon for liquid withdrawl. Prior
to filling the apparatus with COZ’ the entire system was evacuated

and then purged with CO_ at about 300 psia. When it was felt

2

that purging was complete, the system was again evacuated and
the purging cycle repeated several times until all air was expelled
from the apparatus., Liquid CO2 was then withdrawn from the

supply cylinder and allowed to till the apparatus, including the GO2

side of the free-~piston accumulator. The CO‘2 supply valve was

then closed, and the pressure on the nitrogen side of the accumu-



58

lator adjusted so that the CO, was near the desired test pressure.
The main fluid circulation pump was turned on, and either the
ice-water flow in the cooler or power dissipation in the heating
tapes was adjusted in order to regulate the CO, bulk temperature,
Final adjustments of the temperature, pressure and flow rate

brought the fluid to any predetermined test condition,
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B. Test Procedure

1. Heat Transfer Measurements

The experiments were performed with the relevant param-
eters being varied in two separate ways. The main portion of the
test were conducted with the freestream velocity, temperature
and pressure fixed while the plate surface temperature ( or equiv-
alently the heat transfer rate) was varied. In this sequence of
tests, the bulk properties were brought to their fixed values, the
plate current was turned on and the variable resistors adjusted to
provide the desired surface temperature. Measurements of the
freestream pressure, temperature, flow rate, plate temperature,
and heat transfer rate were made. The resistors were then re-
adjusted to provide a different surface temperature and the
readings were repeated. The freestream conditions were fre-
quently checked between settings of surface temperature, and if
significant deviations from the desired values occured the plate
current was shut off and the bulk conditions were re-established.

The second, less extensive, set of tests were performed
with the freestream pressure, velocily and plate heat transfer

rate fixed while the freestream temperature was allowed to vary.
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After the bulk fluid conditions were established and the resistors
set to provide the desired plate current, readings of the freestream
temperature, pressure, velocity, heat transfer rate and plate
temperature were made as in the previous set of tests. The free-
stream velocity, pressure and heat transfer rate then remained
fixed while the freestream temperature was brought to a new value,
and the same readings repeated. |

All of the experiments described so far were performed with
the heated surface facing upwards, that is, with gravity forces
acting in a normal direction towards the heated surface. In order
to gain some information about the effect of frec 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 was rotated 180° about its
longitudinal axis. Thus the location of the flat plate in the rec-
tangular channel and the approaching flow field was unchanged. The
experiments with the plate in this position were performed at fixed
freestream velocity, pressure and temperature while the plate
surface temperature was allowed to vary. The results could thus
be directly compared to some of experiments performed with the

heated surface facing upwards.
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2. Optical Bench Operation

High speed movies and still photographs werc taken at
several conditions of bulk temperature, pressure, velocity and
heat transfer rate in order to determine the appearance of the
heated boundary layer in the neighbourhood of the critical point, The
bulk conditions for which it was deemed desirable tc have photo-
graphs or movies were determined from fthe heat transfer measure-
ments described in part Dl of this Chapter.

The bulk fluid conditions and heat transfer rates were first
adjusted to reproduce the heated flow field ‘o be photographed. The
image of the flow field on the film pla.‘ne of either the still or motion
camers was adjusted for position, focus and color contrast. A light
hood was then placed over the optical bench to screer all light from
the camera except that from the optical bench itself. The pressure,
temperature, heat transfer and flow rate were then recorded as the
film was exposed. The motion pictures were taken at the maximum
framing speed of the camera, about 8,000 frames per second, while
the still photographs were taken with an exposure time of 25 micro-
seconds. ‘I'he high framing speed and short exposure times were
found necessary in order lo sufficiently slow down the motion of the

image on the film plane.
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3. Hot Wire Operation

Hot wire studies of the turbulence level in the heated
boundary layer were rmade for a few cases of bulk conditions. 'L'he
freesiream pressure, temperature and velocity wexre held fixed
while the plate ternperature was varied, and iturbulence measure-
ments were taken at each value of plate temperature.

The hot wire was placed into position in the flow channel
after the heat transfer rate measuremenfs of part Bl were
completed. The bulk temperature and pressurc were brought to
their desired values and the cold resistance of the hot wire probe
measured. The hot wire set was then adjusted to maintain a hot
resistance 10% higher than the cold resistance. This produced
approximately a 115°F. temperature differential between the wire
and the freestream fluid, Readings were made of the mean wire
current, the root mean square fluctuation from the mean wire
current, the freestream velocity and bulk conditions. Current was
then passed through the plate, raising its surface temperature and
creating a heatec boundary layer so that the hot wire probe becomes
situated in a higher bulk temperature flow., The new cold resist-

ance of the probe was then measured, its hot resistance set to be
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10% higher, and measurements of the new turbulence level recorded.
Thus the temperature difference between the wire and the immediately
surrounding fluid was constant for all turbulence readings,

An additional experiment was pcricrmed in order to deter-
mine the hol wire response at various bulk fluid temperatures. The
plate current was shut off and the freestream fluid pressure and
velocity maintained at the same values as in the turbulence measure-~
ments performed with heat transfer. The freestream fluid temper-
ature was then slowly varied and the mean wire current and its
fluctuation recorded. The hot wire probe was thus '‘calibrated' for

the changing bulk fluid temperature eifect.
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C. Test Conditions

The test conditions were selected so that at supercritical
pressures, the freestream and wall temperatures varie.d uniformly
from below to above the pseudocritical temperature. Thus in some
cases both wall and freestream temperature were helow the pseudo-
critical, in others both were above, while in still others the wall
and freestream temperature ''straddled! Fhe pseudocritical,

The series of tests having fixed {reestream velocity, tewmper-
ature and pressure were conducted at pressures of 1, 100 and 1, 200
psia, with bulk temperatures of 75, 85, 95, and 105°F, at each
pressure., Freestream velocities of 1,5, 1,0, and 0,5 ft, /sec,
were investigated at temperaturee of 75 and 85°F. for both 1, 100
and 1, 200 psia, while freestream velocities of 1.5 and 1.0 ft, /sec.
were studied at 95 and 105°F, for both 1,100 and 1, 200 psia.
Additional tests performed were; 1, 100 psia at freestream temper-
atures of 78 and 85°F, xﬁith a velocifty of 0, 2 ft. /sec.; 1,200 psia
at 95°F. and 0.5 ft. /sec., and 75°F. and 0. 2 ft./sec,

In order to compare subcritical with supercritical heat
transfer, tests were also conducted at freestream conditions of

1,050 psia and 75°F. with velocities of 1.5, 1.0, 0.5, and 0. 2 ft, /sec.
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Measurements with the heated surface facing downwards
were conducted with freestream conditions of 75°F. and 1,5 ft. /sec.
for both 1,100 and 1, 050 psia.

The second sequence of tests at fixed pressure, velocity and
heat transfer rate with varying freestream temperature were
performed only at 1, 100 psia and 1.5 ft. /sec, The freestream
temperature was varied from 60 to 110°F,, with fixed heat transfer
rates of 3, 000, 4,400, 6,600 and 23, 000 BTU/hr ftz. The tests
with the heated surface facing down covered the same conditions as
above, but only heat transfer rates of 4,400 and 23, 000 BTU/hr ftz
were inveastigatced,

High speed movies of the heated boundary layer were taken
at pressures of 1,100 and 1, 050 psia, with a freestream velocity of
1.5 ft. /sec. About 20 different conditions of wall and freestream
temperature were photographed, the wall temperature ranging from
80 to 400°F. and the freestream temperature from 75 to 125°F.
Approximately the same conditions were also photographed with the
heated plate facing downwards.

The hot wire studies were performed at freestream conditions

~of 75°F. and 1.5 ft. /sec. for both 1,100 and 1, 050 psia. The wall
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temperature ranged approxirhately from 76 to 270°F. for both
pressures., Turbulence levels with no heat transfer and varying
bulk temperature were measured at 1, 100 psia and 1,5 ft. /sec.,

with a temperature range of 75 to 100%F,
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Vi, EXPERIMENTAIL RESULTS

A. Heat Transfer Measurements

A turbulent boundary layer was observed to exist over the
entire flat plate, except for a short laminar section near the leading
edge., The actual point of transition on the plate was quite sensitive
to bulk conditions and surface temperature, but for the test conditions

reported here it was always within 2. 0! of the leading edge. The

transition point was easily detected by visual means, and can be seen
in Figure 15. Both thermocouples employed for measuring surface
temperature were alwag}s adjacent to a turbulent boundary layer, and
thus lead to similar heat transfer results {except for a length-scaling
‘factor due to their different locations). For the purposes of this
investigation only the resulte of one thermocouple need be considered,
and all references to plate temperature will be for the thermocouple
located farthest downstream of the leading edge.

The results of heat transfer rate and surface temperature
measurements at the downstream thermocouple are presented
graphically in Figures 16 to 26. The heat transfer coefficients were

also computed for these tests, and are displayed in Figures 27 to 39.
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1. Heat Transfer Variation with Surface Temperature

The results of the heat transfer measurements taken with
constant freegstream and varying surface tempervature were guite
similar whenever the freestream temperature was below the pseudo-
critical, that is, when the freestream fluid was in the liquid-like
region. The heat ‘transfer coefficient was observed to increase with
increasing surface temperature, reaching a maximum when the
surface temperature was very near the pseudocritical. Further
increases in surface temperature above the pseudocritical resulted
in a decreasing heat transfer coefficient. The actual ﬁagnitude of
the peak heat transfer coefficient was observed to depend on free-
stream pressure, temperature and velocity. Pressures nearest
to the critical exhibited the highest heat transfer coefficients, while
at any fixed pressure the heat transfer coefficients increased as the
freestream temperature approached the pseudocritical. Increases
in freestream velocity also produced increases in the heat transfer
coefficient,

These features are shown graphically in Figures 27 to 35,
At 1,100 psia and 85°F,, the heat transfer coefficient rises sharply
to a peak of 985 BTU/hr ft?°F. at T, =.91 °F. with Vo =1l.5ft, [sec.,

then droaps off rapidly to ahout nne half this value as thé surface
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temperature increases to 100°F. above the freestream. At 1, 100
psia and (5b*F. however, the peak in heat transfer coefficient is not
qﬁite as sharp, and only reaches a maximum of 710 BTU/hr ftz“F.

In a similar manner, at 1, 200 psia and 95°F., the heat
transfer coefficient increases to a peak of 1,060 BTU/hr ftz“F. ,
then drops rapidly Lo aboul one quarler of this value wheun the temper-
ature difference increases to 270°F. At freestream temperatures
of 85 and 75°F. however, the peak heat.transfer coefficient is
somewhat reduced, and the h versus T, -T, curve is flatter.

It is important to notc that although the heat transfer
coefficient exhibits peak values, the actual heat transfer rate
increased monotonicaliy with increasing surface temperature,
Figure 23 shows that at 1, 200 psia and 95°F., the heat transfer
rate increases uniformly with increasing surface temperature,
reaching a value of 2,700 BTU/hr ft2 when the surface is at the
pseudocritical temperature. The heat transfer rate
continues to increase smoothly with increasing surface temperature,
although less rapidly. until a value of 77,000 BTU/hr f1‘:2 is
reached at T -T,=270°F.

At freestream temperatures above the pseudocritical, when

the freestream fluid is in the vapor-like region, the experimental
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results for constant freestream temperature and pressure were

also similar to each other.' As the surface temperature was
increased the heat tranafer coefficient decreased slowly, with no
peaks appearing as in the case of liguid-like freestream fluid, The
heat transfer coefficients were much lower than with liquid-like
freestream fluids. Figures 49, 30, and 35 show that the heat transfer
coefficient varies only slightly with freestream pressure and temper-
ature. At 1,100 psia and 105°F,, h decreases from 280 BTU/hr
ftz"F. at low temperature differences to about 130 BTU/hr ft2°F.

as the wall temperature approaches 400°F, The heat transfer rate
increased monotonically with temperature difference as in the case
of liquid-like freestream filuids. Figures 18, 19, and 24 show that
virtually a linear relationship exists between log Q and

log (TW—TO) for all bulk conditions and freestream velocities when
the fluid is in the vapor-like region,

With freestream fluids below the critical pressure, the
familiar reglmes of nucleate, partial and complete film boiling were
identified. Figure 25 shows the heat transfer rate as a function of
temperature difference at 1, 050 psia and 75°F. Peak nucleate heat
flux was about 18,500 BTU/hr f.tz , and temperature difference at

the onset of stable film boiling was 152°F. for a freestream velocity
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of 1.5 ft. /sec. . The heat transfer coefficient for this situation is

shown in Figure 36, At the onset of nucleation, the heat transfer
.. . 2

coefficient rises sharply to a peak value of 1, 760 BTU/hr ft °F.,

then drops to one fifth this value at the onset of stable film boiling.
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2. Heat Transfer Variation with Freestream Temperature

The heal transfer coefficienl as a funclion of freestream
temperature at 1, 100 psia and a velocity of 1.5 ft, /sec. is shown
in Figure 38, For freestream tempe.ratures below the pseudo-
critical, the heat transfer coefficient was extremely dependent on
heat transfer.rate {or equivalently on surface temperature)., Very
large heat transfer coefficients were observed with the freestream
slightly below the pseudocritical temperature, provided the heat
transfer rate was adjusted so that the surface was just slightly
above the pseudocritical temperature. Figure 38 shows that with a
heat transfer rate of 6, 600 BTU/hr fI:2 at T, =75°F. (T, =83.2°F.),
the heat transfer coefficient is 800 BTU/hr ft2'°F. At T = 86.3°F,
the surface reaches the pscudocritical temperature, and the heat
transfer coefficient rises to approximately 1,520 BTU/hr ftz"F.

At T =88.4°F., the surface temperature is 92.4°F., and a peak
heat transfer coefficient of 1, 650l BTU/hr ftz”F. is reached,

If the freestream temperature was increased further, the
fluid exceeded the pseudocritical temperature and entered the vapor-
like region, and a sharp decrease in heat transier coefficient occured.
Figure 38 shows thal as the freeslceamn temperature increases from

89 to 91°F. the heat transfer coefficient drops by almost a factor
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of 5.

Similar dependence on freestream temperature was observed
at low heat transfer rates, although the variations are not as
extreme. However at a heat transfer rate of 26,600 BTU/hr ftz the
surface temperature was always well above the pseudocritical for
the entire range of freestream temperatures investigated. No
discernable peak in heat transfer coefficient occured, and heat
transfer coefficients were considerably reduced from the lower heat

transier rate values,
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3. Effect of Direction of Gravity
Experimental measurcments of heal transfer rate and heat
transfer coefficient as a function of temperature difference for the

inverted plate are shown in Figures 20 and 31 at 1, 100 psia and 75°F.,

with a freestream velocity of 1.5 ft, /sec. Also shown in these
Figures {dashed 'l;lne) are the corresponding values for the heated
surface facing upwards.

For surface temperatures below the pseudocritical temper-
ature, the heat transfer coefficient was not significantly altered by
inverting the plate. Thus as the surface temperature increased up
to the pseudocritical, the heat transfer coefficient also rose,
reaching a peak with the surface slightly below the pseudocritical
temperature. However at suriface temperatures above the pseudo-
critical, the heat transfer coefficient for the downward-facing
heated surface dropped very rapidly, and at TW—TO - 100°F. was
only one half that of the corresponding upward facing surface.

The effeci of freeslream lemperalure on Lhe heal transfler
coefficient with the inverted surface may be secen in Figure 39. At
a heat transfer rate of 4,400 BTU/hr ft:2 body forces do not affect
the heat transfer coefficient for freestream temperatures below 84°F.

Above 84°F. the surface temperature exceccds the pseudocritical,
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and although the heat t‘ra,n.sfer coefficient continues to rise and
reaches a peak, the peak is somewhat smaller than for the upward-
facing surface. At a freestream temperature of 89°F., the peak
heat transfer coefficient is 1, 200 BTU/hr ftz"F. , compared with
1,600 BTU/hr ftz"F. ‘for the upward-facing surface. When the
freestream temperature is increased above the pseudocritical, the
heat transfer coefficient drops abruptly and is apparently
unaffected by body forces. At a heat transfer rate of 26, 600 BTU/
hr ft~ , the surface temperature is above the pseudocritical for all
freestream temperature shown, and the heat transfer coefficient is

only about one half that of the upward-facing surface.
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B. Flow Field Observations

Single frames have been selected {rom each of the high speed
movies taken of the heated flow field, and the most pertinent of these
are reproduced in Figures 43 through 51. As stated in Chapter IV,
Section E, green regions are to be interpreted qualitatively as the
cold freestream fluid. Subsequent warmer regions are yellow and
red, respectively, Extremely large changes in temperature deflect
the light completely out of the field of the second schlieren lens, and
thus appear black. The freestream fluid is moving frqm left to right,
and the heated flat plate is the horizontal black band at the bottom of
the photographs,

.Figures 43 to 46 shoﬁr the heated turbulent boundary layer at
freestream conditions of 1, 100 psia and 75°F. (liquid-like region),
and a freestream velocity of 1.5 ft. /sec. These Figures form a
sequence in which the surface temperature is increasing, and the
actual heat transfer measurements for the flow are those shown in
Figure 27. At low heat transfer rates, the surface temperature is
below the pseudocritical and the flow appears to be substantially that
of a constant property fluid. As the surface temperature increases

to 83.9°F. (Figure 44), a slight amount of fluid motion normal to the
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heated sui'face begins to appear in the region close to the plate, By
studying the time development of the flow with movies, it appears
that short streams of warm fluid rise upwards and diffuse into the
colder freestream fluid. However, except for these convection
effects near the wall, the flow field still retains the basic character-
istics of a turbulent forced convection flow field.

Figure 45 shows the flow fieldoccurring near the peak heat
transfer coefficient in Figure 27. The surface temperature is about
2°F, above the pseudocrifical, so that the fluid near the plate is in
the vapor-like region, The ratio of freestream to surface fluid
density is approximately 2.5. In the outer porfions of the boundary
layer the flow does not exhibit any unuls'ué,l_ effects and appears similar
to normal tu;bulent forced convection. However, near the plate tiny
black espots, indicating regions of rapid change in density, bhegin to
appear. These Vpockets! or clusters of different density fluid rise
frdrn the region next to the plate and rapidly diffuse into the. colder
upper portions of the bouﬁdary layer. If the surface temperature is
increased to 135°F., these regions of differing density grow in size,
as shown in Figure 46. Free convective motion becomes super-~
imposed on the basic forced flow through a larger portion of the

boundary layer., The edges of the density pockets are somewhat
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blurred, indicating a gradual rathexr than sharp change across their
boundaries. It should be noted that although significant Ini:;cing of the
warmer ''pockets! and cooler freestream fluid appears to occur in
the upper regions of the boundary layer, the actual heat transfer
coefficient recorded was considerably less than that for the more
convenlional flow shown in Figure 44.

The changes in flow field occurring with changing freestream
temperature are shown in Figures 43, and 47 to 49 for a constant
heat transfer rate of 6, 600 BTU/hr ft2 . Figure 43 represents the
flow field when bhoth freestream and surface temperature are helow
the pseudocritical,.and corresponds to the low heat trénsfer coef-
ficient region at the left of the peak shown in Figure 38. The flow
field resembles that of a. constant property heated boundary lavyer,
exoépt for a small region next to the surface in which some free
convection is also preseﬁt (see page T7).

Figure 47 shows the flow fieldoccurring whenthe freestream
temperature was raised to 87, 8°F,, causing the heat transfer coef-
ficient to reach its peak value. Although the ratio of freestream to
surface densilty is about 2, property changes take place gradually
through the b.oundary layer, as indicated by the lack of sharpness

in the darker regions next to the surface. The entire boundary
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layer is significantly affected by free convection, and vertical
mixing between the freestream and surface region takes place
freely. No appreciable '"pockets! of different densify fluid can be
observed within the flow.

Increasing the freestream temperature further to 105, 9°F,
causes the heat transfer coefficiert to drop sharply, The entire
fluid is in the vapor-like region, with relatively slight property
changes throughout the boundary layer. The flow field shown ir
Figure 48, is apparently quite similar to a normai constarni property
turbulent forced convection flow field,

An additional photograph with the freestream fiuid in the
vapor-like region, but at a larger temperature differcntial, is
shﬁwn ir Figure 49, The freesiream temperaturc is 125°F. and
+he surface temperature 400°F., so that the freestream to surface
density ratio is about 2. 3. A few small “Ypockets’ of hot fluid can
e seen throughkout the heatec boundary layer, with some free
convective motion superimposed on the basic forced flow.

Photographs of the fiow fieldoccurringina subcritical fluid
are shown in Figures 50 and 51. Figure 50 shows nucleate boiling
at 1,050 psia and 75°F. Motion picture studies incicated that

next to the heated surface very sirong stirring action due to bubbles
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occurrihg,Figure 51 shows the flow field during stable film
boiling. The vapor film itself can not be seen, but large vapor

clusters which break away and rise into the freestream fluid

appear as the large black spots.
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C. Hot Wire Measurements

The results of turbulence measurements at various temper-
ature differences BetWEEIl the freestream fluid and heated surface are
presented in Figures 40 to 42. The actual quantity representing the
turbulence level was arbitrarily taken as four times the root mean
square of the fluctuating part of the wire current divided by the mean
steady wire current, in order to compare with usual measurements in
homogeneous flows (see Appendix E),

Figure 40 shows that the turbulence level at 1, 100 psia and
75°F. is relatively unchanged for surface temperatures up to the
pseudocritical, As the surface temperature increases beyond the
pseudocritical, the turbulence level begins to slowly increase until at
a maximum temperature difference of 136°F. it is approximately 3
times the unheated plate level, No sigﬁificant increase was noted
when the surface temperature was at the pseudocritical, where the
heat transfer coefficient reaches its peak. ©Oascilloscope records of
the fluctuating components of the wire current are shown in
Figures 52 to 54. At surface temperatures below the pseudocritical
the fluctuations are virtually random in time, and no dominant

turbulent eddy size can bc dctected in the flow. When the surface
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temperature is sufficiently above the pseudocritical however,
fluctuations of about 2-3 milliseconds duration can be recognized in
the signal. Hence corresponding sizes of turbulent eddies must be
contained in the flow in the region of the probe at the higher heat
transfer rates.

Turbulence levels recorded in a subcritical fluid are shown
in Figure 41, At the onset of nucleate hoiling, a slight but definite
increase in turbulence occurs. Turbulence levels remain constant
until the onset of stable film boiling, after which increases in surface
temperature are accompanied by a slow rise in the turbulence level.
Oscilloscope records, shown in Figures 55 to 57, also indicate that
fluctuations of approximately 2 milliseconds occur at high heat
transfer rates, as for the supercritical fluid,

The effect of freestream temperature on the hot wire signal
in a constant velocity flow with no plate heating is shown in Figure 42,
" Below the pseudocritical temperature the wire response is fairly
insensitive to changes in freestream temperature. As the freestream
temperature rises above the pseudocritical, the turbulence levels
gradually decrease. The fact that no anomalous variations occur
throughout the freestrea,l.:n temperature range means that wirc

current changes represent changes in freestream conditions only,
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and that no unusual heat transfer phenomena occur on the wire

itself,
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VII. DISCUSSION OF RESULTS

A. Heat Transfer Mechanisms

The heat transfer results described in the previous Chapter
indicate that heat transfer coefficients for fluids near the critical
point are extremely dependent on freestream and surface temper-
ature, and their relative location with respect to the pseudocritical
temperature, In addition, the visual results show that somewhat
different flow fields can occur at various heat transfer rates because
of the large variation in fluid properties throughout the heated
boundary layer.

The variation of heat transfer coefficient found to exist when
freestream and surface temperature change throughout the critical
region is quite similar to that found in several previous forced
convection studies. For example in a liquid-like freestream fluid, a
peak heat transfer coefficient was obtained when the surface temper-
ature was near the pseudocritical. This type of peak was also found
in reference (43). When the freestream temperature was increased
while the heat transfer rate remained fixed, a peak in the heat
transfer coefficient was obtained at a freestream temperalure

slightly below the pseudocritical. Wood and Smith (40) have also
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observed this type of peak. The agreemenl belween results of past
and the present study tends_ to verify the cccurrence oflarge peaks in
heat transfer coefficient for fluids in the vicinity of the critical point.
In addition this agreement also inspires confidence in the experiment-
al approach and techniques used for the present investigation,

Comparing the photographs of the flow field occurring at the
peak heat transfer coefficients with those where the fluid aéted

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 conveclion pattern could be observed
when the heat transfer coefficient reached its peak. The hot wire
studies also showed that the turbulence levelsoccurring at the peak’
heat transfer coefficient were not significantly different from those
ccconrring in normal turbulent flows. Thus both the photographs of the
flow field and the hot wire studies seem to indicate .that the sharp
peaks in heat transfer coefficient recorded in this study are
principally due to the large thermodynamic and transport properties
of fluids in the critical region, and not because of the occurrence of

any new or unusual heat transfer mechanism as has been proposed.
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It should be stressed that although the basic heat transfer
mechanism for flow of supercritical fluids over heated flat surfaces
is similar to _normal forced convection, this need not be the case for
other heater geometries. In contrast to the present results, the
experiments of Knapp (20} show that a discontinuous change in heat
transfer rate may occur during natural convection from a heated wire
under certain conditions, and is accompanied by a complete disruption
of the flow pattern existing prior to the change., However in the
present study no such change trom the basic forced convection flow
pattern was observed, and the heat transfer rate showed no abrupt
increase or decrease under any circumstance. The investigation of
this aspect was one of the main pﬁrposes of the present study.

Although normal forced convection seems to be the basic
mechanism responsible for heat transfer in flat plate or pipe flows
of supercritical fluids, the detailed nature of the turbulent flow
patterns observed showed some variations with freestream and surface
temperatures. Thesc variations in flow patterns apparently played a
secondary role in determining heat transfer, but nonetheless resulted
in flow patterns which appeared slightly different from 'normal®
turbulence. A detailed discussion of the forced convection flow fields

will be given in the following Sections.



87

B. Turbulent Forced Convection Flow Field

The photographs of the heated flow field taken at various
conditions of freestream fluid and surface temperature seem to
indicate that in some instances, secondary flows are superimposed
on the basic turbulent flow pattern. As was shown in the foregoing
Section, these secondary flows do not drastically affect the heat
transfer results. Although detailed studies or comparisons of actual
turbulent spectra or velocity fluctuation correlations were not per-
formed, the flows can nonetheless be identified as slightly different
from the type of turbulent flow field seen in a constant property fluid.
The following comments are given for completeness, but they can, of
course, only be qualitative in nature.

The condition for which the freestream fluid is in a liquid-
like state will be considered first. Some free convection appears
to be superimposed on the basic forced flow field near the heated
surface when the surface temperature is in the vicinity of the
pseudocritical temperature (Figure 44). The free convection has
very little effect on the heat transfer coefficient and turbulence levels
in the flow. Again it is stressed that although the heat transfer

coefficient reaches a peak for surface temperatures near the pseudo-
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critical temperature, the principal cause of the peak appears to be

the large thermodynamic and transport properties of the fluid in this
region, and not any change in the basic forced convection heat transfer
mechanism.

When the surface temperature was increased above the pseudo-
critical temperature in a liquid-like freestream fluid, small "pockets"
or clusters of lower density, hotter fluid were observed in the vicinity
of the heated surface (Figure 45). These 'pockets'' might be formed
by turbulent temperature fluctuationsoccurring at the loﬁation in the
heated boundary layer where the fluid temperature equals the pseudo-
critical temperature, At this location, even small fluctuations in
temperature may produce very large changes in fluid properties.
These 'pockets!' of hot fluid diffuse rapidly into the freestream fluid
and induce free convective effects and turbulent mixing at the location
of this "interface! between the vapor-like fluid on the plate and the
liquid-like freestream fluid. However the vapor-like fluid right on
_the surface is apparently undisturbed by the action of these "pockets ',
so that the heat transfer mechanism through the vapor-like layer is
still a basic forced convection type of mechanism. Because of the
poor thermal transport properties of the vapor-like fluid, the heat

transfcr coefficients are much lower than for surface temperatures
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near the pseudocritical temperature,

The interpretation of the dark spots appearing in the photo-
graphs as Ypockets! or clusters of hot ﬂﬁid is given additional
support by examining the oscilloscope traces of the wire current
fluctuations in this region. As described in Chapter VI, a definite
time scale' in the fluctuations not present in normal turbulence can
be detected, (see Figure 54)., Estimating the time span of these
fluctuations as from 2 to 3 milliseconds, and a freestream velocity
in the region of the wire of approximately 1 ft. /sec.‘ , the physical
size of these fluctuations in the flow should be about 0. 02 to 0. 03
inches. The "pockets!! appearing in the photographs of the flow field
are actually of the same order of magnitude as this estimate.

The flow for which the freestream fluid is in a vapor-like
state will be considered next. The properties now change gradually
through the heated boundary layer, rather than abruptly as at the
location of the pseudocritical temperature in the case of a liquid-like
fluid mentioned above. However at very high heat transfer rates the
property change may be quite large, and the flow field photographs
still show some 'pockets' or clusters of different density fluid near
the heated surfa.ce,.(see Figure 49). These "pockets!' are not as

distinct as those appearing in a liquid-like fluid, and do not appear
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to alter the basic turbulent flow pattern in any way.

The largest heat transfer coefficients measured in Ithe
present study occured with freestream fluid temperatures 1-2°F.
below the pseudocritical and heated surface temperatures 1-2°F,
above the pseudocritical. The photographs of the heated flow field
(see Figure 47) indicate a certain amount of secondary iree convective
flow superimposed on the basic forced flow pattern. This free
convection produces aboﬁt a 30% increase in the heat transfer coef-
ficient when compared with the heated surface facing downwards (see
Figure 39). Howéver except for this secondary flow, the basic
heat transfer mechanism is apparently that of forced convection, and
the turbulent "pockets!' of hot fluid described above were not observed.
Again the large peaks recorded in the heat transfer coefficient must
be due simply to the large values of thermal transport properties of
the fluid occuring near the pseudocritical temperature.

The experiments of Fritsch and Grosh (11), and Larson and
Schoenhals (14) were conducted with very small temperature
differences in a fluid slightly below as well as slightly above the
pseudocritical temperature. They concluded that the heat transfer
coefficient variation could be accounted for by considering the

property variations within the fluid, and that no unusual heat transfer
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mechanismoccurred inthe vicinity of the critical point. The flow

field observations in the present study essentially confirm these
conclusions for the case of a fluid very near the pseudocritical temper-
ature with small temperafure differences. It should also be pointed
out that even though heat transfer coefficients are large, the corre-
sponding small temperature differences still result in fairly low heat

transfer rates.
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C. The Analogy with Boiling Heat Transfer

Some of the heat transfer results for liguid-like super-
critical fluids bear a resemblance to certain regions in subcritical
or boiling heat transfer. Since actual bubbles can not form in a
supercritical fluid, the heat transfer mechanisms are not perfectly
analagous. Nonetheless, useful ideas about the heat transfer process
in a supercritical fluid can be gained by exploiting the similarity to
subcritical heat transfer,

Before considering the analogy between subcritical and super-
critical heat transfer let us first examine the various regimes of
normal boiling, and how they change as the pressure is increased
above the critical pressure. When both freestream and surface
temperature are below the saturation témperature in a subcritical
fluid, heat is transferred by a normal convection process. If the
surface is increased above the saturation temperature, vapor
bubbles form at various locations on the heated surface. The
formation of bubbles marks the beginning of the nucleate boiling
regime, and is accompénied by very large increases in heat removed
from the heater surface with only very small further increases in

surface temperature. The initial portion of nucleate boiling, called
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the isolated bubble regime, is characterized by the fact that the
bubbles which grow and rise off the surface produce a strong
‘convective motion in the heated liquid. This strong convective
motion is very similar to turbulent natural convection (60)., It is

this natural convection, not the actual latent heat absorbed by the
bubble while on the surface, that is responsible for the major portion
of heat transported in this regiqn- Further increases in heat transfer
rate cause the isolated bubbles to coalesce into vapor columns, so
that in the latter stages of nucleate boiling the latent heat transported
by the vapor columns becomes the principal heat transfer mechanism.
The rising vapor columns interfere with the colder fluid returning to
the heated surface, eventually become ﬁnstable and collapse into
vapor patches on the heated surface. ' This collapse limits the heat
removal from the surface by nucleate boiling and is sometimes

called '"peak nucleate flux'l,

The formation of vapor patches on the heater surface causes
the heat transfer rate to decrease because of the poorer thermal
conductivity of the vapor phase. As the heated surface temperature
is increased, the vapor patches grow and eventually form a vapor
film over the surface. The liquid-vapor film interface is always

hydrodynamically unstable and small disturbances cause it to distort



94

and rupture into large clusters of vapor which enter the liquid.
However the heat transfer rate is large enough to continuously
generate and maintain this vapor film, so that liquid which moves
toward the heated surface to replace the broken-off vapor clusters

is always evaporated before actually reaching the surface. This

heat transfcr region is often called !'stable! film boiling because of
the continuous vapor blanket, even though the vapor flow in itself
may be laminar or turbulent, and the liquid-like vapor film interface
is constantly breaking up. The actual heat transfer coefficient in this
region is governed by the vapor film on the heated surface.

If the pressure is increased towards the critical, the heat flux
at onset of nucleate boiling, the peak nucleate heat flux, and heat flux
at the onset of stable film boiling all converge. Recent experiments
indicate that at the critical pressure they become equal (61). Thus at
supercritical pressures, the entire nucleate and partial film boiling
regions are not expected and indeed are not observed to occur. The
heat flux versus temperature difference curves for a supercritical
fluid have a smooth transition between the lower portions represent-
ing the convection region and the upper portions representing stable
film boiling. In a manner of speaking, the heét transfer mechanism

in a supercritical fluid proceeds directly from normal convection to



stable film boiling (62).

Re-examining the heat transfer mechanisms observed with
ligquid-like supercritical fluids (Section B of this Chapter), it was
seen that for both freestream and surface temperature below the
pseudocritical temperature, heat is transferred by normal turbulent
forced convection which is directly analagous to subcritical turbulent
forced convection. When the surface was raised above the pseudo-
critical temperature, ''pockets! of warmer fluid having much lower
density than the liquid-like freestream fluid were observed in the
heated boundary layer. These '"pockets'' appeared near the heated
surface, and diffused rapidly into the colder freestream fluid. The
actual heat transfer coefficient is reduced in this region due to the
poor thermal transport properties of the fluid on the heated surface,
which is apparently undisturbed by these pockets., The fluid next to
the heated surface can thus be considered as a 'pseudo-vapor film?",
The '"pockets!'' of hot fluid which rise from this pseudo-vapor film
act in a manner similar to the vapor bubbles leaving the liquid-vapor
interface in stable film boiling. Both the supercritical "pockets! and
subcritical bubbles induce free convection and turbulent energy
exchange in the region of the 'interface!’, but the heat transfer coef-

ficients in both cases are still governed by the insulating vapor or
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pseudo-vapor film on the heated surface. Hence the heat transfer
mechanismoccurringina liquid-like supercritical fluid when the
surface is far above the pseudocri’cical temperature may be properly
described as "pseudo-film boiling''.
Finallyvit should be noted that the heat transfer mechanism

occurring when the surface is very near the pscudocritical temper-
ature is not strictly analagous to either the forced convection pre-
ceding or "pseudo-film boiling! following it, but may well be a

complicated interaction of the two.
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D. Stability of the Heated Flow Field

In Chapter II it was stated Goldmann (26) has proposed that
sudden large increases in heat transfer rates recorded when the
freestream and surface straddle the pseudocritical teﬁperature
may be explained by hydrodynamic stability arguments. He
visualized the "interface!! between the liquid~like freestream and
vapor-like surface ﬂuid as becoming ''‘wavy'' under certain con-
ditions of heat transfer and fluid property variations, leading to a
"break-up!’ of the vapor film. The stabil-ity and break-up criterion
for the film can be defermined with arguments similar to those used
in such !'‘parallel flows!' as boundary layers or stratified flows.

The stability of parallel flows to infinitesmal disturbances is
known to be greatly affected by curvature of the velocity profile,
viscous amplification of the disturbance, variations in fluid pro-
perties, and body forces such as gravity (63, 64). A very rough
classification of various types of stability problems in terms of these
factors i.s shown in Table 2. The entries in the Table indicate
authors of successful approaches to particular problems.

The broad class of stability problems is quiescent fluids

that may or may not include property variations, viscous effects,
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and interfacial accelerations between layered media are known as
Rayleigh-Taylor problems because of the early works of Rayleigh (65)
and Taylor (66). An instability different from the Rayleigh-Taylor
type can occur when either a continuously stratified or a layered
media has a constant shearing motion imposed on it (either a linear
or discontinuous veloci‘gy profile). These instabilities are called
Kelvin-Helmholtz instabilities. The actual works of Rayleigh, Tavylor,
Kelvin and Helmholtz neglected viscous effects, and failed to
predict the observed instability in flows having smoothly curved
velocity profiles such as boundary-layer flows. Tollmien (83)
and later Schlichting (84) showed that viscosity could actually
amplify disturbances of certain wave length and thereby cause in-
stability in boundary layer flows. The class of problem which
encounters viscosity a.n';plified waves is called Tollmien-Schlichting
instability.

The classical stability problems outlined in Table 2 are
concerned with initially laminar flows, and strictly speaking do
not apply to flows which are already fully turbulent. However
very recently, Betchov and Criminale {89) have shown that these
classical methods can be directly applied to turbulent boundary

layers as well. Visual and hot wire studies in both wakes and
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boundary layers indicate the edges of the turbulence are well defined
from the lower turbulence freestream flow (see Figure 15). The.
"interface!’ or ''superlayer!' between the fully turbulent boundary layer
and low turbulence freestream exhibits a definite wavelength or
intermittency' factor (90). Betchov and Criminale equate the
turbulent boundary layer to a laminar flow having variable viscosity
(which corresponds to the turbulent eddy viscosity) and apply classical
stability techniques to compute the stability of this ''superlayer!!.
Their results for disturbance wavelength and phase velocities provide
acceptable agreement with those actually observed at the edge of the
turbulent layer. More important for purposes of the present
discussion, their results indicate that very little mutual interaction
exisls belween the unstable superlayer and the normal laminar
sublayer next to the surface, so that laminar sublayer 'break-up"
should not occur.

In the heated turbulent boundary layer of a supercritical fluid,
an '"interface!' exists between the liquid-like and vapor-like fluid
whenever the pseudocritical temperature occurs within the flow.

This interface has actually been experimentally observed in vertical
pipe flows by Wood and Smith (40). Following the reasoning of

Betchov and Criminale, it may be possible to predict the stability
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characteristics of this interface by the classical Kelvin-Helmholtz
approach. As a starting point one would assume a steady-state
velocity and temperature field, and consider the properties of the
fluid as functions of height from the wall only (stratified flow). In this
case the energy disturbance equation is uncoupled from the problem
and only a modified Orr-Sommerfeld equation need be considered. The
classical results indicate that regardless of viscosity variation or
velocity profile, the interface is unstable for heavier fluids above
lighter fluids. Thus once the surface temperature surpasses the
pseudocritical, there will always be some unstable wavelengths
present in the flow, However since disturbances for any problem

are constrained to die out on the surface, it seems reasonable to
conclude that the instability of the proposed interface in a super-
critical fluid does not affect the laminar sublayer, much as the
laminar sublayer was not affected in the Betchov-Criminale study.
These arguments seem to, indicate that 'break-up'' of the vapor film,
resulting in sharp improvements in heat transfer, does not occur in
parallel flow for any surface tgmperature above the pseudocritical,
although the Y“interface!' is always unstable for these surface temper-
atures, The .experimental results of the present study confirm this

supposition.
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It is interesting to note that the analogy to film boiling may
also extend to the hydrodynamic stability problem discussed above.
Berenson {91) considered the stability of the vapor-liquid interface

occurringin film boiling using the classical Rayleigh-Taylor and
Kelvin-Helmholtz approach. His results indicate that the spacing
between bubbles departing from the interface at the onset of stable’
film boiling is exactly the same as the most unstable wavelength
predicted by analysis. Even though the liquid-vapor interface is
always unstable after the onset of film boiling, the acfual film
itself is stable in the sense that it does not !"break-up!. This is
precisely the nature of the "pseudo-film!! instability described for
supercritical fluids. One might also expect that with sufficient
information on the variation of fluid properties, eddy viscosity and
"film!" thickness in a supercritical fluid, some estimate of the size of
"pockets'' appearing in a supercritical fluid could be made before
hand by computing the corresponding disturbance wavelengths.

It should be emphasized that although no sharp changes in
heat transfer occur because of hydrodynamic stability effects for flat
plate or pipe flows, such phenomena can actually occur in other .

- geometries. The results of Knapp (20) show that sharp changes in

heat transfer can occur under certain conditions of fluid properties
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and heat transfer rate during natural convection from a horizontal
cylinder. The improvements in heat transfer are seemingly caused
by an instability in the heated flow field. This instability is
apparently unfelated to any of the types discussed above for flat plate
geometries, and more closely resembles three-dimensional vorticies
which sometimes occur in curved flows. Further studies are re-

quired on stability effects for such geometries.
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E. Comments on Previous Investigations

1. Experimental Studies

Many of the previous studies listed in Chapter II cite
unusual phenomena such as pressure fluctuations, Usinging noises!l,
and sudden large departure in heat transfer coefficient. No such
anomalies were observed in the present investigation, nevertheless
it is desirable to discuss these unusual effects in light of the results
of this study.

Some of the pressufe fluctuations'in forced and natural flow
loops have been definitely identified as travelling simple acoustic
waves (5, 8) or fluctuations driven by certain porfions of the experi-
mental apparatus acting as acoustic resonators (28), and need not be
considered further, The results of Chalfant (22), and Cornelius and
Parker (29), both obtained during forced convection heating in loop
geometries, show that the frequencies of fluctuation in heat transfer
coefficient and pressure did not correspond'to any simple acoustic
modes.

To account for the unusual results of Chalfant, Goldmann
propose.d the !'"boiling hypothesis!! described in Chapter II. Cornelius

and Parker have also cited Goldmann's proposal as the cause of
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their unusual observations. The visual observations of the heated
flow field presented in this study indicate thatoccurrence of !"boiling,
leading to improved heat transfer, does not seem to exist in flat
plate or pipe flows. Moreover, it is entirely possible that modes

of acoustic oscillation different from ordinary travelling waves may
occur. Referring to the variatioﬁ in speed of sound for CO3 near the
critical point (53), it may be seen that the acoustic velocity can
decrease by a factor of 2 between a freestream at 80°F. and a heated
surface of 85°F. in CO, at 1,100 psia. Such changes in acoustic
velocity could produce complicated refractions and reflections of the
sound waves within the heated layer, and may well result in the
expérimental apparatus exhibiting fluctuations far removed from a
simple acoustic mode.

A second mechanism for driving pressure fluctuations was
proposed by Hines and Wolf (27). They pointed out that because of
the large variations in viscosity with temperature,' small temperature
fluctuations could well produce pressure fluctuations near the
surface through a reversal in the direction of the pressure gradient.
The discussion in Part D of this Chapter does not preclude this type
of instability, rather, the results of Betchov and Criminale give

some indication that such fluctuations actually exist. The present
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investigation can in no way refute this proposal, so that viscosity
variations may indeed result in the pressure oscillations.

The low frequency pressure fluctuations of Cornelius and
Parker may actually have been triggered by still a third mechanism,.
The fluid used in their experiments (Freon-114) could apparently
undergo chemical reactions in the vicinity of 600-700°F. and form
'deposits!’ on the heater walls. Since some of their results reported
for the low frequency fluctuations show wall temperatures as higlh as
530°F., it is quite possible that the reaction played sgme part in
triggering the observed oscillations in wall temperature and fluid

pressure.
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2. Theoretical Studies

Perhaps the most applicable theoretical study of predicting
heat transfer to turbulent flow of fluids near the critical point is that
of Deissler (47). However, his method yields estimates of heat
transfer as much as 40% too low when extreme straddlingvof the
pseudocritical temperature occurs (see comparison in 43).

Based on the viéual observations of the flow field in this study,
two factors in Deissler's analysis may be cited as being poor
approximations to the actual heat transfer mechanism. First,
Deissler makes use of the eddy viscosity concept in order to integrate
the equations for shear stress and heat transfer. The particular
analytical expression used is taken from one succes sfully employed
in turbulent flow of constant property fluids with no heat transfer.
Although no gross instability or break-up of the basic forced flow
pattern was observed in this study, the photographs of the actual
flow lead one to believe that significant changeé in the structure of
the turbulence may occur when the freestream and heated surface
straddle the pseudocritical temperature. A better understanding
of the eddy viscosity variations, accounting for the observed turbulent
interaction, may well improve the accuracy of the method.

Secondly, Deissler's method is not designed to take into
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account the effects of body forces on the flow fields., Some steps
to rectify this were proposed by Hsu and Smith (48) for vertical
flows, however studies for horizontal and inclined surfaces would
also be desirable. The experimental results of the present
investigation indicate that reversal of the direction of gravity
during heat transfer from a horizontal surface may change the heat
transfer coefficient by 40% whén the surface is sufficiently above
the pseudocritical temperature. Thus gravity forces should not be
ignored in a1('1y theoretical predictions of heat transfer coefficients

even with fairly high Reynolds number flows.
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VIII. SUMMARY AND CONCLUSIONS

A series of expe.riments have been performed measuring
I}eat transfer ratgs during forced convection from a flaL plate Lo CO‘2
in the region of its thermodynamic critical point, The majority of
the tests were performed with freestream pressures slightly above
the critical, and freestream temperatures both above and below the
pseudocritical. The investigations conducted at supercvritical
pressures with terhperatures below the pseudocritical included heat
transfer rates sufficiently large so that the flat plate surface
temperature exceeded the pseudocritical. The heated plate was in a
horizontal position, and measqrements were made with the heated
surface facing both u§ and down. The effect of freestream temper-
ature and velocity on the heat transfer rate was also measured.

In order to gain some information on the basic heat transfer
mechanisms in supercritical fluids, photographs of the heated
boundary layer were taken using a modified semi-focusing color
schlieren apparatus. The photographs enable comparisons to be
made between the flow fields occuring in a supercritical fluid and
the flov& fields when the fluid property variations are not as severe,

Additional information about the flow field was obtained by measur-

ing the turbulence levels present in the immediate vicinity of the
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heated flat plate at various heat transfer rates and flow conditions.
The measurements were performed using a hot wire anemometer
located at a fixed position over the flat plate.

The experimental results indicate that at supercritical
pressures the heat transfer coefficient is a sensitive function of
freestream and surface temperature, With the freestream temper-
ature at a fixed value below the pseudocritical temperature, and
freestream pressure and velocity also constant, the heat transfer
coefficient reached a peak value when the surface was at the pseudo-
critical temperature. When the surface temperature was either
increased or decreased from the pseudocritical, the heat transfer
coefficient decreased sharply. Nevertheless the actual heat transfer
rate increased monotonically with increasing surface temperature for
all values of surface temperature investigated.

When the freestream pressure, velocity and surface heat
transfer rate were held constant, increasing the freestream from
below to above the pseudocritical temperature produced a sharp
peak in heat transfer coefficient when the freestream temperature
was 1-2°F. below the pseudocritical temperature. This peak
occurredwhen the heat transfer rate was such that the surface temper-

ature exceeded the pseudocritical by 1-2°F,
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Both the peaks associated with either freestream or surface

temperaturc ncar the pscudocritical occured regardless of free-
stream velocity, or whether the horizontal surface was facing up or
down. Comparison of the photographs of the flow fields occurring at
the peak heat transfer coefficients with those when the fluid had
essentially constant properties show that no unusual flow is present
at the locations of the peaks. Secondary free convective effects were
observed to be superimposed on the basic forced flow patiterns very
near the heated surface, but the flow pattern resembled normal
turbulent flow in all other respects. No increases in the turbulence
level were recorded by the hot wire probe at the peak heat transfer
coefficients, and a time trace of the fluctuations appeared similar to
normal turbulence.

On the basis of the flow field observations and turbulence
measurements, it is concluded that the peaks in heat ti‘ansfer coef-
ficient are caused by the rather large thermodynamic and transport
properties of the fluid which occur near the critical point, and not by
the occurrence of any new or unusual flow field or heat transfer

mechanism.

When the freestream fluid was 10-15 °F. below the pseudo-

critical temperature and at supercritical pressures, increasing the
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surface above the pseudocritical temperature caused the heat
transfer coefficient to drop sharply, and resulted in an unusual type
of turbulent flow superimposgd on the basic forced convection flow
field. '"Pockets'' of hot, low density fluid were observed to form

due to temperature fluctuations near the heated surface, rise from
the surface, and rapidly diffuse into the cooler freestream fluid. The
"pockets' of different density fluid do not have sharply defined edges,
but coulci still be positively identified in the flow photographs and
oscilloscope tracés of the hot wire current fluctuation. The ''pockets
~of different density fluid and the resulting flow field are slightly
different from the flow occurring in normal heated turbulent boundary
layers. Heat transfer in this region is apparently analagous to the
film boiling regionoccurring below the critical pressure. The
"pseudo-film' of vapor-like fluid on the heated éurface governs the
heat transfer mechanism, and appears to blanket the surface for all
temperatures above the pseudocritical. Hydrodynamic stability
arguments lead one to believe that this film should not '"break-up'' or
become unstable. The sharp changes in heat transfer coefficient
previously reported for pipe flows in this region are apparently
caused by mechanisms other than such a vapor-like film break-up.

The conclusion that the sharp peaks in heat transfer coef-
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ficient for flat plate and pipe flows are due to fluid property
variations, and not any unusual flow fields or new heat transfer
mechanisms, does not preclude the occurance of unusual flows in
other geometries. The observation of '"bubbles!', which result in
improved heat transfer during natural convection from a horizontal
cylinder, suggests that further studies on the nature of such bubbles
and their possibleoccurrenceinvarious other geometries and fluid
flow situations .aré desireable.

‘I'he present study also indicates that further investigations of
the velocity and temperature fluctuations near the heated surface in
supercritical fluids are needed. In addition, direct observation of
the laminar sub-layer in turbulent flow may suggest models for use
in future theoretical predictions of shear stress and heat transfer

rates in supercritical fluids.
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LIST OF SYMBOLS

heated surface area

flow channel area

unintercepted height of light source
luminance of light source

width of light source

contrast of schlieren system
discharge coefficient

circle of confusion, sonic velocity
constants

specific heat at constant pressure
diameter of thermocouple plug
venturi inlet diameter

venturi throat diameter

focal length of lens

maximum spacing between light sources

heat transfer coefficient, height of light
source, enthalpy

heat transfer coefficient for thermocouple
plug

illumination on film plane

instantaneous hot wire current
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mean hot wire current

head loss coefficient

thermal conductivity

thermocouple plug length

Nusselt number

magnification of image on film plane
mass flow rate

constant

Prandtl number

freestream pressure

heat transfer rate

Reynolds numbexr

scnsitivity of schlieren system, entropy
fluid temperature

freestream fluid temperature
heated surface temperature
thermocouple plug temperature
instantaneous local fluid velocity

mean local fluid velocity

+
shear velocity u =V 7_ /e

W

freestream velocity



Greek Letters
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power input to plate

distance from lens to image plane.

inclination of light rays =h/f

inclination of light rays = H/f

dimensionless temperature = o
cp\/g T

displacement thickness of boundary layer
deflection of light rays
dynamic'viscosity

fluid density

turbulence level

wall shear stress
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Appendix A

PROPERTIES OF CARBON DIOXIDE
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Appendix B

EXPERIMENTAL APPARATUS
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FIG. 8. OVERALL VIEW OF FORCED CONVECTION APPARATTUS.



RECTANGULAR FLOW CHANNEL.

FIG. 9.
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A, CONVENTIONAL SCHLIEREN

B. SEMI-FOCUSING SCHLIEREN

FIG. 12. IDENTICAL FLOWS OVER HEATED PLATE IN
SUPERCRITICAL COZ"
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FIG, 14, THERMAL WAKE OF HOT WIRE ANEMOMET ER
IN SUPERCRITICAL CO,, (5 x enlarged),
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Appendix C

EXPERIMENTAL RESULTS
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FIG. 43, HEATED FLOW FIELD OVER A FLAT PLATE IN
SUPERCRITICAL GCI'_} AT 1, 100 psia AND 75°F. #

(V= 1.88.[eee.. T ~-T 234 F)
[w] W O

FI1G, 44, HEATED FLOW FIELD OVER A FLAT PLATE IN
SUPERCRITICAL CO, AT 1, 100 psia AND 75°F, *

(V=151 Jaec., T -T =8.9°F.)

0 W o
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Fl, 45, HEATED FLOW FIELD OVER A FIAT PLATE IN
SUPERCRITICAL CD_} AT 1, 100 psia AND 75°F, #*

(V =1.5ft /sec., T -T =17.8°F.)
O Q

W

FIG. 46. HEATED FLOW FIELD OVER A FLAT PLATE IN
SUPERCRITICAL CC}? AT 1,100 psia AND 75°F. *

(V.=1.51%t. feec., T -T =60.6°F.)
W 0

see p. 175



FI1G. 47. HEATED FLOW FIELD OVER A FLAT PLATE IN
SUPERCRITICAL CD? AT 1,100 psia AND 87, 8°F, #*

(V =1.5ft. /sec., T -T =4, 3°F.)
L8] W 8]

FIG. 48. HEATED FLOW FIELD OVER A F1LAT PLATE IN
SUPERCRITICAL LD.}, AT 1, 100 psia AND 105, 9°F,

{¥ =1.51i&t fsec.; 1 - 'J.'r =32 BF.)
)

175
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FIG. 49. HEATED FLOW FIELD OVER A FLAT PLATE IN
SUFPERCRITICAL LJUZ AT 1,100 psia AND 124, 8°F, ¥

{(V = 1.5 1t feec,; T ~T =274, T7°F.}
o W o

FIG. 50. HEATED FLOW FIELD OVER A FLAT PLATE IN
SUBCRITICAL CO, AT 1,050 psia AND T5AF.,

(V =1.5#t.fesec., T =T =9.8°F.)
0 W o

see p. 175



FIG. 51. HEATED FLOW FIELD OVER A FLAT PLATE IN
SUBCRITICAL CDZ AT 1,050 psia AND 75°F, *

(V. =1.5ft. /sec., T - T =83,2°F,)
Lo W ]

7.5" from leading edge, 5 x enlarged.
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FIG. 52. OSCILLOSCOPE RECORD OF HOT WIRE

CURRENT FLUCTUATIONS IN SUPERCRITICAL
CO, AT 1,100 psia AND 75°F, *

(mean wire current 162 milliamps, vV =1.5 ft. /sec., T, -T =0°F.)

FIG. 53. OSCILLOSCOPE RECORD OF HOT WIRE
CURRENT FLUCTUATIONS IN SUPERCRITICAL
CO2 AT 1,100 psia AND 75°F, *

(mean wire current 158 milliamps, Vo =1.5 ft. /sec., TW - To =16.5°F,)

% wvertical scale, 1 cm. = 5 milliamps; horizontal scale,
1 em. = 5 milliseconds.
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FIG. 54. OSCILLOSCOPE RECORD OF HOT WIRE
CURRENT FLUCTUATIONS IN SUPERCRITICAL
CO2 AT 1,100 psia AND 75°F, *

(mean wire current 150 milliamps, V_=1.5 ft. [ sec., T -T =136.0°F.)

VA4

FIG. 55. OSCILILOSCOPE RECORD OF HOT WIRE
CURRENT FLUCTUATIONS IN SUBCRITICAL
COZ AT 1,050 psia AND 75°F. *

(mean wire current 143 milliamps, Vo =1.5 ft. /sec., TW - To = 0°F.)

k.

* see p. 176



178

FIG. 56. OSCILLOSCOPE RECORD OF HOT WIRE
CURRENT FLUCTUATIONS IN SUBCRITICAL
COZAT 1,050 psia AND 75°F, *

(mean wire current 136 milliamps, VO =1.5 ft. /sec., TW - TO =8.3°F.)

FIG. 57. OSCILLOSCOPE RECORD OF HOT WIRE
CURRENT FLUCTUATIONS IN SUBCRITICAL
CO, AT 1,050 psia AND 75°F. *

(mean wire current 140 milliamps, VO =1.5 ft. /sec., TW - To =195.8°F.)

s

* see p., 176
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Appendix D

OPTICAL PRINCIPLES OF SCHLIEREN SYSTEMS



180

AEEendix D

OPTICAL PRINCIPLES OF SCHLIEREN SYSTEMS

1. General Considerations

Schlieren optical systems enable visualization of inhomo-
geneous flows by forming images of varying intensity on the film plane
of the system. The intensity at ény point on the film plane is propor-
tional to the gradient in refractive indexoccurring inthe conjugate
point in the flow field. Since the refractive index is a simple
function of density {or equivalently temperature) for most fluids, the
flow streamlines and fluid temperature can be inferred from photo-
graphs taken with such systems.

A particularly simple type of schlieren system is shown in
Figure 58. A point sourc.e of light is situated at the focal point f of
the lens L, producing a collimated beam of light which passes
through a test section and is collected by a second lens LZ’ which then
forms an image of the source at its focal point f,. If the light rays
are undisturbed, an opaque knife-edge may be inserted at f, and
adjusted so that all the light just passes below its edge and forms
an image on the film plane.

If the flow at some point P is now heated, the light passing

through this point will be deflected through some angle ¢ due to the
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change in refractive index of the fluid which occurs. The deflected
light no longer reaches the film plane, but is intercepted at the
knife edge, thereby reducing the illumination as its conjugate
point P . The éngle ‘e can easily be shown to be proportional to
the gradient in refractive index (or density), and length of disturbance
path (93).

If the "point! source has the shape of a rectangle of width b
and height h, and both lenses L, and L, have equal focal lengths f
for simplicity, the illumination I on the film in the absence of
disturbances or knife edges is given as

_ Bbh ,
I, = ——

() °
where B is the luminance of the source, and m is the magnification
of an image at P on the film plane (94). When the knife edge is
adjusted so that for no disturbances in the test se