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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. H