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Abstract—Experiments were performed on forced convection heat transfer under considerably high heat
fluxes to supercritical carbon dioxide flowing in a circular tube, and the phenomena of deterioration of
heat-transfer coefficient near the pseudocritical temperature were closely investigated. The wall temperature
profiles obtained in the authors’ experiments and also in those of previous investigators can be explained
fairly well by the theory assuming “normal mode turbulent convection”. Furthermore, the wall temperature
distributions observed in flow boiling heat transfer to a slightly subcritical fluid can also be explained by
the present theory. It is also proved that surface roughness has a particular effect on forced convection

NOMENCLATURE
¢, specific heat;
d, tube diameter;
G, flowrate;
h, heat-transfer coefficient;
i, enthalpy;
L, length of test section;
Pr, Prandtl number;
p,  pressure;
g, heat flux;
t, temperature ;
u, velocity;
u*, dimensionless velocity;
u*, shearing stress velocity;
x, steam quality;
y, distance from wall;
y*, dimensionless distance.
Greek symbols
e, eddy diffusivity;
A,  thermal conductivity;
p,  viscosity;
v,  kinematic viscosity;
7,  shearing stress;
p,  density.
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heat transfer to supercritical fluid.

Subscripts
B, bulk;
¢, critical ;
m, momentum;
pc, pseudocritical ;
t, thermal ;
W,  wall

1. INTRODUCTION

THis paper presents a study on forced convection
heat transfer under considerably high heat flux
to a fluid under slightly higher than critical
pressure flowing in a tube of circular cross
section at a fairly large flow rate. Flow boiling
heat transfer to a fluid at slightly subcritical
pressure is also discussed.

Recently, forced convection heat transfer to
supercritical fluids has attracted increasing
interest in relation to the developments of
supercritical steam plants and the use of
cryogenic fluids in rocket propellant systems.
As a matter of course, supercritical fluid shows
no distinction between gas and liquid phases.
However, as shown in Fig. 1 (the physical
properties of carbon dioxide are at 80 kg/cm?,
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FIG. 1. Physical properties of carbon dioxide at 80 kg/cm?.

and the critical constants of carbon dioxide are
p. = 753 kg/cm?, t, = 31-04°C and p, = 0-468
g/cm?), the physical properties of supercritical
fluid vary extremely around a certain tempera-
ture, called the pseudocritical temperature.
These properties are apparently divided into a
gas-like phase and a liquid-like phase. The main
purpose of this paper is to analyse the mechanism
of forced convection heat transfer inside a
circular tube, taking into consideration the
extreme variation of properties of the fluid.

In the previous paper [1], the authors studied
forced convection heat transfer to supercritical
fluid mainly in cases where the heat flux is
relatively small and the difference between the
wall temperature and the bulk temperature is
somewhat less than 10°C. Under such conditions,
special increase of the heat-transfer coefficient
near the pseudocritical temperature has been

observed by several investigators [2-4]. In the
previous paper [1], the authors performed
detailed experiments on forced convection heat
transfer of supercritical carbon dioxide, both in
the case of heating and in that of cooling. It was
concluded that forced convection heat transfer
of supercritical fluid can be explained, without
significant alteration, as an extension of the
usual type of heat transfer of fluid with constant
physical properties to the case of fluid with
varying physical properties.

Experiments on forced convection heat
transfer in the supercritical region have also
been performed on oxygen [5] and on hydrogen
[6] in connection with cryogenic use in rocket
propulsion systems. In those experiments, the
heat fluxes were considerably high and the
temperature differences from the wall to the
bulk reached as much as a few hundreds of
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degrees. In contrast to the case of low heat
fluxes, it was observed in those experiments
that the heat-transfer coefficients decreased
extremely in the neighbourhood of the pseudo-
critical temperature.

Two kinds of theoretical approaches have
been proposed to explain these peculiar pheno-
mena both in the case of low heat fluxes and
also in that of high heat fluxes. One approach
has postulated the existence of a “*boiling-like”
phenomenon [7, 8]. The other is based on the
assumption that the heat transfer mechanism is
primarily turbulent forced convection [9-12].

The previous investigation of the authors into
the problem of relatively low heat flux [1]
properly belongs to the latter approach, since
it assumed “normal mode convection”. In this
paper the authors hope to explain the pheno-
menon observed in the instance of very high heat
flux also by assuming normal mode turbulent
convection

2. THEORETICAL CONSIDERATIONS

Inthe previous paper [1] theauthorsexplained
the physical meaning of increase of the heat-
transfer coefficient observed in the case of
relatively low heat fluxes, in connection with
increase of specific heat in the neighbourhood
of the pseudocritical temperature. Namely, an
increase of specific heat causes an increase of
turbulent thermal conductivity pc,e,. When the
pseudocritical temperature is located in the
buffer zone of the turbulent boundary layer, the
temperature drop across the boundary layer is
most effectively diminished and the heat-transfer
coefficient takes its maximum value.

The phenomenon of decrease of the heat-
transfer coefficient observed in the case of very
high heat fluxes, which is in contrast to that of
low heat fluxes, may also be qualitatively
explained by assuming normal mode turbulent
convection as follows. In accordance with the
increase of heat flux which results in an increase
of temperature gradient, the proportion of
thickness occupied by the pseudocritical
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temperature zone (in which the specific heat is
very great) in the boundary layer decreases. In
consequence the effect of increase of specific
heat mentioned above loses its meaning and the
flow divides into virtually two phases; that is, a
gas-like fluid layer in the neighbourhood of the
wall surface and a liquid-like fluid flow near the
center of the tube. Under such conditions, when
the fluid is heated up from an entrance bulk
temperature which is considerably lower than
the pseudocritical temperature, the thin layer
of gas-like fluid appears on the wall surface
in the first place. Then the temperature drop
across this gas-like fluid layer increases greatly
and the heat transfer coefficient decreases rapidly
in the early stage. However, in accordance with
the increase of bulk temperature, an increase in
the mean velocity of flow occurs and it causes
the heat-transfer coefficient to rise. Especially
when the fluid temperature near the tube center
(which virtually determines the mean velocity)
exceeds the pseudocritical temperature, the
mean velocity increases greatly and results in a
rapid increase of the heat-transfer coefficient.
Based on these qualitative considerations,
the authors proceed to evaluate the heat-transfer
coefficients by assuming the same theory as
discussed in the previous paper [1]. This theory
was originated by K. Goldmann [10], and may
be outlined as follows. It is assumed that the
turbulent mixing process at any point—that is,
the growth and damping of turbulent eddies—
is a function of the fluid properties at that point.
Then it is assumed that the universal turbulent-
velocity profile of equation (1), which has been
verified for isothermal flow, may be used to
describe non-isothermal flow fields with variable
properties, provided the velocity and distance
parameters are defined by equations (2)(4).

ut =yiy?) (1)

()
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dy* = —dy. y* =j ;A

w* = /(tw/p). )

These assumptions can be translated into an
assumption in terms of eddy diffusivity ; that is,
if y* in the case of varying physical properties is
defined as equation (3), the distribution of eddy
diffusivity

(5)

in the case of constant properties can be
applied as is to the case of varying fluid
properties. Either the extended velocity profile
in equations (1)+4) or the extended distribution
of eddy diffusivity in equations (3) and (5) is
coupled with the energy equation. These equa-
tions are solved numerically for the given
conditions at the wall surface and then the
velocity and temperature profiles in the tube are
determined.

On turbulent heat transfer to supercritical
carbon dioxide at 80 kg/cm? flowing in a
circular tube of 10 mm id., numerical solutions
were calculated by the HITAC 5020E computer
at the Computation Center of the University of
Tokyo. The details of the calculation procedure
are given in the previous paper [1]. In the
calculation, the following expression of eddy
diffusivity isadopted, according to H. Kato [13]:

em/v = 037y [1 — exp {—0002(y*)*}].  (6)

Other diffusivity forms yield almost the same
results. Figure 2 is a plot of the calculated wall
temperature ty vs. bulk enthalpy i for different
flow rates G for constant heat flux g = 2-4 x 10°
kcal/m?h. In this figure, the peculiar behaviour
of the wall temperature observed by several
investigators is actually calculated.

The temperature distributions in the turbulent
boundary layer are also investigated. Figure 3
illustrates the location of the pseudocritical
temperature zone in the turbulent boundary
layer. The pseudocritical temperature of

&n/v = func(y*)
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FiG. 2. Calculated wall temperature profiles for forced
convection to supercritical carbon dioxide.

carbon dioxide at 80 kg/cm? is t,. = 33-75°C
and the physical properties change considerably
in the region between =1, = 32:6°C and
t =1, = 352°C. In Fig. 3, the positions y*
where the temperature takes these three values
are plotted for the case of G = 280 kg/h. Figure 3
supports the preceding qualitative discussions:
that is, the heat-transfer coefficient takes a
minimum value when the pseudocritical
temperature point is located near the bottom
of the turbulent core region, and under this
condition the effect of decrease in the heat-
transfer coefficient due to the increase of
thickness of the gas-like fluid layer balances with
the effect of increase in the heat-transfer co-
efficient due to the increase of the mean velocity
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F1G. 3. Location of pseudocritical temperature zone in
boundary layer.

of flow. In Fig. 3, the shear stress Ty at the wall
surface is also plotted. It is observed that 1
decreases to some extent in the region where the
heat-transfer coefficient decreases.

3. EXPERIMENTAL APPROACH AND DISCUSSION
3.1. Experimental apparatus and procedure
Experiments were performed on forced con-
vection heat transfer under considerably high
heat fluxes to supercritical carbon dioxide at
80 kg/cm? flowing upwards in a vertically

placed circular tube of 6 mm i.d. A smooth tube
of 02 p surface roughness and a rough tube of
14 p surface roughness were used as test sections
and the effect of surface roughness on heat
transfer was investigated.

A schematic view of the experimental
apparatus and details of the test section are
shown in Figs. 4 and 5.

The carbon dioxide used in the experiments
is the same as that used for welding and its
purity is above 999 per cent.
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FiG. 4. Schematic drawing of experimental loop.

The pressure in the test loop was measured
by a precision pressure gauge.

The carbon dioxide in the test loop was
circulated by a gear pump, and the flow rates
were measured by an orifice and a water-CO,
manometer.

The temperatures of the carbon dioxide were
measured by the thermocouples t;, and ¢,
which were located at the inlet and the outlet
of the test section respectively, as shown in Fig. 5.
The fluid temperatures along the test section
were interpolated from the readings of these
thermocouples.

The test section of stainless steel was 6 mm
id., 8 mm o.d. and 1000 mm long. It was heated
by alternating current passing directly through
it. Wall temperatures along the test section were
measured at 9 points, t,, t,,..., tg, by thermo-
couples attached to the outer surface of the
tube 100 mm apart from each other as shown in
Fig. 5. The inside wall temperatures were
determined from the measured outside wall
temperatures by assuming uniform heat genera-
tion in the tube.

To power
supply

10COmm

w

=

I

~——-~ Pressure tap
T T /H\

FIG. 5. Test section.

3.2. Results and discussion for smooth tube
Temperature profiles were measured for
different inlet enthalpies for various flow rates
under a constant value of heat flux. For the
smooth test section, two series of experiments

were performed; that is, one series for
g =55x10°> kcal/m*h and one for
q =42 x 10° kcal/m?h. The experimental

results are plotted in Figs. 6 and 7 in the form
of wall temperature ty vs. bulk enthalpy ip.
A set of 9 points linked together, corresponding
toty, ty, ..., tgas shownin Fig. 5, represents the
temperature profile measured in each run.
Every temperature profile increases sharply
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after the inlet point and shows a maximum
value, and then turns to decrease. The bulk
enthalpy corresponding to the maximum wall
temperature point shifts to a higher value as
the inlet enthalpy increases. It seems that the
heat transfer conditions do not become fully
developed in the inlet half of the test section.
So in Figs. 6 and 7 a distinction is made between
the temperature profile of the inlet half and that
of the outlet half by representing these profiles
with a fine line and with a heavy line respectively.
In the case of forced convection heat transfer to
supercritical fluid, the physical properties of the
bulk state change considerably along the test
section. Therefore, a fully developed state does
not exist as a one-dimensional state in radial
direction such as develops in case of constant
physical properties. However, the term “fully
developed™ may also be used in case of heat
transfer to supercritical fluid, to express the
temperature profile which is obtained when the
fluid is heated from an inlet bulk temperature
sufficiently lower than the pseudocritical tem-
perature by using a very long test section. As
shown in Figs. 6 and 7, the entrance region
reaches as much as 100 d or so. Similar pheno-
mena were observed in the previous experiments
of the authors in case of relatively low heat
fluxes [1], and also are reported in the other
literature [4, 6]. Furthermore, besides these pure
entrance effects, buoyancy effects due to the large
density variation take place, and especially at
small flow rates in a vertical test section peculiar
wall temperature distributions such as hot spots
or wavy profiles occur [14]. In the experiments
of the authors, the Reynolds number is about
1:5 x 10° in the case: ¢ = 5-5 x 10° kcal/m?h
and G = 205 kg/h (to be exact, it varies from
about 5 x 10*toabout 2-5 x 10° when iy varies
from 40 kcal/kg to 100 kcal/kg), and it is about
1-1 x 10° in the case: g = 42 x 10° kcal/m>h
and G = 155 kg/h. In the experiments plotted
in Fig. 7, the buoyancy seems to have some
effect on the results.

The theoretical values of wall temperature
were computed for the same conditions as the
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experiments and are shown by chain lines in
Figs. 6 and 7. On the whole the experimental
results give somewhat larger values of the
heat-transfer coefficient than the theoretical
results do, and the recovering tendency of the
heat-transfer coefficient after its deterioration
appears stronger in the experimental results.
Several authors [15] have suggested that eddy
diffusivity may be amplified in the presence of a
large density gradient. In the previous paper [1],
the authors discussed this suggestion negatively.
In such a case, if the eddy diffusivity is augmented
by 20 per cent, the values of flow rate parameter
corresponding to each calculated line in Figs. 6
and 7 are reduced by about 20 per cent, and then
the agreement between the experiments and the
theory may be improved to a fair extent.
However, the authors consider that the time has
not yet come to discuss minutely this kind of
modification of eddy diffusivity. It is worthy of
attention that the present theory, which is
merely a first approximation, can explain the
experimental results fairly satisfactorily.

3.3. Results and discussion for rough tube

For the rough test section, measurements
were performed under the heat fluxg = 6:0 x 10°
kcal/m?2h. Results are shown in Fig. 8.

Nevertheless the heat flux in Fig. 8 is larger
than that in Fig. 6, and the wall temperatures in
Fig. 8 are lower than those in Fig. 6 for equal
values of flow rates. This fact may be attributed
to the usual effect of roughness in improving the
heat-transfer coefficient.

Considering Fig. 8 in detail, the heat-transfer
coefficients are maintained relatively high until
the bulk enthalpy iz gets to 50 kcal/kg. It seems
that the deterioration of heat transfer begins at a
higher value of bulk enthalpy and occurs more
rapidly, compared to the smooth test section.
As for the entrance region, equal length of the
entrance effect is observed when the inlet
enthalpy is higher than 50 kcal/kg. However,
when the inlet enthalpy is lower than 50 kcal/kg,
the wall temperature profiles trace almost the
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FiG. 8. Experimental results for forced convection to
supercritical carbon dioxide flowing in rough tube
(g = 6:0 x 10° kcal/m?h).

same curve in spite of different inlet enthalpies,
and the entrance effect seems to run short.
Asexplained in the preceding section on Fig. 3,
the heat transfer coefficient for a smooth tube
deteriorates in the region: iz < 50 kcal/kg, and
in this region the gas-like fluid layer in the
neighbourhood of the wall surface is very thin.
For instance, according to the theoretical
calculation for a smooth tube, the point where
t =1, = 352°C (&, is the upper limit tempera-
ture of the pseudocritical temperature zone) is
located at y = 40 p (corresponding dimension-
less parameter is y* = 45) for iz = 35 kcal/kg
under the conditions of Fig. 8: ¢ = 6:0 x 10°
keal/m?h and G = 250 kg/h. On the other hand,
the heat-transfer coefficient for a smooth tube
recovers in the region: iy > 50 kcal/kg, and in
this region the gas-like fluid layer is considerably
thicker. The point where ¢ =, is located at
y =06 mm (y* = 1300) for ip = 60 kcalkg
under the same conditions as before. In this case,
it may well be expected that surface roughness
will have a larger effect in the bulk enthalpy
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region: iy < 50 kcal/kg where the gas-like fluid
layer is very thin, than in the region: iz > 50
kcal/kg. Furthermore, by assuming that the
entrance effect runs short in a region where
surface roughness is predominant, the above-
mentioned feature of the experimental results
can be explained satisfactorily.

3.4. Experiments of previous investigators

R. C. Hendricks et al. [6] performed experi-
ments on forced convection heat transfer to
supercritical hydrogen (the critical constants of
hydrogen are p, = 1320 kg/cm?, t, = 32:98°K
and p, = 00308 g/cm?) flowing upwards in a
vertical circular tube. In Fig. 9 the selected data
under the conditions of p = 3094 kg/cm?,
d =850 mm, q = 145 x 10° kcal/m?h and
different flow rates are compared with the values
computed according to the preceding theory.
Each measured temperature profile in Fig. 9
shows a rapid increase after the inlet point, and
this part is thought to be an entrance region,
similar to the experimental results of the authors.
Comparing the measured wall temperature with
the theoretical value in the fully developed
region, the heat-transfer coefficients obtained
by the experiments are about two times as high
as the theoretical results, and the difference are
rather large.

K. R. Schmidt [16] performed experiments
on forced convection heat transfer to water
(the critical constants of water are p, = 2257
kg/em?, t, = 3742°C and p, = 032 g/cm?)
flowing in a horizontal circular tube mainly
under subcritical pressures and partly under
supercritical pressures. In Fig. 10, the selected
data under the conditions of p = 230 kg/cm?,
d=5 mm, G =495 kg/h, and different
heat fluxes are compared with the values
computed according to the preceding theory.
In this case as well, the heat-transfer coefficients
obtained by the experiments are somewhat
higher than the theoretical results. Especially,
the recovering tendency of the heat-transfer
coefficient after its deterioration is stronger in
the experimental results than in those calculated
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by the theory. This fact is quite similar to the
experimental results of the authors.

4. EXTENSION TO FLOW BOILING
AND DISCUSSION OF BOILING-LIKE
PHENOMENA

From among the above-mentioned experi-
ments of Schmidt [16], the results obtained for
flow boiling heat transfer under the subcritical
pressure of p = 210 kg/cm? are shown by chain
lines in Fig. 11. In this figure, it is worthy of
attention that the wall temperature profile for
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FiG. 11. Comparison between computed and experimental
wall temperature profiles for flow boiling of subcritical
water.

g = 6:0 x 10° kcal/m?h is quite analogous to
the temperature profiles in the case of forced
convection heat transfer to supercritical fluid.
In this case, film boiling heat transfer is presumed
to take place. Here, although the preceding
theory is in principle applicable to fluids with
physical properties which vary continuously
with temperature, the authors try to apply this
theory to subcritical fluids whose properties
change discontinuously at saturation tempera-
tures. In this connection, the preceding theory
assumes implicitly the continuity of ¢,,/v for the
boundary condition of turbulence between the
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gas phase and the liquid phase. However, in
due consideration of the mixing motion of
turbulent eddies, whose size is estimated to be
approximately Prandtl’s mixing length, there
can be no clearly defined boundary between gas
phase and liquid phase, but the fluid properties
averaged over time at every point may change
somewhat gradually in the radial direction.
Then, the preceding theory may be applicable
also to the case of subcritical fluid, standing on
the primary view of continuously varying
properties. (These views call for reconsideration
of the preceding computation procedure, in
which the property values corresponding to the
average temperature at each point are adopted
as the local properties of fluid at that point.
Nevertheless, such a computation procedure
may be admitted if it is considered as only a first
approximation.)

In the case of subcritical fluid, the effect of
surface tension has to be taken into account.
However, we are now discussing flow boiling at
slightly subcritical pressure. Here the effect of
surface tension may be neglected when making a
first approximation.

Latent heat raises another question. In con-
nection with the above suggestion that gas and
liquid phases mix together over a certain thick-
ness in the boundary layer, latent heat may make
some contribution to heat transfer, operating as
if the specific heat has a particular peak near the
saturation temperature. Thus, the wall tempera-
tures are theoretically calculated for the condi-
tions of Schmidt’s experiments in the following
two ways: first, the effect of latent heat is
neglected: and second, the latent heat is
distributed in a triangular profile extending over
1-5°C. (Judging from the results this value of
1-5°C is thought to be somewhat too large.)
In Fig. 11 the results of both calculations are
shown by solid lines and by broken lines
respectively. Contrary to expectations, theresults
calculated by neglecting the effect of latent heat
give better agreement with the experimental
results, and in fact the agreement is quite
remarkable.
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The experimental result for g = 40 x 10°
kcal/m?h, giving a very high heat-transfer
coefficient in the slightly subcooled region, does
not agree with the theoretical result. In this
region nucleate boiling heat transfer takes place,
and the present theory, which assumes heat
transfer by film boiling, cannot be applied. Thus,
nucleate boiling is considered to be a peculiar
heat transfer state distinguished from “‘normal
mode turbulent convection’ whichisrepresented
by a smooth profile of theoretical wall tempera-
ture starting from the usual turbulent convection
state of cold water, passing through a film boiling
state, and ending at the usual turbulent con-
vection state of super-heated steam.

Beginning with the observation by K.
Goldmann [7], many discussions have been
published on "boiling-like phenomena™. Ac-
cording to the above considerations, if such a
phenomenon does exist in forced convection, it
must be, so to speak, a “‘nucleate-boiling-like
phenomenon”. And the authors assume that this
nucleate-boiling-like phenomenon wiil scarcely
occur in forced convection heat transfer to
supercritical fluid, judging from the tendencies
of nucleate boiling observed in forced convection
of subcritical fluid.

s 5. CONCLUSIONS

The experiments were performed on forced
convection heat transfer under considerably
high heat fluxes to supercritical carbon dioxide
flowing in a circular tube, and the phenomena
of deterioration of the heat transfer coefficient
near the pseudocritical temperature were closely
investigated. The wall temperature profiles
obtained by the authors experiments and also
by previous investigators agreed fairly well with
the theory. Along with the conclusions of the
previous paper [1], which were mainly concerned
with the case of low heat fluxes, it may be
concluded that forced convection heat transfer
to supercritical fluid is not a new type of heat-
transfer problem, but that it can be explained
as an extension of the usual turbulent convection
heat transfer of fluid with constant physical

properties to the case of fluid with varying
physical properties, without any significant
alterations in the theory. Furthermore, the wall
temperature distributions observed in flow
boiling heat transfer to a slightly subcritical
fluid can also be explained by the present theory.
It is proved further that surface roughness has a
particular effect on forced convection heat
transfer to supercritical fluid.
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CONVECTION THERMIQUE FORQEE DANS UN TUBE CIRCULAIRE POUR UN
FLUIDE PRES DU POINT CRITIQUE

Résumé—On rapporte des expériences sur la convection thermique forcée—les flux de chaleur étant
considérablement grands— pour du gaz carbonique supercritique dans un tube & section circulaire, et on
étudie soigneusement les phénomenes de détérioration du coefficient de transfert thermique aux approches
de la température pseudo-critique. A I'aide de la théorie supposant “‘une convection turbulente de mode
normal”, i} est possible d’expliquer assez bien les profils de température de paroi obtenus par les auteurs
lors de leurs expériences, de méme que par des chercheurs antécédents. En outre, cette théorie nous aide a
expliquer les distributions de température sur la paroi observées lors du transfert de chaleur pour un
écoulement avec ébullition de fluide faiblement sous-critique. On prouve aussi que la rugosité de la surface
a un effet particulier sur le transfert de chaleur au fluide supercritique en convection forcée.

WARMEUBERTRAGUNG DURCH ERZWUNGENE KONVEKTION IN
KREISFORMIGEN ROHREN AN FLUSSIGKEITEN IN DER NAHE DES KRITISCHEN
PUNKTES

Zusammenfassung—Bei verhéltnismissig hohen Warmestromen wurden Experimente iiber Wirmeiiber-
tragung durch erzwungene Konvektion in kreisformigen Rohren an iiberkritisches K ohlendioxyd durchge-
fiihrt und die Verschlechterung des Wirmeiibergangskoeffizienten in der Nédhe der pseudokritischen
Temperatur genau untersucht. Die Wandtemperaturprofile, die sich aus den Versuchen der Autoren und
aus den Untersuchungen fritherer Forscher ergaben, kénnen sehr gut durch die Theorie der gew6hnlichen
turbulenten Konvektion erklirt werden. Dariiber hinaus kénnen die Wandtemperaturverteilungen, die
bei der Wirmeiibertragung von einer siedenden Strémung an ein leicht iiberkritisches Medium beobachtet
werden, ebenfalls mit der vorliegenden Theorie erkliart werden. Ausserdem wird bewiesen, dass die Ober-
flaichenrauhigkeit eine besondere Wirkung auf die Wirmeiibertragung durch erzwungene Konvektion an
iiberkritische Medien ausiibt.

IMEPEHOC TEILJIA NPU BbIHYKIEHHON HOHBEKIUU B IIOTOK
HUATKOCTU K KPYION TPYBE IIP TEMIIEPATYPE, BJIIN3KON
K KPUTHNYECKON

Ansoranua~—IIpoBefieHH 9KCIEPHMEHTH 110 IIEPEHOCY TeIula IPU BHIHYMIEHHONK KOHBEKIUH
B TIOTOKE [BYOKHCU YTIiIepOja B Kpyrjolf TpyGe npu cBepX KPHUTMYECKON TemMmepaType M
GOJBIIMX TEIJIOBHIX HArpys3Kax ; TIIATeIbHO MCCIETOBAIKCH ABJICHUA yXYALIEHHA KOoPPuL-
HEHTOB Temioo0MeHa B obnactu Gau3KoW K mHceBLOKpuTHYeckolt. Hpusnle pacmpepenenun
TeMIIEPATYPHEl CTeHKW, TNOJyYeHHHE aBTOPOM, a TaKMe paHee APYMMMM HCCIEXOBaTeIAMH,
MOPYT OHTH XOpOWO O0BACHEHE! TeOpHel, JonyCKawIle#d «HOPMAJbHYI0O TYpOyJIeHTHYIO
koHBeKknuio». Hpome TOro, xpuBHe pacnpefeleHUA TeMIepaTyphl CTeHKH, HabaiojaeMbie
pH IlepeHoce Tenja 01 KUIALLETO NOTOKA B KHUAKOCTb NPM TeMIepaType HeCKOIbKO Goiee
HUBKOH, 4eM JOKpHTHYecKad, MOIYyT OHITh Tak:ke OOBACHEHH 5TOH Teopuelt. [lorasaHo
TaKKe, YTO LIEPOXOBATOCTh NOBEPXHOCTH HMeeT ONPEAeTcHHOe BIMAHHE HA NePEeHOC Tena
PR BHHYKICHHON KOHBEKINM B MUAKOCTh NPH CBeDXKDUTUYECKOR TeMIepaType.



