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Ab&aet-Measurements were made of the wall temperatures of a 4.56 m long, 2.28 x lo-’ m dia. 
tube with heat transfer to turbulent flow of CO, at supercritical pressure. In some experiments the change 
in state of the CO2 between the inlet and the outlet of the tube, covered the full supercritical range between 
the liquid and the gaseous phases and in others the e!Tect of varying the inlet state through the supercritical 
region, was investigated. Measurements were made with both vertically upward and downward flow through 
the tube to determine the et&% of changing the direction of the flow relative to bouyancy forces. A compre- 
hensive set of data was obtained for pressures from 7.44 x lo6 to 10.32 x lo6 N/m’, heat fluxes from 
0.8 X 10’ to 35 x 10“ W/m2 and mass flows from 0.127 to 0.695 kg/s. Deviations of the local heat transfer 
from that for normal gaseous or liquid CO, ranged from factor of two deteriorations to order of magnitude 

improvements. 

NOMENCLATURE 

Nu, Nusselt number ; 

pr, Prandtl number ; 

Re, Reynold number ; 

TB bulk temperature [“Cl ; 
T WP wall temperature [“Cl ; 

1. INTRODUCTION 

WHEN a fluid at supercritical pressure, in 
turbulent flow through a long tube, is heated 
from subcritical to supercritical temperature, 
it gradually changes phase from a liquid to a 
gaseous state. At positions in the tube far from 
this change, where the fluid is either entirely 
liquid or gaseous, the coefficient for heat transfer 
from the tube wall to the fluid (obtained from 
the usual single phase correlations) is approxi- 
mately the same for both states. During the phase 
change near the critical temperature when all 
the physical properties vary widely, order of 
magnitude improvements and deteriorations 
in heat transfer occur with several fluids [14] 
and the concept of a constant transfer coefficient 
relating heat flux to temperature difference is no 
longer valid 

Possible explanations of these phenomena 
have been suggested, involving the effects of 
buoyancy due to density gradients [2], of 
radial differences in viscosity [l] and of rapid 
changes in density in the flow [S] on heat 
transfer by turbulent convection through the 
fluid. A thorough explanation, substantiated by 
experimental measurements, is however not yet 
possible for two reasons. 

Firstly, the conditions under which appreci- 
able deviations in heat transfer occur are not 
well defined by the limited and sometimes 
contradictory experimental data in the litera- 
ture (see review [6]). Hence, the first objective 
of the present investigation of heat transfer to 
supercritical COz was a systematic study of the 
dependence of the wall temperature distribution 
along a uniformly heated tube on the inlet 
temperature, the pressure, the wall heat flux, 
the mass flow and ihe vertically upward and 
downward directions of flow. The inlet tempera- 
ture was varied from subcritical to supercritical 
values, so that with lower values the whole of 
the phase change occurred within the heated 
tube and with higher values the effect of differing 
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inlet states within the region of phase change, 
could be examined. This latter effect was expected 
to be important because with changing heat- 
transfer characteristics during the phase change, 
variation in near critical inlet states may influence 
the characteristics throughout the completion 
of the phase change. The direction of flow was 
varied to investigate further the effect of 
changing this direction relative to buoyancy 
forces, following recent reports [l, 23 that 
deteriorated heat transfer occurs only with 
upward flow. 

The second reason why supercritical heat 
transfer phenomena have not been fully ex- 
plained is that most of the existing data are 
confined to wall temperatures with no measure- 
ments within the flow. The only exceptions are 
the measurements over a limited part of the 
near critical region, of mean velocity and 
temperature profiles through COz flow in a 
tube by Wood and Smith [7] and the Schlieren 
pictures of CO2 flow over a heated flat plate by 
Sabersky and Hauptmann [8]. The former 
show maxima in velocity at varying radial 
positions corresponding to the critical tempera- 
ture and support the observation of the latter 
that there is a strong interaction between the 
heat transfer and the flow, which differs from 
that of fluids with nearly constant physical 
properties. It therefore seems that more exten- 
sive measurements of the flow and of the heat 
transfer through it are needed to obtain a better 
understanding of and to verify any hypotheses 
about the improvements and deteriorations in 
supercritical heat transfer. These data are to be 
obtained in the next stage of the present pro- 
gramme. 

2. APPARATUS 

The CO2 was recirculated round a closed loop. 
The test section was a stainless steel tube of 
456 m length, 2.28 x 10m2 m i.d. and 1.27 x 
lop3 m wall thickness. It was electrically 
insulated from the rest of the loop and heated by 
alternating current. The 150 kW power supply 
was capable of producing uniform heat flux 
up to 50 x lo4 W/m2 over its surface. There 

was a 10 diameter long straight entrance 
immediately upstream of the heated section. 
The tube was mounted vertically with alterna- 
tive pipe connections at each end, so that the 
COz flow could be either upwards or down- 
wards. 

Some fifty thermocouples were clipped to the 
tube along its length and round its diameter to 
measure its outer surface temperatures. These 
thermocouples were read by an automatic 
data recording system. Their calibrations were 
checked in situ by passing wet steam through 
the tube under isothermal conditions. With 
electrical heating on the tube the temperature 
drop through the wall and hence its inner 
surface temperature was calculated from its 
thermal conductivity, on the assumption of 
uniform heat generation. There was locally 
some variation in temperature round its cir- 
cumference, presumably due to variation in wall 
thickness. In analysis of the results, this variation 
was averaged. The error in inner wall tempera- 
ture due to this and other possible inaccuracies 
varied from less than 0.5 degC at 30°C to 10 degC 
at 300°C. The bulk temperature of the CO, 
entering and leaving the test section were 
measured by thermocouples in mixing boxes to 
an accuracy of 0.5 degC. 

Stresses due to pressure in the test section were 
such that it could be operated with wall tem- 
peratures up to 200°C at 10.3 x lo6 N/m* and 
up to 300°C at 8.25 x lo6 N/m*. It was pro- 
tected from excessive pressure by bursting 
discs and from excessive temperature by the 
thermocouples which were connected to an 
automatic power cut-out if the temperature 
exceeded a set value. 

The rest of the loop consisted of a CO, cooler, 
a B.S. 1042 flow measuring orifice, a pump and 
a pre-heater before the test section. The cooler 
to remove heat from the CO, was a counter- 
current heat exchanger with surface extension on 
the CO2 side. Atmospheric pressure water re- 
circulated through the other side and was itself 
cooled in a conventional cooling tower. An 
automatic controller which varied the water 
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flow rate, was used to maintain the temperature 
of the CO2 leaving the heat exchanger constant 
at 15°C. At this temperature the physical 
properties of CO2 are substantially independent 
of supercritical pressure and the standard 
orifice plate could be used to measure the flow 
rate to the usual accuracy of about 2 per cent. 
The pump used was capable of recirculating the 
CO2 through the loop at flows from 0.1 to 
0.7 kg/s. The pre-heater had a maximum power 
of 30 kW and was used to set the temperature 
of the CO2 entering the test section at any desired 
value. 

CO, was supplied to the loop from com- 
mercial cylinders in which the pressure was 
maintained well above the critical value by 
heating jackets around the cylinders. Manual 
adjustment of the pressure in the loop by 
bleeding CO2 in or out, was found quite adequate 
to control it to an accuracy of 3.5 x 10’ N/m’. 
The absolute pressure was recorded to this 
accuracy by an electromanometer, connected 
to the test section entry. During operation at any 
fixed mass flow and heat flux, CO, pressures and 
temperature round the loop generally remained 
stable to 3.5 x lo3 N/m2 and 0.5 degC respec- 
tively and the wall temperatures were quite 
steady and reproducible within the experimental 
accuracy. 

3. RESULTS 

With this apparatus the independent variables, 
CO1 pressure, inlet bulk temperature, heat flux 
and mass flow were varied through the following 
ranges : 

Pressure 744 x 106-10.32 x lo6 
N/m’ 

Inlet temperature 1535°C 
Heat flux 0.8 x 10-35 x lo4 W/m” 
Mass flow 0.1274.695 kg/s both 

vertically upward and 
downward. 

These conditions caused the dependent vari- 
ables, COz bulk outlet temperature, wall tem- 
perature and Reynolds numbers to vary in the 

ranges : 

Outlet temperature 18-70°C 
Wall temperature 2CL3OO”C 
Reynolds number at entry 049457 x lo6 
Reynolds number at outlet 0.3-l-65 x 106. 

The critical point for CO, is given by : 

Critical pressure = 7.38 x lo6 N/m2 
Critical temperature = 31°C. 

These conditions fully cover the near critical 
temperature range from about 30 to 40°C in 
which the physical properties vary rapidly. All 
properties used in this work are taken from the 
recommendations of the recent comprehensive 
survey by Vulkalovich [9]. 

For each test, a comparison was made between 
the rates of electrical energy input to the test 
section and of heating the C02, the latter being 
calculated from the flow rate and the enthalpy 
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FIG. 1. Wall and bulk temperature vs. bulk entbalpy. 
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difference between the inlet and outlet bulk 
temperatures. A balance to an accuracy of 
better than 5 per cent was usually obtained when 
both these temperatures were far from the critical 
value. When either was close to the critical value, 
the accuracy deteriorated due to rapid variation 
in enthalpy with temperature. 

Mars flow =0 504 kg/s upward Re no ot 15 T -37 x105 
PWSSure = ? 44 x 106N/,,$ 

Bulk of enthalpy. J/kg 

FIG. 2. Wall and bulk temperature vs. bulk enthalpy. 

The variation in CO2 bulk enthalpy along 
the test section was calculated from the uniform 
wall heat flux, the flow rate and the enthalpy at 
either inlet or outlet bulk temperature, choosing 
that which was further from the critical value. 
The local bulk temperature along the test 
section was then generally obtained from 
thermodynamic data [9]. 

It was not however possible to do this for 
tests with pressures above 8-25 x lo6 N/m2 and 
temperatures below 40°C because there appear 
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FIG. 3. Wall and bulk temperature vs. bulk enthalpy. 

to be no data relating enthalpy to temperature 
under these conditions. A series of tests at 
pressures above 8.25 x lo6 N/m2 was therefore 
made with the outlet temperature kept constant 
at 40°C while the heat flux and flow rate were 
varied. From these it was possible to relate the 
inlet temperature to difference in enthalpy from 
its known value [lo] at 40°C. This new data was 
then used to obtain the local bulk temperature 
along the test section, under these conditions. 

A representative selection of the data obtained 
is given in Figs. l-6. The wall and bulk tempera- 
tures are plotted against bulk enthalpy for 
different heat flux in : 

Fig. 1 for a mass flow of 0127 kg/s upward at 
744 x lo6 N/m2 

Fig. 2 for a mass flow of 0504 kg/s upward at 
744 x lo6 N/m2 

Fig. 3 for a mass flow of O-504 kg/s downward at 
744 x lo6 N/m2 
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Fig. 4 for a mass flow of 0504 kg/s upward at 
lo*32 x lo6 N/m’. 

Other results are plotted as heat-transfer co- 
efficient vs. bulk temperature in Fig. 5 for a mass 
flow of O-695 kg/s upward at 744 x 10’ N/m2 
and vs. bulk enthalpy in Fig. 6 for a mass flow 
of O-127 kg/s both upward and downward at 
756 x lo6 N/m’. Additional data at other 
conditions are available [lo]. 

For tests at high heat flux, the total heat 
input was sufficient to heat the CO2 from well 
subcritical inlet to well supercritical outlet tem- 
peratures and single sets of results extend over 
the whole of the near critical enthalpy change. 
At low heat flux however, only a small fraction 
of this enthalpy change was produced along the 
whole length of the test section. To obtain 
results over the whole of the critical region, it 
was then necessary to keep the heat flux, pressure 
and mass flow constant and repeat the wall 
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FIG. 4. Wall and bulk temperature vs. bulk enthalpy. 

temperature measurements with inlet tempera- 
ture increased in appropriate steps by adjusting 
the pre-heater power. These varying inlet con- 
ditions are shown in Figs. 1-4 by different 
notation, 
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FIG. 5. Heat-transfer coeff&.nt vs. bulk temperature. 

To provide a comparison with the present 
results, the heat transfer coefhcients and wall 
temperatures predicted by the Colbum [l l] 
single phase heat transfer correlation 

Nu = O-023 Re”’ Pro’3 

for conditions when both the wall and bulk 
temperatures are either below or above the 
critical region, 30-4O*C, are plotted as dashed 
lines on Figs. l-5. When the ratio of the absolute 
values of these temperatures, T,IT, exceeds 1.1, 
as occurs with gaseous conditions with high 
heat flux, the Nusselt number in the above 
correlation is multiplied by (Tw/Tn)-o‘27 to 
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Pressure = 7.58~ IO6 N/m2 
Notation 
Jackson’s results - - - - 
Mass flow=0 159kq/r 
Re no. at l5T=I~lxlo5 
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FIG. 6. Comparison of present results with Jackson’s 
results [14]. 

allow for the small variation in physical proper- 
ties as recommended by Pickering [12] from 
Jackson’s work [13] with low pressure gaseous 
co,. 

4. DISCUSSION 

Typical effects of varying heat flux are shown 
in Fig. 2 for slightly supercritical pressure, 
744 x lo6 N/m’, a mass flow of 0504 kg/s 
upwards giving a Reynolds number of 3.7 x 10’ 
at 15°C and bulk temperatures from 15 to 70°C. 
Outside the critical region, the above heat 
transfer correlation predicts wall temperatures 
in fair agreement with the experimental data 
for low heat flux. For high heat flux, its pre- 
dictions are a little below the observed values for 
bulk temperatures up to 70°C but the dis- 
crepancy is decreasing with increase in bulk 
temperature. 

Inside the critical region at low heat flux there 
is an order of magnitude improvement in heat 
transfer in terms of the wall to bulk temperature 
dilference. For example, a flux of 1.68 x lo4 
W/m% to the subcritical liquid and supercritical 
gas requires a temperature difference of about 
5 degC, whereas only about O-5 degC is required 
in the critical region. This improvement is not 
limited to a local region in the test section but 
was observed over its full 4.56 m length in tests at 
different entry conditions. It extends from about 
1.7 x lo5 to 2.7 x 10’ J/kg bulk enthalpy. 

As the heat flux was increased, two effects 
were observed. Firstly the above broad improve- 
ment disappears. For example at a bulk enthalpy 
of 2.1 x 10’ J/kg an 8 times increase in heat 
flux (from 1.68 x lo4 to 13.5 x lo4 W/m2) 
increases the temperature difference by a factor 
of 60 (from 0.5 to 30 degC). At this increased 
flux and at higher values the temperature 
difference through most of the critical region 
is approximately the same as that either below 
or above the region. 

The second effect of increased flux is that a 
local peak in wall temperature developed along 
a short length (0.3-0.6 m) of the tube and became 
progressively bigger with further increase in 
flux. For example, at a flux of 27G x lo4 W/mz, 
this peak approximately doubles the local wall 
to bulk temperature difference. The conditions 
at which this peak occurs cannot be simply 
defined. It is certainly not associated with local 
bulk enthalpy alone as shown in Fig. 2 where 
the peak occurs at a bulk enthalpy of 1.55 x lo3 
J/kg when the CO2 temperature entering the 
tube is 18°C and at 2.5 x 10’ J/kg for an entry 
temperature of 32°C. In all the data obtained, 
the peak develops within a short distance (about 
06-0.9 m) from the start of the heated part of 
the test section. It therefore appears to be an 
entry effect which occurs when COz is heated 
from any inlet condition within the critical 
region, independently of the local bulk enthalpy. 
Down stream of these peaks, Fig. 2 shows that 
the wall temperature again becomes dependent 
on heat flux and local bulk enthalpy only. 
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Further data for a mass flow of 0695 kg/s 
up- showing effects very similar to those 
described above, are g&n in Fig 5. Here the 
data is plotted as heat transfer coefficient vs. 
bulk temperature for various heat flux. Hence 
the improvements and deteriorations appear as 
maximaandminima respectively in the transfer 
coefficient. 

At all flows investigated from O-22 up to 
0.695 kg/s, the variation in wall temperature 
with heat flux was closely similar and as 
described in 4.1. At the lowest flow, 0127 kg/s 
(Fig. l), however, the wall temperature be- 
haviour was rather different. The improvement 
in heat transfer at low heat flux was still present 
but at intermediate flm 34 x 104 and 51 x IO4 
W/m*, two peaks in wall temperature--the 
second being much broader than the fust-were 
observed. These two peaks were quite re- 
producible but both disappeared with further 
increases in flux to 6.7 x lo4 and 9.7 x lo4 
W/m2-in contrast to the behaviour at higher 
flow rates where the single peak became more 
pronounced as the flux was increased. 

4.3 E&et of direction offrow 
The effect of changing the direction of flow 

from vertically upward to vertically downward 
is shown typically by comparing Figs. 2 and 3 
for 7.44 x lo6 N/m2 and 0504 kg/s. At this 
and ah other mass flows, the peaks in wall 
temperature were present for upward flow only 
and not for downward flow. The improvements 
in heat transfer at low heat fluxes however 
remained unchanged and independent of the 
direction of flow. 

4.4 Effect of pressure 
The effect of increased CO2 pressure is shown 

in Fig. 4 for a pressure of 10.32 x lo6 N/m2 and 
a mass flow of Q504 kg/m2 upward. At this 
pressure both the improvement in heat transfer 
at low heat flux and the peak in wall tempera- 
ture are much diminished From data obtained 

at other pressures it is concluded that the tmusnal 
heat-transfer effects at near critical temperature 
are greatest at slightly supercritical pressure and 
have become negligible at about one and half 
times the critical pressure. This behaviour 
confirms that these effects are caused by 
variation in physical properties with tempera- 
ture because this variation is similarly related 
to pressure. 

5. COMPAREON WITH OTHER DATA 
The only published data for heat transfer to 

supercritical CO2 at heat flux, pressure, mass 
flow rate and tube diameter comparable to the 
present values are those of Jackson [14]. He 
obtained wall temperature measurements over 
part of the critical region with heat flux up to 
5.7 x lo4 W/m2 at a mass flow rate of @159 
kg/s both vertically upward and downward in a 
tube of l-9 x 10e2 m dia. at 7.56 x lo6 N/m2 
pressure. These conditions with a Reynolds 
number of 1.1 x 10’ at 15°C are approximately 
the same as those for the lowest mass flow rate 
O-127 kg/s at 756 x lo6 N/m2 in the 2.28 x 
10e2 m dia. tube of the present work, with a 
Reynolds number of @9 x 105. Both sets of 
results are compared for both upward and 
downward flow in Fig 6 where the heat-transfer 
coefficient is plotted against bulk enthalpy. 
The agreement can be seen to be satisfactory in 
that both data show substantial improvement 
of heat transfer with low flux independently of 
the direction of flow and two maxima in the 
transfer coefficient with slightly higher flux 
for up flow only. The occurrence of these maxima 
with intermediate heat flux and their disappear- 
ance at higher flux (Fig. 1) suggests that they 
may be caused by some unstable effect which 
can collapse and re-establish itself, 

The work of Sabersky and Hauptmann [8] on 
heat transfer from a flat plate to a flow of super- 
critical C02, is also relevant in attempting to 
explain the present results. The heat transfer 
coefficients in Fig. 5, particularly those with 
high values for low heat flux, show a variation 
with bulk temperature very similar to that found 
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by these workers (see Fig. 5 of [8]). With im- 
proved transfer, their observations, both visually 
and by hot wire anenometer, showed that the 
flow in the boundary layer was not much 
changed from that for constant property fluids 
and they ascribe the improvement mainly to 
the direct effect of the property variation on the 
transfer coefficient. With high heat flux giving 
much reduced coefficients, they observed a 
thickening of the boundary layer and increased 
turbulence near its outer edge. (Because they 
did not allow for the variation in hot wire 
sensitivity with CO, temperature, see Fig. 9.2 
of [15], their estimate of the increase in turbu- 
lence may have been low). They attribute these 
changes to the large difference in density 
between the wall and bulk temperatures. The 
results here show improved heat transfer in- 
dependently of the direction of flow and deterio- 
ration only when the flow is upward and there 
are large radial density gradients through the 
COz. This suggests that only the latter was 
caused by changes in flow due to buoyancy 
and therefore agrees with the above observa- 
tions. 

The present results can also be compared 
qualitatively with Shitsman’s extensive investi- 
gation of heat transfer to supercritical water in 
vertical tubes [l]. This shows the same general 
behaviour of local deteriorations in heat transfer 
which occur over a wide range of bulk enthalpy 
when the flow is upward. Shitsman associates 
the deterioration with large differences in 
viscosity between the wall and bulk tempera- 
tures and in the results here such viscosity 
differences are always present when deteriora- 
tion occurs. His hypothesis is however that 
these differences cause a laminarization of the 
boundary layer and this does not seem consistent 
with the above observation of increased turbu- 
lence in this layer with deteriorated transfer. 
An attempt was made to lit the present results 
to the supercritical correlation suggested by 
Shitsman but this only poorly correlated the 
deteriorated transfer and completely failed to 
correlate the improvements. 

It does not therefore yet appear that the varia- 
tions in supercritical heat transfer have explained 
experimentally but all the above results suggest 
that changes in both density and viscosity 
through the fluid and in the flow pattern are 
relevant. The theoretical analysis of Hall and 
Jackson [2] proposes a mechanism for the 
deterioration in transfer due to local suppression 
of turbulence in the boundary layer. This can 
be caused by reduction in the shear stress in 
upward flow by buoyancy forces acting on a 
thin layer of low density fluid near the wall. 
They suggest a criterion for its occurrence 
involving the changes in both density and 
viscosity through the flow, in qualitative agree- 
ment with the above conclusions. To verify this 
analysis quantitatively, measurements of these 
changes are required [2]. 

Such data are to be obtained from further 
work now in progress with the present apparatus. 
A fast response resistance thermometer is being 
used to measure mean and fluctuating tempera- 
tures through the boundary layer from which 
the changes in physical properties will be 
obtained. Measurements of turbulence, heat 
flux and shear stress through the core of the flow 
are also being made by a combination of this 
thermometer with hot wire anemometry [16]. 
It is hoped that these results will give more 
insight into the mechanisms of supercritical 
heat transfer. 

6. CONCLUSIONS 

From the present work it is concluded that: 

1. At low heat flux, heat transfer throughout 
the critical region shows an order of magnitude 
improvement over that at well sub- or super- 
critical temperature, independently of the direc- 
tion of flow. 

2. At high heat flux, peaks in wall temperature 
result in a substantial local increase of the wall 
to bulk temperature difference at the beginning 
of heating in the critical region. They occur only 
when the flow is upward and when there are 
large radial changes in the density and viscosity, 
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suggesting that they are caused by the effects of 
buoyancy on turbulence in the flow. 

3. For low flow rate, double peaks in wall 
temperature occur at intermediate heat flux and 
disappear with further increase in flux, showing 
that the buoyancy effect is unstable. 

4. All these effects decrease with increasing 
supercritical pressure to become insignificant 
at about one and a half times the critical value, 
confirming that they are caused by the rapid 
near critical variation in physical properties. 

5. New data for the enthalpy/temperature 
relationship for COz from 15 to 40°C 10.32 x 
lo6 N/m2 has been obtained. 
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TRANSPORT DE CHALEUR PAR CONVECTION FORCEE TURBULENTE DANS 

DU CO, DANS LA REGION SUPERCRITIQUE 

R&m&-On a mesure les temperatures par&ales dun tube de 4,56 m de long et de 2,28 cm de diam&re 
avec transport de chaleur dans un ecoulement turbulent de CO, a pression supercritique. Dam quelques 
exp&iences, le changement d&at du CO2 entre l’entr&e et la sortie du tube, couvrait tome la gamme super- 
critique entre les phases liquide et gaxeuse et, dans d’autres, l’effet de la variation d&at B l’entrhe, B travers 
la region supercritique, a 6tt CtudM. On a fait des mesures avec un tcoulement vertical vers le haut ou vers 
le bas a travers le tube pour dtterminer l’effet du changement de la direction de l’ecoulement nar rannort 
aux forces d’Archimtde. Un ensemble complete de don&es a Ctt obtenu pour des pressions de7,OO .‘li6 a 
10,32. lo6 Pascals, des flux de chaleur de 0,8. 104 W/m’ et des flux de masse de 0,127 a 0,695 kg/s. Des 
variations du transport de chaleur local a partir de celui pour du CO2 normal, liquide ou gazeux, dune 

diminution par un facteur deux & des ameliorations d’un ordre de grandeur. 

W~RME~B~RGANG BEI ZWANGSKO~EK~ON AN TURBULE~ES CO, IM 
UBERKRITISCHEN BEREICH 

Znsammenfassung- Es wurden die Wandtemperaturen eines 4,56 m langen Rohres mit einem Durchmesser 
von 2,28 x lo-* m bei Wlirmeiibergang an eine turbulente Strcimungvon CO, bei iiberkritischen Drilcken 
gemessen. In einigen Versuchen tiberdeckte die Zustandsiinderung von CO1 zwischen Rohranfang und 
Rohrende den ganxen liberkritischen Bereich xwischen der fltissigen und der ga&rmigen Phase. In 
anderen Versuchen wurde die Auswirkung der Variation des Anfangsxustandes im tlberkritischen Bereich 
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untersucht. Es wurden Versuche gemacht mit vertikal nach oben und nach unten gerichteter Rohrstrbmung, 
um die Auswirkung eines Wechsels der Striimungsrichtung relativ au den Auftriebskriiften festzustellen. 
Em umfassender Datensatz wurde erarbeitet f& Driicke van 7,44 x lo6 bis IO,32 x lo6 N/m’, 
W~mestr~e von 0,8 x IO4 bis 35 x IO4 W/m’ und Massenstrlime von 0,127 bei 0,695 kg/s. Die 
Abweichunge~ des lokalen W~rrn~~orn~ gegeniiber dem bei normalem gasf~~gen oder fliissigen CO, 

reichten von Verringerungen urn den Faktor zwei bis zu Verbesserungen urn Grossenordnungen. 

HOHBEKTHBHbIH TEH.‘IOOB,MEH TYPBYJIEHTHO~O HOTOHA COs 
B CBEPXKPHTH=LECKOH OBJIACTM 

A~HoTa~H~-~aMepff~~cb Te~~epaTyp~ CT~HIW rpy6br finn~oZli 4,56 M, ceqeriuebr 2,28 x 10-a 
llpll Ten~OO6~eHe B Typ6y~el~THOM nOTOKe 032 IIpH CBepXKp~T~qe~KOM ~aB~eH~~. R 

KeKolopbIx 3KcnepuhreKrax ilayYanocb K3i\leKeuue COCT~FIH~FI CO2 rra ysacrwe memEy 
BXOAOM II BLIXO~OM 113.~py6b1130 Beet CBepxKpaTMYecKoti o6nacTvr MeHqy xcllnyot YI raaoob- 

pa3~oP i$asol,a B gpyrax - BJTMFIHYIe M3MeHeHMRCOCTOHHRH Ha BXO~eBCBepXKpMTWleCKO~ 

06nacrn. BsnreperiEn npOH3BoAwrwb no uepwnane Bsepx li ~11119 no n0T0~y flnR onpege- 

JIeHHIR BjIHRHHR H3MeHeHKH HNIpaB~eHI4fi TeqeHMR Ha llOA%eMHbIe CllJIbl. nOJIyeH0 HOCTa- 

TOYHO MHOFO narfrrbrx B Krrrepnane riahrerreurin napaMe’rpou ~asnerinft (7,44-10,32). 106 H/M~, 
Ten~OBOrO IIOTOKa (O&35) x IO* BT/M~, MaccoBoro ROTOKa (~,12?~,695) Kr/CeK. HaGnro- 
EaeTcR CHWKeHMe TenJIOO6MeHa n0 CpaBHeHHIO C Ten~OO6MeHO~ 8 06biYHOM ra3006paaHo?A 

HJIH ?KH+QIiOM cot. 


