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Abstract 

For the development and design of supercritical pressure water-cooled reactor (SCWR), it is 
necessary to accurately estimate heat transfer to supercritical pressure water in high bulk 
enthalpy region. In this study, heat transfer experiments were performed using supercritical 
pressure HCFC22 as a test fluid, which flowed upward in a uniformly heated vertical circular 
tube. The experimental data are compared with conventional heat transfer correlations. In 
addition, numerical simulations were performed with the k-co model using the commercial 
CFD code STAR-CD to quantitatively reproduce the experimental data and to examine the 
effect of property variation on heat transfer. 

1. Introduction 

Supercritical pressure water-cooled reactor (SCWR), which is a once-through water-cooled 
reactor operating above the critical pressure of water (22.1 MPa), has been considered as an 
innovative reactor due to its high thermal efficiency and economic potential. The SCWR is 
planned to operate at the coolant outlet temperature of 500°C or more, supplying supercritical 
pressure steam at high temperatures to the turbine systemEll. The design of the SCWR 
involves the heat transfer from a fuel rod to the coolant under supercritical pressure, and 
especially it is necessary to accurately estimate the maximum cladding surface temperature 
(MCST) which is one of the most important indicators for safety. The MCST occurs at the 
core outlet, and therefore the accurate estimation of heat transfer coefficients in the high bulk 
enthalpy region is essential for the development of the SCWR. 

It is widely recognized that when a fluid is heated at a constant supercritical pressure, there 
occurs no phase change; there occurs a continuous variation from a liquid-like fluid to a 
vapor-like fluid. Hence supercritical pressure fluids in a thermodynamic equilibrium state 
can be regarded as single phase fluids in any conditions from a macroscopic standpoint. 

On the other hand, physical properties of supercritical pressure fluids vary continuously and 
rapidly with temperature as an example shown in Figure 1. Isobaric specific heat cp has a 
peak. The temperature at which the specific heat attains a maximum value is called the 
pseudocritical temperature T. In a certain temperature range including the pseudocritical 
temperature, physical properties such as thermal conductivity 2,, density p, viscosity p and 
specific enthalpy h vary rapidly from liquid-like state to vapor-like state. Heat transfer for 
the supercritical pressure fluid is characterized by such variations of physical properties with 
temperature. 
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On the other hand, physical properties of supercritical pressure fluids vary continuously and 
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Figure 1 Physical properties of HCFC22 at a supercritical pressure[21

Over the past decades, for the development of supercritical pressure thermal plants, a large 
number of experimental studies on the heat transfer to supercritical pressure fluids have been 
conducted mainly using water and carbon dioxide. Since most of these studies focused on 
the peculiar characteristics of the heat transfer near the pseudocritical temperature, 
experimental data in the high bulk enthalpy are scarce. 

Compared with experimental studies, numerical simulations need much lower cost especially 
for supercritical pressure fluids, providing more detailed information. In recent years, with 
the advances of computer capability and computational methods, more and more numerical 
studies have been performed with the commercial applications of computational fluid 
dynamics (CFD). To our knowledge, none of previous numerical studies except the study by 
Yang et a/.[31 aimed at the heat transfer in the high bulk enthalpy region, and because of 
experimental data scarcity, Yang et al. could not make a sufficient examination. 

In the present study, heat transfer experiments were conducted using supercritical pressure 
HCFC22 as a test fluid, which flowed upward in a uniformly heated vertical circular tube. 
Experimental data were obtained under the superheated vapor region, which is defined as the 
high bulk enthalpy region above the pseudocritical enthalpy in this paper. The data are 
compared with constant property heat transfer correlations and traditional correlations for 
supercritical pressure fluids, and predicting performance of these correlations is examined. 
In addition, numerical simulations were carried out with the k-w model using the commercial 
CFD code STAR-CD to quantitatively reproduce the experimental data and the effect of 
property variation on heat transfer is examined. Finally, the numerical model used for 
HCFC22 is applied for supercritical pressure water, and wall temperatures at the core outlet in 
SCWR are estimated. 

2. Experiments 

2.1 Experimental apparatus and method 
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The experimental apparatus, which was previously constructed[41, is shown in Figure 2. The 
test loop was a forced circulation test loop, including a circulation pump, preheater, test 
section, cooler, mixing chambers, flow meters and flow control valves, as shown 
schematically in Figure 2(a). HCFC22 was used as a test fluid since its critical pressure and 
temperature of 4.99 MPa and 96.2°C are much lower than those of water, and therefore the 
experimental data in superheated vapor region at supercritical pressure can be relatively 
readily obtained. The pressure in the test loop was kept constant by an accumulator 
connected to a high pressure nitrogen gas supply. The accumulator had a free piston, which 
seal nitrogen gas closely from HCFC22. 
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Figure 2 Experimental apparatus 

The test section, as shown in Figure 2(b), was an Inconel 600 smooth tube of 4.4 mm I.D. 
oriented vertically. It was heated over a 2000 mm length by passing alternating current 
through the tube directly. HCFC22 flows through the test section vertically upward. The 
inlet and outlet bulk fluid temperatures were measured with sheath thermocouples at the inlet 
and outlet mixing chambers. The wall temperatures on the tube outside surface were 
measured with sheath thermocouples fixed at axially 50 mm intervals in total 39 sections. 

In the experiments, the data were obtained after confirming the wall temperatures and the 
outlet bulk fluid temperature at steady, keeping the following experimental parameters 
constant: pressure P, mass velocity G and heat flux q. The inside surface temperatures T„, of 
the tube were evaluated from the measured outside surface temperatures taking account of the 
radial heat conduction within the tube wall. The bulk fluid temperature Tb at each axial 
section corresponding to the position of measuring the outside surface temperature was 
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Figure 2   Experimental apparatus 

The test section, as shown in Figure 2(b), was an Inconel 600 smooth tube of 4.4 mm I.D. 

oriented vertically.  It was heated over a 2000 mm length by passing alternating current 
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In the experiments, the data were obtained after confirming the wall temperatures and the 

outlet bulk fluid temperature at steady, keeping the following experimental parameters 

constant: pressure P, mass velocity G and heat flux q.  The inside surface temperatures Tw of 

the tube were evaluated from the measured outside surface temperatures taking account of the 

radial heat conduction within the tube wall.  The bulk fluid temperature Tb at each axial 

section corresponding to the position of measuring the outside surface temperature was 
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evaluated from the bulk enthalpy hb determined by the measured outlet fluid enthalpy and the 
heat balance to the test section outlet. 

The heat transfer coefficient a was calculated from the inside surface heat flux q and the 
temperature difference Tw — Tb between the inside surface and the bulk fluid. 

q a = 
Tw —Tb 

(1) 

It was estimated that the temperature difference was accurate within 0.8°C including the 
uncertainty in the thermocouple measurement and heat loss, and that heat flux from the 
electric power input and mass flow rate were accurate 1%. The influence of the uncertainty 
of pressure readings on heat transfer was negligibly small. In total, the accuracy of the heat 
transfer coefficient was up to ± 5%. The wall temperature was kept under 180°C to avoid 
the deposition of carbon onto the wall surface due to the decomposition of HCFC22. 

The experimental conditions are listed in Table 1. The pressure of 5.5 MPa corresponds to 
the reduced pressure of 1.1 which is the same as the supercritical pressure water condition in 
SCWR. The physical properties of HCFC22 are calculated by NIST REFPROP version 
8.0[21. The pseudocritical temperature and enthalpy of HCFC22 at 5.5 MPa are 101.4°C and 
372.9 kJ/kg, respectively. 

Table 1 Experimental conditions 

Fluid 
Flow direction 

HCFC22 
Upward 

Inside diameter D mm 4.4 
Pressure P MPa (P/Ps) 5.5 (1.1) 
Mass velocity G kg/(m2•s) 1000, 2000 
Heat flux q kW/m2 40, 50, 60, 70, 80, 100, 130 
Bulk fluid enthalpy hb kJ/kg 400 - 480 

2.2 Experimental results and discussion 

The measured inside wall temperatures and heat transfer coefficients are plotted against bulk 
fluid enthalpy at a mass velocity of 1000 kg/(m2•s) and various heat fluxes of 40, 50, 60 and 
70 kW/m2 in Figure 3. The heat transfer coefficient calculated by the Dittus and Boelter 
correlation[51 is also shown in the lower diagram of this figure. The wall temperature 
increases monotonically along bulk fluid temperature with bulk fluid enthalpy and increases 
with heat flux at a bulk fluid enthalpy, indicating the tendency of forced convective heat 
transfer. As for heat transfer coefficient, although the present data become more unaffected 
by heat flux with increasing bulk fluid enthalpy, they are lower than the Dittus and Boelter 
correlation by about 15-20%. Thus, the Dittus and Boelter correlation overestimates heat 
transfer coefficient although Kamei et a/.[61 recommended the use of the Dittus and Boelter 
correlation in the high bulk fluid enthalpy region. 
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Figure 3 Wall temperature and heat transfer coefficient 

The MCST is an important indicator for safety, and its estimation depends largely on the 
correlation that determines the heat transfer coefficient from a fuel rod to the coolant. A 
number of correlations for supercritical pressure fluids have been developed mainly based on 
the experimental data of water and/or carbon dioxide. Most of these correlations are 
expressed in the form of a forced convective heat transfer equation multiplied by the wall to 
bulk property ratios raised to suitable powers. 

Jackson and Hall[71 discussed the predicting performance of these correlations using 
approximately 2000 experimental data for water and carbon dioxide, and concluded that the 
correlation proposed by Krasnoshchekov and ProtopopovE81 showed the best. In addition, 
Jackson and Hall modified and simplified the Krasnoshchekov and Protopopov correlation to 
employ a Dittus and Boelter correlation type form for the constant properties Nusselt number 
part. After the Jackson and Hall's study, some correlations have been proposed by several 
reseachers, for example, Watts and Chou[91 and KurganovEml. These supercritical pressure 
fluid correlations were developed mainly with data of tubes of diameter over 10 mm for the 
development of supercritical pressure boilers. Taking account of the tightened fuel rod pitch 
in the SCWR of which a hydraulic diameter is smaller, Yamashita et a/. [ill tested the 
predicting performance of these correlations using the experimental data obtained with 
HCFC22 in a small tube of 4.4 mm I.D., and in consequence recommended the Watts and 
Chou correlation as the best, especially in the near-pseudocritical enthalpy region. However, 
as for the high bulk enthalpy region including the point at which MCST occurs, there is no 
report for the predicting performance of these correlations. 
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In this study, the predicting performance of these correlations is tested with the present data 
under the high bulk enthalpy region of the superheated vapor. The correlations for this test 
also includes the correlation by Bishop et al. [121 The predicting performance of the Bishop 
et al. correlation is lower than that of the Krasnoshchekov and Protopopov correlation 
according to the above-mentioned Jackson and Hall's study, but the applicable range of 282-
527°C for supercritical pressure water covers the higher bulk fluid temperature and its 
predicting performance remains a matter of re-examination. In addition, to compare the data 
with constant property forced convective heat transfer correlations, the Kays and Crawford 
correlation[131 for gas single phase flows as well as the Dittus and Boelter correlation is 
examined. 

Table 2 Predicting performance of the correlations 

hb > 400 kJ/kg 

Number of data N= 273 

hb > 440 kJ/kg 

Number of data N= 99 

SD MD AD 5% 10% 20% SD MD AD 5% 10% 20% 

Dittus-Boelter[41 43.0 39.1 39.1 0 0 6.6 24.6 24.2 24.2 0 0 17.2 

Kays-Crawford[121 40.5 34.2 34.2 0 4.4 35.2 16.1 15.4 15.4 0 12.1 82.8 

Bishop et a1.E111 25.7 24.0 24.0 0 0 39.2 19.7 19.0 19.0 0 0 57.6 
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Jackson-Hall 61 24.5 23.2 23.2 0 0 44.7 17.8 17.5 17.5 0 0 80.8 

Watts-Chou[81 6.6 5.0 4.5 61.9 87.5 98.9 3.0 2.6 2.1 90.9 100 100 

KurganovE91 16.1 14.9 14.9 0.4 18.3 83.9 11.8 11.5 11.5 0 30.3 100 
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Figure 4 Comparison of the correlations 
with the present data 
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 for gas single phase flows as well as the Dittus and Boelter correlation is 
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The results of the comparison are shown in Table 2. In the table, SD, MD, and AD are 
standard deviation, mean deviation and average deviation, respectively, and the columns of 
5%, 10% and 20% express the percentages of the number of the data of their prediction 
deviation within ± 5%, ± 10% and ± 20% to the total number of the experimental data, 
respectively. It can be clearly seen that the Watts and Chou correlation is superior to other 
correlations and reproduce all the data above 440 kJ/kg within ± 10% deviation. The results 
also show that the Bishop et al. correlation has a predicting performance equivalent to the 
Jackson and Hall correlation, but that the Kays and Crawford correlation is better for the high 
bulk enthalpy region above 440 kJ/kg. 

Figure 4 shows an example of the comparisons in the relation between the heat transfer 
coefficient and the bulk fluid enthalpy. In this figure, the Watts and Chou correlation also 
shows the best prediction. 

3. Numerical simulation 

3.1 Computational method 

Numerical simulations were carried out by use of the commercial CFD code STAR-CD 
incorporating physical properties of supercritical pressure HCFC22. STAR-CD provides a 
number of turbulence models. Among these turbulence models, the standard k-w model, 
which is the widely used as an eddy viscosity model to simulate the turbulence effect on flow 
and heat transfer in boundary layer, was selected. In general, as the near wall treatment, the 
high Re model uses a wall function, while the low Re model does not use a wall function but 
needs meshes to be finely generated near wall. STAR-CD recommends that the meshes are 
generated so that the nondimensional distance y+ value for the first node close to the wall is 
30-100 in using the high Re model, while the y+ value for the first node is lower than 1 in 
using the low Re model. In this study, the mesh size was adjusted to satisfy the above 
requirements in each run, in which the y+ value was estimated using the Itaya equation114I 
about frictional factor for isothermal single phase flow. Figure 5 shows the geometry and 
boundary conditions of this method. In order to save computing time, a twentieth part of the 
circular cross-section was taken because of the cyclic geometry. Heat flux was given by heat 
generation in the solid cells of tube. The outer surface of the solid cells was insulated. 

Solid 

Adiabatic 

Fluid 2.2 mm 
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Figure 5 Computational model 
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3.2 Numerical results and discussion 

First, as the ideal state, the heat transfer in the case where there is no variation of physical 
properties across the flow was computed, and the results are compared with constant property 
forced convective heat transfer correlations. The physical properties were given as the 
constant values at each bulk fluid enthalpy. As seen in Figure 6(a), the significant difference 
of the heat transfer coefficients calculated by between the two Re models is not observed, and 
the both models quantitatively agree well with the Kays and Crawford correlation for gas 
single phase flow but not with the Dittus and Boelter correlation. The validity of the 
computational model was also confirmed. 

Secondly, the heat transfer in the case where the dependency of physical properties on 
temperature is actually taken into consideration was computed, and the results are compared 
to the computation with physical properties constant. Figure 6(a) shows that the heat transfer 
coefficients considering the variations of physical properties are lower than that not 
considering them. The heat transfer coefficient calculated by the low Re model is lower than 
the calculation by the high Re model in some degree and equivalent to the calculation by the 
Watts and Chou correlation, reproducing the experimental data well. 
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Figure 6(b) shows the calculation of wall temperature and fluid temperature distribution 
across the flow at the bulk fluid enthalpy of 440 kJ/kg in Figure 6(a) plotted against the 
distance y from wall. In this figure, the nondimensional distance y+ from wall calculated by 
the low Re model is also described. It is observed that there is no difference of the fluid 
temperature distributions between the two Re models over y+ = 50, but there occurs the 
discrepancy of the wall temperatures. It is supposed that, in the high Re model, the property 
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variation owing to rapid temperature rise in the viscous sublayer near the wall is not 
successfully considered, which results in the discrepancy of heat transfer coefficients. 
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Figure 7 Influence of heat flux on heat transfer coefficient 

Figure 7 shows an example of the comparisons of the computed heat transfer coefficients by 
the low Re k-a) model with the experimental data and the Watts and Chou correlation at 
different heat fluxes. In this figure, the above-mentioned numerical results in the case of 
constant properties are considered the ideal coefficients at the heat flux being zero and 
represented as q = 0. Both the experimental and numerical coefficients decrease with 
increasing heat flux and are reproduced by the Watts and Chou correlation. This effect of 
heat flux is not neglected even in the high bulk fluid enthalpy region of over 440 kJ/kg. 

Radial profiles of density, isobaric specific heat and thermal conductivity at 440 kJ/kg in 
Figure 7 are shown in Figure 8 as the ratios divided by the bulk values. The ratios of density 
and isobaric specific heat become largely lower than that of thermal conductivity in the 
vicinity of wall with heat flux. The change of viscosity ratio was also as small as that of 
thermal conductivity ratio although it is not shown in this figure. In the Watts and Chou 
correlation, radial variations of isobaric specific heat and density are taken into account in the 
form of Prandtl number based on integrated specific heat and the wall to bulk density ratio, 
respectively, and hence this correlation probably has a high predicting performance. 

In the k-co model, turbulent heat flux is expressed as the following equation: 

dT 
q = — (A ± PcPat) dye (2) 

where at = vt IPrt is the eddy thermal diffusivity, vt = k /w is the eddy kinematic viscosity and 
Prt is the turbulent Prandtl number. Figure 9 shows an example of the comparisons of 
turbulent thermal conductivity pcpat and the molecular thermal conductivity A,. In y+ > 15, 
the turbulent thermal conductivity is larger and becomes more dominant with distance from 
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wall, but the amount is smaller with increasing heat flux. Thus, it is likely that the lowering 
of heat transfer coefficient with heat flux results from depression of the turbulent thermal 
diffusivity due to decreasing of density and isobaric specific heat in the turbulent layer near 
the viscous sublayer. 

1.5 

.o 1 

8 
0 
1 0.5 

I 

hb = 440 kJ/kg 

• • = : . • — • ••—w a.. 

q PIPb cplcpb AlAb 
kW/m2

40 
70 - - 

I I 0
0 20 40 60 80 100 

Nondimensional distance from w all y 

Figure 8 Radial profiles of physical properties 

T
he

rm
al

 c
on

du
ct

iv
ity

 
W

/(
m

•K
) 

1.2 

0.8 

0.6 

0.4 

0.2 

00 20 40 60 80 100 

Nondimensional distance from w all y 

hb = 440 kJ/kg 

- q A 
kW/m2

- 0 
- - 40 

70 

pCpat 

I 

—.1.-H-- I 4 , I A 

Figure 9 Comparison of molecular and turbulence thermal conductivity 

Finally, the above computational model used for HCFC22 is applied for supercritical pressure 
water, and the result is compared with the data by Ishigai et al.E151 and by the Watts and Chou 
correlation, as shown in Figure 10. The test conditions selected for this comparison are 
similar to the SCWR conditions[61. Although the heat transfer coefficients by the 
computation are lower than those by the Ishigai et al. and the Watts and Chou correlation in 
the region of the bulk temperature below 450°C, at the bulk fluid temperature of 500°C 
corresponding to the core outlet temperature in the SCWR, the numerical results agree with 
the Watts and Chou correlation within 5% deviation. The Watts and Chou correlation 
estimates the MCST of 599°C under the following conditions[61: pressure of 25 MPa, 
hydraulic diameter of 4.2 mm, mass velocity of 937.9 kg/(m2.$), heat flux of 562kW/m2 and 
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of heat transfer coefficient with heat flux results from depression of the turbulent thermal 

diffusivity due to decreasing of density and isobaric specific heat in the turbulent layer near 

the viscous sublayer. 
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water temperature of 500°C. However, the k-co low Re model estimates the a little higher 
MCST of about 605°C. 
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Figure 10 Application of the computational model to supercritical pressure water 

4. Conclusion 

In relation to the development of SCWR, especially for accurate estimation of MCST, 
experimental and numerical studies were performed on the heat transfer to supercritical 
pressure fluids in superheated vapor region, and the following results were obtained. 

The heat transfer coefficient obtained by the experiment was by about 15-20% lower than the 
calculation by the Dittus and Boelter correlation. The lowering of heat transfer coefficient 
with heat flux resulted from depression of the turbulent thermal diffusivity due to decreasing 
of density and isobaric specific heat in the turbulent layer near the viscous sublayer. The 
Watts and Chou correlation had the best prediction performance for the experimental and 
numerical data among the various conventional correlations. The k-co low Re model was 
suitable for numerical analysis for supercritical pressure fluid in superheated vapor region. 

Accordingly, for the estimation of the heat transfer coefficient at the core outlet in the design 
of SCWR, it is recommended to use the correlation which takes into account the radial 
variations of density and isobaric specific heat, especially the Watts and Chou correlation. 
With a view to improving the prediction accuracy of the MCST, precise experimental data 
with supercritical pressure water in high bulk temperatures should be obtained. 
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