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Main objective of this study is to investigate an applicability of a steady-state heat transfer correlation to
pressure transient sequences and an effect of the pressure transient rates on the overall heat transfer
rates under the supercritical pressures. Heat transfer rates are brought in line for both the pressure
increasing and the pressure decreasing transients. And effects of pressure transient rates on heat transfer
rates are trivial. As for an applicability of steady-state heat transfer correlation to the pressure transient
sequences, the heat transfer correlation always overestimates the Nusselt number measured in the pres-
sure transient heat transfer experiments by average 30%.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

SuperCritical pressure Water cooled Reactor (SCWR) is consid-
ered as one of the GEN-IV (Generation IV) innovation nuclear reac-
tors [1]. The SCWRs, which are operated at the pressure conditions
higher than the thermodynamic critical point of water (374 �C,
22.1 MPa), have advantages over the conventional water cooled
reactors in terms of thermal efficiency as well as compactness
and simplicity [2]. The special characteristic of fluid near the ther-
modynamic critical point is that their thermodynamic properties
vary rapidly with temperature and pressure. A similar large varia-
tion in the fluid properties exists at a certain fluid temperature in
the supercritical pressure region. The fluid temperature at which
the specific heat reaches its peak value for a given pressure is
known as a pseudo-critical point. The proposed designs of the
SCWRs require an operation under the wide range of trans-pseu-
do-critical regime. Therefore, it is essential to build a reliable data-
base on the thermal hydraulic characteristics of supercritical fluids
for the operation conditions of the SCWRs.

Since supercritical pressure fluids do not undergo a change of
phase, the SCWRs at the rated operating conditions are free from
the critical heat flux (CHF) – related criteria. When the SCWRs
are operated with a sliding pressure start-up mode [3], i.e., a nucle-
ar heating starts at subcritical pressures, a CHF should be avoided
during the power-increasing phases under subcritical pressure
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conditions, just as the power of Light Water Reactor (LWR) is
rigidly regulated by the CHF-related criteria. Moreover, in order
to ensure the reliability of safety analyses with the computer codes
for abnormal pressure transients such as a loss of coolant accident,
it is necessary to understand the heat transfer characteristics dur-
ing the pressure transients from subcritical to supercritical pres-
sure vice versa. The supercritical pressure fluid has already been
practically utilized in the field of fossil-fired power plants and a
lot of data have been accumulated since 1950s. The most previous
studies, however, have been focused on the steady-state heat
transfer regime to investigate the peculiar heat transfer character-
istics and to develop the heat transfer coefficient. From a quantita-
tive point of view, experimental study for the pressure transient
conditions has not been performed yet.

In this study, two kinds of experiments were performed in a
vertical tube of 9.4 mm inner diameter using the Freon, HFC-
134a as working fluid medium to provide a reliable heat transfer
database and investigate the heat transfer characteristics during
the pressure transient conditions. As a reference case, the steady-
state heat transfer experiments were performed under the wide
range of experimental parameters which covered the mass flux
from 600 to 2000 kg/m2 s and the pressures from 4.1 to 4.5 MPa
which correspond to 1.01, 1.06 and 1.11 times the critical pressure
(critical pressure of the Freon, HFC-134a is 4.059 MPa), respec-
tively. The objective of the steady-state heat transfer experiments
is to examine the heat transfer characteristics and to develop a reli-
able heat transfer correlation which is applicable to supercritical
pressure conditions.

The pressure transient heat transfer experiments were carried
out for two cases of pressure increasing and decreasing transients.
During the pressure transients, the mass flux, the test section inlet
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Nomenclature

cp specific heat (J/kg K)
D diameter (m)
G mass flux (kg/m2 s)
H enthalpy (J/kg)
h heat transfer coefficient (W/m2 K)
k conductivity (W/m K)
L length (m)
m mass flow rate (kg/s)
n number of data (–)
Nu Nusselt number (–)
Re Reynolds number (–)
Pr Prandtl number (–)
Gr Grashof number (–)
q00 heat flux (W/m2)
Q power (W)

T temperature (K)
z location (m)

Greeks
q density (kg/m3)
l viscosity (kg/m s)

Subscripts
exp experiment
cal calculation
i inner
o outer
w wall
b bulk
v volumetric
pc pseudo-critical
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fluid temperature and the applied heat flux were held at constant
values. On the basis of the test section inlet pressure, the pressures
were varied from 3.8 to 4.5 MPa and vice versa in the pressure
transient simulations. The pressure transient rates were varied
from 1.1 to 13.6 kPa/s to evaluate the effect of the pressure tran-
sient rates on the heat transfer characteristics. Total 62 cases of
the pressure transient conditions have been experimentally inves-
tigated by varying the system controlling parameters.
2. Previous works

Supercritical pressure operation is prevalent in the field of fos-
sil-fired power plants and a lot of data have been accumulated for
large-bore tubes since 1950s. At the end of the 1950s, some studies
were started to investigate the applicability of supercritical pres-
sure fluids as coolants in nuclear reactors. Several concepts of
supercritical water reactor were developed from then on. Except
for the erstwhile Soviet Union, however, this idea was abandoned
for almost 30 years until new momentum comes into existence to
adopt the SCWRs as one of the next-generation nuclear reactors in
the 1990s. In this chapter, unique characteristics of heat transfer at
supercritical pressures are discussed. And previous works that
were done in the area of heat transfer prediction at supercritical
pressures are summarized.
2.1. Heat transfer characteristics of supercritical pressure fluid

The special feature of fluid at supercritical pressures is that their
thermodynamic properties vary rapidly with temperature and
pressure. Fig. 1 shows the thermophysical property variations
according to the temperatures for supercritical pressure water at
25.0 MPa. All thermophysical properties undergo significant
changes near the pseudo-critical point as shown in Fig. 1. The spe-
cific heat rises sharply to a peak value and then falls steeply. Den-
sity and dynamic viscosity undergo a significant drop within a very
narrow temperature range in the vicinity of the pseudo-critical
temperature. In related with the thermophysical property varia-
tions with the temperatures, other fluids such as CO2 and HFC-
134a follow the similar trends with supercritical pressure water.
In general, as pressure is increased, the pseudo-critical tempera-
ture increase and the maximum value of the specific heat de-
creases and the variations of the other properties with
temperature become less severe. This strong dependence of ther-
modynamic properties on temperature and pressure leads to dif-
ferent heat transfer regime according to a small change of fluid
temperature.

At supercritical pressure, despite non-existence of tangible
phase change, the working fluid undergoes a transition form li-
quid-like substance to gas-like one without any of discontinuities
associated with two phases being present when the fluid temper-
ature rises up and passes the pseudo-critical temperature. Depend-
ing on the applied heat flux and the mass flux of flow, the heat
transfer regime can be categorized into three types of enhanced,
normal and deteriorated heat transfer at supercritical pressure. In
general, deviations from normal heat transfer have been found to
occur when the wall temperature is greater than the pseudo-criti-
cal temperature and the bulk fluid temperature is less than the
pseudo-critical temperature, i.e., Tw > Tpc > Tb. This criterion indi-
cates the condition of large property variations occurring within
the near wall region.

Impairment of heat transfer, i.e., heat transfer deterioration can
be induced by the combined effects of heat flux and mass velocity
in the vertically upward flow. In case of high heat flux, turbulence
is reduced as a result of the thermal acceleration due to heating
and the consequent density reduction of the fluid. Turbulent diffu-
sivity is reduced when the low-density wall layer becomes thick
enough to reduce the shear stress brought about by flow accelera-
tion due to heating. In case of low mass flux, buoyancy force accel-
erates the flow velocity near the wall. This makes the flow velocity
distribution to be flat and turbulence energy generation is reduced.

2.2. Prediction methods for forced convective heat transfer of
supercritical pressure fluid

Radial variations of the thermophysical properties near the wall
with the temperatures result in the complexities of the heat trans-
fer behavior at the supercritical pressure fluid. Therefore, a convec-
tive heat transfer correlation for a constant property fluid such as
the well-known Dittus–Boelter correlation is no longer applicable
to the supercritical pressure fluid. In related with the prediction
methodology, satisfactory analytical models have not yet been
developed due to the difficulty in dealing with the rapid variations
of fluid thermophysical properties. Therefore, empirical correla-
tions based on experimental data are usually adopted for calcula-
tion of heat transfer rates at supercritical pressure conditions.

Various correlations have been developed for the normal heat
transfer, based on the experimental data of water, carbon dioxide,
and the Freon. Most of these correlations are expressed in the form
of a constant properties heat transfer correlation multiplied by the



Fig. 1. Thermophysical property variations according to temperatures for supercritical pressure water at 25.0 MPa.
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ratios of properties between the bulk fluid temperature and the
wall temperature. Of the available heat transfer correlations, repre-
sentative and reliable ones are introduced in this paper.

Bishop et al. [4] carried out experiments for supercritical water
flowing upward inside tube and annuli within the following range
of flow and operating parameters: pressure 22.8–27.6 MPa, bulk
fluid temperature 282–527 �C, mass flux 651–3662 kg/m2 s and
heat flux 0.31–3.46 MW/m2. The following Bishop correlation has
been found to correlate their data with an accuracy of ±15%. Bishop
considered the entrance effect in the heat transfer correlation.

Nu ¼ hD
kb
¼ 0:0069Re0:9
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In 1979, Jackson and Hall [5] discussed about the predicting
performance of the existing correlations using approximately
2000 experimental data for water and carbon dioxide, and con-
cluded that the Krasnoshchekov correlation [6] showed the best
predicting performance. Jackson and Hall proposed a modified
form of the Krasnoshchekov correlation as follows:
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n ¼ 0:4 for Tb < Tw < Tpc and 1:2Tpc < Tb < Tw

n ¼ 0:4þ 0:2bðTw=TpcÞ � 1c for Tb < Tpc < Tw

n ¼ 0:4þ 0:2bðTw=TpcÞ � 1cf1� 5bðTb=Tpc � 1Þcg
for Tpc < Tb < 1:2Tpc and Tb < Tw

Furthermore, Jackson and Fewster [7] proposed a simplified
form of the modified Krasnoshchekov correlation by employing
constant index of the thermophysical property ratios as follows.
This correlation is similar to the Bishop correlation without the
effect of geometrical parameters and with different values of con-
stant and exponents.
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¼ 0:0183Re0:82
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Recently, new type correlations were proposed by considering
the effect of buoyancy on the heat transfer rates. Buoyancy effect
driven by the abrupt density difference between near the wall
and center of the tube is one of the important parameters control-
ling the heat transfer characteristics at supercritical pressure. As
for the normal heat transfer regime, Watts et al. [8] developed a
heat transfer correlation for the vertically upward flowing super-
critical pressure water as follows:
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As for the Watts correlation, Komita et al. [9] modified the equa-
tion for deteriorated heat transfer and found their HCFC-22 exper-
imental data to be predicted in ±20% of error range. In the Watts
and the Komita correlations, the criteria term is the buoyancy
parameter which was driven by Jackson and Hall.

Although these correlations have been found to predict reason-
ably well for their original experimental data, large deviations can
not be avoided in estimating the heat transfer rates for the differ-
ent operating conditions such as fluids, geometry, and system
parameters and so on. These deviations could be attributed to
the complicated heat transfer characteristics of the supercritical
pressure fluids and poor understanding of heat transfer impair-
ment phenomena.

2.3. Safety analysis for abnormal transients of SCWRS

As the detailed design of the SCWRs is consolidated, some ef-
forts are being made to perform a safety analysis for abnormal
transients of the SCWRs, recently. Ishiwatari et al. [10] performed
the safety analysis for the SCWR concept developed by University
of Tokyo. They used SPRAT code as a safety analysis tool. As for
heat transfer model between the core and the supercritical pres-
sure water, Jones and Launder k–e model is adopted in the SPRAT
code. Through the safety analysis they insisted that the SCWR con-
cept has a sufficient safety margin.

Dumaz et al. [11] extended the applicability of the CATHARE2
code above the critical point of water and performed a preliminary
assessment. They simulated the loss of coolant accidents consider-
ing simple sequences of events. As a first step of the safety analysis
for the SCWRs, they adopted the Dittus–Boelter correlation as a
heat transfer correlation between the core and the supercritical
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pressure water. By performing the preliminary studies, they in-
sisted that the CATHARE2 code has the potential to be used as a
reliable safety analysis tool for the SCWRs.

Jaeger et al. [12] checked the appropriateness of TRACE code for
safety studies of systems with supercritical water. They performed
the post-test calculation of the Yamagata experiment. They modi-
fied the TRACE code by implementing new correlations for the
transport properties such as dynamic viscosity and thermal con-
ductivity. And also they implemented several open-literature heat
transfer correlations which are applicable to the supercritical pres-
sure fluids. Despite the preliminary assessments, they insisted that
the modified TRACE version is now able to handle supercritical
conditions.

The present safety analyses for abnormal transients of SCWRs
are rather premature. Until now, efforts are being focused on the
extension of the applicability of the existing computer codes to
the supercritical pressure fluids. Preliminary assessment results
suggest the improvement of the physical models, in particular,
the heat transfer correlation at supercritical pressure conditions.
As a further study, they highly recommend the detailed investiga-
tion on the pressure transient heat transfer from subcritical to
supercritical pressures to have better confidence in the safety anal-
ysis result using the computer codes.

3. Description of experiments

3.1. Experimental facility and measurements

For investigation of the heat transfer characteristics at super-
critical pressures, experiments were performed using the Freon
Thermal Hydraulic Experimental Loop (FTHEL) [13]. The FTHEL
facility consists of a closed hydraulic loop with two non-seal
canned motor pump connected in a series, a flow meter, two
pre-heaters, an inlet throttling valve, a test section, a condensing
and cooling system. Fig. 2 shows the schematic diagram of the
FTHEL facility. The system was designed with operating limits of
4.5 MPa and 150 �C. The tests were conducted in a vertical tube
of 9.4 mm inner diameter using the Freon, HFC-134a as working
fluid medium. The Freon, HFC-134a is adopted as a modeling fluid
since it has a much lower critical temperature and pressure than
Fig. 2. Schematic diagram
water and shows similar changes in its thermodynamic properties
near a pseudo-critical temperature.

The test section is uniformly heated in axial direction and heat-
ing length is 2000 mm. In the experiments, wall temperature of the
test section is primary measurement parameter for evaluating the
heat transfer characteristics at supercritical pressures. The outer
wall temperature variations along the test section are measured
by Chromel-alumel sheath type thermocouples. The sheath diam-
eter of the thermocouples is 0.5 mm and they are electrically insu-
lated. Thirty-nine thermocouples are silver-soldered to outer wall
of the test section with spacing of 50 mm. The test section is ther-
mally insulated with ceramic wool and wrapped by ceramic tape in
order to minimize a heat loss during the experiments. Fig. 3 shows
the schematic diagram and the photograph of the vertically
mounted test section.

Fluid temperature at the inlet and the outlet of the test section
are measured by calibrated platinum resistive thermometers
(RTD). And also T-type thermocouples of Copper–Constantan are
installed for complementary measurement. The thermocouples
are connected to the data acquisition system and processed by
the data acquisition system. Pressure measurements are made at
the inlet and the outlet of the test section and the loop of the FTHEL
facility. Smart type pressure transmitters manufactured by Rose-
mount are used for the measurement of pressure. Flow rate is mea-
sured with U-tube type mass flow meter having accuracy of ±0.2%,
which was manufactured by Micro Motion.

The DC power applied to the test section is measured by means
of voltage and current readings. Voltage drops are directly mea-
sured by an integral voltmeter by means of two copper wires con-
nected at both ends of the copper power clamps in the test section.
For measuring the electric current, a shunt with ±0.5% of accuracy
is installed between the main power line and the test section, and
it measures the DC up to 15,000 A.

3.2. Experimental procedure and conditions

Before starting a set of main experiments, a heat balance test
under single phase flow condition is carried out to estimate the
heat loss from the test section and to check a proper working of
the test section instrumentation. In the heat balance tests, under
of the FTHEL facility.



Fig. 3. Schematic diagram and photograph of the test section.
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the specific test conditions of test section inlet pressure, inlet
temperature, and mass flow rate, total power applied to the test
section is compared with the enthalpy rise of fluid through the test
section. Actually, the heat loss was very less than ±1% in this study.

Before getting the data acquisition, the system conditions such as
inlet pressure, inlet fluid temperature, inlet mass flux, and
applied heat flux were maintained to the desired values of experi-
mental conditions. In case of steady-state heat transfer experiment,
data were measured and recorded for about 300 s after achieving
nearly constant system conditions and the parameters were aver-
aged for total 200 data. In case of pressure transient heat transfer
experiment, the pressure transients were controlled using accumu-
lators at the desired pressure transient rates.

The steady-state heat transfer experiments have been per-
formed with various heat and mass fluxes at a fixed pressure.
The mass flux was in the range between 600 and 2000 kg/m2 s
and the maximum heat flux was 160 kW/m2. The selected pres-
sures were 4.1, 4.3 and 4.5 MPa which correspond to 1.01, 1.06
and 1.11 times the critical pressure (critical pressure of the Freon,
HFC-134a is 4.059 MPa), respectively. Total number of data ob-
tained from the steady-state heat transfer experiments are about
8300 for the various regime of heat transfer including normal,
enhanced and deteriorated mode.

The pressure transient heat transfer experiments have been car-
ried out for two cases of pressure increasing and decreasing tran-
sients. During the pressure transients, the mass flux, the test
section inlet fluid temperature and the heat flux were held at con-
stant values. On the basis of the test section inlet pressure, the
pressures were varied from 3.8 to 4.5 MPa and vice versa in the
pressure transient simulations. The mass flux was in the range
between 600 and 2000 kg/m2 s and the heat flux was in the range
between 10 and 140 kW/m2. The pressure transient rates were var-
ied from 1.1 to 13.6 kPa/s to evaluate the effect of the pressure
transient rates on the heat transfer characteristics. Total 62 cases
of the pressure transient conditions have been experimentally
investigated by varying the system controlling parameters. Table
1 summarizes the detailed experimental conditions.

3.3. Data reduction

To develop the heat transfer correlation, heat transfer rates
from the inner wall of the test section to the fluid should be eval-
uated from the measured parameters in the steady-state heat
transfer experiment. The local heat transfer coefficient can be de-
fined as follows:

h ¼ q00=ðTw;z � Tb;zÞ ð5Þ

The heat flux at the inner surface of the tube can be determined
by dividing the total applied power by the heated area. The total
applied power is the product of voltage and current imposed by
the power supply system.

q00 ¼ _Q=ðpDiLHÞ ¼ ðVIÞ=ðpDiLHÞ ð6Þ

In the experiments, the local fluid temperature did not be
directly measured for avoiding the flow obstruction in the tube
having a narrow inner diameter of 9.4 mm. Instead of direct mea-
surement, the local fluid temperature can be obtained with the
assumption that the specific enthalpy of the fluid increases linearly
with axial locations in case of uniform heat flux conditions.

Hb;z ¼ Hb;in þ ½ðz� zoÞ=LH� � ð _Q= _mÞ ð7Þ

The local fluid temperature can be calculated from thermophys-
ical properties of specific enthalpy and system pressure as follows:

Tb;z ¼ f ðHb;z; PinÞ ð8Þ

Since the inner wall temperature can not be directly measured
in the experiment, the temperature at the inner surface should be
calculated from the measured value at the outer wall by using a
heat conduction model of cylindrical tube in case of a uniform heat
generation as follows:



Table 1
Experimental conditions.

Experiment Inlet pressure (kPa) Inlet temperature (oC) Heat flux (kW/m2) Mass flux (kg/m2 s) No. of data (–)

Steady-state experiment 4100, 4300, 4500 50–110 10–160 600–2000 8300
Pressure transient experiment 3800–4500 91 10–140 600–2000 62 cases

Fig. 4. Variation of wall temperature and heat transfer coefficient: P = 4300 kPa,
G = 600 kg/m2 s.
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where _qv ¼ _Q= p
4 ðD

2
o � D2

i ÞLH

h i
: volumetric heat generation.

By substituting q00; Tb;z and Tw;z from Eqs. (6), (8), (9) into Eq.
(5), the local heat transfer correlation is obtained in this study.

3.4. Uncertainty analysis

Every measurement always includes error which results in a
difference between the measured value and the true value. The dif-
ference between the measured value and the true value is the total
measurement error. Since the true value or the error is unknown
and unknowable, its limits must be estimated at a given confi-
dence. This estimate is called the uncertainty. In 1993, The Interna-
tional Standard Organization (ISO) published the ‘‘Guide to the
Expression of Uncertainty in Measurement (GUM)” in the name
of seven international organizations, which formally established
general rules for evaluating and expressing uncertainty in mea-
surement. This guide was corrected and reprinted in 1995 and usu-
ally referred to simply as the GUM [14].

The uncertainties of the measurements were estimated from
the calibration of the sensors and the accuracy of the equipments
according to the ISO GUM method with a coverage factor of 1.96
and a confidence level of 95%. Table 2 summarizes the results of
the uncertainty analysis for the major experimental parameters.

4. Experimental results and discussions

4.1. Steady-state heat transfer experiments

In the steady-state heat transfer experiments, major experi-
mental parameters are heat flux, mass flux, inlet fluid temperature
and inlet system pressure. Fig. 4 show variation of the wall temper-
atures and the heat transfer coefficients against the bulk fluid en-
thalpy with a parameter of heat flux at the mass flux of 600 kg/
m2 s. The wall temperature is the temperature at the inner wall
of the tube calculated by Eq. (9). In these figs, several data sets
which were obtained at different inlet fluid enthalpies with a fixed
value of heat flux, mass flux and inlet pressure are plotted together.
The black solid line is the calculated bulk fluid temperature and the
enthalpy at the pseudo-critical temperature (Hpc) is denoted as a
red dotted line in each figure.

Fig. 4 represents typical patterns of the temperatures and the
heat transfer coefficients during the steady-state heat transfer
experiments. According to Fig. 4, thermal behavior of the tube is
determined mainly by the applied heat flux and the mass flux of
Table 2
Results of uncertainty analysis.

Parameters Instruments

Tube outer wall temperature K-type thermocouples
Inlet and outlet fluid temperature RTD
Pressure Rosemount smart type
Mass flux Coriolis mass flow meter
Heat flux Shunt, voltmeter
Heat transfer coefficient Evaluation
fluid, which shows a general agreement with findings of previous
studies and understandings. In case of a low heat flux, wall temper-
ature profile is parallel to bulk fluid temperature line, and the heat
transfer coefficient has the maximum value at slightly lower than a
pseudo-critical enthalpy. The wall temperature, however, shows
abrupt increase with increase of a heat flux, which clearly indicates
the occurrence of heat transfer deterioration. As a heat flux is in-
creased, starting time for heat transfer deterioration has a ten-
dency to be earlier.

Experimental data on forced convection of the steady-state heat
transfer are correlated in terms of dimensionless parameters for
the purpose of design calculations and safety analysis in the
Nominal value Relative uncertainty (%)

200 �C 0.88
150 �C 0.37
4500 kPa 0.18
1250 kg/m2 s 1.52
160 kW/m2 1.20
5 kW/m2 K 3.68



Fig. 6. Test result of heat transfer correlation against the experimental data of open
literature.
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SCWRs. For forced convection flow under conditions where the
influence of buoyancy, compressibility and dissipation are
negligible, the local Nusselt number can be derived with the func-
tional dependence as follows [5]:

Nub ¼ f bReb; Prb; x=d;qw=qb;lw=lb; cpw=cpb; kw=kbc ð10Þ

Therefore, heat transfer correlations can be expressed in the
form of a constant properties heat transfer correlation multiplied
by the ratios of properties between the bulk fluid temperature
and the wall temperature. Among the various properties, specific
heat is the most influencing parameter in heat transfer rate under
the supercritical pressure. In order to take account of abrupt vari-
ation of specific heat with temperatures, an integrated specific heat
(cp) and Prandtl number (Pr) are employed assuming constant
pressure as follows:

cp ¼
1

Tw � Tb

Z Tw

Tb

cpdT ¼ ðHw � HbÞ=ðTw � TbÞ ð11Þ

Pr ¼ lbcp

kb
ð12Þ

Heat transfer correlation was developed considering the prop-
erties variation near the wall. The proposed correlation given by
Eq. (13) predicts the Nusselt number within ±20% accuracy for
the 94.6% of present experimental data for the normal heat transfer
regime. The total data point is 7022. Fig. 5 shows the comparison of
experimental and estimated data for the Nusselt number.

Nub ¼ 0:0244Re0:762
b Pr0:552 qw

qb

� �0:0293

ð13Þ

For a quantitative comparison of the deviation between the
experimental and correlated heat transfer coefficients, RMS
(Root-Mean-Square) deviation and mean deviation of the predic-
tion error are calculated as follows. RMS deviation and mean devi-
ation are 0.106 and 0.0006, respectively.

eRMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

X Nuccal � Nuexp

Nuexp

� �2
s

ð14Þ

�e ¼ 1
n

X Nuccal � Nuexp

Nuexp

� �
ð15Þ

The proposed heat transfer correlation was tested against the
experimental data of open literature. For a reference, the experi-
ments performed by Yamagata et al. [15], Lee et al. [16], Komita
Fig. 5. Comparison of experimental and estimated data for the Nusselt number.
et al. [9], Pioro et al. [17] and Kim et al. [18] are selected. Fig. 6
shows the comparison of experimental and estimated data for
the Nusselt number. The total data point is 1073 and the proposed
correlation predicts the Nusselt number within ±20% accuracy for
the 86.4% of the selected experimental data which were obtained
using water, R-22 and CO2. RMS deviation and mean deviation of
the prediction error are 0.098 and �0.035, respectively. This statis-
tical result indicates that the proposed heat transfer coefficient is
plausibly applicable to the different experimental conditions and
the other working fluids of supercritical pressures.

4.2. Pressure transient heat transfer experiments

In order to ensure the reliability of safety analyses with the
computer codes for abnormal pressure decreasing transients
including a loss of coolant accident, it is necessary to understand
the heat transfer characteristics during the pressure transients
from subcritical to supercritical pressure vice versa. During the
pressure transients, the mass flux, the test section inlet fluid tem-
perature and the heat flux were held at constant values. On the ba-
sis of the test section inlet pressure, the pressures were varied from
3.8 to 4.5 MPa and vice versa in the pressure transient simulations.

Fig. 7 shows the variation of the wall temperatures during the
pressure increasing and the pressure decreasing transients for a
fixed heat and mass flux, respectively. In Fig. 7, the notation of
thermocouple location is edited out for simplified expression of
the overall thermal behavior because 39 thermocouples are in-
stalled at the test section. Near the critical pressure, the heat trans-
fer mode is most remarkably changed at reduced pressure (P/Pc)
ranging from 0.97 to 0.99. In the pressure increasing transient,
the upper part of the test section maintains the stable post-CHF
heat transfer at subcritical pressure region and the lower part of
the test section experiences the occurrence of CHF as pressure ap-
proaches the critical pressure. Compared to the CHF and the post-
CHF situation of the subcritical pressure, enhanced heat transfer is
dominant under the supercritical pressure as shown in Fig. 7. In the
pressure decreasing transient, as soon as the pressure decreases to
the subcritical pressure, wall temperatures abruptly jump, which
can be characterized as a CHF phenomenon.

During the pressure transients, the specific volume of high tem-
perature coolant above the critical point increase continuously as
the system pressure decreases from the supercritical to subcritical
region. Slightly above the critical pressure, supercritical fluid is



Fig. 7. Variation of wall temperature during pressure transients.
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dense, highly heat conducting and deep heat reservoirs at constant
pressure. And it is also poorly heat diffusing and highly expandable
medium. These peculiar characteristics of near critical fluid may af-
fect the abrupt change of heat transfer mode during the pressure
transients.

From a quantitative point of view, heat transfer rates are
brought in line for both the pressure increasing and the pressure
decreasing transients under the supercritical pressure region as
shown in Fig. 8. Pressure transient rates during postulated loss of
coolant accident in the SCWRs can be varied according to the break
size and accident sequences. For mild transient of loss of coolant
accident, the pressure transient rate is around 10 kPa/s [10]. In this
study, effects of pressure transient rates on the heat transfer char-
acteristics are examined during the pressure transients. The pres-
sure transient rates range from 1.1 to 13.6 kPa/s in the present
experimental conditions. Fig. 9 shows the variation of heat transfer
coefficients against pressure transient rates for a given heat flux
and mass flux. Under the supercritical pressures, variations of heat
transfer rates according to the pressure transient rates are trivial in
both the mass flux of 600 and 1000 kg/m2 s.

From a safety analysis point of view, the applicability of steady-
state heat transfer correlation for the pressure transient conditions
is one of the most important pending issues in that heat transfer
correlation developed from the steady-state heat transfer experi-
ment is directly adopted in the most safety analysis codes. In this
study, the applicability of steady-state heat transfer correlation
for the pressure transient sequences is evaluated. Fig. 10 shows
the comparison of experimental and calculated data for the Nusselt
number via applying the steady-state heat transfer correlation to
the data of pressure transient heat transfer experiments. It could
be found from Fig. 10 that the steady-state heat transfer correla-
tion developed using the steady-state heat transfer experimental
data overestimates the Nusselt number measured in the pressure
transient heat transfer experiments by 10–40%. During the pres-
sure transients, the wall temperature and the bulk fluid tempera-
ture do not change significantly for a fixed heat flux level as



Fig. 8. Comparison of heat transfer coefficients between the pressure increasing
and the pressure decreasing transients.

Fig. 9. Variation of heat transfer coefficient against pressure transient rates.

Fig. 10. Test results for applicability of the steady-state heat transfer correlation to
the pressure transient conditions.

Fig. 11. Variation of individual term of the heat transfer correlation during the
pressure transients.
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shown in Fig. 11. An individual term of the heat transfer correla-
tion, however, is a function of system conditions and they are
highly dependent on system parameters, especially the pressure.
Especially, increase of integrated Prandtl number is remarkable
during the pressure decreasing transient. Therefore, the steady-
state heat transfer correlation consistently overestimates the heat
transfer rates during the pressure transients as shown in Fig. 10.

5. Conclusions

Experiments were performed in a vertical tube of 9.4 mm inner
diameter using the Freon, HFC-134a as working fluid medium un-
der the supercritical pressure range. Two kinds of experiments, i.e.,
steady-state and pressure transient, were carried out. As for the
steady-state heat transfer experiment, the selected pressures were
4.1, 4.3 and 4.5 MPa which correspond to 1.01, 1.06 and 1.11 times
the critical pressure, respectively. The inlet pressures were varied
from 3.8 to 4.5 MPa and vice versa in the pressure transient simu-
lations. Through the steady-state heat transfer experiment, heat
transfer correlation is suggested. And also heat transfer character-
istics during the pressure transients are examined and the applica-
bility of steady-state heat transfer correlation for the pressure



K.-H. Kang, S.-H. Chang / International Journal of Heat and Mass Transfer 52 (2009) 4946–4955 4955
transient conditions is evaluated. Some insights gained from the
present study include:

� Parametric trends of the heat transfer characteristics of the
supercritical pressure fluid show a general agreement with find-
ings of previous studies and understandings. Heat transfer cor-
relation was developed considering the properties variation
near the wall. The proposed correlation predicts the Nusselt
number within ±20% accuracy for the 94.6% of present 7022
experimental data point. Test results against the experimental
data of open literature obtained using water, HCFC-22 and CO2

indicate good predicting capability of the proposed correlation.
� During the pressure transients, near the critical pressure, the

heat transfer mode is most remarkably changed at reduced pres-
sure (P/Pc) ranging from 0.97 to 0.99. Compared to the CHF and
the post-CHF situation of the subcritical pressure, enhanced heat
transfer is dominant under the supercritical pressure.

� From a quantitative point of view, heat transfer rates are
brought in line for both the pressure increasing and the pressure
decreasing transients under the supercritical pressure region.

� During the pressure decreasing transients, heat transfer rates
increased slightly compared to those of initial values at
4500 kPa, which could be attributed to the dominant peak value
of specific heat with a decrease in pressure. However, variations
of heat transfer rates according to the pressure transient rates
are trivial in all the experimental conditions.

� The applicability of steady-state heat transfer correlation for the
pressure transient sequences is evaluated. The steady-state heat
transfer correlation developed using the steady-state heat trans-
fer experimental data always overestimates the Nusselt number
measured in the pressure transient heat transfer experiments by
10–40%.

As for the applicability of steady-state heat transfer correlation
to the pressure transient sequences, the steady-state heat transfer
correlation developed using the steady-state heat transfer experi-
mental data always overestimates the Nusselt number measured
in the pressure transient simulations by 10–40%. From a safety
analysis point of view, it is highly recommended that sufficient
thermal margin up to 40% should be considered for the safety anal-
ysis of pressure transient sequences of the SCWRs.
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