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Convection heat transfer of CO2 at super-critical pressures during cooling in a vertical small tube with
inner diameter of 2.00 mm was investigated experimentally and numerically. The local heat transfer
coefficients were determined through a combination of experimental measurements and numerical sim-
ulations. This study investigated the effects of pressure, cooling water mass flow rate, CO2 mass flow rate,
CO2 inlet temperature, flow direction, properties variation and buoyancy on convection heat transfer in
small tube. The results show that the local heat transfer coefficients vary significantly along the tube
when the CO2 bulk temperatures are in the near-critical region. The increase of specific heat and turbu-
lence kinetic energy due to the density variation leads to the increase of the local heat transfer coeffi-
cients for upward flow. The buoyancy effect induced by density variation leads to a different variation
trend of the local heat transfer coefficients along the tube for upward and downward flows. The numer-
ical simulations were conducted using several k–e turbulence models including the RNG k–e model with
a two-layer near wall treatment and three low-Reynolds number eddy viscosity turbulence models. The
simulations using the low-Reynolds number k–e model due to Yang–Shih has been found to be able to
reproduce the general features exhibited in the experiments, although with a relatively large overestima-
tion of measured wall temperatures. A better understanding of the mechanism of properties variation
and buoyancy effects on convection heat transfer of CO2 at super-critical pressures in a vertical small tube
during cooling has been developed based on the information generated by the simulation on the detailed
flow and turbulence fields.

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

As a natural constituent of the biosphere, CO2 is a non-flamma-
ble, odorless, nontoxic working fluid, with ODP = 0, GWP = 1, and
no unexpected long-term effects to the environment. In environ-
mental, cost and safety terms, CO2 is regarded as an ideal natural
refrigerant [1,2]. Thus, the CO2 high-pressure trans-critical com-
pression cycle for air-conditioners and heat pumps is currently of
great interest.

Heat transfer in super-critical fluids is relevant to various engi-
neering applications such as gas cooler in CO2 trans-critical refrig-
erating systems, fossil fuel fired steam generators, nuclear reactors,
transpiration cooling and convection cooling in rocket thrust
chambers, selective extraction in chemical engineering, etc. In
the super-critical region, thermophysical properties vary dramati-
cally with a small change in temperature over certain temperature
range. Convection heat transfer of fluids at super-critical pressures
exhibits many special features due to the sharp variations of the
ll rights reserved.

: +86 10 62770209.
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thermophysical properties and buoyancy forces resulting from
the non-uniform density distribution across the cross-section of
the tube during both heating and cooling process.

In many of these applications mentioned above, the super-crit-
ical fluids are used as a coolant for cooling engineering systems,
and there have been many research papers published on experi-
mental and numerical studies of internal forced and mixed convec-
tion heat transfer of super-critical fluids during heating [3–8]. The
results provided significant insight into the special features of heat
transfer processes of super-critical pressure fluids during heating.
However, in the application of CO2 trans-critical refrigerating sys-
tems, the CO2 rejects heat in the gas cooler at super-critical pres-
sures. The heat transfer features during this cooling process is
different from those during heating. Improved understanding of
the convection heat transfer characteristics and the heat transfer
enhancement and deterioration mechanisms of CO2 at super-criti-
cal pressures during cooling in small tube is important for improv-
ing designs of the compact and high efficiency gas cooler and the
internal heat exchanger.

Although applications of CO2 at super-critical pressures during
cooling are not as wide as those during heating, there were still
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Nomenclature

CP specific heat at constant pressure [J/(kg K)]
d diameter of small tube [m]
g gravity acceleration [m2/s]
G mass flow rate [kg/s]
H bulk specific enthalpy [J/kg]
hx local heat transfer coefficient [W/(m2 K)]
k turbulence kinetic energy [m2/s2]
p pressure [MPa]
Pr Prantle number
R inner radius of small tube [m]
r distance from the axial [m]
Re Reynolds number
T temperature [�C]
Tpc pseudo-critical temperature [�C] or [K]
x axial coordinate [m]
y normal distance from the inner wall
y+ non-dimensional distance from the wall =

qC
1
4
l
ffiffi
k
p

y
l

(Cl = 0.09)

Greek symbols
d tube wall thickness [m]
k thermal conductivity of the small tube (stainless seel)
q density of fluid [kg/m3]
l dynamic viscosity [kg/(m s)]

Subscripts
0 tube entrance
CO2 parameters of CO2

in inner surface
out outer surface
pc pseudo critical
wall wall
water parameters of water
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many researches carried out on the convection heat transfer of
super-critical fluids in vertical and horizontal normal size tubes
during cooling [9–12]. In recent years, the convection heat transfer
of fluids at super-critical pressures has also been investigated for
mini/micro tubes or channels during cooling prompted by the need
for low weight and small volume heat exchangers, such as by
Pettersen et al. [13], Liao and Zhao [14], Dang and Hihara [15], Huai
et al. [16] and Kuang and Ohadi [17]. Detailed reviews covering the
research on heat transfer to fluids at super-critical pressures
during cooling were presented by Pitla et al. [18] and Chen et al.
[19]. Chen et al. [19] presented a comprehensive analysis of heat
transfer and pressure drop experimental data and correlations for
super-critical CO2 cooling in macro- and micro-channels and
recommended further efforts be made to develop good heat
transfer methods for super-critical CO2 cooling in the future.
Numerical calculations were conducted with various procedures
and models to simulate the laminar (Liao and Zhao [20]) or
turbulent flow (Petrov and Popov [21], Pitla et al. [22], and Dang
and Hihara [23]) and heat transfer of super-critical fluids during
cooling. However, most of the previous numerical calculations
were conducted without considering the influence of buoyancy
effect.

As far as the author concerned, most of the previous studies
focused on the axially-averaged heat transfer performance. There
is no work experimentally measuring the local convection heat
transfer coefficients of super-critical fluids in small tubes during
cooling due to the difficulty of the measurements, and there is
very few detailed heat transfer mechanism analysis conducted
through numerical simulations, especially those related to the
influence of properties variation and buoyancy effects. Thus, the
purpose of this work was to obtain the local heat transfer coeffi-
cients during cooling by a combination of experimental measure-
ments and numerical simulations for the cooling water domain
and to investigate the influence of pressure, cooling water mass
flow rate, CO2 mass flow rate, CO2 inlet temperature, flow direc-
tion on heat transfer. Moreover, based on comparisons of mea-
sured wall temperatures from the experiments with those
obtained from the simulations of the whole domain including
the CO2, tube wall and cooling water regions, appropriate turbu-
lence model was selected to generate detailed information for
obtaining an understanding of the influence of the sharp thermo-
physical properties variations of the fluid and the buoyancy
effects.
2. Investigation method

The main difficulty in obtaining the local heat transfer coeffi-
cients is to obtain the local heat flux by experimental approach.
In order to solve this problem, this investigation combines numer-
ical simulations and experimental measurements to determine the
local heat flux. A commercial code FLUENT 6.3 was used to simulate
the convection heat transfer of the cooling water in the outside
channel to calculate the local outer wall heat flux from the CO2 to
the water through the tube. The local heat transfer coefficients were
then obtained using the measured temperature on the outside wall
and the local heat fluxes calculated from the numerical simulation.

2.1. Experimental apparatus

The experimental system used to investigate the local convec-
tion heat transfer of CO2 at super-critical pressures in vertical small
tube during cooling is shown schematically in Fig. 1. The CO2 was
supplied from the high-pressure CO2 container, was cooled by the
cooling bath and was pressurized by a high-pressure CO2 pump. A
super-critical magnetic pump was used to circulate the fluid in the
loop. The mass flow rate of CO2 was measured using a Coriollis
mass flow meter. The CO2 was heated in a pre-heater before enter-
ing the test section, where it was cooled by water running in a
Plexiglas channel. Then the CO2 left the test section and flowed
through the sub-cooler where it was cooled. A data acquisition sys-
tem, standard and differential pressure transducers, thermocou-
ples and RTDs were installed to measure the parameters.

The test section was a 250 mm long vertical tube-in-tube coun-
ter-flow heat exchanger, with 150 mm cooling section and 50 mm
adiabatic section before and after. The test section was connected
with the test loop by flanges and high-pressure fittings. The inner
tube was a smooth stainless steel 1Cr18N9T tube with inside and
outside diameters of 2.00 mm and 3.14 mm. The test section was
heavily insulated and hence the losses to the environment were
negligible. Also, the axial conduction in the steel tube and the flu-
ids are found to be insignificant.

Mixers were installed before points where the inlet and outlet
CO2 temperatures were measured by accurate RTDs (Pt-100),
which contact the CO2 through a tee joint. The CO2 inlet pressure
was measured by a pressure transducer. The location for measur-
ing temperature and pressure of test section is shown in Fig. 1.
The local outer wall temperatures of the small tube were measured
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Fig. 1. Schematic of experimental system.
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using 10 equally spaced T-type thermocouples welded onto the
outer surface of the tube. The inlet and outlet temperatures of
the cooling water were measured by sheathed thermocouples.
The cooling water mass flow rate was measured using the weigh-
ing method.

2.2. Method to evaluate the local heat transfer coefficient

The local heat transfer coefficient of CO2 at super-critical pres-
sures in a small tube during cooling, h(x), was defined as the ratio
of local inner wall heat flux and local temperature deference be-
tween the CO2 and the inner wall:

hðxÞ ¼ qwall-inðxÞ
TCO2ðxÞ � Twall-inðxÞ

ð1Þ

The local inner wall heat flux was calculated using an energy
balance between the inner wall and the outer wall:

qwall-inðxÞ ¼
qwall-outðxÞ � dout

din
ð2Þ

The local outer wall heat flux, qwall-out(x), which was difficult to
obtained through direct experimental measurement, was obtained
from numerical simulations of the convection heat transfer of the
cooling water in the outside annular channel formed by the
plexiglass water jacket based on the measured data (inlet temper-
ature and velocity and temperatures of the side that contacting
the outer tube wall, which were assumed to equal to the outer wall
temperature Twall-out(x)) using a commercial code FLUENT 6.3. The
velocity inlet and pressure outlet boundary conditions were used,
with the external wall temperature distribution obtained from a
4-ordered polynomial fit of the measured Twall-out(x).The other side
of the cooling water domain was assumed to be adiabatic. The
standard k–e model with the enhanced wall treatment was se-
lected. The mesh was carefully designed to assure that y+ near wall
is less than 1.

The inner wall temperature, Twall-in(x), was calculated from
Twall-out(x) and the heat flux distribution, qwall-out(x), assuming one-
dimensional heat conduction in the wall:

Twall-inðxÞ ¼ Twall-outðxÞ þ
qwall-outðxÞdout

2k
lnðdout=dinÞ ð3Þ

The local CO2 enthalpy, HCO2(x), was calculated by the inlet en-
thalpy which was a function of the CO2 inlet pressure and temper-
ature, and the integral of local heat flux (energy removed from the
inlet to the local position, x) as below:
HCO2ðxÞ ¼ HCO2ð0Þ �
pdin

GCO2

Z x

0
qwall�inðxÞdx ð4Þ

The local CO2 bulk temperature, TCO2(x), was obtained using the
NIST software REFPROP 7.0 referenced from the local CO2 enthalpy,
HCO2(x).

The Reynolds number based on the mean fluid temperature was
defined as

Re ¼ qud
l
¼ 4G

pdl
ð5Þ
2.3. Validation of determination of the local heat flux on the tube wall

The accuracy of the local heat transfer coefficients in the vertical
small tube depends on the accuracy of simulation of the convection
heat transfer in the cooling water and the determination of the lo-
cal outer wall heat flux, qwall-out(x). Therefore, the simulation of the
convection heat transfer in the cooling water running through the
outside channel using a commercial code FLUENT 6.3 was carefully
validated experimentally.

In the validation experiments, the small tube was directly
heated by electricity to produce a constant heat flux, which was
calculated from the measured currents and the heater resistance,
other device and measurements are similar to the experiments
with CO2. The water mass flow rate was measured by weighing
method.

Physical models and numerical method was the same as de-
scribed in Section 2.2.

Results showed that the general difference between numeri-
cally predicted and wall heat fluxes calculated from the heating
power was about ±10%, with the maximum not exceeding 15%.
Therefore, the results verify the reliable simulation for the convec-
tion heat transfer of the cooling water in the outside channel and
the determination of the local outer wall heat flux of the tube.

2.4. Experimental uncertainty analysis

The uncertainty of the heat transfer coefficients was mainly
caused by the heat flux predicted by numerical simulation, the wall
temperature and other experimental measurement uncertain-
ties.Prior to installation, the thermocouples and the RTDs were cal-
ibrated by the National Institute of Metrology, PR China. The
accuracies were ±0.25 �C in the temperature range of 0–150 �C
for the T-type thermocouples and ±0.1 �C in the temperature range
of 0–70 �C for the RTDs. The accuracy of the pressure transducer
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(Model EJA430A) was 0.075% of the full range of 12 MPa. According
to the instructions, the accuracy of CO2 mass flow rate measured
by the Coriolis-type mass flow meter (Model MASS2100/
MASS6000, MASSFLO, Danfoss) was calculated as follows:

eG ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:12 þ Z � 100

m

� �2
s

where eG = error (%), Z = zero point error (kg/h) (= 0.002 kg/h),
m = mass flow (kg/h). The flow rates during the measurements were
about 0.5–1.0 kg/h. Therefore, the relative uncertainties of CO2 mass
flow rates were 0.14–0.22%. Maximum uncertainty of cooling water
mass flow was 0.6%.

According to the accuracies of the instruments and a detailed
analysis, the uncertainty of the tube inner surface temperatures
was ±0.3 �C in the temperature range of 0–150 �C, the uncertainty
of the local bulk fluid temperature was ± 0.2 �C, and the relative
uncertainty of the temperature difference between the wall and
fluid was ±7.2%. The root-mean-square experimental uncertainty
of the heat transfer coefficient was estimated to be ±16.6%. The
experimental uncertainty of the inlet pressures was estimated to
be ± 0.1%.

3. Experimental results and discussion

The influences of the cooling water mass flux, the CO2 mass flux,
the inlet temperature, the pressure, and the flow direction on the
convection heat transfer of super-critical CO2 inside the small tube
were investigated in a series of experiments.

In cases this study concerned, the wall temperatures were low-
er than Tpc, and the bulk temperatures were higher than Tpc at the
inlet and approached or passed Tpc at the outlet.

3.1. Upward flow

3.1.1. Influence of cooling water mass flux
Fig. 2 shows the effect of the cooling water mass flux on the lo-

cal heat transfer coefficients for inlet conditions of T0 = 55.0 �C,
p = 8.8 MPa, ReCO2,0 = 4340. Tpc = 38.9 �C at 8.8 MPa.

As shown in Fig. 2, for all these three cases, as the bulk temper-
ature of CO2 decreases along the test section and approaches the
pseudo critical temperature, the specific heat of the CO2 increases,
which results in the enhancement of heat transfer from the CO2 to
the wall, and the local heat transfer coefficient reaches to a maxi-
mum at x/d � 17 due to the integral effect of physical properties of
the fluid near the wall, especially cp. In another respect, the density
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Fig. 2. Local heat transfer coefficients for various cooling water mass flow rate for
upward flow din = 2.00 mm, ReCO2,0 = 4340, p0 = 8.8 MPa, TCO2,0 = 55.0 �C.
of the fluid near the wall increased dramatically due to the varia-
tion of wall temperature, and leads to the increase of turbulence
due to the buoyancy effect, which is supported by the numerical
simulation results in Section 5.2. These two factors combined to-
gether results in the heat transfer enhancement at x/d � 17. As is
presented in Fig. 2, increasing cooling water mass flux causes a
slight increase in the heat transfer coefficient for these conditions.
This is due to that as the cooling water mass flow rate increases,
the heat transfer between the cooling water and the external sur-
face of the tube wall is enhanced with the increase of turbulence
intensity of the cooling water, therefore the heat transfer coeffi-
cients between the CO2 and the wall was enhanced accordingly.

3.1.2. Influence of CO2 mass flow rate
Fig. 3 shows the effect of the CO2 mass flow rate (corresponding

to different inlet Reynolds number) on the heat transfer coeffi-
cients at TCO2,0 = 55.0 �C, Rewater,0 = 8430, p = 8.8 MPa.

As shown in Fig. 3, the CO2 mass flux strongly influences the
heat transfer coefficient, which significantly increases as the CO2

mass flow rate increases. When the mass flow rate is doubled,
the peak of heat transfer coefficient increases by a factor of 1.5.
This is mainly due to the increasing turbulence intensity with the
increasing of CO2 mass flow rate. The increased turbulence intensi-
fies the mixing in the fluids, which enhances the heat transfer be-
tween the fluid and the wall. This is also the explanation for heat
transfer coefficients increasing with the mass flow rate for con-
stant property fluids. For CO2 at super-critical pressures, the wall
temperature increases with the mass flow rate and approaches
the pseudo critical temperature stemming from the enhanced heat
transfer, as a result, the specific heat of the CO2 fluid near the wall
increases accordingly, which enhances the heat transfer between
the CO2 and the wall further.

3.1.3. Influence of inlet temperature
Fig. 4 shows the heat transfer coefficients varying along the

tube at Rewater,0 = 8430, ReCO2,0 = 4340, p0 = 8.8 MPa, with different
CO2 inlet temperatures of TCO2,0 = 55.0 �C and 70.0 �C, respectively.
When the inlet temperature is high (for case at TCO2,0 = 70.0 �C), the
specific heat and thermal conductivity of the fluid are relatively
low; the heat transfer between the fluid and the wall is weak com-
pared with that for the case with lower bulk temperature for the
case with TCO2,0 = 55.0 �C, as shown in the first part of the test sec-
tion in Fig. 4. With further reduction in the bulk temperature, the
difference between bulk temperatures for cases with
TCO2,0 = 55.0 �C and 70.0 �C decreases as well as that of the heat
transfer coefficients.
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Fig. 3. Local heat transfer coefficients for various CO2 mass flow rate for upward
flow din = 2.00 mm, Rewater,0 = 8430, p0 = 8.8 MPa, TCO2,0 = 55.0 �C.
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Fig. 4. Local heat transfer coefficients for various CO2 inlet temperature for upward
flow din = 2.00 mm, Rewater,0 = 8430, ReCO2,0 = 4340, p0 = 8.8 MPa.
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Fig. 5. Local heat transfer coefficients for various CO2 inlet pressure for upward
flow din = 2.00 mm, Rewater,0 = 8430, ReCO2,0 = 4340, TCO2,0 = 55.0 �C.
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Fig. 6. Local heat transfer coefficients of CO2 in the small tube during cooling for
upward and downward flow din = 2.00 mm, Rewater,0 = 8430, ReCO2,0 = 6910,
p0 = 8.8 MPa TCO2,0 = 55.0 �C hollow: downward flow, solid: upward flow;
Bo* � 3.1�10�5.
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Fig. 7. Local heat transfer coefficients of CO2 in the small tube during cooling for
upward and downward flow din = 2.00 mm, Rewater,0 = 8430, ReCO2,0 = 8640, p0 = 8.8
Mpa TCO2,0 = 55.0 �C hollow: downward flow, solid: upward flow; Bo* � 1.3�10�5.
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3.1.4. Influence of pressure
Fig. 5 shows the heat transfer coefficient of super-critical CO2

during cooling for different pressures at Rewater,0 = 8430,
TCO2,0 = 55.0 �C, ReCO2,0 = 4340. The heat transfer coefficient in-
creases drastically as the pressure decreases and approaches pc,
which is mainly resulted from the increase of specific heat for cases
with pressure nearer the critical pressure.

3.2. Downward flow

Heat transfer of carbon dioxide at super-critical pressures flow-
ing downwards with inlet Reynolds number ranged from 4340 to
8640 was investigated experimentally. As shown in Figs. 6 and 7,
the variation of heat transfer coefficients along the tube for down-
ward flow cases was significantly different from the variation for
upward flow cases. The heat transfer coefficients decreased first
and then restored moving downstream further.

Generally, according to Jackson and Hall [24], the buoyancy
parameter, Bo*, was introduced to estimate the influences of buoy-
ancy on heat transfer for turbulent flow. The buoyancy will signif-
icantly influence the heat transfer for cases with Bo* > 5.6�10�7,
where Bo* was defined as:

Bo� ¼ Gr�=ðRe3:425Pr0:8Þ

Generally, the Gr/Re2 > 10�2 is also a criterion for the buoyancy
effect to be significant. The local value of Gr/Re2 in cases in Figs. 6
and 7 is large than 3 � 10�1, and the average value of Bo* is larger
than 2 � 10�6, which indicates that the buoyancy effect cannot be
neglected in these cases, and buoyancy is the main factor that leads
to the difference between upward flow and downward flow since
other test condition are the same and flow direction is the only
difference.

According to the theories to explain the effects of strong buoy-
ancy on turbulence introduced by Jackson et al. [25], a sharp den-
sity change occurred when passing from a super-critical
temperature (the temperature of fluid in the core) to a subcritical
temperature (the wall temperature) in the cross-section, as a re-
sult, the fluid density adjacent to the wall was much larger than
the density in the core. The downwards buoyancy force consists
with the flow direction and accelerates the flow near the wall rel-
atively more than in the core, the average velocity difference be-
tween the wall region and core region is reduced. Therefore, the
shear stress in the region between the wall and the core was re-
duced since the shear stress was proportional to the average veloc-
ity difference between these two regions. As a result, the
production of turbulence was reduced due to the flattened velocity
profile and the heat transfer coefficients were reduced as well.
Moving downstream along the tube, the buoyancy force enhanced
the negative shear stresses, thus restored the production of turbu-
lence, and improved the heat transfer again. For certain case during
cooling, such as in Fig. 6, the local heat transfer coefficient for
downward flow was even larger than that at upward flow condi-
tions in the downstream of the test section where the heat transfer
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recovered. This is mainly due to that the bulk temperature and wall
temperature for downward flow was slightly higher than for up-
ward flow resulted from the impaired heat transfer in the first part
of the test section, and the heat transfer was recovered more in the
downstream, which was different from the cases during heating.

4. Physical–mathematical model

The physical model and coordinate system for the numerical
analysis are shown in Fig. 8. The complete computational domain
covered the CO2 fluid, the tube wall and the cooling water. The
length of the cooled section is 150 mm, and the length of the sec-
tions before and after the cooled section are assumed to be 50 mm
(25d). Flow enters the tube with a constant velocity, u0, and con-
stant temperature, T0. The flow was assumed to be axial-symmet-
ric, steady, and turbulent flow.

In this study, the conjugate heat transfer of water–solid wall–
CO2 in a counter-flow heat exchanger was numerically simulated
using a commercial code FLUENT 6.3 with various turbulence mod-
els used to model the turbulence, including the RNG k–e model
with the two-layer approach [26] and three low-Reynolds number
models: Yang and Shih (YS) [27], Abe et al. (AKN) [28], and Lam and
Bremhorst (LB) [29].

The governing equations for the steady state, axial-symmetric
turbulent flow of a super-critical pressure fluid in a vertical tube
with consideration of the temperature-dependent property varia-
tions and buoyancy described by He [30] was employed.

The definitions of damping functions, f1, f2 and fl in low-Reynolds
number turbulence models can be found in details in [27–29].

The NIST Standard Reference Database 23 (REFPROP) Version 7
was used for calculating the temperature and pressure dependent
properties of CO2. The SIMPLEC algorithm was used to couple the
pressure and velocities. The second-order upwind scheme was
used for discretization of the momentum, energy, turbulent kinetic
g

X

O r

2

2

Fig. 8. Physical model and coordinate system for numerical simulation (for upward
flow, g is reversed for downward flow).
energy, and turbulent energy dissipation equations. The structured
mesh with 250 nodes in axial direction, (60 + 20) nodes in radius
direction (CO2 region + tube wall), 150 nodes in axial direction
and 60 nodes in radius direction for cooling water region was used.
The mesh was refined in the radial direction towards the tube wall
for both carbon dioxide and water region and was carefully de-
signed to assure that the y+ value at the first node was always less
than 1. Boundary conditions imposed were uniform velocity and
temperature at the inlet, and pressure outlet conditions at the out-
let for both CO2 region and cooling water region. The convergence
criteria required a decrease of at least 6 orders of magnitude for the
residuals with no observable change in the surface temperatures
for an additional 200 iterations. Calculations with various numbers
of elements showed that the results were grid independent.

5. Numerical simulation results and analysis

5.1. Comparison of calculated results of different turbulence models
and experimental data of the wall temperature

Fig. 9 compares the measured and the predicted wall tempera-
tures for super-critical pressure CO2 flowing upwards in the verti-
cal small tube during cooling for ReCO2,0 = 4216, Rewater,0 = 8430,
p0 = 8.8 MPa, TCO2,0 = 70.0 �C using various turbulence models
including the RNG k–e model with the two-layer approach and
three low-Reynolds number models: YS, AKN, and LB. The experi-
mental data show that the wall temperature increases close to
the entrance and then decreases monotonically. The simulations
show that the RNG k–e turbulence model predicted the best quan-
titatively corresponding wall temperature after the wall tempera-
ture peak. However, the RNG k–e turbulence model
overestimates the of heat transfer near the cooling entrance.
Although the low-Reynolds number models: AKN, LB and YS model
seriously over-predicted the wall temperature, they were able to
reproduce the general trend, especially the enhancement of heat
transfer close to the entrance. The YS model predicts a clearer
occurrence of heat transfer enhancement and a closer wall temper-
ature compared with the AKN and LB model.

Fig. 10 compares the measured and the predicted wall temper-
atures for super-critical pressure CO2 for both upward and down-
ward flow in the vertical small tube during cooling for
ReCO2,0 = 4340, Rewater,0 = 8340, p0 = 8.8 MPa, TCO2,0 = 55.0 �C using
the RNG k–e model with the two-layer approach and the YS model.
The experimental data for downward flow clearly show deteriora-
tion and recovery of heat transfer due to the buoyancy effect. The
RNG k–e model responds weakly to the buoyancy effects for down-
ward flow. The YS model shows a strong response to the buoyancy
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Fig. 9. comparison for upward flow: various turbulence model ReCO2,0 = 4216,
Rewater,0 = 8430, p0 = 8.8 MPa, TCO2,0 = 70.0 �C.
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and is able to predict the occurrence of deterioration and recovery
exhibited in the experiments. Therefore, the following analyses
were based on the detailed information generated by the numeri-
cal simulations using the YS model.

5.2. Analysis of heat transfer mechanism for upward flow

For CO2 at super-critical pressures flowing upwards in the verti-
cal small tube during cooling, a peak value of heat transfer coeffi-
cients occurs as shown in Figs. 2–5. However, the peak in the heat
transfer coefficient does not occur at the position where bulk tem-
perature equals to Tpc, which means that the peak in the heat transfer
coefficient and that of the specific heat do not coincide exactly. This
is different from those found for the axially-averaged heat transfer
coefficients as reported in previous research, such as [12,13].
Fig. 11 depicts the variation of kinetic energy along the tube within
the fluid layer adjacent to the wall where y+ < 60 for ReCO2,0 = 4216,
Rewater,0 = 8430, p0 = 8.8 MPa, TCO2,0 = 70.0 �C. A peak value of turbu-
lent kinetic energy occurs near the entrance due to the sharp varia-
tion of density (which can be verified in Section 5.3) as well as the
buoyancy effect, where the wall temperature decreases dramatically
from the value equals to bulk temperature in the adiabatic flow inlet
part. As a result, the fluid density near the wall increases sharply,
whereas the core of the fluid still stays in the gaseous state and the
density is very low. The sharp variation of the density from the core
to the near wall increases the turbulent kinetic energy and the mix-
ing of fluids, and therefore enhanced the heat transfer between the
fluid and the wall. The direction of buoyancy force induced by this
sharp density change is opposite to the flow direction for upward
flow, which also enhances the heat transfer.

Moving further downstream, the bulk temperature decreases
and the temperature of the fluid layer adjacent to the wall
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Fig. 11. Variation of kinetic energy along the tube for upward flo
decreases as well and approaches Tpc, a peak value of specific heat
occurs, which increases the heat diffusivity, and the heat transfer is
enhanced as a result.

The combination influence of turbulent kinetic energy and spe-
cific heat in the fluid layer adjacent to the wall other than the bulk
properties leads to the variation of heat transfer coefficients along
the tube.

5.3. Effects of thermophysical properties

Fig. 12 presents the influence of thermophysical properties
including density, specific heat, viscosity and thermal conductivity
on wall temperature for ReCO2,0 = 4216, Rewater,0 = 8430,
p0 = 8.8 MPa, TCO2,0 = 70.0 �C. In the calculations two different cases
were considered: (1) all of the thermophysical properties are var-
iable; and (2) only one thermophysical property was held constant
based on the inlet fluid temperature to study the influence of each
physical property, respectively.

It can be seen that for such conditions with low inlet Reynolds
number and strong buoyancy effect, the influence of fluid density is
significant. The turbulent kinetic energy is greatly reduced when
the density is held constant and the peak disappears as shown in
Fig. 13. As a result, the wall temperature in this position is much
lower than the temperature-dependent density case, which indi-
cates a poorer heat transfer, and the enhancement near the en-
trance disappears as well without the buoyancy effect. The
specific heat also significantly influences heat transfer. The heat
transfer is weakened when the specific heat is held constant at in-
let temperature which is far from Tpc.

5.4. Heat transfer enhancement and deterioration mechanism due to
buoyancy effects

Heat transfer enhancement for upward flow (buoyancy-op-
posed) and deterioration and recovery for downward (buoyancy-
assisted) flow due to buoyancy were observed in cases this study
concerned, and the YS model was able to reproduce the general
trend of wall temperature distribution exhibited in the experi-
ments, as shown in Fig. 10.

The buoyancy effect induced by gravity and density variation
plays a significant role for both upward and downward flow. The
fluid changes from a gas-like state in the core to a liquid-like
state near the wall. For both upward and downward flow, the
velocity decreases along the tube due to the increase of density
dependent on fluid temperature. For upward flow, the direction
of buoyancy force is opposite to the flow direction, the buoyancy
force accelerates the flow near the wall relatively more than in
the core, the velocity profiles are steeper that those when g = 0
(as shown in Fig. 14), as a result, the shear stress is intensified
and thus, more turbulence is generated and diffused, and turbu-
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lent kinetic energy is increased accordingly compared with the
buoyancy free case.

For downward flow cases when the direction of buoyancy force
consists with the flow direction, the velocity profiles are flattened
and the turbulent kinetic energy reduced greatly, as shown in Figs.
14 and 15, x/d = 10 and x/d = 15 where the heat transfer was im-
paired as the consequence of the buoyancy effect. Moving down-
stream along the tube, the M-shaped velocity profile increases
the negative shear stress, and partially restored the turbulent ki-
netic energy, as shown in Figs. 14 and 15, at x/d = 25, where the
heat transfer was improved.
a) Density is h

b) Density is tempe

Fig. 13. Influence of density on turbulent kinetic energy ReCO2,in =
6. Conclusions

The local heat transfer coefficients of CO2 at super-critical pres-
sures in vertical small tubes during cooling were determined by
combining simulations of the convection heat transfer in the cool-
ing water in the outside channel with experimental measurements.

The effects of the cooling water mass flow rate, the CO2 mass
flow rate, the CO2 inlet temperature, the operating pressure and
the flow direction were analysed. The heat transfer coefficients
increase with increasing cooling water mass flow rate, increase sig-
nificantly with increasing CO2 mass flow rate, and decrease with
the operating pressure for pressures above pc. The heat transfer
eld constant  

rature-dependent 

4216, Recw,in = 8430, p0 = 8.8 MPa, Tin = 70.0 �C upward flow.
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was enhanced for upward flow and impaired for downward flow
due to buoyancy effect when the inlet Reynolds number was rela-
tively small.

The local heat transfer coefficients of CO2 varied along the small
tube for both upward flow and downward flow. For upward flow,
the heat transfer coefficients firstly increased and then decreased
with a maximum occurring between the position of the peak of
turbulent kinetic energy and the peak of specific heat in the layer
adjacent to the wall. For downward flow, the heat transfer coeffi-
cients firstly decreased due to the buoyancy effect and then in-
creased when the heat transfer improved, and decreased again
after reaching maximum near the recovery position of turbulent
kinetic energy.

The simulations using the low-Reynolds number k–e turbulence
model due to Yang–Shih has been found to be able to reproduce
the general features exhibited in the experiments on convection
heat transfer to CO2 at super-critical pressures in a vertical small
tube during cooling, especially the enhancement and deterioration
due to buoyancy effects, although with a relatively large overesti-
mation of measured wall temperatures. The RNG k–e turbulence
model responds weakly to the buoyancy effects.

A better understanding of the problem has been developed
based on the information generated by the simulations using the
Yang–Shih model: the turbulence kinetic energy and specific heat
of fluids adjacent to the wall play a very important role in the con-
vection heat transfer to CO2 at super-critical pressures in a vertical
small tube during cooling; for small tubes such as the one used in
the current study, the buoyancy effect is generally significant when
the CO2 inlet Reynolds number is relatively small (less than 104);
the sharp variations of density and specific heat dependent on tem-
perature greatly affect the heat transfer to CO2 at super-critical
pressures in a vertical small tube during cooling.
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