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a b s t r a c t

The flow and heat transfer characteristics of China No. 3 aviation kerosene in a heated curved tube under
supercritical pressure are numerically investigated by a finite volume method. A two-layer turbulence
model, consisting of the RNG kee two-equation model and the Wolfstein one-equation model, is used for
the simulation of turbulence. A 10-species kerosene surrogate model and the NIST Supertrapp software
are applied to obtain the thermophysical and transport properties of the kerosene at various temperature
under a supercritical pressure of 4 MPa. The large variation of thermophysical properties of the kerosene
at the supercritical pressure make the flow and heat transfer more complicated, especially under the
effects of buoyancy and centrifugal force. The centrifugal force enhances the heat transfer, but also
increases the friction factors. The rise of the velocity caused by the variation of the density does not
enhance the effects of the centrifugal force when the curvature ratios are less than 0.05. On the contrary,
the variation of the density increases the effects of the buoyancy.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Supercritical fluid has been applied broadly in aeronautics,
astronautics and nuclear reactor due to its excellent heat transfer
properties [1,2]. The specific heat capacity of supercritical fluid has
a peak value when it varies with temperature at a supercritical
pressure. The temperature corresponding to the peak point is called
pseudo-critical temperature at that supercritical pressure. The
physical properties of supercritical fluid, such as specific heat
capacity and thermal conductivity, have a large variation near the
pseudo-critical point corresponding to a supercritical pressure,
which induces non-conventional heat transfer. While the signifi-
cant change of the density near the pseudo-critical point can cause
a strong secondary flow under the effects of body force, which
enhances the convective heat transfer. There were many experi-
mental and numerical studies on the convective heat transfer of
supercritical water or carbon dioxide flowing in straight pipes
[3e7], in some of which the effects of buoyancywere considered. So
far, there have been few studies about the influences of centrifugal
force on the convective heat transfer of supercritical fluid. Li et al.
[8] investigated the turbulent heat transfer to near-critical water in
a heated curved pipe numerically, and presented the characteristics
of the heat transfer at different conditions.
.
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Hydrocarbon fuel, which works at a supercritical pressure, is
very important in the active cooling system of rocket and regen-
erative cooling of scramjet engine as refrigerant. The hydrocarbon
fuel is composed of several hundred hydrocarbons. Thus, the
physical properties of the hydrocarbon fuel are more complex than
those of water or carbon dioxide, and the convective heat transfer is
also more complicated. Zhong et al. [9] studied the heat transfer of
China No. 3 aviation kerosene at supercritical conditions experi-
mentally. Linne et al. [2] evaluated the heat transfer of supercritical
JP-7 fuel experimentally. However, they did not consider the
influences of the body force on the convective heat transfer.

In this paper, a CFD software FLUENT 6.3 is used to analyze the
effects of the buoyancy and centrifugal forces on the heat transfer of
China No. 3 aviation kerosene at a supercritical pressure. The RNG
kee two-equation turbulence model [10] that is efficient to model
the flow field with secondary flow and variable physical properties
is used to solve themain flow of the kerosene in a horizontal curved
pipe. The Wolfstein one-equation model [11] is used to solve the
low Reynolds flow at the near-wall region.

2. Numerical methods

2.1. Computational models

The China No. 3 aviation kerosene flows in a curved pipe. The
geometry and the system of coordinates are shown in Fig. 1. The
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Nomenclature

A cross-section area (m2)
Cp specific heat capacity (J/(kg K))
d diameter of the pipe (m)
f fraction factors
h heat transfer coefficients (W/(m2 K))
k turbulent kinetic energy (m2/s2)
K thermal conductivity (W/(m K))
Nu Nusselt number (Nu ¼ hd/K)
Pr Prandtl number (Pr ¼ mCp/K)
q heat flux (W/m2)
r inner radius of the pipe (m)
R curvature radius of the pipe (m)
Re Reynolds number (Re ¼ Wd/v)
Rey wall-distance-based turbulent Reynolds number

ðRey ¼ ry
ffiffiffi
k

p
=mÞ

S source term
T temperature (K)
W axial velocity (m/s)
y distance to the wall (m)

Greek symbols
l curvature ratios (l ¼ r/R)
m viscosity (kg/(m s))
v kinematic viscosity (m2/s)
r density (kg/m3)
sw wall shear stress (N/m2)

Subscripts
b bulk quantity
c curved pipe
w wall
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radius of the pipe is r with a curvature radius of R. The kerosene
flows along the z direction at a supercritical pressure. The flow and
heat transfer of the kerosene flowing in this curved pipe can be
affected by the buoyancy and centrifugal force.

The buoyancy is considered in the momentum equation by
a constant value of 10m/s2 at negative y-coordinate. The centrifugal
force is introduced by defining the source term Si of themomentum
equation. It is given:

S ¼ r
W2

Rþ dR
(1)

where W is the axial velocity, R is the curvature radius of the pipe,
dR is the coordinates values (x-coordinate) in the direction of
centrifugal force in the Cartesian coordinates.

In the fully turbulent region (Rey > 200), the RNG kee model is
employed. In the viscosity-affected near-wall region (Rey � 200),
enhanced wall treatment (one-equation model of Wolfstein) is
used to fit the low Reynolds flow [12].
2.2. Boundary conditions

In fact, the China No. 3 aviation kerosene flows in a horizontal
coiled pipe. And the pitch of the coil pipe is omitted. So, the coiled
pipe can be taken as a curved pipe to be investigated. The boundary
conditions are shown as follows:
gz

R
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x
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r

Fig. 1. Curved pipe coordinates system.
(1) The inner diameter of the pipe is 12 mm, the length of
unheated section from the inlet is 0.5 m, and the length of
heated section is 4.5 m.

(2) The inlet pressure is 4 MPa, and the inlet temperature is 300 K.
An outflow boundary condition is applied to the outlet.

(3) The mass flow rate is 0.1 kg/s, and the inlet Reynolds number is
8700.

(4) The distribution of the wall heat flux qw(x) along the axial
direction is shown in Fig. 2, which refers to the true distribution
of heat flux of scramjet [13].

2.3. Data analysis

The average heat transfer coefficients are defined as follows:

h ¼ q

Tw � Tb
(2)

where q is the wall heat flux along the axial direction (shown in
Fig. 2), Tw is the average temperature of the wall on the circum-
ference, Tb is the cross-sectional bulk temperature of the fluid
calculated by

Tb ¼

0
B@ Z

A

TidA

1
CA
,

A (3)

The friction factors of the channel are given by

f ¼ sw

0:5rW
2 (4)

where sw is the average wall shear stress around the channel
circumference, r is the average density according to the bulk
temperature Tb, W is the average axial velocity in a cross section.

2.4. Analysis of the grid independence

The grid dependence study is conducted to confirm the grid
independence. The grids of the cross section are shown in Fig. 3.
The calculated results are compared among different grids distri-
bution (cross-sectional � axial) of 2145 � 500, 2145 � 800,
2145�1000, 1680� 800, and 2628� 800 with a curvature radius R
of 0.3 m. By the analysis of the heat transfer coefficients and
temperature at different grids, the maximum deviation of the grids



Fig. 4. Thermophysical properties of the kerosene at a supercritical pressure of 4 MPa.

Fig. 2. Distributions of the wall heat flux along the axial direction.
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2145 � 500 with the other grids is 6%, and the maximum deviation
among said other grids is within 1%. Thus, the girds of 2145 � 800
are selected as the baseline for the rest of studies.

3. Thermophysical properties of the kerosene at supercritical
pressure

The thermophysical properties of China No. 3 aviation kerosene
are calculated by the NIST Supertrapp software [14] with a 10-
species surrogate [9]. The computed critical temperature and
pressure are 660 K and 2.4 MPa, respectively. While the measured
critical temperature and pressure are 646 K and 2.4 MPa [15],
respectively. Fig. 4 shows the variation of the computed thermo-
physical properties of the kerosene with temperature at the
supercritical pressure of 4 MPa. The pseudo-critical temperature is
720 K at this pressure. The thermophysical properties of the kero-
sene are different from those of water or carbon dioxide at super-
critical pressure because the kerosene is composed of lots of
organic compounds.

Comparing the thermophysical properties of the kerosene with
those of the water or carbon dioxide at supercritical pressure, there
are some differences listed as follows: (1) The specific heat capacity
of the kerosene continuously rises before the pseudo-critical
temperature, and still be high after the pseudo-critical point.
However, the specific heat capacity of the water or carbon dioxide
only has a maximum value at the pseudo-critical point, and the
Fig. 3. Meshes of the cross section.
values have little change before or after that point. (2) The thermal
conductivity of the kerosene almost decreases linearly with the
increase of the temperature, and there is no acute change at the
pseudo-critical point. (3) The viscosity of the kerosene decreases
rapidly before the pseudo-critical temperature, but changes flatly
near the pseudo-critical point. The differences of the kerosene
thermophysical properties mentioned above cause more compli-
cated convective heat transfer.

4. Result discussion

4.1. Analysis of the computation

The accuracy and reliability of present computation technique
should be checked before this study. There were no experimental
data about the dual influences of the buoyancy and centrifugal
force on the convective heat transfer of the supercritical fluid, even
the influences of only centrifugal force were not found. Thus, the
computational results with current methods are compared with
previous experimental data of common water flowing in curved
pipes to confirm the precision about the effects of the centrifugal
force, and are compared with previous experimental data of
supercritical water flowing in a horizontal straight pipe to confirm
the precision about the influences of the buoyancy, respectively.

The average Nusselt number under the influences of the
centrifugal force are compared between the present computation
and the previous investigations by Rogers and Mayhew [16], Mori
and Nakayama [17] and Shchukin [18]. The results of the compar-
isons are shown in Fig. 5. The maximum deviation between the
present prediction and the previous experimental studies is less
than 5%.
Fig. 5. Comparisons of the computed Nusselt number with the empirical formulas
(Pr ¼ 7, l ¼ 0.075).



Fig. 7. Distributions of the wall and bulk temperature and heat transfer coefficients
without body force.
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The empirical formula presented by Rogers and Mayhew’s
experimental work is

Nuc ¼ 0:023 Re0:85Pr0:4l0:1 (5)

where Nuc is the average Nusselt number for a curved pipe, l(¼r/R)
is the curvature ratios of the curved pipe.

Mori and Nakayama’s experimental data are presented by

Nuc ¼ 1
41

Re
5
6l

1
12

2
41þ 0:061�

Rel2:5
�1

6

3
5 (6)

The empirical formula presented by Shchukin is

Nuc ¼ 0:0266
�
Re0:85l0:15 þ 0:225l1:55

�
Pr0:4 (7)

The heat transfer coefficients and the wall temperature of the
supercritical water flowing in a horizontal straight pipe are
compared between the present study and the previous experi-
mental data presented by Yamagata [3]. The results of the
comparisons are shown in Fig. 6. The current calculation is in good
agreement with the previous experimental data. The maximum
deviation of the wall temperature between the present prediction
and the previous experimental studies is less than 2%. However, no
definite conclusions can be drawn with respect to the accuracy of
the present heat transfer coefficients, as the uncertainty in the
experimental data near the pseudo-critical temperature is large.
The present computation shows that the buoyancy causes a strong
secondary flow, and that the heat transfer coefficients on the
bottomwall are higher than those on the top wall, especially at the
pseudo-critical point.
4.2. Effect of the body force

First, the flow and convective heat transfer without body force
are studied to reflect the supercritical characteristics. The distri-
butions of the heat transfer coefficients and the wall temperature
without body force along the axial direction are shown in Fig. 7. The
Reynolds number and Prandtl number are shown in Fig. 8. The heat
transfer coefficients increase as the rise of Reynolds number at the
initial heated section (0 < L < 2.5 m). However, the heat transfer
coefficients turn down when the wall temperature is higher than
the pseudo-critical temperature of 720 K, though the Reynolds
number rises continuously. This indicates the deterioration of the
heat transfer. Then, the heat transfer coefficients increase again
after the location of L ¼ 3 m, and rise rapidly along the flow
Fig. 6. Comparisons between the experimental data and the computational data (Supercritic
inner diameter of 7.5 mm).
direction, which corresponds to the enhancement of the heat
transfer. These phenomena are also observed in the study of Zhong
[9]. Fig. 8 shows that the Reynolds number increases by at least one
order of magnitude and that the Prandtl number decreases by one
order of magnitude. The results show the complicated character-
istics of the convective heat transfer of the kerosene.

Then the calculation with body force is carried out. The average
heat transfer coefficients at different conditions are compared in
Fig. 9. The heat transfer coefficients with only buoyancy are
slightly higher than those without body force after the wall
temperature is over the pseudo-critical temperature at the axial
location of 2.75 m. However, the heat transfer coefficients with
only centrifugal force are enhanced from the entry of the pipe. The
heat transfer coefficients with buoyancy and centrifugal force are
the same as those with only centrifugal force, and the lines of
them are coincidence in the figure. Thus, the buoyancy can be
omitted when the centrifugal force exists in this study. The
enhancement rates of the heat transfer coefficients with only
centrifugal force rise along the axial direction. After the wall
temperature reaches the pseudo-critical temperature, the
enhancement rates are over 12%, and have little change. The
starting points of the heat transfer enhancement delay along
the axial direction under the effects of the centrifugal force.

Fig. 10 shows the friction factors affected by the body force. The
friction factors reduce along the axial direction. Then, they are flat
after the location of 3.5 m because the wall temperature becomes
flat. The friction factorswith only buoyancy and thosewithout body
force have little differences before the location of 2.75 m, which
location is corresponding to the pseudo-critical temperature on the
wall. After that, the friction factors with only buoyancy are higher
al pressure of 24.5 MPa, wall heat flux of 698 kW/m2, mass flow rate of 1260 kg/(m2$s),



Fig. 8. Distributions of Pr and Re without body force. Fig. 10. Comparisons of the friction factors.
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than those without body force. The friction factors with only
centrifugal force and those with buoyancy and centrifugal force are
the same throughout the process, which are coincidence in the
figure. The friction factors with only centrifugal force are higher
than those without body force. And the difference values between
them hardly change along the flow direction, and the friction
factors with only centrifugal force are over 14% higher than those
without body force. The centrifugal force causes a strong secondary
flow perpendicular to the main flow direction, enhances the
disturbance. Consequently, the heat transfer is increased. However,
it is a pity that the friction factors are also enhanced.

The circumferential heat transfer coefficients at different
sections are shown in Fig. 11. Fig. 11(a) shows the heat transfer
coefficients with only buoyancy. The buoyancy causes a secondary
flow along the gravity direction, which enhances the heat transfer
on the bottom and decreases the heat transfer on the top. The heat
transfer coefficients on the top at the location of 3 m are below
those at the location of 2 m. Thus, the deterioration of heat
transfer is magnified on the top under the effects of the buoyancy.
Fig. 11(b) shows the heat transfer coefficients with only centrifugal
force. The centrifugal force with a curvature ratio of 0.02 also
induces a secondary flow along the centrifugal force direction.
Obviously, the centrifugal force makes the average heat transfer
coefficients enhanced. The heat transfer coefficients at the
centrifugal force direction and its two sides become strong, and
only those at the opposite direction of the centrifugal force are
weak. The dual effects of the buoyancy and centrifugal force on
the convective heat transfer are shown in Fig. 11(c). The dual
effects of the buoyancy and centrifugal force are complex. The
effects of the centrifugal force are predominant. Although the
average heat transfer coefficients with the dual effects are
the same as those with only centrifugal force, the lowest points of
the heat transfer coefficients are different. The lowest points of the
heat transfer coefficients with dual effects gradually offset to the
Fig. 9. Comparisons of the heat transfer coefficients.
top along the flow direction. This indicates that the effects of
the buoyancy become strong related to those of the centrifugal
force, because that the density differences become large along the
flow direction.

4.3. Effect of the curvature

Calculation is also carried out to study the effects of the curva-
ture ratios on the flow and heat transfer of the supercritical
Fig. 11. Distributions of the circumferential heat transfer coefficients at different
sections.



Fig. 12. Comparisons of the heat transfer coefficients with different curvature ratios. Fig. 13. Comparisons of the friction factors with different curvature ratios.
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kerosene. The curvature ratios are 0.01, 0.02, 0.05 and 0.1, respec-
tively. The effects of curvature ratios on the average heat transfer
coefficients and the friction factors are shown in Figs.12 and 13. The
average heat transfer coefficients increase as the curvature ratios
increasing. However, the start points of the heat transfer
enhancement hardly change. There is not deterioration of the heat
transfer at the effects of the centrifugal force. The friction factors
also increase as the curvature ratios increasing, which are caused by
the strong secondary flow at the sections. The improvement of the
friction factors is larger with the increase of the curvature ratios in
the inlet of the pipe, and then it become small gradually. Further-
more, the turning points of the friction factors only occur at the
peak of the wall heat flux. The friction factors become flat after that
point.

The circumferential heat transfer coefficients are given to
investigate the local heat transfer with different curvature ratios.
The local circumferential heat transfer coefficients with different
curvature ratios are shown in Fig. 14. The lowest points of the
heat transfer occur near the inner side. The peak points of the
heat transfer occur near the outer side. However, the heat
transfer coefficients are high at most of the areas. Furthermore,
Fig. 14. Distributions of the circumferential heat tran
the lowest points of the heat transfer are gradually close to the
top along the flow direction when the curvature ratios are less
than 0.05. Those indicate that the effects of the buoyancy become
strong along the flow direction at the supercritical pressure.
When the curvature ratios are greater than 0.05, the lowest and
the highest points of the heat transfer coefficients hardly change
along the flow direction. That is to say, the effects of buoyancy do
not enhance relative to those of centrifugal force along the flow
direction.

The secondary flow caused by the centrifugal force is not
only related to the velocity differences, but also related to the
density differences. The centrifugal force is proportional to the
square of the velocity, but the rapid increase of the velocity
caused by the variation of the density at the supercritical
pressure do not enhance the effects of the centrifugal on the
secondary flow direction when the curvature ratios are less than
0.05. On the contrary, the effects of the buoyancy become large
along the flow direction because of the large changes of the
density. While the curvature ratios are more than 0.05, the
effects of the centrifugal force begin to become large along
the flow direction.
sfer coefficients with different curvature ratios.
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5. Conclusions

Flow and heat transfer of the China No.3 aviation kerosene in
a curved pipe at a supercritical pressure of 4 MPa are numerically
investigated by the FVM. The thermophysical properties of the
supercritical kerosene are described and compared with those of
the supercritical water or dioxide carbon. The dual effects of the
buoyancy and the centrifugal force are considered in this study.

Because of the large variation of the thermophysical properties
of the supercritical kerosene, the heat transfer is enhanced after the
wall temperature is over the pseudo-critical temperature. The
buoyancy has little effects on the heat transfer and flow before
the wall temperature is lower than the pseudo-critical tempera-
ture. After that point, the large density difference has complicated
influences on the heat transfer and flow. However, the centrifugal
force causes a strong secondary flow, which not only enhances the
heat transfer largely, but also increases the friction factors greatly
throughout the flow process. Furthermore, the centrifugal force is
dominant in the mixed heat transfer under this calculational
condition. The turning points of the friction factors are corre-
sponding to the peak of wall heat flux. The curvature ratios have
more effects on the heat transfer and flow. The bigger the curvature
ratios are, the stronger the heat transfer coefficients and friction
factors are.

The secondary flow caused by the body force leads to a large
variation of the circumferential heat transfer. The heat transfer
enhances in the secondary flow direction, and decreases at the
opposite position. Moreover, the secondary flow induced by the
centrifugal force makes the heat transfer enhanced at most of
the circumference.

Although the velocity occupies an important position in the
centrifugal force, the rise of the velocity caused by the variation of
the density does not improve the scale of the centrifugal force
during the heat transfer with the dual effects when the curvature
ratios are less than 0.05. In contrary, the effects of the buoyancy on
the heat transfer are enhanced along the flow direction because of
the extensive variation of the density.
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