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a b s t r a c t

Regenerative cooling of aviation kerosene plays an important role for thermal protection of scramjet
engines. Since the thermophysical properties of kerosene change acutely near the pseudo-critical point,
heat convective in kerosene pipe flow is complicated. Here the convective heat transfer characteristics of
China RP-3 aviation kerosene at a supercritical pressure are numerically studied using the finite volume
method. The RNG k-e two-equation turbulence model with enhanced wall treatment is considered. The
heat transfer with different constant wall heat fluxes is analyzed, and a correlation of heat transfer
enhancement is obtained. The effect of mass flow rate on the convective heat transfer with a varying wall
heat flux condition at the supercritical pressure is also investigated. Because of the special thermo-
physical properties of the kerosene at supercritical pressure, the Nussult number is only related to the
Reynolds number after the heat transfer is enhanced. The simulation results are compared with the
empirical formulas in the literature.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The regenerative cooling of hydrocarbon fuels is one of the
effective thermal protection methods for scramjet engines as
generally acknowledged [1,2]. Aviation kerosene is a hydrocarbon
fuel for scramjet engines; and it acts as a coolant and absorbs the
heat of the engines before it is injected into the combustion
chamber. The working pressure of the aviation kerosene generally
exceeds its critical pressure, above which no phase transition will
occur. The state of an aviation kerosene changes from liquid state to
supercritical state at the supercritical pressure with the increase of
temperature, and then steps into thermal cracking state with
further increase of temperature [3]. 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 supercrit-
ical pressure. It is well known that the thermophysical properties of
fluid under supercritical pressure can change acutely when its
temperature is close to the pseudo-critical temperature [4], which
induces a non-conventional heat transfer. Thus, the convective heat
transfer of the aviation kerosene at supercritical pressure differs
from that of a fluid at a normal pressure.
.
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At present most studies about the heat transfer of supercritical
fluids are mainly aimed at the cooling of nuclear reactors; and the
coolant working at supercritical pressure is often a simple
substance, such as water [5,6] or carbon dioxide [7,8]. Few inves-
tigations on the convective heat transfer of aviation kerosene at
supercritical pressure have been reported in the literature. Hu et al.
[9] experimentally studied the heat transfer of hydrofining aviation
kerosene at supercritical pressure; and showed that the heat
transfer enhancement occurred when the wall temperature was
above the pseudo-critical temperature. They presented two corre-
lations of heat transfer for different states at supercritical pressure.
Linne et al. [10] experimentally investigated the heat transfer and
thermal cracking of JP-7 aviation kerosene flowing inside different
metal pipes at supercritical pressure. Their experimental results
were compared with the conventional formulas of DittuseBoelter
[11] and SiedereTate [12]. Zhong et al. [13] inspected the fluid flow
and heat transfer of China RP-3 aviation kerosene at supercritical
pressure; and showed that the heat transfer was strengthened
greatly when the inner wall temperature was over 600 K. Li et al.
[14] numerically studied the flow and heat transfer of China RP-3
aviation kerosene at supercritical pressure under the effect of
body force. All the above-mentioned researches showed that the
complicated thermophysical properties of aviation kerosene at
supercritical pressure caused a non-common convective heat
transfer, and the heat transfer enhancement occurred when the
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Nomenclature

CP specific heat capacity, J/(kg,K)
d inner diameter of the pipe, m
G mass flow rate, kg/(m2$s)
h heat transfer coefficient, W/(m2,K)
k turbulent kinetic energy, m2/s2

K thermal conductivity, W/(m,K)
L length of the pipe, m
Nu Nusselt number, Nu ¼ hd/K
P pressure, Pa
Pr Prandtl number, Pr ¼ mCP/K
q heat flux, W/m2

Re Reynolds number, Re ¼ Wd/n
Rey wall-distance-based turbulent Reynolds number,

Rey ¼ ry
ffiffiffi
k

p
=m

T temperature, K
W axial velocity, m/s
y distance to the nearest wall, m
yþ near-wall characteristic number, yþ ¼ y

ffiffiffiffiffiffiffiffiffiffiffi
sw=r

p
=n

Greek symbols
m viscosity, Pa,s
n kinematic viscosity, m2/s
r density, kg/m3

sw wall shear stress, N/m2

Subscripts
b bulk quantity
f fluid
m pseudo-critical point
w wall
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wall temperature was near the pseudo-critical temperature. All
these studies included the effect of buoyancy on the heat transfer.

In order to scrutinize the basic characteristics of the convective
heat transfer without the buoyant effect for the aviation kerosene
under supercritical pressure, computational fluid dynamics soft-
ware FLUENT6.3 is used to simulate the flow and heat transfer of
the China RP-3 aviation kerosene at a supercritical pressure in this
paper. The RNG k-e two-equation turbulence model with enhanced
wall treatment is applied in this simulation. A ten-species surrogate
[13] is used for predicting the approximate thermophysical and
transport properties of the China RP-3 aviation kerosene.

2. Simulation

2.1. Boundary conditions

Consider the China RP-3 aviation kerosene flow inside a straight
pipe. Buoyancy is excluded in order to investigate the basic char-
acteristics of convective heat transfer of the kerosene at super-
critical pressure. Since the thermal cracking of the China RP-3
aviation kerosene occurs obviously when the temperature is over
Fig. 1. Thermophysical properties of the China RP-3 avia
850 K [15], the maximum wall temperature is restricted to below
850 K in this study.

The structural and boundary conditions are shown below:

(1) The inner diameter of the pipe is 0.012 m. The length of the
unheated section from the inlet is 0.5 m, so that the flow into
the heated section is fully developed. The length of the heated
section is 4.5 m.

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

(3) The mass flow rate varies from 500 to 1100 kg/(m2$s).
(4) The considered range of the wall heat flux is 300e700 kW/m2.

2.2. Thermophysical properties

The thermophysical properties of the China RP-3 aviation
kerosene are calculated by the NIST Supertrapp software [16] with
a ten-species surrogate [13]. The calculated critical temperature
and pressure of the China RP-3 aviation kerosene are 660 K and
2.4 MPa, respectively. While the measured critical temperature and
pressure are 646 K and 2.4 MPa [17], respectively. Thus, the ten-
tion kerosene at a supercritical pressure of 4 MPa.
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species surrogate of the China RP-3 aviation kerosene is reliable.
Fig. 1 shows the variation of the computed thermophysical prop-
erties of the China RP-3 aviation kerosene with the temperature at
a supercritical pressure of 4 MPa. At this pressure, the pseudo-
critical temperature is 720 K. The thermophysical properties of
the aviation kerosene are different from those of water [18] at
supercritical pressure because the aviation kerosene is composed of
many organic compounds. So the convective heat transfer of the
aviation kerosene at supercritical pressure will become more
complicated.
2.3. Numerical methods

The pressure-based solver in FLUENT6.3 is adopted to solve the
governing equations for the flow and heat transfer of the China
RP-3 aviation kerosene at supercritical pressure. The convection
term is handled by the second-order upwind difference scheme.
The diffusion term is discretized with the second-order central
difference scheme. The SIMPLEC algorithm is employed to resolve
the coupling between velocity and pressure. The implicit Gauss-
Seidel iteration is used to handle the time advancing. In order to
achieve the required precision for the computational data, the
distance of thewall-adjacent cell to thewall should be controlled to
fit the requirement of yþ � 1 in the calculational domain. yþ can be
derived from

yþ ¼ y
n

ffiffiffiffiffiffi
sw
r

r
(1)

where y is the distance to the nearest wall, sw is the shear stress of
the wall, n is the kinematic viscosity of fluid, and r is the density of
fluid.

In the same time, there should be at least 10 cells within the
viscosity-affected near-wall region to satisfy the calculational
precision in that region. Those regions can be judged by Rey � 200.
Rey is defined as

Rey ¼
ffiffiffi
k

p
y

n
(2)

where k is the turbulent kinetic energy.
The density, specific heat capacity, thermal conductivity and

viscosity of the China RP-3 aviation kerosene are all computed by
the software of NIST Supertrapp [16] as a function of temperature
and pressure.
Fig. 2. Comparisons between the experimental and computational data for water at
P ¼ 24.5 MPa, G ¼ 1260 kg/(m2$s) and d ¼ 0.0075 m (a. Heat transfer coefficient b. Wall
temperature).
2.4. Validation of the simulation method

The simulationmethod should be validated before applying it to
the convective heat transfer of the China RP-3 aviation kerosene at
a supercritical pressure. For there exist no good experimental data
on the convective heat transfer of the China RP-3 aviation kerosene,
for validation purpose, the heat transfer of water at a supercritical
pressure is computed by using this numerical method. The critical
pressure and temperature of water are 647 K and 22.1 MPa,
respectively. The water flows inside an upright pipe with an inner
diameter of 0.0075 m at a supercritical pressure of 24.5 MPa. The
mass flow rate is 1260 kg/(m2$s). The calculated results are
compared with the classical experimental data in reference [4].
Fig. 2 shows the comparisons, inwhich Fig. 2(a) is the change of the
heat transfer coefficient with the bulk temperature, and Fig. 2(b) is
the change of the wall temperature with the bulk enthalpy. The
maximum difference of the wall temperature between the present
prediction and the previous experimental study is less than 2%.
However, the precision of the heat transfer coefficient is not
obtained because the uncertainty in the experimental data near the
pseudo-critical temperature is large.

3. Results and discussion

A two-dimensional axisymmetric model is used to simulate the
flow and heat transfer of the China RP-3 aviation kerosene at the
supercritical pressure. The effects of grid size have been studied in
advance. The radial grids are selected among 40, 50 and 60. The
axial grids are selected among 500, 1000 and 2000. The grids near-
wall satisfies the requirement of Chapter 2.3. By the analysis of the
heat transfer coefficient and wall temperature at different grids
combination, the maximum deviation among above grids combi-
nation is within 1%. Finally, the grids of 50 � 1000 (radial � axial)
are adopted as the baseline for the calculations hereinafter.

3.1. Constant wall heat flux

The convective heat transfer of the China RP-3 aviation kerosene
at a supercritical pressure is investigated with constant wall heat
flux values of 300, 400, 500 and 600 kW/m2, respectively. The mass
flow rate is 884 kg/(m2$s). Fig. 3 shows the distributions of the wall
temperature under different wall heat fluxes. The difference of the
wall temperatures with different wall heat fluxes is large at the
initial heating section. Then the difference begins to decrease along



Fig. 3. Distributions of the wall temperature under different wall heat fluxes at
G ¼ 884 kg/(m2$s).

Fig. 5. Changes of Reynolds number and Prandtl number with temperature at
G ¼ 884 kg/(m2$s).
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the flowdirection. Thewall temperature falls firstly and then begins
to increase when the wall heat flux is greater than 400 W/m2.
Furthermore, the larger thewall heatflux is, themore thefluctuation
of the wall temperature is. Fig. 4 shows the distributions of the heat
transfer coefficient under different wall heat fluxes. The higher the
wall heat flux is, the lower the heat transfer coefficient is. In general,
the heat transfer coefficient rises along the flow direction. The heat
transfer is enhanced when the wall temperature over the pseudo-
critical temperature along the flow direction.

It is seen from Fig. 3 that the wall temperature is higher than the
pseudo-critical temperature at the initial heating section when the
wall heat flux is greater than or equal to 600 kW/m2. But, the cor-
responding heat transfer coefficient is lower obviously than that
with the wall heat flux less than 600 kW/m2. These show that the
heat transfer is not improved when the wall temperature at the
initial heating section is higher than the pseudo-critical tempera-
ture. On the contrary, the heat transfer is weakened. The heat
transfer is relatively enhanced onlywhen thewall temperature rises
above the pseudo-critical temperature from a lower temperature.

From the principle of Newton’s cooling, the wall temperature
can be expressed by
Fig. 4. Distributions of the heat transfer coefficient under different wall heat fluxes at
G ¼ 884 kg/(m2$s).
Tw ¼ q
h
þ Tb (3)

where q is thewall heat flux, h is the heat transfer coefficient, and Tb
is the bulk temperature.

The increase of heat transfer coefficient along the flow direction
makes the first term on the right hand side of formula (3)
decreasing. While the bulk temperature in the second term on
the right hand side of formula (3) rises. So the wall temperature can
increase or decrease, depending on the comprehensive effects of
those two terms. The rise of the wall heat flux makes the heat
transfer coefficient decreasing. Combining the formula (3), the
higher the wall heat flux is, the higher the initial wall temperature
is. Furthermore, the decrease of the value of q/h is rapider with
higher wall heat flux along the flow direction.When the decrease of
the value of q/h exceeds the increase of the bulk temperature, the
decrease of wall temperature occurs, for example, the change of
the wall temperature with the wall heat flux is 600 kW/m2. Thus,
the changes of thewall temperatureswith different wall heat fluxes
in Fig. 3 are different.

The abrupt change of the thermophysical properties of fluids at
supercritical pressure induces significant changes in the heat
Fig. 6. Change of Nusselt number with Reynolds number for different wall heat fluxes
at G ¼ 884 kg/(m2$s).



Fig. 7. Distribution of the varying wall heat flux. Fig. 9. Distributions of the heat transfer coefficient at different mass flow rates.
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transfer coefficient and Reynolds number in fluid flow and heat
transfer, which is different from the normal convective heat transfer
at a normal pressure. For the normal convective heat transfer there
is no change in heat transfer coefficient and Reynolds number under
fully-developed flow conditions. Fig. 5 shows the changes of Rey-
nolds number and Prandtl number with temperature. The Reynolds
number rises as the temperature increasing, and increases sharply
nearby the pseudo-critical temperature. However, the heat transfer
deterioration occurs (shown in Fig. 4) when the bulk temperature
reaches the pseudo-critical temperature even if the Reynolds
number increasing.

Fig. 6 shows the change of the Nusselt number with the
Reynolds number with different wall heat fluxes. The changing
trend of the Nusselt number is in accordance with that of the heat
transfer coefficient shown in Fig. 4. A formula of the heat transfer
enhancement for the China RP-3 aviation kerosene is obtained by
the fitting analyses:

Nu ¼ 0:0435 Re0:8 (4)

Formula (4) indicates that the Nusselt number is only related to
the Reynolds number when the heat transfer of the China RP-3
aviation kerosene at supercritical pressure is enhanced. The
Prandtl number decreases with the increase of temperature before
Fig. 8. Distributions of the bulk/wall temperature and heat transfer coefficient at
G ¼ 884 kg/(m2$s).
the pseudo-critical point and then changes flatly with its value
approximately equal to unit after the pseudo-critical point as
shown in Fig. 5. Furthermore, the change of supercritical pressure
has little effect on the Prandtl number after the temperature is over
the corresponding pseudo-critical temperature [19]. Thus, the
effect of Prandtl number on the heat transfer of the RP-3 kerosene
at supercritical pressure can be omitted after the heat transfer is
enhanced. Although the Reynolds number increases rapidly when
the bulk temperature is close to the pseudo-critical temperature,
the relative heat transfer deterioration occurs. So the Nusselt
number becomes flat after the heat transfer is enhanced.
3.2. Varying wall heat flux

The simulation of the heat transfer of the China RP-3 aviation
kerosene with varying wall heat flux is carried out. Fig. 7 shows the
distribution of the varying wall heat flux, which refers to the true
distribution of the wall heat flux of scramjet in reference [20]. The
distributions of the bulk temperature, wall temperature and heat
transfer coefficient at the mass flow rate of 884 kg/(m2$s) are
shown in Fig. 8. Although the rise of the bulk temperature along the
flow direction increases the Reynolds number, the heat transfer
coefficient turns down when the wall temperature is close to the
Fig. 10. Change of the Nusselt number with Reynolds number at different mass flow.



Table 1
Empirical formulas of heat transfer for aviation kerosene at supercritical pressure.

Kerosene type Common heat transfer Supercritical heat transfer

Hydrofining
kerosene [9]

Nu0 ¼ 0:008 Re0:873Pr0:451 Nu=Nu0 ¼ 1þ 1:67
ðtw0 � tmÞ

tm

RP-3 [13] Nu ¼ 0:0065 Re0:89Pr0:4
�
mf
mw

�0:1

Nu ¼ 0:000045 Re1:4Pr0:4
�
mf
mw

�0:1

JP-7 [21] Nu ¼ 0:01Re0:906Pr0:4 e

RP-3 (Present) e Nu ¼ 0:0435 Re0:8
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pseudo-critical temperature. That resembles the change of the heat
transfer coefficient near the pseudo-critical temperature occurred
in Fig. 4, where the heat transfer coefficient does not turn down,
and only the rise of the heat transfer coefficient slows down. The
heat transfer coefficient begins to rise rapidly when the wall
temperature is over the pseudo-critical temperature under the
condition of the varying wall heat flux, which indicates that the
heat transfer is enhanced. However, the wall temperature begins to
decrease slowly corresponding to the drop of thewall heat flux. The
wall temperature changes from lower temperature to higher
temperature over the pseudo-critical temperature along the flow
direction, and the bulk temperature is always lower than the
pseudo-critical temperature.

Fig. 9 is the distributions of the heat transfer coefficient at
different mass flow rates. Fig. 10 is the change of the Nusselt
number with the Reynolds number at different mass flow rates. The
greater the mass flow rate is, the greater the heat transfer coeffi-
cient is. The heat transfer coefficient decreases firstly when thewall
temperature is close to the pseudo-critical temperature, which
indicates that the relative heat transfer deterioration occurs. And
then rises rapidly when the wall temperature is over that temper-
ature, corresponding to the heat transfer enhancement. However,
the decrease of the mass flow rate causes the heat transfer
enhancement ahead. Furthermore, the Nusselt number accords
well with formula (4) after the heat transfer is enhanced. Those
support the findings in Subsection 3.1, i.e., the Nusselt number is
only related to the Reynolds number and the other parameters can
be neglected after the heat transfer of the China RP-3 aviation
kerosene at supercritical pressure is enhanced.
Fig. 11. Comparisons between the present calculations and the empi
3.3. Comparison with empirical formulas

Some researchers have carried out experimental studies about
the heat transfer of aviation kerosene at supercritical pressure,
and obtained some empirical formulas. Table 1 shows several
empirical formulas of heat transfer for aviation kerosene at
supercritical pressure. The heat transfer of aviation kerosene at
supercritical pressure is divided into a common heat transfer by the
wall temperature being lower than its pseudo-critical temperature
and a supercritical heat transfer by the wall temperature being
higher than its pseudo-critical temperature.

The critical pressure of the hydrofining aviation kerosene in
reference [9] is 2.459 MPa, and its critical temperature is 677.5 K.
The critical values are close to those of the China RP-3 aviation
kerosene. tm in the empirical formula corresponding to the super-
critical heat transfer in reference [9] was the pseudo-critical
temperature. tw0 was the wall temperature, which was computed
by Nu0 of the common heat transfer with the same heat flux and
bulk temperature.

The DittuseBoelter formula and SiedereTate formula are the
classical heat transfer formulas at normal conditions with
temperature difference correction, which are described by

Dittus� Boelter formula Nu ¼ 0:023 Re0:8Pr0:4
�
mf
mw

�0:11
(5)

Sieder� Tate formula Nu ¼ 0:027 Re0:8Pr0:333
�
mf
mw

�0:14
(6)
rical formulas with varying wall heat flux at G ¼ 884 kg/(m2$s).
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Linne et al. [10] compared the heat transfer of JP-7 aviation
kerosene at supercritical pressure with formulas (5) and (6),
showed that the convective heat transfer fitted the DittuseBoelter
formula at the starting time of heating. Then the heat transfer was
enhanced after some time of heating, and the Nusslet number
began to agree with the SiedereTate formula, even exceeded the
formula at higher temperature section.

The comparisons between the present simulation result for the
China RP-3 aviation kerosene at the supercritical pressure and the
results computed by the empirical formulas are shown in Fig. 11.
Thewall heat flux is varying as shown in Fig. 7. Themass flow rate is
884 kg/(m2$s). The inlet pressure is 4 MPa. The calculated results
are compared with the DittuseBoelter formula, as well as the
empirical formulas given by Hu et al. [9], Zhong et al. [13] and
Stiegemeier et al. [21] at the common heat transfer region. The
simulated results are close to the Dittus-Boelter formula and the
empirical formula of the JP-7 obtained by Stiegemeier et al. [21]. But
the changing rate of the calculated results is the least at common
heat transfer region. However the empirical formulas given by Hu
et al. [9] and Zhong et al. [13] are coincident perfectly. But their data
are much lower than the present calculations. The relative
enhancement of the heat transfer occurs at the supercritical heat
transfer region. The computed results are slightly lower than the
empirical formula by Hu et al. [9], and are far lower than the Sieder-
Tate formula and the empirical formula of the RP-3 by Zhong et al.
[13]. Among them, the heat transfer enhancement of the RP-3
obtained by Zhong et al. [13] is the strongest at the supercritical
heat transfer region.

Fig. 11 shows that the experimental results are also different for
the supercritical kerosene because that the experimental condi-
tions and thermophysical properties of kerosene, and so on, are
different. All of their experiments were affected possibly by buoy-
ancy. The effect of buoyancy on the heat transfer of supercritical
fluid often is large [6]. However, the effect of buoyancy on the heat
transfer in this paper was not considered. Those maybe cause the
simulational result in this paper different from the experimental
results in the literatures.
4. Conclusions

The RNG k-e two-equation turbulence model with enhanced
wall treatment is adopted to study the heat transfer characteristics
of the China RP-3 aviation kerosene at the supercritical pressure.
The results of this study show that the large change of the ther-
mophyscial properties of the aviation kerosene at the supercritical
pressure complicates the heat transfer.

The variety of the bulk temperature and heat transfer coefficient
results in the complex change of the wall temperature at different
constant wall heat fluxes. The heat transfer can be augmented
when the wall temperature rises over the pseudo-critical temper-
ature from the lower temperature along the flow direction.
However, the heat transfer is not enhanced, but weakened, when
the wall temperature is over the pseudo-critical temperature at the
initial heating section. The relative deterioration of the heat
transfer occurs when the wall temperature or the bulk temperature
are close to the pseudo-critical temperature.
The Nusselt number for the heat transfer of the China RP-3
aviation kerosene at the supercritical pressure is only related to
the Reynolds number after the heat transfer is enhanced, and the
effects of other parameters are negligible. The relation between the
Nusselt number and the Reynolds number at the supercritical heat
transfer region is obtained. The comparisons between the simula-
tion result and the empirical formulas show that the results from the
empirical formulas presented by different researchers are different
and also different from the calculational result in this paper.
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