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Abstract: Thermal protection is still one of the key challenges for successful scramjet operations.
In this study, the three-dimensional coupled heat transfer between high-temperature gas and re-
generative cooling panel with kerosene of supercritical pressure flowing in the cooling channels
was numerically investigated to reveal the fundamental characteristics of regenerative cooling as
well as its influencing factors. The SST k-ω turbulence model with low-Reynolds-number correction
provided by the pressure-based solver of Fluent 19.2 is adopted for simulation. It was found that
the heat flux of the gas heated surface is in the order of 106 W/m2, and it declines along the flow
direction of gas due to the development of boundary layer. Compared with cocurrent flow, the
temperature peak of the gas heated surface in counter flow is much higher. The temperature and
heat flux of the gas heated surface both rises with the static pressure and total temperature of gas.
The heat flux of the gas heated surface increases with the mass flow rate of kerosene, and it hardly
changes with the pressure of kerosene. Results herein could help to understand the real heat transfer
process of regenerative cooling and guide the design of thermal protection systems.

Keywords: thermal protection; regenerative cooling panel; supercritical pressure; coupled heat transfer

1. Introduction

Thermal protection is one of the key challenges in the application of scramjet en-
gines [1]. Among the available cooling methods, the active regenerative cooling using
endothermic hydrocarbon fuel as coolant is recommended as the most effective way for its
high efficiency and low performance loss [2–6].

Since temperature and heat flux are the crucial design parameters for thermal protec-
tion, many researchers conducted research to investigate the wall temperature and heat
flux of scramjet engines. Kennedy et al. [7,8] experimentally measured the heat flux of
the scramjet combustor walls by heat flux sensors, and it was found that the heat flux of
the combustor wall varied from 200 kW/m2 to 1500 kW/m2. In order to measure the ex-
tremely high temperature and heat flux of the scramjet combustor, Li et al. [9] developed an
integrated water-cooled sensor and conducted numerical and experimental investigations
to test the response characteristics and stability of the sensor, calibration results indicated
that the sensor could meet the measurement requirements. By installing heat-flux sensors
on the combustor wall, systematic experimental research was carried out to obtain the wall
heat flux distribution at different locations of the supersonic combustor, it was found that
the equivalence ratio has little impact on the distribution of heat flux [10].

Compared with experimental measurements, numerical simulations could signifi-
cantly reduce cost and save time. Numerical studies indicated that for a regenerative
cooling combustor, the boundary conditions and heat transfer of the combustor wall
could be solved by the gradient-based method [11]. The numerical investigation of Wang
et al. [12] indicated that the wall heat flux is greatly influenced by the flow and combustion
characteristics, which leads to the high non-uniform distribution of heat flux in the super-
sonic combustor. Besides, researchers found that the heat conduction of the combustor wall
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can be estimated by the conjugate gradient method, in which the transient temperature and
heat flux of the inner wall is obtained through the measurement of outer wall temperature,
and the difference between simulation results and experimental measurements was found
to be less than 5% [13].

In the present research of aero engines, endothermic hydrocarbon fuel is recommended
as the fuel because of its high volumetric energy density [14]. Since the operating pressure in
the cooling channels is usually higher than the critical pressure, lots of work has been done
to study the flow and heat transfer characteristics of hydrocarbon fuels at supercritical
pressures [15,16]. According to Wang et al. [17], the heat transfer deterioration can be
caused by the pseudo-film boiling in the near wall region. For kerosene flowing in a heated
horizontal tube at supercritical pressures, the variation of density would induce buoyancy,
which would lead to secondary flow and influence the heat transfer, and the buoyancy
effect decreases with the rise of pressure because of smaller variation of density [18].
In order to further understand the buoyancy effect, Sun et al. [19] conducted large eddy
simulations and investigated the detailed flow and heat transfer of n-decane in a heated
upward circular tube at supercritical pressures, and it was found that the influence of
buoyancy is strongly related to the flowing state of fuel.

Thermal cracking would occur when the temperature of endothermic hydrocarbon
fuel is pretty high, which would influence the flow and heat transfer [20]. According to Lei
et al. [21], the cooling capacity can be promoted by thermal cracking, which is beneficial for
the thermal protection. Therefore, the flow and heat transfer of endothermic hydrocarbon
fuels with thermal pyrolysis was extensively studied. Based on their experimental studies,
Li et al. [22] proposed a simplified molecular reaction kinetic model of high accuracy that
can be used to simulate the pyrolysis of supercritical endothermic hydrocarbon fuels in
heated tubes. Li et al. [23] also found that pyrolysis would enhance the heat transfer when
heat flux is relatively low while the influence of pyrolysis on heat transfer at higher heat
flux is much more complicated. The work of Xu et al. [24] indicated that the ribbed surface
would greatly improve the heat transfer in the channel, leading to lower wall temperature
and weakens the pyrolysis of the endothermic fuel.

Although there are many literatures concerning the thermal protection and regen-
erative cooling of scramjet engines, most of them has been simplified to a certain extent.
For example, the electric heating experiments were used to model the thermal environment
of the cooling channels [25,26], or the flow and heat transfer characteristics of hydrocarbon
fuel were numerically investigated at a given wall heat flux [27,28]. The coupled heat
transfer of high-temperature gas and regenerative cooling panel are seldom taken into
consideration in the existing literatures. It can be deduced that for convective heat transfer
between high-temperature gas and combustor wall, higher wall temperature would lead
to lower heat flux. However, for heat transfer of coolant in the cooling panel, higher
wall temperature would lead to higher heat flux. The temperature and heat flux of the
combustor wall may not match through separated research. Since the heat transfer of
regenerative cooling is a strongly coupled process, it is better to solve the problem as a
whole. Therefore, the three-dimensional coupled heat transfer between high-temperature
gas, regenerative cooling panel with parallel cooling channels and kerosene of supercritical
pressure are numerically investigated in this paper. The fundamental characteristics of
coupled heat transfer as well as its influencing factors are studied and discussed combined
with theoretical analysis. The simulation results herein could help to reveal the real heat
transfer process of regenerative cooling and can be used for the design and optimization of
thermal protection systems.

The block diagram of this paper is shown in Figure 1.
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Figure 1. Block diagram of this paper.

2. Numerical Methods
2.1. Governing Equations

The finite volume method provided by the pressure-based solver of ANSYS Fluent
19.2 is used for numerical simulations in this study. The Reynolds averaging method is
adopted to simulate the flow and heat transfer. For steady flow and heat transfer of fluid
with no external force and heat source, the governing equations in Reynold’s averaging are
as follows.

Continuity equation:
∂

∂xi
(ρui) = 0 (1)

Momentum equation:
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Tao et al. [29] numerically investigated the heat transfer of hydrocarbon fuel at su-
percritical pressures, and it was found that the SST k-ω model [30] is more accurate than
other models in most cases. The work of Wang et al. [12] indicated that the SST k-ω
model could accurately simulate the flow and reaction in the scramjet combustor and
predict the heat flux of the combustor walls. Therefore, the SST k-ω turbulence model with
low-Reynolds-number correction is adopted for simulation in this paper.
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Equation of turbulent kinetic energy k:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) + G̃k −Yk + Sk (5)

Equation of specific dissipation rate ω:

∂
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∂xj
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Detailed descriptions of the constants and the coefficients can be found in the work of
Menter [30].

The three-dimensional heat conduction equation in the solid zone:
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For constant thermal conductivity without heat source, the steady-state heat conduc-
tion equation in the solid zone can be written as:

∂2T
∂xi

2 +
∂2T
∂xj

2 +
∂2T
∂xk

2 = 0 (8)

By combining the continuity equation, momentum equation and energy equation of
the fluid while solving the heat conduction equation in the solid region, and adopting
coupled heat transfer for the convective heat transfer between solid walls and fluid zone, the
three-dimensional coupled heat transfer between high-temperature gas and regenerative
cooling panel can be solved.

2.2. Physical Model

The detailed schematic diagram of a scramjet engine can be found in the work of
Goyne et al [31]. The simplified schematic diagram of scramjet engine and regenerative
cooling is shown in Figure 2. It can be seen that for regenerative cooling in scramjet engines,
heat is transmitted from high-temperature gas to the cooling panel through convection,
and is transferred inside the cooling panel through conduction, and finally it is absorbed by
kerosene of supercritical pressure through convection. The heat transfer through radiation
is not considered in this study because of its small proportion in total heat flux [32].

Figure 2. Schematic diagram of scramjet engine and regenerative cooling: (a) Scramjet engine (b) Regenerative cooling.

The experimental photos of scramjet engine and regenerative cooling are shown in
Figure 3. The temperature and heat flux of the gas heated surface are measured by embed-
ded thermocouples and heat flux sensors in the experiments. However, the installation of
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thermocouples and heat flux sensors would change the origin configuration of the cooling
panel. Besides, the local flow and heat transfer characteristics are also affected by the
installation of thermocouples and heat flux sensors, which may lead to significant errors.
Therefore, the proposed research could help to reveal the heat transfer characteristics of
regenerative cooling and its influencing factors.

Figure 3. Experimental photos of scramjet engine and regenerative cooling: (a) high-temperature gas at the exhaust of a
model scramjet combustor (b) regenerative cooling panel.

The convective heat flux qg of the gas heated surface is calculated as:

qg = hg(Taw − Twg) (9)

where hg is the convective heat transfer coefficient of high-temperature gas, Taw is the actual
adiabatic wall temperature while Twg is the wall temperature of the gas heated surface.

The equivalent conductive heat flux qp in the cooling panel can be calculated as:

qp =
λ

δp
(Twg − Twc) = hp,eq(Twg − Twc) (10)

where λ is the thermal conductivity of the panel material, δp is the thickness of the gas side
wall, hp,eq can be considered as the equivalent heat transfer coefficient of the cooling panel
and Twc is the wall temperature at the coolant side.

The equivalent convective heat flux qc in the cooling channels can be calculated as:

qc = hc,eq(Twc − Tb) (11)

where hc,eq is the equivalent convective heat transfer coefficient of kerosene and Tb is
the bulk temperature of kerosene. According to the energy conservation, we can get the
following equation:

q = hg(Taw − Twg) = hp,eq(Twg − Twc) = hc,eq(Twc − Tb) (12)

Therefore, the heat flux and wall temperature are strongly coupled. Formula (12)
can be written in the form of equivalent thermal resistance according to the heat transfer
direction as follows:

q =
Taw − Twg

1/hg
=

Twg − Twc

1/hp,eq
=

Twc − Tb
1/hc,eq

=
Taw − Tb

1/hg + 1/hp,eq + 1/hc,eq
=

Taw − Tb
Req

(13)

where Req is the equivalent total thermal resistance.
The computational domain is shown in Figure 4. The size of the cooling channel is

3 mm × 3 mm, and the thicknesses of the ribs and walls are all 3 mm. An entry section of
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180 mm in length is included to ensure a fully developed channel flow, and an exit section
of 180 mm is used to reduce the impact of the exit segment. The mass-flow-inlet boundary
condition was applied for the inlet of kerosene, where mass flow rate and inlet temperature
are specified. The pressure-outlet boundary condition is applied for the outlet of kerosene.
According to the state equation of ideal gas, the total pressure of high-temperature gas
can be determined by the mass flow rate, static pressure and total temperature. Therefore,
the inlet of high-temperature gas is also set as mass flow inlet, where mass flow rate,
static pressure and total temperature are specified. The outlet of high-temperature gas is
set as pressure outlet. The gas heated surface and cooling channel walls are set as coupled
walls, while other walls or surfaces are set as symmetry or adiabatic walls in order to match
the actual physical process. The flowing direction of high-temperature gas is along the
positive direction of z-axis. The material of cooling panel is steel, and a constant thermal
conductivity 20 W·K−1·m−1 of steel is used for simulation. The complicated reaction in the
combustor is not solved in the research, and uniform incoming flow of high-temperature
gas is used for simulation. The mass fraction of high-temperature gas is N2 in 53.1%, O2 in
23.3%, CO2 in 14.6%, and H2O in 9.0% for all cases.

Figure 4. Computational domain.

The parameters of the simulation cases are listed in Table 1. Tin is the inlet temperature
of kerosene, Pc is the pressure of kerosene, and mc is the mass flow rate of kerosene in a
single cooling channel. mg is the mass flow rate of high-temperature gas, T0 is the total
temperature of high-temperature gas, and Pg,s is the static pressure of high-temperature
gas. The operating pressure is zero for all cases.

Table 1. Numerical parameters in different cases.

Case ID Tin/K Pc/MPa mc/(kg/s) Rec,in mg/ (kg/s) T0/K Pg,s/kPa Ma

Case#1 333 4 0.018 7200 1.2 1900 75 2.76
Case#2 333 4 0.018 7200 0.8 1900 50 2.76
Case#3 333 4 0.018 7200 1.6 1900 100 2.76
Case#4 333 4 0.018 7200 1.2 1600 75 2.60
Case#5 333 4 0.018 7200 1.2 2200 75 2.91
Case#6 333 4 0.018 7200 1.2 2500 75 3.03
Case#7 333 4 0.018 7200 1.2 2800 75 3.15
Case#8 333 3 0.018 7200 1.2 1900 75 2.76
Case#9 333 5 0.018 7200 1.2 1900 75 2.76
Case#11 333 4 0.006 2400 1.2 1900 75 2.76
Case#11 333 4 0.012 4800 1.2 1900 75 2.76
Case#12 333 4 0.024 9600 1.2 1900 75 2.76
Case#13 333 4 0.030 12000 1.2 1900 75 2.76

The high-temperature gas contains several components. The ideal gas model is used
to define the density of all the components. Two 4th-order polynomials as function of
temperature are applied to calculate the specific heat of gas in temperature ranges of
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300 K-1000 K and of 1000 K-5000 K respectively. The viscosity and thermal conductivity
coefficient are calculated by kinetic theory. The properties of the mixed high-temperature
gas are calculated through ideal gas mixing law.

The China no. 3 aviation kerosene RP-3 is used as coolant in this study. The ther-
mophysical properties of RP-3 at supercritical pressures can be obtained by experimental
measurements [33–35], or regarded as multi-component substitutions [29,36] and calcu-
lated by the SUPERTRAPP program [37]. In this paper, a 10-component substitution model
proposed by Zhong et al. [36] is used to calculate the physical properties of supercriti-
cal pressure kerosene. The thermophysical properties of the 10-component kerosene as
function of temperature at different supercritical pressures are shown in Figure 5.

Figure 5. Thermophysical properties of 10-component kerosene as function of temperature at supercritical pressures:
(a) Density (b) Specific heat (c) Viscosity (d) Thermal Conductivity.

2.3. Validation

To our best knowledge, there is still no detailed experimental data of the coupled
heat transfer between high-temperature gas and regenerative cooling panel in published
literatures that can be used for simulation validation. In order to verify the accuracy of
the proposed method, the simulation and theoretical calculations of three-dimensional
coupled heat transfer between high-temperature gas and cooling panel with no ribs inside
are conducted. The physical model of the three-dimensional coupled heated transfer used
for numerical validation is shown in Figure 6. For theoretical analysis and calculations,
the heat transfer of high-temperature gas is calculated by the method recommended by
Eckert [38] for high-speed flow. The heat conduction in the solid zone is calculated by
Fourier’s law. To take into account the property variations, the Sieder-Tate relation [39]
is used to calculate the heat transfer of kerosene. The height of the channel is 2 mm,
and an equivalent hydraulic diameter 4 mm is used for theoretical calculations. The inlet
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conditions of high-temperature gas and kerosene in the validation simulation are consistent
with Case#1. The comparison of bulk temperature Tb of kerosene, wall temperature Twg
and heat flux qg at the gas heated surface between simulation and theoretical calculations
is shown in Figure 7. Results indicated that there is no obvious difference of Tb between
simulation and theoretical calculations, and the distinction of Twg is less than 15 K. Besides,
the relative difference of qg between simulation and theoretical calculations is within 5%.
Therefore, the numerical method can be used to simulate the three-dimensional coupled
heat transfer of regenerative cooling.

Figure 6. Physical model of the three-dimensional coupled heated transfer used for numerical valida-
tion.

Figure 7. Comparison of Tb, Twg and qg between simulation and theoretical calculations: (a) Variation of Tb and Twg

(b) Variation of qg.

2.4. Mesh Sensitivity

Case#1 is chosen to test the mesh sensitivity with kerosene flowing along the positive
direction of z-axis, and five different meshes are used for the test. The information of
different meshes is listed in Table 2. Nc is the number of elements in the kerosene zone, Np
is the number of elements in the solid zone, Ng is the number of elements in the gas zone,
and Ntot is the total number of elements in the whole computational domain.
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Table 2. Grid division of different meshes.

Mesh ID Nc Np Ng Ntot

Mesh#1 324,000 180,000 576,000 1,080,000
Mesh#2 576,000 405,000 1,080,000 2,061,000
Mesh#3 1,400,000 630,000 1,680,000 3,710,000
Mesh#4 2,016,000 1,120,000 3,584,000 6,720,000
Mesh#5 3,584,000 1,120,000 4,032,000 8,736,000

The heat flux qg at the centerline of the gas heated surface along the flow direction
is shown in Figure 8. The simulation results of Mesh#1 and Mesh#2 are significantly
different from those of Mesh#3, Mesh#4 and Mesh#5, while the relative distinction of qg in
Mesh#3, Mesh#4 and Mesh#5 is within 0.5%. Therefore, Mesh#3 is sufficient for numerical
simulations in this study. The grid division at the cross section of the computational domain
in Mesh#3 is shown in Figure 9.

Figure 8. Variation of qg at the centerline of the gas heated surface for mesh sensitivity test in Case#1.

Figure 9. Grid division of the cross section in Mesh#3.

3. Results and Discussion
3.1. Primary Characteristics of Regenerative Cooling

The primary characteristics of Case#1 with kerosene flowing along the positive direc-
tion of z-axis are discussed in this section.

The contour graph of wall temperature Twg and heat flux qg at the gas heated surface
of the cooling panel is shown in Figure 10a,b, respectively. It can be seen that Twg first
declines and then rises along the flow direction. The variation of Twg is less than 10 K at
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the gas heated surface, and the relative difference of Twg is within 2%. The heat flux qg of
the gas heated surface is in the order of 106 W/m2. It is obvious that qg decreases along
the whole flow direction. The decline of qg is more than 140 kW/m2, which means that qg
dropped as much as 13% along the flow direction. Besides, the difference of Twg and qg in x
direction is very small, thus the temperature Twg and heat flux qg at the centerline of the
gas heated surface is used for analysis instead of contour graphs in the rest of the article.

Figure 10. Distribution of Twg and qg of the gas heated surface in Case#1: (a) Distribution of Twg (b) Distribution of qg.

Since the flow and heat transfer is strongly coupled according to Equation (12), the
analysis of Twg and qg should be combined with the flow and heat transfer characteristics
of high-temperature gas and kerosene. The loss in stagnation temperature T0 of high-
temperature gas is very small along the flow direction, thus the adiabatic wall temperature
Taw can be considered as constant. Since the variation of wall temperature Twg is less
than 10 K, the decline of qg along the flow direction is mainly caused by the decrease of
hg. A reasonable assumption is that the decrease of hg along the flow direction is mainly
caused by the development of boundary layer at the gas heated surface. The assumption
can be confirmed by the velocity distribution of high-temperature gas in Figure 11. Since
the thickness of boundary layer keeps increasing along the flow direction, the heat transfer
resistance between gas and cooling panel increases, which leads to the decrease of hg and
qg along the flow direction.

Figure 11. Velocity distribution of high-temperature gas.

As kerosene flowing through the cooling channel and being heated, the bulk tempera-
ture Tb of kerosene increases along the flow direction. The density and viscosity of kerosene
decreases, the velocity and Reynolds number of kerosene increases, which promotes the
heat transfer coefficient hc of kerosene in the cooling channels. According to Equation (12),
the reduction of hg and the increase of hc would lead to the decline of Twg, while the increase
of Tb would lead to the rise of Twg. The wall temperature Twg first declines and then rises
along the flow direction, which is a result due to the combination of these two factors.

The temperature of the cooling panel and kerosene at different locations of the cross
section is shown in Figure 12. It is obvious that there is a significant stratification of
temperature in the cooling panel near the gas heated surface. The distance between
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different temperature layers in this zone is almost the same, indicating that the temperature
gradient and heat flux of the cooling panel can be considered as uniform near the gas heated
surface. There is no obvious stratification of temperature in the cooling panel close to the
adiabatic wall, which means that the heat flux in this zone is small, and the temperature
stratification in this zone gradually diminishes along the flow direction. There is also
a significant stratification of temperature in the cooling channels. As kerosene flowing
through the cooling channels and being heated, the kerosene near the gas heated wall is
of higher temperature, while kerosene of lower temperature is gathered in the zone away
from the gas heated wall.

Figure 12. Temperature distribution of the cooling panel and kerosene in the cross sections.

3.2. Influencing Factors of Coupled Heat Transfer

The material and configuration of the cooling panel in an engine generally remains
unchanged, thus the coupled heat transfer is mainly affected by the flowing direction of
coolant as well as the flowing parameters of gas and coolant. The influencing factors of
coupled heat transfer are studies and discussed in the following sections.

3.2.1. Flowing Direction of Kerosene

The bulk temperature Tb and heat transfer coefficient hc of kerosene in the cooling
channels would change with the flowing direction of kerosene, leading to the change of
wall temperature Twg and heat flux qg of the gas heated surface.

The coupled heat transfer between high-temperature gas and cooling panel with
kerosene flowing along the negative direction of z-axis was conducted, in which the
flowing parameters of high-temperature gas and kerosene are consistent with Case#1.
For kerosene flowing along the positive direction of z-axis, the flow is defined as cocurrent
flow. For kerosene flowing along the negative direction of z-axis, the flow is defined as
counter flow. The variation of Tb and hc along the z-axis in cocurrent and counter flow is
shown in Figure 13. It can be seen that for cocurrent flow, Tb and hc rises along the positive
direction of z-axis, while for counter flow, Tb and hc rises along the negative direction
of z-axis.

The variation of wall temperature Twg and heat flux qg at the centerline of the gas
heated surface in cocurrent and counter flow is shown in Figure 14. It is obvious that for
counter flow, Twg and qg both declines along the flow direction of gas. The variation of Twg
in counter flow is more drastic, while the variation of qg in counter flow is smaller. Besides,
the peak of Twg in counter flow is much higher than that in cocurrent flow. Compared
with counter flow, cocurrent flow can better meet the requirements of thermal protection.
Therefore, the flowing direction of high-temperature gas and kerosene are both along the
positive direction of z-axis in the subsequent study.
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Figure 13. Variation of Tb and hc along the z-axis in cocurrent and counter flow: (a) Tb (b) hc.

Figure 14. Variation of wall temperature Twg and heat flux qg at the centerline of the gas heated surface in cocurrent and
counter flow: (a) Twg (b) qg.

3.2.2. Flowing Parameters of High-Temperature Gas

The flowing parameters of high-temperature gas are investigated in this section.
The heat transfer between regenerative cooling panel and high-temperature gas of

different static pressure is conducted in Case#2 and Case#3. Compared with Case#1, the
static pressure and mass flow rate of gas is changed in Case#2 and Case#3, while the total
temperature, Mach number and static temperature remains unchanged. The variation of
wall temperature Twg and heat flux qg at the centerline of the gas heated surface in these
cases is shown in Figure 15. The results showed that Twg and qg increase significantly with
the static pressure of high-temperature gas. Since the inlet total temperature and Mach
number of gas are the same in Case#1, Case#2 and Case#3, the adiabatic wall temperature
Taw is almost the same in these cases. Therefore, according to Equation (9), the increase
of Twg and qg is mainly caused by the increase of hg. The density and mass flow rate of
gas increases with static pressure, the Reynolds number and heat transfer coefficient hg
of gas also increases with static pressure. Therefore, it can be deduced from Equations
(12) and (13) that Twg and qg will also increase with the static pressure of gas. When the
static pressure of gas increases from 50 kPa to 75 kPa, the average increase of Twg and qg
is 85.2 k and 255.5 kW/m2, respectively. When the static pressure of gas increased from
75 kPa to 100 kPa, the average increase of Twg is 71.7 k, and the average increase of qg is
210.6 kW/m2.
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Figure 15. Variation of Twg and qg at the centerline of the gas heated surface with static pressures of gas: (a) Twg (b) qg.

The heat transfer coefficient hg and Nusselt number Nug of high-temperature gas at
different static pressures is shown in Figure 16. As is shown in Figure 16a, hg increases
with the static pressure of high-temperature gas, and declines along the flow direction.
For static pressure of 50 kPa, 75 kPa and 100 kPa, the decline of hg along the flow direction is
12.7%, 13.1% and 13.6% respectively, which means the decline of hg along the flow direction
increases with the static pressure of gas. The main reason may be that the density and
viscosity of gas increases with the static pressure, which promotes the development of
boundary layer, leading to a larger decline of hg. Figure 16b indicates that Nug increases
with the static pressure of gas. Besides, it can be seen that Nug increases along the flow
direction, and the increment of Nug along the flow direction increases with the rise of
static pressure.

Figure 16. Variation of hg and Nug with static pressures of gas (a) hg (b) Nug.

The heat transfer between regenerative cooling panel and high-temperature gas of
different total temperature is conducted in Case#4 to Case#7. Compared with Case#1, the
total temperature of gas is changed in Case#4 to Case#7, while the mass flow rate and static
pressure remains unchanged. The variation of wall temperature Twg and heat flux qg at
the centerline of the gas heated surface in these cases is shown in Figure 17. The results
showed that Twg and qg almost increases linearly with the increase of T0. The rise of Twg
is about 72 K and the rise of qg is about 210 kW/m2 for every 300 K increase of T0. The
main reason is that the adiabatic wall temperature Taw increases with T0, and according to
Equations (12) and (13), this will lead to the rise of Twg and qg.
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Figure 17. Variation of Twg and qg at the centerline of the gas heated surface with total temperatures of gas: (a) Twg (b) qg.

The heat transfer coefficient hg and Nusselt number Nug of high-temperature gas at
different total temperatures along the flow direction is shown in Figure 18. The relative
distinction of hg at different total temperature is less than 2%. The velocity and viscosity of
the gas increases with the rise of T0, while the density of gas decreases with that, leading to
a slight decrease in Reynolds number, which would lead to a small drop of hg. However,
the thermal conductivity of the gas increases slightly with the rise of T0, which would lead
to a small rise of hg. Therefore, the heat transfer coefficient hg of high-temperature gas is
almost the same at different total temperature. Figure 18b indicates that Nug decreases
with the rise of T0. Besides, it can be seen that Nug increases along the flow direction, and
the increment of Nug along the flow direction decreases with the rise of T0.

Figure 18. Variation of hg and Nug with total temperatures of gas (a) hg (b) Nug.

3.2.3. Flowing Parameters of Kerosene

The flowing parameters of kerosene are investigated in this section.
Case#8 and Case#9 are conducted to study the influence of supercritical pressure of

kerosene. Compared with Case#1, the supercritical pressure of kerosene in the cooling
channels is changed in Case#8 and Case#9, while the mass flow rate and inlet temperature
remain unchanged. The variation of wall temperature Twg and heat flux qg at the centerline
of the gas heated surface in these cases is shown in Figure 19. The results showed that
both Twg and qg are almost the same in these cases. The temperature of kerosene in the
cooling channels is below 600 K in Case#1, Case#8 and Case#9. According to Figure 5, the
difference of thermophysical properties of kerosene at different supercritical pressures can
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be neglected when temperature is below 600 K. Therefore, the flow and heat transfer of
kerosene in the cooling channels are almost the same at different supercritical pressures,
and the difference in Twg and qg can be neglected.

Figure 19. Variation of Twg and qg at the centerline of the gas heated surface with pressure of kerosene: (a) Twg (b) qg.

Case#10 to Case#13 are conducted to study the influence of mass flow rate of kerosene.
Compared with Case#1, the mass flow rate of kerosene is changed in Case#10 to Case#13,
while the inlet temperature and pressure of kerosene remains unchanged. The variation of
wall temperature Twg and heat flux qg at the centerline of the gas heated surface in these
cases is shown in Figure 20. The variation of bulk temperature Tb, heat transfer coefficient
hc and Nusselt number Nuc in the cooling channels is shown in Figure 21. The results
showed that qg rises with the increases of mass flow rate of kerosene, while Twg declines
with that. The increase in mass flow rate of kerosene promotes the Reynolds number and
heat transfer coefficient hc of kerosene in the cooling channels, which reduces the total
heat resistance and promotes the overall heat transfer. It can be seen from Figure 21 that
for constant increment of kerosene, the variation of Tb and hc declines with the mass flow
rate of kerosene. Therefore, for constant increment of kerosene, the variation of Twg and qg
also decreases with the mass flow rate of kerosene. Besides, the results also showed that
the region where Twg rises along the flow direction decreases with the mass flow rate of
kerosene. The main reason is that the bulk temperature Tb of kerosene rises more slowly
along the flow direction at larger mass flow rate of kerosene. Figure 21c indicates that
Nuc increases with the increase of mass flow rate of kerosene. Besides, it can be seen that
Nuc increases along the flow direction, and the increment of Nuc along the flow direction
decreases with the increase of mass flow rate of kerosene.

Figure 20. Variation of Twg and qg at the centerline of the gas side wall with mass flow rate of kerosene: (a) Twg (b) qg.
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Figure 21. Variation of Tb, hc and Nuc with mass flow rate of kerosene: (a) Tb (b) hc (c) Nuc.

4. Conclusions

Regenerative cooling is crucial for the thermal protection of scramjet engines. There-
fore, the three-dimensional coupled heat transfer between high temperature gas and
regenerative cooling panel with kerosene of supercritical pressure flowing in the cooling
channels was numerically investigated in this paper. Compared with other research, the
heat convection of high-temperature gas in the combustor, the heat conduction in the
cooling panel and heat convection of kerosene in the cooling channels were solved simulta-
neously in the present study. The temperature and heat flux of the gas heated surface are
obtained, and the influencing factors of regenerative cooling were also investigated.

The heat flux of the gas heated surface is found to be in the order of 106 W/m2 at the
present investigation conditions. The temperature of the gas heated surface in cocurrent
flow first declines and then rises along the flow direction of gas, while it declines along the
flow direction of gas in counter flow. The temperature variation of the gas heated surface
in counter flow is more drastic, while the heat flux variation in counter flow is smaller.
Compared with counter flow, cocurrent flow can better meet the requirements of thermal
protection because the temperature peak of the gas heated surface in counter flow is much
higher than that in cocurrent flow.

Parametric investigations indicated that the temperature and heat transfer of the gas
heated surface are greatly influenced by the flowing parameters of high-temperature gas
and mass flow rate of kerosene, while they are almost unaffected by the supercritical pres-
sure of kerosene in the cooling channels. The heat transfer coefficient of high-temperature
gas is almost the same at different total temperature, while Nusselt number of it decreases
with total temperature. Although the heat transfer coefficient of kerosene increases along
the flow direction in cocurrent flow, the heat flux of the gas heated surface decreases along
the flow direction due to the development of boundary layer at the gas heated surface.
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Since the three-dimensional coupled heat transfer of regenerative cooling is realized in
the research, the proposed method can be used to study the influence of panel configuration
and results can be used to guide the structural design and optimization. Besides, the
proposed method can be improved for further investigation of the semi-active (or semi-
passive) cooling as well as film cooling in the future.
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Abbreviations

cp Isobaric specific heat capacity (J·kg−1·K−1)
E Total energy of fluid (J)
h Heat transfer coefficient (W·K−1·m−2)
k Turbulent kinetic energy (m2·s−2)
m Mass flow rate (kg·s−1)
Ma Mach number
N Number of elements
Nu Nusselt number
P Pressure (Pa)
Pr Prandtl number
q Heat flux (W·m−2)
Re Reynolds number
T Temperature (K)
ui, (i, j, k) Velocities in x, y, z directions (m·s−1)
u′i , (i, j, k) Deviation of ui from its average amplitude (m·s−1)
xi, (i, j, k) Cartesian coordinate
x, y, z axis
δ Thickness (m)
δij Kronecker delta
λ Thermal conductivity (W·K−1·m−1)
µ Dynamic viscosity (kg·m−1·s−1)
ρ Density (kg·m−3)
τ Time (s)
ω Specific dissipation rate (s−1)
Subscripts
a adiabatic
b bulk
c coolant
eq equivalent
g gas
in inlet
p panel
s static
t turbulent
tot total
w wall
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