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Abstract

As hypersonic aircraft applications become increasingly extreme, traditional regenerative
cooling channels primarily using high-temperature alloys as wall materials can no longer
simultaneously meet the dual requirements of thermal protection and lightweight design.
This study, based on hypersonic environments with Mach numbers exceeding 8, selects
five materials with significant advantages from metals, ceramics, and C/SiC composite
materials to conduct a coupled design of wall materials for the flow and heat transfer charac-
teristics of n-decane under 3 MPa pressure. The results show that the heat transfer ability of
different material combination schemes is closely related to the thermal-physical properties
of the materials, and the materials with obvious advantages in specific thermal-physical
properties are dominant. Under a heat flux of 1.5 MW /m?, the GH3128 + Cu composite
scheme demonstrates a 17.5% increase in Nusselt number and a 17.6% improvement in
comprehensive heat transfer coefficient compared to the traditional high-temperature al-
loy scheme. When the heat flux triples to 4.5 MW/m?, the temperature variation of the
GHB3128 + Cu composite scheme is only 50% of that of the steel + C/SiC composite scheme.
This indicates that multi-material coupling exerts both synergistic effects and inhibitory
effects on flow and heat transfer characteristics, highlighting the importance of flexible
material selection tailored to different tactical and technical requirements.

Keywords: regenerative cooling; heat transfer character; scramjet engine; composite
materials; material combination

1. Introduction

With the progress and development of science and technology in the aerospace field,
the performance requirements for hypersonic vehicles are increasingly stringent, making
their operating environment more and more harsh. To ensure the normal operation of
hypersonic vehicles at high Mach numbers (Ma>8) [1], the scramjet engine, as its core
power system, bears thermal protection pressure from both the excessively high total tem-
perature of incoming gas and internal combustion heat release [2]. During long-term flight,
it continuously accumulates heat, endures extreme thermal environments [3,4], and faces
the dual challenges of improving thermal protection capability and achieving a lightweight
design. When the flight speed exceeds Mach 8, the total temperature of the engine inlet air
reaches 2500-3000 K, and the inner wall temperature of the combustion chamber can reach
3000—4000 K without cooling [5], which is far beyond the allowable temperature limit of

Aerospace 2026, 13, 236

https://doi.org/10.3390/aerospace13030236


https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13030236&domain=pdf&date_stamp=2026-03-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0001-5632-5072
https://doi.org/10.3390/aerospace13030236

Aerospace 2026, 13, 236

20f27

commonly used engineering materials. Therefore, it is necessary to adopt cooling methods
to reduce heat accumulation on the combustion chamber wall during heat transfer, keep
the wall temperature below the material melting point, and find engineering materials
with better physical properties and high-efficiency coolants to meet the highly harsh flight
environment. At present, scholars at home and abroad have carried out a large number
of studies and experiments on active cooling (including regenerative cooling, film cool-
ing, transpiration cooling, etc.) and achieved a series of important milestones. Existing
research results show that regenerative cooling technology has a wider application range
and better development prospects than other cooling methods [3,6-8]. As show in Figure 1,
regenerative cooling means that low-temperature fuel flows through the cooling channels
built in the high-temperature wall of the engine before entering the combustion chamber
to participate in combustion. On the one hand, the coolant can absorb a large amount of
heat and then directly participate in combustion, making full use of the originally wasted
heat, realizing “regenerative” utilization of energy, and taking into account both cooling
and energy recovery. On the other hand, it avoids the additional load burden caused by
carrying extra coolants and supporting heat exchange equipment, achieving lightweight
design of the vehicle. Aviation kerosene is an aircraft fuel with a complete technical system
and mature application. It has the advantages of high energy density, low volatility, thermal
stability and safety, and adaptation to stable storage and transportation and preliminary
liquefaction under high-altitude, low-temperature, and low-pressure environments, and
it can ensure the safe and stable operation of regenerative cooling for hypersonic vehicle
engines. The thermophysical properties of aviation kerosene under supercritical conditions
are the research foundation of regenerative cooling technology. It can provide a larger
volumetric heat sink in a limited fuel storage space, and the cooling capacity per unit
space is better [9-13]. High-temperature degradation is one of the key problems restricting
the development of regenerative cooling technology. Existing studies have optimized the
effects on n-decane pyrolysis and coking mechanisms through methods such as catalytic
steam reforming [14], using aluminum nanoparticles [15,16], adding hydroxyl-containing
additives [17], and adjusting dissolved oxygen concentrations [18]. The cooling perfor-
mance of a regenerative cooling system is determined by the properties of the coolant, the
design of the channel structure, and the thermal protection materials. Current research on
channel structures is extensive, with cross-sectional shapes such as circular, rectangular, U-
shaped, triangular, and wavy [19-21]; geometric parameters like channel dimensions, wall
thickness, or rib thickness [22-24]; and flow parameters (mass flow rate, inlet temperature,
secondary flow) [25-28], and header-related designs [29,30] all proven to significantly affect
flow and heat transfer characteristics. Rectangular channels have the widest engineering
applicability due to their ease of manufacturing and high space utilization [19,21]. Micro-rib
structures (V-shaped, crescent-shaped, boot-shaped) [23,24,31,32] and topology optimiza-
tion [21] can effectively enhance turbulent mixing and improve heat transfer efficiency.
Flow phenomena, such as buoyancy effects, flow oscillations, and boundary effects [27,28],
can also lead to deteriorated heat transfer. The selection of the optimal channel design must
be customized based on the actual application scenario of the engine (Mach number, heat
flux density distribution, structural constraints) [19,21,22]. Most existing channel design
studies focus only on the fluid side or structural optimization itself, neglecting the coupling
effect between the thermophysical properties of the wall material and the flow and heat
transfer characteristics of the channel [33,34]. With the development of advanced composite
materials, carbon fiber-reinforced ceramic matrix composites (CMCs), owing to their high
strength, low density, low coefficient of thermal expansion, and high thermal stability, have
become a research hotspot for regenerative cooling thermal protection [33]. Xin et al. stud-
ied the influence of the proportion of C/SiC composites in the structure and the anisotropy
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of thermal conductivity of C/SiC composites on the thermal protection capability of the
regenerative cooling structure. Different schemes show that C/SiC composites significantly
improve the structural weight reduction capacity and avoid heat transfer deterioration [34].
A ADAMI et al. studied how to maintain the good propulsion performance of bipropellant
engines; proposed a combined cooling scheme of ablative cooling and radiative cooling;
and selected graphite, aluminized zinc steel plates, and TPS materials to form a composite
thermal protection layer to ensure that the wall temperature is below the material melting
point, improving thermal protection performance and structural lightweight [35-39].

Fuel
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Figure 1. Schematic diagram of regenerative cooling channels.

Through a literature review, it was found that although composite materials hold great
potential in the selection of thermal protection materials, there are still key research gaps.
For example, the stability and reliability of different material combinations under varying
thermal environments have not been sufficiently validated, the impact of material property
degradation under long-term high-temperature loads on the overall performance of re-
generative cooling structures remains unclear, and the synergistic and inhibitory effects of
multi-material coupling on flow and heat transfer characteristics lack analysis. To address
these research gaps, this study selects five representative engineering materials (GH3128,
C/SiC, Cu, steel, ZrO,) based on practical manufacturability and thermal-physical per-
formance advantages, covering metal, ceramic, and composite categories. Six rectangular
regenerative cooling channel wall material combination schemes are designed. Numerical
simulations are conducted at 3 MPa pressure to investigate the temperature distribution of
the channel walls and the flow and heat transfer characteristics of supercritical n-decane.
Quantitative analysis is performed on key performance parameters, such as comprehensive
heat transfer coefficient, Fanning friction factor, dimensionless entropy generation number,
and overall heat transfer performance, to compare the thermal protection capabilities of
different material combinations. Additionally, three material combination schemes with
different heat transfer effects are selected for performance comparison under varying heat
fluxes (1.5-4.5 MW /m?) to further verify the reliability of these material combinations
under different environments. This study aims to identify optimized material combination
schemes with enhanced heat transfer performance, clarify the advantages and disadvan-
tages of different schemes under various tactical and technical requirements, and provide
a theoretical basis for the material selection and coupled design of regenerative cooling
structures in hypersonic vehicles.

2. Numerical Methods and Model Validation
2.1. Calculation Domain and Parameter Settings

The dimensions of the regenerative cooling channels are much smaller compared
to the combustion chamber and are arranged in a circle. As shown in Figure 2, an ideal
combustion chamber channel model typically exhibits structural symmetry, so one of

the single regenerative cooling channels is selected as the research object in this study to
analyze its flow and heat transfer characteristics.
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Figure 2. Model calculation domain. (a) Single material channel. (b) Combined material channel.

The regenerative cooling channel adopts a rectangular straight channel, with detailed
structural parameters as follows: The total length of the channel is 200 mm, with a heating
section length of 150 mm. To ensure normal fluid velocity when entering the heating
section and guarantee heat exchange efficiency, there are 25 mm adiabatic sections at both
the front and rear. The hydraulic diameter of actual regenerative cooling channels ranges
from 0.3 to 4 mm. In this model, the fluid domain is set as a 2 mm x 2 mm square, with
flow along the x-axis; the gravitational acceleration direction is along the negative y-axis.
Based on symmetry, the thickness of the solid domain is set to 0.5 mm along the y-axis and
0.25 mm along the z-axis. For the paired structural combinations, the wall located below
the fluid domain along the y-axis is divided into two layers, with each material thickness
being 0.25 mm. The overall calculation domain is 3 mm x 2.5 mm, and the bottom surface
is the heated wall of the channel.

This paper focuses on the influence of two key variables, wall material combination
and heat flux size, on the regenerative cooling channel. Among them, Cases 1-6 are about
different combination schemes of five materials (Case 1 is a single superalloy material,
which serves as the reference control group), and the three groups of combination schemes
with obvious differences in heat transfer effect are selected to change the heat flux size, and
the regenerative cooling effect is further compared and analyzed. The specific case settings
and parameters are shown in Table 1. Figure 3 provides an intuitive presentation of the
structure of the regenerative cooling channel.

Table 1. Case settings and related parameters.

Effects Case Name Material (};R\t]/};ll‘z‘;‘ Temperature (K)  Pressure (MPa)
Case 1 GH3128
Case 2 C/siC
material Case 3 Cu + GH3128 3
Case 4 GH3128 + C/SiC
Case 5 Steel + C/Sic
Case 6 Steel + ZrO,
Case Al 1.5
Case A2 GH3128 3 450 3
Case A3 45
Case B1 1.5
Heat flux Case B2 Cu + GH3128 3
Case B3 45
Case C1 1.5
Case C2 Steel + C/SiC 3
Case C3 45
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Figure 3. Schematic diagram of different material combination schemes.

2.2. Thermal-Physical Properties of Coolant

As temperature increases, the thermophysical properties of aviation kerosene change
significantly. To accurately capture the optimal operating range of this coolant, SUPER-
TRAPP software, developed by the National Institute of Standards and Technology (NIST),
is employed to obtain a series of physical data for the single coolant n-decane at 3 MPa,
including specific heat capacity, density, dynamic viscosity, and thermal conductivity. Ac-
curate graphs illustrating the variation of each physical property with temperature are
generated by means of Origin 2018 software, and the critical temperature is selected as
Tcp = 648 K. The thermophysical data of n-decane are imported into the material library of
Fluent 2022 R1 software, ensuring that the simulation accurately leverages the excellent cool-
ing capacity and supercritical physical state of n-decane under specific high-temperature
conditions so as to optimize the regenerative cooling process. Figure 4 shows the ther-
mophysical properties of n-decane. In this study, the inlet pressure of the fluid is fixed at
3 MPa, which is higher than the critical pressure of n-decane. Therefore, the “supercritical
state” mentioned in subsequent discussions specifically refers to the “supercritical temper-
ature state”, i.e., the state where significant abrupt changes occur in the thermophysical

properties of the fluid.
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0.2 conl :Acujf:mkli 8.00x10
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Figure 4. Variations of thermophysical properties of n-decane with temperature at a pressure
of 3 MPa.
2.3. Thermal-Physical Properties of Materials

The internal combustion environment of hypersonic vehicle engines is extremely harsh.
Channel materials must meet the core requirements of high-temperature resistance and
lightweight design at the same time, but their key properties, such as strength, stiffness,
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and thermal conductivity, often constrain each other, which affects overall optimization.
This study focuses on the influence of different wall materials on the overall flow and heat
transfer characteristics of regenerative cooling channels. Five representative engineering
materials are selected, including GH3128 superalloy, C/SiC ceramic matrix composite,
chromium bronze, stainless steel, and ZrO, ceramic, hereinafter referred to as GH3128,
C/SiC, Cu, steel, and ZrO;. These materials cover three major categories—metals, ceramics,
and composites—and their key physical properties, such as density, specific heat capacity,
and thermal conductivity, vary significantly with temperature. Table 2 and Figure 5 shows
the thermophysical parameters of these five materials. The five selected materials have
complementary thermophysical properties (e.g., high thermal conductivity, lightweight,
thermal insulation) and mature engineering applicability, ensuring comprehensive explo-
ration of material combination effects on regenerative cooling.

Table 2. Thermophysical parameters of materials.

Specific Heat
. . 3 P .. .
Material Density (kg/m°) Cp (/kgK) Thermal Conductivity (W/m-K)
1130 (373.15 K) 12.56 (473.15 K)
14.24 (573.15 K) 15.49 (673.15 K)
GH3128 8810 502 16.75 (773.15 K) 18.42 (873.15 K)
19.68 (973.15 K) 2135 (1073.15 K)
23.02 (1173.15K)  23.86 (1223.15K)
17.00 (296 K) 21.25 (472.6 K)
C/SiC 3050 630 21.25 (672.35 K) 20.44 (873.73K)
19.73 (1071.8 K) 19.20 (1222 K)
167 (373.15K) 301 (873.15K)
Cu 8900 386 255 (1173.15 K)
16.7 (293.15 K) 222 (77315 K)
Steel 7850 502 23.9 (873.15K) 25.1 (973.15 K)
0.57 (269.011 K) 0.53 (472.352 K)
0.53 (672.352 K) 0.53 (872.077 K)
Zx0; 6020 400 0.53 (1071.8 K) 0.60 (1223.66 K)
0.60 (1472.9 K)
3201 Guaizs 301
—— C/SiC
e 255
240 F —* Steel
o Zr0, 5
< 167 e
E 160 20 7-4
~
: -n
~ g0} !
o 400 600 800 1000 1200
.___.____.———;——‘-'—_
0k = = = = =
400 600 800 1000 1200
T (K)

Figure 5. The distribution of thermal conductivity of materials with temperature.

GH3128 has excellent strength and stiffness at high temperatures, along with high
toughness and good fatigue resistance. It can be processed into various ideal shapes,
directly withstand the pressure and impact generated by coolant flow, and has no special
requirements on wall thickness. Its thermal conductivity is at a moderate level, but it is not
conducive to lightweight design. C/SiC has advantages in lightweight design and heat
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storage, with strong structural stability at high temperatures, but its thermal conductivity
is relatively moderate. Due to high brittleness, it has insufficient impact and deformation
resistance, making processing and forming difficult. The core advantage of Cu lies in
ultra-high thermal conductivity, which ensures outstanding heat transfer efficiency. It also
has good ductility and easy processability, but its mechanical properties degrade at high
temperatures, resulting in insufficient strength and stiffness. It shares similar lightweight
limitations with GH3128. Steel is cost-effective with mature manufacturing processes,
stable mechanical properties, and easy processability, which can meet the structural bearing
requirements under conventional working conditions, but it lacks competitiveness in
lightweight and comprehensive heat transfer performance. ZrO; has stable physical
and chemical properties and extremely low thermal conductivity, so it is usually used
as a thermal insulation material. It has weak impact and bending resistance and high
processing difficulty.

Based on the principle of complementary advantages of different material properties,
this study combines materials in pairs by integrating the characteristic advantages of
individual materials in heat transfer efficiency, flow resistance control, and structural
stability. This approach compensates for the performance shortcomings of single materials
in extreme environments. By analyzing the flow and heat transfer characteristics of different
material combinations, this study provides theoretical support for the material selection of
regenerative cooling channels.

2.4. Solver and Boundary Settings

In the subsequent sections of this paper, the following physical quantities will be
adopted to conduct a comprehensive analysis of the heat transfer performance of the
channel. The calculation methods and governing equations corresponding to the main
physical parameters are presented.

The convective heat transfer coefficient of the channel  is defined as

h—= 1 1
— (M
where g denotes the heat flux of the heated wall, Tw represents the average wall temperature,
and Tf represents the average fluid temperature.
The Fanning friction factor f is defined as

(Ap/L)Dy

o @)

f=

where AP is the pressure drop, Dh is the hydraulic diameter of the channel, p is the fluid
density, and u is the fluid velocity.

Heat transfer entropy generation and flow entropy generation quantify the irreversible
loss in heat transfer processes and the mechanical energy loss in fluid flow, with their

o= (5 (50) (3] ®

G p o B0 0 0w
Sg'PT<aX]'+aX,' ax] @)

definitions as follows:
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The dimensionless entropy generation number Ns1, which quantifies the relative
degree of irreversible losses in heat transfer and flow processes, is defined as

S av S ,T—F.'S ,PdV
g = SV W Sor g0tV ®

Q/Tin Q/ Tin

The Nusselt number Nu is defined as

__ hDy,
The comprehensive heat transfer coefficient of the channel 4 is defined as
Nu/Nu
=5 7)
(f/fo)
Conservation equations of mass, energy, and momentum:
op 9
g + 9 ) (pul) 0 (8)
d(pu;) ) . 9 9 u; ou; 0o Ouj
S+ 2 (pugy) = =32+ 2 [n(38 + 52 ) - 3oy o)
—i—a% (—pugu;) +p8
d d ] aT
g(PE) + aTci(ui(PE +p)) = o (Aeffaxi - ;hj/]]’/ + uj (Tz’j)eff) (10)

where p is the fluid density, ¢ is the fluid temperature, y is the fluid viscosity, A is the
thermal conductivity, and E is the modulus of elasticity.
Turbulence model:

a(g)lf]c)+a(zylzlc):Pk—ﬁ*kw+aa}ci[(ﬂ+Ukut)§i} (11)

a(g’;") n a(g;‘;’) = ppS? — Bpw? + aaxl {(u + Uwyt)g:i] +2(1— Fl)p(fwz;(_i{if;j: (12)
F; = tanh { [min max [ ﬁ{fy, ?/g?j , égakzz}/’; r] (13)

CDy,, = max [2pawzi$g:;, 1010} (14)

where k is the turbulent kinetic energy of the fluid, w is the vortex frequency (w = k/I?),
and / is the turbulent length scale.
Fluid-structure interaction model

aiXi(/\VT) = pcp%—f (15)

This paper uses Fluent software for numerical simulations. The solver model satisfies
the mass, momentum, and energy conservation equations. For the fluid domain and solid
domain, the principles of flow continuity and heat conduction equations are, respectively,
followed. Through validation, the k-w SST turbulence model with the best fitting effect
is selected. The SIMPLEC algorithm handles the pressure—velocity coupling process, and
the second-order upwind scheme (SECOND ORDER UPWIND) discretizes data such as
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momentum, energy, and turbulent kinetic energy. Residual monitoring ensures that the
convergence criteria for continuity, x-velocity, y-velocity, z-velocity, energy, k, and w are
set to 107°.

2.5. Model Validation and Mesh Independence Test

To select the most reliable and accurate turbulence model for simulations, three com-
mon turbulence models, k-w SST, k-w Relizable, and k-¢ RNG, are compared against the
experimental results presented by Liu et al. (2015). Figure 6 presents the comparison of wall
temperature and fluid temperature variations along the flow direction. It can be intuitively
observed that the numerical simulations of the three turbulence models yield consistent
fluid temperature rise results, while the k-w SST turbulence model shows significantly
better fitting between its wall temperature increase data and the experimental data than the
other two models. Widely validated for supercritical fluid heat transfer in both circular and
rectangular channels [10], this model is selected for subsequent numerical simulations, as
the strict control of wall y* < 1 in the present study ensures accurate near-wall turbulence
prediction and supports its applicability to the rectangular channel configuration.

480—
|—>— k-¢ Relizable
-5 ‘+ Experimental Data
400} | k= RNG
adiabatic section = I I=50mm |—— k- SST
.-t . 2
& 320
240
0 100 200 300 400
L=877.5mn x/L
400
—— Experimental Data
—o— k-£ Relizable
—o— k- RNG
300F —— k- SST
<
L — =
. - W 200
adiabatic section =) 1=510mm
L) 10
Heat 00 100 200 300 400
ea ux

x/L

Figure 6. Verification of the turbulence model (model schematic diagram; wall and fluid temperature
fitting curves).

The density and quality of meshes have a significant influence on the results of
simulation calculations, making mesh independence study a crucial preprocessing step. An
insufficient number of meshes tends to compromise the accuracy of simulation calculations,
while an excessively large number can impair computational efficiency. To address this
trade-off, four mesh design schemes are established and validated using the k-w SST
turbulence model. The mesh counts of Mesh 1 to Mesh 4 are 2,359,488; 3,892,850; 5,347,395;
and 8,239,090.

As shown in Table 3, this is a detailed setup of the boundary conditions for the
regenerative cooling channel used in the simulation experiments of this paper.
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Table 3. Boundary condition setting.

Boundary Condition Value

mass flow inlet gm = 0.0042 kg/s; Tj, =423 K
pressure outlet Pyt =3 MPa

heated wall g=15-45MW/ m?2

other walls g=0MW/ m?2

By comparing the average temperature of the heated wall and the outlet pressure
drop across the four schemes, it is observed that the variation in data became negligible
once the mesh count reached a certain threshold. As presented in Table 4, when the mesh
count exceeded 5 million, further increases in the number of meshes led to only minimal
improvements in data accuracy. To balance computational accuracy and time efficiency
simultaneously, Mesh 3 is selected for subsequent numerical simulations.

Table 4. Mesh independence test and scheme selection.

Mesh Numbers Average Temperature of the Heated Wall (K)  Pressure Drop (Pa)
1 2,359,488 816.38047 (—4.36%) 1177.2 (2.87%)

2 3,892,850 829.65734 (—1.56%) 1145.6 (1.29%)

3 5,347,395 840.48380 1128.0

4 8,239,090 850.29178 (1.78%) 1107.9 (—1.17%)

Figure 7 shows the meshing details of rectangular cooling channels for single material
and composite material, respectively. After model validation, the k-« SST turbulence model
is selected to solve the turbulence equations. To simulate the fluid flow state accurately, the
height of the first layer and the growth rate in the mesh system are, respectively, set at A and
B. This keeps the wall yJr value within 1. For the composite material channel in Figure 7b,
considering the differences in thermal-physical properties between different materials, this
creates thermal resistance at their interface and impedes heat transfer. Therefore, mesh
refinement is performed in the interface region of the two materials to more accurately
simulate the heat transfer process between solids.

(a) singel material (b) composite material

Figure 7. Schematic diagram of mesh details. (a) Single material; (b) composite material.

As shown in Table 4, this is a detailed explanation of the boundary condition settings
for the case study in this paper.
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https://doi.org/10.3390/aerospace13030236

Aerospace 2026, 13, 236

11 of 27

3. Results and Discussion
3.1. Discussion with Material Combinations as Variables

As shown in Figure 8, this is the velocity streamline distribution of the flow field
along the flow direction. It can be seen that in the smooth rectangular channel, the fluid in
the main flow region flows stably along the x-axis direction. Without the interference of
rib structures, there are no obvious vortex structures along the x-axis direction, which is
consistent with the basic flow characteristics of supercritical fluids in rectangular channels.

Y

Velocity
2.50
1 230
[2.10
1.90

‘ 1.70
1.50
1.30
1.10
091

=

Figure 8. Velocity streamline distribution diagram for Case 1.

Figure 9 shows the wall temperature distribution along the flow direction for Cases 1-6.
There are significant differences in the initial values and growth patterns of wall temper-
ature for different combinations. The temperature rise trends of Cases 5 and 6 are very
similar, while Case 6 has a significantly higher initial wall temperature than the other
cases. Although both cases are influenced by steel, ZrO; has an extremely low thermal
conductivity, which hinders heat conduction inward from the wall surface, leading to
surface heat accumulation during the initial heating stage. For other cases using high
thermal conductivity materials, the initial temperatures are consistent. As the flow distance
increases, the wall temperature of all cases shows an overall upward trend. In the front
section of the channel, where x/L < 20, the temperature rises, and after x/L>20, the rate
of temperature increase tends to stabilize, making the differences between cases more
pronounced. Case 3 has the lowest overall wall temperature, attributed to the high thermal
conductivity of Cu, which can quickly spread heat laterally along the wall, reducing local
temperature accumulation. Cases 1 and 2 show similar temperature levels in the middle
section of the channel, indicating that the temperature regulation capability of a single
material tends to be consistent, while the temperature regulation advantage of composite
material systems is more significant.

Figure 10 shows the fluid area-weighted temperature distribution along the flow
direction for Cases 1-6. The fluid heating rate for Cases 4 and 5 is lower than that for
Case 1. Although the thermal conductivity of steel and C/SiC is slightly higher than
that of GH3128, the two combined operating conditions have heat transfer resistance.
Because C/SiC is an anisotropic material, its heat transfer path perpendicular to the wall
is impeded. And here is a thermal resistance effect at the interface of materials with
different properties, leading to the heat transfer from the solid domain to the fluid domain
needing to overcome the dual barriers of interfacial thermal resistance and composite
material directional thermal conductivity limitations. The fluid heating for Case 3 is the
most gradual. The reason is that Cu has extremely high thermal conductivity, which can
quickly transfer the wall heat to the fluid, allowing the fluid to enter the supercritical
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state earlier for efficient heat absorption and suppressing the temperature rise amplitude.
Case 5 shows a significant temperature inflection point at x/L ~ 16, which is caused by
two factors. First, x/L ~ 16 corresponds to the transition region from the adiabatic section
to the heating section of the channel, where heat increases from nothing and accumulates
gradually, causing a stepwise mutation in the fluid temperature change rate. Second, the
heat transfer efficiency can only gradually recover after overcoming the interfacial thermal
resistance between steel and C/SiC, ultimately forming a temperature inflection point in
the transition region. This is consistent with the experimental conclusion of Xin et al. [38].
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Figure 9. Wall temperature distribution along the flow direction for different materials for Cases 1-6.
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Figure 10. Fluid temperature distribution along the flow direction for different materials for Cases 1-6.

Figure 11 shows the temperature distribution of the heated wall under different
material combinations for Cases 1-6. The wall temperature in all cases increases with both
heating duration and flow distance. Both single materials, GH3128 and C/SiC, exhibit
local high-temperature regions under the same heat flux, while the composite material
structure significantly improves the wall temperature distribution characteristics. Case 3,
due to the excellent thermal conductivity of Cu, achieves rapid lateral heat diffusion on
the wall, reducing the peak temperature by approximately 180 K compared to Case 1; in
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Cases 4 and 5, the thermal insulation properties of C/SiC result in significant temperature
differences at the interface, exhibiting strong thermal resistance effects; Case 6, because of
the extremely low thermal conductivity of ZrO,, has an overall wall temperature above
1000 K, making it suitable for scenarios with extremely high temperature requirements
for combustion chambers. Although the GH3128 + C/SiC combination combines the
advantages of high-temperature resistance and low density, interface thermal resistance
leads to local heat accumulation; Cu + GH3128, with the excellent thermal conductivity
synergy of the metal matrix, exhibits the best heat transfer efficiency and is suitable for
environments requiring efficient heat dissipation. Under the conditions of 3 MPa pressure
and 450 K inlet temperature, Case 3 has the lowest wall temperature, making it suitable
for low /medium heat flux scenarios with high structural safety requirements. However,
the heat transfer performance under high heat flux conditions requires further analysis in
conjunction with the heat gradient-driven heat dissipation force.

TE) 70000 72857 75714 78571 81429 54286 87143 90000 92857 95704 Y8571 1014.29 104286 107143 1100.00

SR ——
cue2 [ e —
cuses |

cues I S

Case 5 ( |

Figure 11. Temperature distribution on the heated wall for Cases 1-6 (x-to-y ratio is adjusted to 0.3 in

the figure).

Figure 12 presents the temperature distribution and streamline patterns for Cases 1-6
under identical operating conditions. In Case 3, the wall material exhibits high thermal
conductivity, which significantly accelerates lateral heat diffusion. This weakens the lo-
calized high-temperature characteristics in the bottom-heated region and forms a more
uniform vertical temperature gradient. The temperature distributions in other cases show
a high degree of alignment with the spatial position of the heated wall surface, resulting
in more pronounced vertical thermal gradients that provide a stronger driving force for
heat transfer from the wall to the fluid. This indicates that the thermal properties of ma-
terials exert a critical influence on the heat conduction pathways within the channel. The
streamline diagrams show that the flow is symmetrically distributed, with two symmetric
vortex structures formed in the latter part of the channel, indicating that the flow has fully
developed and stabilized; the density of heated fluid in the near-wall region decreases,
and buoyancy causes strong local disturbances in the bottom heating area. In Case 3, the
streamline vortex is more gradual, and the vortex core is slightly shifted upward, which is
related to the weakened buoyancy effect. The rapid lateral heat conduction of Cu reduces
the temperature gradient and density difference between the near-wall region and the
mainstream region, thereby suppressing buoyancy-driven flow disturbances and making
the vortex structure more stable.
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Figure 12. Temperature and streamline distributions on a uniformly distributed cross-section along

the y-z direction for Cases 1-6.

Figure 13 shows the turbulent kinetic energy distribution of fluid in the flow direction
for Cases 1-6. The turbulent kinetic energy of the fluid shows an overall increasing trend,
with significantly higher turbulent kinetic energy in the outer region of the fluid domain
compared to the inner region, which is attributed to the enhancement of turbulence intensity
by fluid viscosity. In the front section of the channel, the turbulent kinetic energy exhibits a
ring-shaped distribution. As the flow distance increases, this ring-shaped distribution shifts
downward, due to the fact that the fluid in the near-wall region, after being heated, enters
a supercritical state, resulting in significant changes in its thermophysical properties. This
is consistent with the mechanism of the research by Ruan et al. [35]. This creates a distinct
density gradient between the near-wall region and the mainstream region, and under
the action of gravity, buoyancy effects perpendicular to the flow direction are induced,
which in turn affect the turbulent structure. This phenomenon not only alters local heat
transfer characteristics but also increases the non-uniformity of wall heat load. Under high-
temperature conditions, the coupling effect of gravity-induced secondary flow and thermal
buoyancy is more pronounced, which may lead to local overheating or flow separation,
consistent with the buoyancy effect patterns of supercritical fluid channels reported by
Sun et al. [35]. Within the y-z cross-section, the fluid in the upper part is far from the heating
wall, and its turbulent kinetic energy is significantly higher than that in the near-wall region.
Moreover, the closer the near-wall region is to the heating wall, the smaller the turbulent
kinetic energy, but this phenomenon gradually weakens with increasing flow distance
and heat accumulation. This distribution difference originates from the viscous effect
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of the heating wall hindering turbulence and the free development of turbulence in the
far-wall region. As the fluid absorbs heat overall, the temperature gradient decreases, and
turbulence mixing intensifies, leading to a gradual reduction in turbulent kinetic energy
differences. The turbulent kinetic energy of Case 3 is significantly lower than that of the
other conditions. In high-temperature flows, variations in fluid properties, including local
density and viscosity, affect the velocity distribution through the momentum equation.
Meanwhile, temperature fluctuations directly generate buoyancy fluctuations, which serve
as important source terms for driving or suppressing turbulent kinetic energy. However,
the high thermal conductivity of Cu effectively smooths out temperature fluctuations in
the flow by enhancing molecular heat transport, thereby cutting off the coupling between
the temperature field and velocity field through buoyancy or variable property effects.
This effect significantly weakens the generation and maintenance mechanisms of turbulent
kinetic energy, manifesting as a reduction in overall turbulent intensity.
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Figure 13. Turbulent kinetic energy contours on a uniformly distributed cross-section along the y-z
axis for Cases 1-6.

Figure 14 shows the variation trends of the Fanning friction factor (f) and convective
heat transfer coefficient (1) along the flow direction for Cases 1-6. It can be seen from
Figure 14a that the variation trends of & values under different material combinations
are basically the same, showing a trend of first decreasing and then increasing with an
overall horizontal tendency. In the initial flow section, the & value remains low due to
the low fluid temperature and high viscosity. With the continuous transfer of heat, the
fluid gradually enters the supercritical state, and the heat transfer capacity gradually
increases and stabilizes. Among all cases, Case 3 has the highest / value, and Case 6 has
the lowest, while the /1 values of other cases are very close. This is consistent with the
characteristics that Cu promotes heat transfer due to its high thermal conductivity and
ZrO, hinders heat transfer due to its low thermal conductivity, which further indicates that
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the thermal conductivity of materials has a significant impact on heat transfer performance.
It can be seen from Figure 14b that the influence of different material combinations on f
is relatively small. All f values decrease rapidly in the front section of the channel and
then gradually stabilize, with a limited decreasing range. The decreased amplitude of f
values for Cases 1-6 is within 30%, which shows that the thermal conductivity of materials
has little impact on f value. The f value of Case 1 fluctuates in the front section of the
channel. With the increase in fluid flow distance, the flow gradually becomes stable, and
the variation trend of the f value gradually becomes consistent with that of other material

combinations.
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Figure 14. Convective heat transfer coefficient and fanning friction factor for different materials for
Cases 1-6. (a) fanning friction factor(f); (b) Convective heat transfer coefficient(/).

Figure 15 shows the entropy generation of Cases 1-6, in which the heat transfer entropy
generation dominates. As presented in Figure 15a, the flow entropy generation exhibits a
steady decreasing trend, with the decreasing rate decreasing synchronously. This indicates
that the flow in the channel gradually becomes stable, and the entropy increase rate reduces.
As shown in Figure 15b, the heat thermal entropy generation changes drastically at the
channel inlet and then tends to be gentle. This phenomenon suggests that the temperature
difference between the heating wall and the fluid fluctuates sharply in the initial section;
with the increase in heat transfer distance, the temperature gradient gradually stabilizes.
Among all cases, the thermal entropy generation of Case 3 is the highest, while that
of Case 6 is the lowest. This indicates that the thermal conductivity of materials has a
significant impact on thermal entropy generation. Materials with good thermal conductivity
will increase the irreversible loss of energy; therefore, it is necessary to comprehensively
consider the thermal conductivity efficiency and heat loss of materials to achieve efficient
heat transfer. The entropy generation of Case 1 fluctuates obviously in the front section of
the channel. Considering the convective heat transfer coefficient comprehensively, it shows
that the stability of flow also has a significant impact on entropy generation.

Figure 16 presents the comprehensive comparative data of the Nusselt numbers and
overall heat transfer coefficients for Cases 1-6, with Nu0 and f0 of Case 1 (GH3128) as the
reference. Under the same operating conditions, significant differences in Nusselt numbers
exist among different materials. The Nu value in Condition 3 is the highest, increasing
by approximately 17.5% compared to the reference, indicating excellent convective heat
transfer capability; in contrast, the Nu value in Condition 6 decreases by about 26.16%
relative to the reference, showing relatively weaker convective heat transfer performance.
This difference mainly stems from the high thermal conductivity of Cu and the low thermal
conductivity of ZrO,, further reflecting the significant impact of material thermal conductiv-
ity on regenerative cooling effectiveness. The trend of variation in the overall heat transfer
coefficient is basically consistent with that of the Nusselt number. Both Cases 3 and 4 have
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overall heat transfer coefficients higher than the reference, increasing by 17.6% and 2.2%,
respectively, compared to Condition 1, while Condition 6 decreases by 26.6% from the
reference. Although there is no significant difference in the thermal conductivities of
the material components in these two conditions, differences in other physical parame-
ters also affect the overall heat transfer coefficient, further confirming the advantage of
multi-material combination design over single-material design in regenerative cooling
channel structures.
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Figure 15. Entropy production under different materials for Cases 1-6. (a) Flow entropy generation;
(b) heat transfer entropy generation; (c) total entropy generation.
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Figure 16. Column charts of Nusselt number, Nusselt number-to-referenced Nusselt number ratio
(Case 1), friction coefficient-to-referenced friction coefficient ratio (Case 1), and comprehensive heat
transfer coefficient line charts for different materials.

Figure 17 presents the distribution characteristics of temperature, flow velocity, density,
and dynamic viscosity of the fluid in the y-z cross-section at the channel inlet where x/L = 50.
As shown in Figure 17a, the fluid in the region near the heated wall exhibits a distinct high-
temperature characteristic. Affected by the heat transfer rate, the temperature distribution
curve is not axisymmetric about the center, with the high-temperature zone shifting slightly
downward. Case 3 shows the smallest offset amplitude of the high-temperature zone, and
its temperature distribution is closer to axisymmetry, which indicates that this material
combination achieves the fastest heat transfer rate and can facilitate heat absorption by more
fluid. As illustrated in Figure 17b, combined with the analysis of Figure 4 (thermophysical
property diagram of n-decane), the fluid density decreases significantly with the increase
in temperature. In the height range of 0.25 <H < 1.75, the slope of the density change tends
to be gentle, which implies that the proportion of the fluid entering the supercritical state
in this cross-section is limited. It can be seen from Figure 17c that the dynamic viscosity
increases first and then decreases with the increase in the distance from the heated wall,
and a low-viscosity layer is rapidly formed in the near-wall region. Due to the asymmetry
of the temperature distribution, the decreasing trend of viscosity also deviates from central
axisymmetry. The fluid in the middle section of the channel is in a high-viscosity state,
which is unfavorable for fluid flow; increases frictional resistance; and further affects the
fluid flow velocity. As shown in Figure 17d, the velocity distribution is highly negatively
correlated with the viscosity distribution, which verifies this regularity. The distributions
of temperature, density, dynamic viscosity, and velocity along the height direction of the
cross-section in Case 3 all show a high degree of central axisymmetry. This demonstrates
that the flow field under this working condition has the optimal stability and the most
balanced distribution of thermodynamic performance, with a more uniform heat transfer
response on the wall. In addition, the variation in fluid thermophysical properties is the
most stable in Case 3, which is closer to the stable stage of the supercritical flow state.
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Figure 17. The distribution of fluid thermophysical properties along the y-axis in the y-z direction at
the entrance (x/L = 50). (a) Temperature; (b) density; (c) dynamic; (d) velocity.

Figure 18 shows the enthalpy and velocity distributions of Cases 1-6 in the y-z cross-
section. There are significant differences in the enthalpy and velocity distributions under
different material combinations. As shown in Figure 18a, the fluid velocity near the heated
wall is higher because the fluid in this region absorbs more heat, leading to a rapid decrease
in density. The fluid accelerates due to thermal expansion, forming a distinct convection
effect. As the flow distance increases, the high-speed region expands further, but is limited
by the heat transfer rate between fluids, the temperature gradient in the vertical direction
increases, causing the high-speed region to shift downward. The velocity distribution shift
in Case 3 is less noticeable than in the other cases. Combined with the enthalpy image
in Figure 18b, the high thermal conductivity of Cu enables rapid lateral heat conduction,
preventing uneven fluid heating and mitigating the risk of local overheating. Meanwhile,
this characteristic weakens the temperature gradient in the near-wall region, resulting in
weaker heat transfer capability under high heat flux compared to other cases.

https:/ /doi.org/10.3390/aerospace13030236


https://doi.org/10.3390/aerospace13030236

Aerospace 2026, 13, 236

20 of 27

Velocity (m/s) 100 114

127 141 155 1.68 1.82 1LY5

)

2.9

-
v
P
~

e lalalnr
e lalalalnln
~-D000RE
s alalalnln
gelelalalnny
Wslslalalaln

_1([a)l||_

Case 1 .
Case 2 -
Case 3 .
Case 4 !
Case S !
Case 6 -

| ——

x/L=25

aa

[._,

,
[
\
N

(7

'
&

.

o
5
w
=
th
=

=
,ﬂ.
S

_
\
.

.
—

o
-

3.2. Discussion with Heat Flux as Variables

x/L=62.5
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Figure 18. Enthalpy and velocity contours on a uniformly distributed cross-section along the y-z axis
for Cases 1-6. (a) Velocity; (b) Enthalpy.

From the above discussion on material combinations, it is evident that there are

significant differences in the flow and heat transfer effects of the channel under different
material combinations. To investigate the heat transfer performance of various material
combinations in a broader thermal environment, this study further takes heat flux as the
variable to conduct a comparative analysis of the heat transfer characteristics of three
excellent-performing material combinations (GH3128, Cu + GH3128, steel + C/SiC). The
heat flux range is set to 1.5-4.5 MW/ m?, with a step size of 1.5 MW/ m?2.
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Figure 19 shows the variations in wall temperature and fluid temperature of three
material combinations under different heat fluxes. As the heat flux density increases, the
overall heating rate of the fluid accelerates. Among the three material combinations, Case B
exhibits a lower temperature rise rate compared to Cases A and C, and this difference be-
comes more pronounced with increasing heat flux. Owing to the high thermal conductivity
of Cu, Case B achieves rapid lateral heat diffusion, thereby demonstrating superior tem-
perature regulation capability under high heat flux conditions. In contrast, Cases A and C
develop significant temperature gradients in the region near the heated wall as the heat
flux increases, which provides a stronger driving force for heat transfer from the wall to the
fluid. Combined with the fact that Case 3 has the highest Nusselt number in Figure 16, this
further confirms the convective heat transfer capability of this material combination. As
the heat flux increases, the wall temperature shows an upward trend. The temperature rise
rate of Case B is lower than that of the other two combinations. Moreover, with increasing
heat flux, the time required for the wall temperature rise rate to stabilize becomes longer.
This indicates that the thermal response capability of materials gradually weakens under
extreme high-temperature environments.
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Figure 19. Fluid and wall temperature distribution along the flow direction for different heat fluxes
for Cases A1-C3. (a) fluid temperature; (b) wall temperature.

Figure 20 presents the heat wall temperature distribution of three different material
combinations under various heat flux conditions. As the heat flux increases, the heating
wall temperature exhibits an obvious rising trend, and the temperature discrepancy among
different cases gradually widens. Cases A and C show similar variation tendencies, whereas
Case B maintains a relatively lower temperature level and a slower temperature rise rate
under the same conditions. This is attributed to the high thermal conductivity of the
copper-based material, which enables rapid heat diffusion along the wall and effectively
alleviates thermal safety risks induced by excessive local temperatures. However, the
relatively small temperature gradient in Case B results in weaker heat transfer efficiency
than Cases A and C at high thermal loads. At a heat flux of 3 MW /m?, the temperature
gradient along the flow direction of the heated wall is more gradual. By contrast, when
the heat flux is either decreased or increased, the temperature variation of the heated wall
becomes more significant, especially in the upstream region of the channel. Although
a rapid temperature rise can enhance heat transfer driving force, the thermal resistance
limit and long-term service safety of the structural material must be taken into account.
Accordingly, it is essential to determine the applicable thermal operating range for the
proposed design in practical engineering applications.
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Figure 20. Temperature distribution on the heated walls for Cases A1-C3 (x-to-y ratio is adjusted to
0.3 in the figure).

Figure 21 illustrates the temperature distribution along the y-axis in the y-z cross-
section at the channel center. An analysis of the average temperature for three material
combinations under different heat fluxes is conducted, focusing on temperatures along
parallel lines near the heated wall (y = 0.1 mm) and away from the heated wall (y = 1.9 mm).
As shown in Figure 21a, for the same material combination under varying heat fluxes,
the temperature gradient increases significantly with increasing heat flux, particularly
resulting in a marked expansion of the temperature difference between the region near
the heated wall and the region away from it. Aty = 0.1 mm, the temperature difference
between Cases A and C remains within 10 K; however, the temperature difference between
Case A and B rises sharply from 33.37 K to 107.02 K, indicating insufficient heat transfer
in the fluid and a reduction in heat transfer efficiency. The temperature distribution of
Case B still exhibits symmetry about the central axis height, suggesting that Case B can
maintain a uniform temperature field even under high heat flux conditions. This effectively
mitigates local overheating and further enhances the utilization efficiency of the fluid
during the heat transfer process. As shown in Figure 21b, different material combinations
have a significant impact on the temperature distribution under the same heat flux. Under
high heat conditions, Case B exhibits a more gradual temperature gradient and a more
uniform temperature distribution in the channel center region, with better symmetry
than Cases A and C. When q increases from 1.5 MW/ m? to 4.5 MW /m?, the temperature
differences between Cases A and C at y = 0.1 mm are 147.30 K and 146.84 K, respectively,
whereas the temperature difference for Case B is 73.64 K, which is significantly lower than
those of Cases A and C. This indicates that the superior thermal conductivity of Case B
can reduce the risk of local heat accumulation. While the high temperature gradients in
Cases A and C impose local thermal load pressure, they can effectively drive heat transfer.
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Figure 21. The distribution of temperature along the y-direction of different heat fluxes for
Cases A1-C3. (a) Different material combinations under the same temperature conditions. (b) The
same material combination under different temperature conditions.

4. Conclusions

This study selects five materials (GH3128, C/SiC, Cu, steel, ZrO;) as wall materials
for regenerative cooling channels, conducting a comprehensive analysis of their overall
flow and heat transfer characteristics. The research covers three engineering materials with
broad application prospects: metals, ceramics, and C/SiC composite materials. Based on
the feasibility of physical combinations between different materials, GH3128 is chosen
as the benchmark case, and five composite structure schemes (C/SiC, Cu + GH3128,
GHB3128 + C/SiC, steel + C/SiC, and steel + ZrO,) are constructed for comparative analysis.
By altering material combinations and heat flux, the heat transfer characteristics of a single
rectangular channel are comprehensively simulated and analyzed. The analysis includes
multiple data points, such as wall and fluid temperatures, flow velocity, turbulent kinetic
energy, fluid friction coefficients, and comprehensive heat transfer characteristics. The
following conclusions are drawn:

1. Influence characteristics of material thermophysical properties. When the composite
structure schemes showed significant characteristics under the same working conditions,
physical quantities of obvious differences from the base case were observed. These include
wall temperature, fluid turbulent kinetic energy, and comprehensive heat transfer character-
istics. Taking the Nusselt number and comprehensive heat transfer coefficient as examples,
Case 3 (Cu + GH3128) demonstrates the highest Nusselt number, approximately 17.5%
higher than the baseline value. In contrast, Case 6 (steel + ZrO;) shows a Nusselt number
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about 26.16% lower than the baseline. The comprehensive heat transfer coefficient for
Case 3 is 17.6% higher than the baseline, while Case 6 is 26.6% lower. This further indicates
that even when materials are coupled with each other, their dominant role is still deter-
mined by key parameters such as thermal conductivity, specific heat capacity, and density
of each component material. Moreover, materials with better thermophysical properties
contribute more significantly to the overall heat transfer effect in the composite structure.

2. Influence of the coupling effect between materials on heat transfer performance.
Among the four multi-material combination schemes adopted in this paper, the overall
and local heat transfer characteristics of the channel show obvious dual characteristics of
synergy and inhibition. During the simulation, it is noticed that the fluid heat absorption
rate slowed down in the early stage. Through the analysis of fluid density and wall
temperature at the same position, it is found that due to differences in physical properties,
a thermal resistance effect will occur at the material interface. This leads to a decrease in
local heat transfer efficiency, which in turn affects the cooling efficiency. It is necessary to
fully consider the thermal matching of material coupling in experiments to avoid the risk
of deformation and cracking at the coupling interface.

3. Response characteristics of material thermophysical properties under different
thermal pressures. Building upon the basic analysis, three typical material combination
schemes are selected to investigate their heat transfer performance variation patterns under
high-temperature conditions. This study revealed that an increase in heat flux density
significantly alters the heat transfer characteristics of different material combinations.
While the property variation patterns of the same scheme are basically consistent, there
exist differences in variation rates. When the heat flux density increases threefold (from
1.5 to 4.5 MW /m?), the temperature difference of the Cu + GH3128 combination (Case B)
is 73.64 K, which is only half of that of the GH3128 (Case A) and steel + C/SiC (Case C).
However, under the same heat flux, the temperature difference between Cases A and C
remains below 10 K, whereas Case B increases to 107.02 K. This indicates that temperature
uniformity and strong thermal gradient have different applicability scenarios: the former is
conducive to reducing local heat accumulation and enhancing structural stability, while
the latter can provide a stronger heat transfer driving force. In practical applications, it is
necessary to select the appropriate material combination according to specific requirements
to achieve optimal flow and heat transfer effects.

4. Balance between heat transfer efficiency and structural safety. In particular, a
significant temperature gradient is formed in the material interface transition zone, which
may affect the long-term service safety of the structure. Compared with the rapid increase
in wall thermal pressure caused by the increase in heat flux, the rate of increase of fluid
temperature is significantly slower. Therefore, in the innovation process, it is still necessary
to use materials with high strength and a high melting point as the base material, supple-
mented by reinforcing phases with high thermal conductivity and a low thermal expansion
coefficient. This approach can further improve heat transfer efficiency on the premise of
ensuring structural safety under extreme thermal environments.
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Nomenclature
Latin
A Heated area mm?
D Diameter mm
Dy, Hydraulic diameter of the channel mm
f Fanning friction factor
g Gravity m/s?
H Height of the fluid domain mm
hep The thickness of the wall mm
h Convective heat transfer coefficient W/m2-K
k Turbulent kinetic energy m?/s?
N 1 The entropy generation number of Hesselgreaves
Nu Nusselt number
P Pressure MPa
q Heat flux MW /m?
Gm Mass flow rate of the inlet kg/s
Re Reynolds number
S op Volume entropy generation rate due to fluid friction W/m3.K
S oT Volume entropy generation rate due to heat transfer W/m3.K
T Temperature K
u Mainstream velocity m/s
v Velocity m/s
XY,z Streamwise, spanwise, and normal directions
Greek
Ui Combined heat transfer performance factor
Y Density kg/m?
A Thermal conductivity W/m-K
U Dynamic viscosity Pa-s
w Specific dissipation rate s7!
Subscripts
f Fluid
in Inlet
out Outlet
w Wall
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