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Abstract: Regenerative cooling is an important thermal protection technology for hypersonic-
engine combustors. Conventional straight cooling channels cannot readily adapt coolant distribu-
tion to non-uniform thermal loads, and they may suffer from insufficient local heat transfer and high
wall-temperature risk. This study investigates the topology optimization design of regenerative
cooling structures for a combustor. A density-based fluid-thermal coupling topology optimization
model is developed on the OpenFOAM platform. The average temperature of the design domain is
minimized, while constraints on the fluid volume fraction and power consumption are introduced
to account for cooling performance and flow resistance. The optimization produces a regenerative
cooling channel configuration with complex branching passages. A three-dimensional cooling
structure is then constructed from the topology optimization result, and numerical simulations of
flow and heat transfer are performed under different fluid volume fractions and inlet temperatures.
Compared with a straight-channel configuration, the topology-optimized configuration reduces
the channel-layer structural mass by 26% and significantly lowers the heated-surface temperature.
Under the same fluid volume fraction, the average and maximum heated-surface temperatures of
the topology-optimized configuration are reduced by 17.5% and 16.5%, respectively, at the low-
temperature inlet condition; by 5.6% and 6.4% at the medium-temperature inlet condition; and by
3.3% and 4.4% at the high-temperature inlet condition. The results show that topology optimization
can effectively improve wall-temperature control and coolant utilization efficiency in regenerative
cooling structures, providing a reference for lightweight and efficient thermal protection design for
hypersonic engines.
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1. Introduction

Airbreathing hypersonic engines, such as turbine-based combined-cycle (TBCC), rocket-based combined-
cycle (RBCC), and dual-mode scramjet engines, are important propulsion concepts for wide-speed-range
high-speed flight and reusable Earth-to-orbit transportation. As the flight Mach number and operating
time increase, key components such as the combustor, isolator, nozzle, strut, and cavity are exposed
to strong aerodynamic heating, combustion heat release, and non-uniform thermal loads. The thermal
protection system must control wall temperature under strict mass and coolant-resource constraints [1-5].
Therefore, the design of efficient and lightweight thermal protection structures is a key issue in the
engineering application of hypersonic engines.

Regenerative cooling uses engine fuel flowing through wall channels to absorb heat, thereby achieving
structural cooling, fuel preheating, and energy recovery. For hydrocarbon fuels, high-temperature pyrol-
ysis can further increase the heat sink [6-8]. However, regenerative cooling is strongly coupled with the
combustor thermal environment. Wall heat flux, fuel-property variation, flow distribution, and cracking
reactions jointly affect wall-temperature distribution and structural strength [8,9]. As a result, empiri-
cal channel layouts and one-dimensional thermal-balance estimates alone are insufficient for the refined
thermal protection design of combined-cycle engines under multi-mode and non-uniform thermal-load
conditions.



Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)
Milan, Italy, July 06-10, 2026 2

Conventional regenerative cooling structures commonly use parallel straight channels or variable-area
channels. These designs are simple, low-cost to manufacture, and suitable for engineering applications,
and they have been widely used in thermal protection systems for liquid rocket engines and scramjet en-
gines. In RBCC combustors, however, wall heat flux often exhibits pronounced axial and circumferential
non-uniformity [10, 11]. Straight channels are prone to uneven flow distribution, insufficient local heat
transfer, and overheating in high-heat-flux regions. Under supercritical pressure and thermal-cracking
conditions, the thermophysical properties of hydrocarbon fuels vary sharply, which may further aggravate
maldistribution, coking, and channel blockage [12,13]. Therefore, cooling-channel design should evolve
from empirical regular layouts toward optimization designs that account for thermal-load response, flow
allocation, and structural constraints.

Topology optimization provides an effective tool for the free-form design of complex cooling chan-
nels. Borrvall and Petersson introduced a Brinkman penalization term into Stokes-flow problems, laying
the foundation for fluid topology optimization [14]. Gersborg-Hansen et al. extended this approach
to channel-flow and fluid-device design [15]. Density methods, adjoint methods, level-set methods,
and moving morphable component methods have subsequently been used for flow and conjugate heat-
transfer optimization. Othmer et al. promoted the implementation of continuous-adjoint topology
optimization in OpenFOAM [16, 17], and Nilsson systematically described the OpenFOAM adjoint opti-
mization solver [18]. Matsumori et al. and Kontoleontos et al. studied fluid-thermal coupling topology
optimization, heat-transfer viscous flows, and turbulence-constrained problems [19,20]; Yu et al. im-
proved the stability and manufacturability of optimized channels using the moving morphable component
method [21]. In recent years, topology optimization has also been applied to regenerative cooling chan-
nel design for hypersonic engines, and related studies have shown that it can improve flow distribution,
heat-transfer efficiency, and wall-temperature uniformity [22-26]. Zhang et al. verified the heat-transfer
advantage of topological channels over straight channels in non-uniform thermal environments [27],
and Jing et al. demonstrated their potential to reduce pressure drop, suppress stagnation, and lower
maximum temperature under complex local structural constraints [28]. Overall, existing studies have
shown that topology optimization can overcome the limitations of regular channel design, but the flow
and heat-transfer differences between topology-optimized channels and conventional straight channels
under coupled fluid-volume, power-consumption, and complex thermal-boundary constraints still require
further quantification.

Based on this background, this paper selects a typical structural component of a scramjet combustor as
the research object and conducts fluid-thermal coupling topology optimization design for regenerative
cooling channels. Given the heat source, coolant inlet conditions, and structural constraints, a topology
optimization model is established to minimize the average temperature of the design domain while con-
sidering constraints on fluid volume fraction and power consumption. The cooling channel configuration
is obtained on the OpenFOAM platform. A three-dimensional regenerative cooling structure is then con-
structed, and the topology-optimized channel is compared with a conventional straight channel in terms
of flow resistance, flow distribution, wall temperature, and heat-transfer characteristics. The feasibility
and advantages of topology optimization for lightweight and efficient thermal protection structure design
are evaluated.

2. Problem Statement

Figure 1 shows a typical structural component of a scramjet combustor and the topology optimization
computational domain. According to the geometric characteristics of the research object and the design
requirements of the cooling channel, the combustor wall structure is extracted and reasonably simplified as
the topology optimization design domain. Because the structure and boundary conditions are symmetric,
only half of the full topology optimization region is used in the actual optimization to reduce computational
cost and improve efficiency.

The design domain consists of a rectangular region with dimensions of 100 mm x 13.75 mm and six
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inlets/outlets with dimensions of 4 mm X 2 mm. The spacing between adjacent inlets/outlets is 2 mm.
The inlets/outlets are 1 mm from the symmetry plane and 2.75 mm from the upper boundary. During
computation, a uniform volumetric heat source of 1 x 108 W/m? is applied in the design domain. The
coolant inlet velocity is set to 0.05 m/s, and the inlet temperature is 300 K.

100mm
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—_—
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Scramjet Combustion Chamber Symmetry

Figure 1: Topology optimization design domain.

3. Methods

3.1 Topology Optimization Model

This study adopts the density method to establish a fluid-thermal coupling topology optimization model.
The design variable y represents the local fluid-solid property, where ¥ = 1 denotes the fluid region and
v = 0 denotes the solid region. Material interpolation and a porous-medium penalization term are used
to realize a continuous transition between the fluid and solid regions. The optimization objective is to
minimize the average temperature of the design domain, while constraining the fluid volume fraction
and power consumption to account for cooling capacity, pressure drop, and structural occupancy. In this
study, the fluid volume constraint is set to 0.6.

The governing equations of the fluid-thermal coupling topology optimization model are

V-u=0, (D
p(u-Vyu=-Vp+uV?u+F, 2)
V- (puCpT) =V - [A(y)VT] - Q = 0. 3)

Here, u is the velocity vector, p is pressure, T is temperature, p is fluid density, u is dynamic viscosity,
C), is the specific heat capacity, A(y) is the effective thermal conductivity, and Q is the volumetric heat
source. F is the body force introduced by the porous-medium penalization term to suppress flow in the
solid region:

F = —au. 4

Here, « is the inverse permeability coefficient. It approaches zero in the fluid region and takes a large
value in the solid region, thereby distinguishing the fluid channel from the solid material through velocity
penalization. The RAMP interpolation between a and the design variable 7y is used to ensure continuity
and numerical stability:
q(1-y)
a(y) = tmax : )
q+y

The material thermal conductivity is also interpolated by the design variable y to describe fluid heat
transfer and solid conduction in a unified computational domain:

0(1—7)'

0+y ©)

Aly) = A5+ (As = 4y)

The subscripts f and s denote the fluid and solid materials, respectively, and 6 is an interpolation
adjustment parameter.
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The optimization model uses the average temperature of the design domain as the objective function and
imposes constraints on power consumption and fluid volume fraction. The average temperature char-
acterizes the overall thermal-protection performance, the power-consumption constraint limits pressure
drop, and the volume constraint limits channel occupancy, thereby avoiding channels that are too narrow,
excessively curved, or difficult to realize in engineering.

Find v,
Minimize ¥,
| (N
s.t. J<Jp, —/de<V.
12| Jo
The objective function and power-consumption constraint are
Y= ! / T dQ ®)
19 Jo ’
1
Jz—/ (p+—u-u)(u-n)dF. ©)
TinUlout 2

GH3218 and n-decane are used as the solid material and fluid coolant, respectively. Considering the
variable properties of n-decane at high temperature and high pressure, a two-dimensional temperature-
pressure property table is established with CoolProp without considering cracking reactions, and local
properties are obtained by linear interpolation in the computation. The table intervals are 3 K in tem-
perature and 1 kPa in pressure. Compared with direct CoolProp calculations, the maximum error occurs
near the supercritical region at approximately 650 K and is less than 0.1%, satisfying the requirements of
numerical simulation.

Figure 2: Thermophysical properties at 3 MPa.

To improve numerical stability and suppress checkerboard patterns and gray elements, Helmholtz filtering
and Heaviside projection are applied sequentially to the design variables during optimization. Filtering
reduces mesh-scale effects, and projection promotes convergence toward clear fluid-solid boundaries:

Vi + 5 =7. (10)

Here, r is the filter radius and 7 is the filtered design variable. The Heaviside projection method is then
used to further remove gray elements and obtain a more distinct geometric boundary:

_tanh(Bn) + tanh[B(¥. — )]

~ tanh(Bn) + tanh[B(1 — )] (D

Based on the above model, a fluid-thermal coupling topology optimization solver is constructed on
the OpenFOAM platform. The solution procedure includes primal-variable solution, adjoint-variable
solution, objective and constraint calculation, sensitivity filtering and projection, and MMA design-
variable update. Both the primal and adjoint equations are solved iteratively using the SIMPLE algorithm.
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The fluid thermophysical properties are updated through table interpolation, and the final cooling channel
distribution satisfies the volume, power-consumption, and heat-source conditions.
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Figure 3: Solver workflow.

The final optimization result is shown in Figure 4. Driven by the average-temperature minimization ob-
jective, the cooling channel adaptively adjusts the fluid path according to the heat-source distribution and
flow-resistance constraint in the design domain, forming a connected structure with branching character-
istics between the inlet and outlet. Compared with a conventional regular channel, the topology-optimized
channel enhances cooling capacity in high-heat-load regions under a limited fluid volume fraction, im-
proves the overall temperature uniformity of the design domain, and provides a basis for subsequent
three-dimensional numerical simulations and comparisons of flow and heat-transfer performance.
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Figure 4: Topology optimization result.

3.2 Three-Dimensional Flow and Heat Transfer Model

A three-dimensional regenerative cooling model is constructed from the topology optimization result.
The combustor wall consists of the inner wall, channel layer, and outer wall. The inner and outer walls
are made of GH3128 alloy, and each of the three layers has a thickness of 2 mm. The two-dimensional
topology result is stretched in the spanwise direction to obtain the channel-layer structure, as shown in
Figure 5. Three-dimensional numerical simulations of flow and heat transfer are then performed based
on this model.

straight channel topology channel

Figure 5: Three-dimensional model based on topology optimization.

In the Reynolds-averaged Navier—Stokes (RANS) calculations, the standard k-& model is adopted for
turbulence closure. Numerous numerical studies have shown that this model provides reliable predictions
of flow and heat transfer for hydrocarbon fuels at supercritical pressure in horizontal channels. Pressure-
velocity coupling is handled using a coupled algorithm, while the convective and diffusive terms are
discretized using second-order upwind and second-order central-difference schemes, respectively.

HF-I endothermic hydrocarbon fuel developed by Tianjin University is used as the coolant [29]. HF-I
is a mixture of multiple hydrocarbons, and the species and chemical pathways involved in endothermic
cracking are highly complex. Therefore, a surrogate-species model is used in the simulations to represent
the cracking reactions. In this study, a reduced three-step global reaction mechanism containing 17
species is adopted to simulate the endothermic cracking of kerosene under supercritical pressure. In this
mechanism, C1j gsH»3 > is used as the surrogate formula for kerosene, and the corresponding cracking
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mechanism is listed in Table 1. This endothermic model has been calibrated and assessed in previous
work by the research group [27,28]. The results show that the supercritical cracking model predicts fluid
temperature with high accuracy and that the wall-temperature error is less than 5%.

Table 1: Three-step cracking mechanism for RP-3.

Reaction A Temperature E,
exponent (J/mol)

Ci1.35Ha3.80 — 0.1086H, + 0.4773CHy4 + 0.5586C,Hy + 0.39C,Hg + 2.87 x 10 0 2.179 x 10°

0.41C3Hg + 0.2001C3Hg + 0.2246C4Hg + 0.0353C4H;¢ + 0.031C4Hg +

0.4857C% +0.5112CC? +0.0222CoH)»

C! — 0.14H; + 0.48CH, + 0.39C;Hy + 0.45C;Hg + 0.055C3Hg + 1.23 x 10'2 0 1.896 x 10°

0.355C4H3 + 0.0955C4H10 + 0.0355C4H(, + 0.1091C9H12

CC: - 9.69 x 1012 0 1.944 x 10°

0.7488CgHg +0.1396C7Hg +0.05043CgH1 +0.03402CgHg +0.04262CoH»

Based on the topology-optimized model described above, three-dimensional numerical simulations of
regenerative-cooling flow and heat transfer are carried out. The inlet pressure, inlet mass flow rate, and
heat flux imposed on the heated surface are set to 3 MPa, 0.0126 kg/s, and 2 MW/m?, respectively.
Simulations are performed for different fluid volume fractions and different inlet-temperature conditions,
and the detailed operating conditions are listed in Table 2.

Table 2: Operating conditions.

Case Channel configuration Fluid volume fraction T, (K) Pj, (MPa) i (kg/s) g (MW/m?)

1 Straight channel 0.42 300 3 0.0126 2
2 Topology-optimized channel 0.57 300 3 0.0126 2
3 Straight channel 0.57 300 3 0.0126 2
4 Straight channel 0.57 600 3 0.0126 2
5 Straight channel 0.57 800 3 0.0126 2
6 Topology-optimized channel 0.57 600 3 0.0126 2
7 Topology-optimized channel 0.57 800 3 0.0126 2

This study first compares the flow and heat-transfer capabilities of the topology-optimized and straight-
channel structures under different fluid volume fractions. The results are shown in Table 3. In Case 2, the
average heated-surface temperature is 1000 K and the maximum temperature is 1090 K, both significantly
lower than those of the straight-channel configuration, indicating that the topology-optimized channel
has stronger cooling capability for the hot wall. Compared with Case 1, Case 2 reduces the average
and maximum heated-surface temperatures by 15.1% and 14.8%, respectively. Compared with Case 3,
Case 2 reduces the average and maximum heated-surface temperatures by 17.5% and 16.5%, respectively.
Meanwhile, the solid volume fraction of Case 2 is 26% lower than that of Case 1, showing that the topology-
optimized channel reduces the channel-layer structural mass while lowering the average temperature.

Table 3: Performance comparison under different fluid volume fractions.

C Tout Mout Cracking Mean heated-  Maximum heated- Ap
ase (K) (kgls) rate surface T (K) surface T (K) (kPa)

1 411 0.0216 1.2% 1178 1280 0.50
422 0.0216 0 1000 1090 1.13

3 391 0.0216 5.6% 1212 1305 0.25

The temperature contours on the heated surface are shown in Figure 6. The results indicate that the straight-
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channel heated surface contains a more continuous high-temperature region, whereas the topology-
optimized channel has a lower and more uniform temperature field overall. Figure 7 further shows
that multiscale branches and connected networks form inside the topology-optimized channel. These
networks redistribute the coolant from the mainstream direction toward near-wall regions, strengthening
transverse transport and local convective heat transfer. The enhanced heat transfer of the topology-
optimized configuration is accompanied by a certain flow-resistance penalty. The inlet-outlet pressure
drop in Case 2 is 1.13 kPa, higher than the 0.50 kPa of Case 1 and the 0.25 kPa of Case 3. This shows that
the complex branching structure increases local resistance losses while improving cooling performance.

Static Temperature [K |

700.00 770.00 840.00 910.00 980.00 1050.00 1120.00 1190.00 1260.00 1330.00 1400.00

case3

Figure 6: Temperature contours on the heated surface under different fluid volume fractions.

Static Temperature [ K |

298.00 39820 498 .40 598.60 698.80 799.00 899.20 899 40 109960 1199.80 1300.00

casel case?

case3

Figure 7: Temperature contours on channel cross-sections under different fluid volume fractions.

The flow and heat-transfer capabilities of the topology-optimized and straight-channel structures are
then compared under different inlet temperatures at the same fluid volume fraction. Cases 2, 6, and 7
are topology-optimized configurations, whereas Cases 3, 4, and 5 are straight-channel configurations.
The three comparisons correspond to low-, medium-, and high-temperature inlet conditions, respectively.
Under the same fluid volume fraction, the topology-optimized configuration exhibits lower heated-surface
temperatures than the corresponding straight channel for all three inlet-temperature conditions.

Under the low-temperature condition, the average and maximum heated-surface temperatures of Case 2
decrease by 17.5% and 16.5%, respectively, compared with Case 3. Under the medium-temperature
condition, the average and maximum heated-surface temperatures of Case 6 decrease by 5.6% and 6.4%,
respectively, compared with Case 4. Under the high-temperature condition, the average and maximum
heated-surface temperatures of Case 7 decrease by 3.3% and 4.4%, respectively, compared with Case 5.
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Table 4: Performance comparison under different inlet temperatures.

Case Tout Mout Cracking Mean heated-  Maximum heated- Ap
(K) (kg/s) rate surface T (K) surface T (K) (kPa)
4 666 0.0216 4.4% 1203 1287 0.82
5 844 0.0216 7.1% 1221 1307 4.35
6 673 0.0216 0.7% 1136 1205 1.89
7 852 0.0216 13% 1181 1249 7.2

These results show that, under the same volume fraction, the topology-optimized channel still lowers the
hot-wall temperature, indicating that its cooling advantage mainly comes from channel-layout optimiza-
tion rather than a simple increase in fluid volume fraction. In addition, as the temperature level increases,
the relative cooling benefit of the topology-optimized channel over the straight channel gradually de-
creases. The enhanced cooling effect is most pronounced under the low-temperature condition.

Static Temperature [K ]

700.00 770.00 840.00 910.00 980.00 1050.00 1120.00 1190.00 1260.00 1330.00 1400.00

casel case2

case4 case6

caseS case’

Figure 8: Temperature contours on the heated surface under different inlet temperatures.
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Figure 9: Temperature contours on channel cross-sections under different inlet temperatures.

4. Conclusion and Future Work

The design of regenerative cooling channels using topology optimization is expected to improve flow-
distribution uniformity and heat-transfer efficiency, thereby enabling more efficient wall thermal protec-
tion. In this study, three-dimensional numerical simulations are used to evaluate the cooling performance
of a topology-optimized cooling plate under RBCC engine heat-flux conditions. The main conclusions
are as follows:

1. In terms of mass, the solid-domain fraction in the channel layer is 43% for the topology-optimized
configuration and 58% for the straight-channel configuration, corresponding to a 26% mass reduc-
tion in the channel layer.

2. The topology-optimized channel in Case 2 has an average heated-surface temperature of 1000 K and
a maximum temperature of 1090 K, both lower than those of the straight channels under different
fluid volume fractions. This indicates that the topology-optimized configuration can effectively
improve the wall-cooling capability of regenerative cooling channels.

3. Under the same volume fraction, the topology-optimized configuration still has a cooling advantage
over the straight-channel configuration. The average and maximum temperatures are reduced by
17.5% and 16.5% under the low-temperature condition, by 5.6% and 6.4% under the medium-
temperature condition, and by 3.3% and 4.4% under the high-temperature condition.

4. The cooling effect of the topology-optimized channel mainly originates from coolant redistribution
by the branching network and enhanced transverse heat transfer. This advantage is most obvious
under the low-temperature condition, and the relative temperature reduction decreases as the
temperature level increases.

The results indicate that topology optimization is a feasible and effective computational design tool for
regenerative cooling systems in scramjet engines. Future work will focus on additive manufacturing
of topology-optimized regenerative cooling components and direct-connect ground thermal assessment
tests of scramjet combustors, further promoting the engineering application of topology optimization in
aerospace engines.
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