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Abstract: The feasibility of regenerative cooling technology in scramjet engines has been verified,
while the heat transfer behavior involved in the process needs further study. This paper expounds
on the necessity of coupled heat-transfer analysis and summarizes its research progress. The results
show that the effect of pyrolysis on heat transfer in the cooling channel depends on the heat flux and
coking rate, and the coupling relationship between combustion and heat transfer is closely related
to the fuel flow rate. Therefore, we confirm that regulating the cooling channel layout according to
the real heat-flux distribution, suppressing coking, and accurately controlling the fuel flow rate can
contribute to accomplishing the optimal collaborative design of cooling performance and combustion
performance. Finally, a conjugate thermal analysis model can be used to evaluate the performance of
various thermal protection systems.
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1. Introduction

Hypersonic vehicles are a major development direction for the aeronautic and astro-
nautic industries in the 21st century [1]. The constantly improved flight speed of hypersonic
vehicles must be accompanied by a sharp increase in aerodynamic heating [2]. Scramjet
is considered a promising power device for hypersonic vehicles because of its simple
structure and high specific impulse [3]. Fast and efficient combustion is an inevitable
prerequisite for the operation of scramjet engines [4]. However, the aerodynamic heating of
the approaching airstream and the combustion heat release of fuel will produce enormous
thermal loads, making scramjet engines endure severe thermal environment challenges
during flight [5]. Therefore, scramjet engines must rely on effective thermal protection
systems to ensure their operation stability. In particular, with the continuous increase in
the flight Mach number, thermal protection technology is highly coupled with the working
processes of the engine gas side and has become a technological bottleneck point limiting
the improvements in engine performance.

Regenerative cooling is widely used in liquid rocket engines as a thermal protection
technology, and its feasibility in scramjet engines has also been verified. For instance, the
regenerative cooling scramjet engine X-51A successfully flew for 140 s [6]. The working
process is that the pressurized fuel enters the cooling channel to remove the wall’s heat and
then injects it into the combustion chamber to complete the combustion [7]. This method
can not only cool the engine but also improves the performance of the scramjet [8]. The heat
transfer modes involved in regenerative cooling mainly include three modules: convection
and radiation heat transfer from the gas to combustion chamber inwall, heat conduction
of the combustion chamber structure, and convection heat transfer from the hot wall to
the coolant.

This paper summarizes the main characteristics of the regenerative cooling process
of a scramjet engine, expounds on the necessity of coupled heat-transfer analysis, and

Energies 2023, 16, 1025. https:/ /doi.org/10.3390/en16031025

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16031025
https://doi.org/10.3390/en16031025
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5632-5072
https://doi.org/10.3390/en16031025
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16031025?type=check_update&version=1

Energies 2023, 16, 1025

2 0f 8

introduces the research progress of the coupled heat-transfer technology. Furthermore, the
main problems in the study of coupled heat transfer are discussed to provide a reference
for the optimization design and practical application of the thermal protection system of
the scramjet engine.

2. Necessity of Coupled Heat Transfer Analysis in Regenerative Cooling

The principal characteristics of the regenerative cooling process of a scramjet engine
are as follows:

(1)  Fuelin the cooling channel operates in supercritical conditions, mainly to avoid heat
transfer deterioration due to phase change, which may lead to the failure of the
thermal protection system;

(2) After exceeding the pyrolysis temperature, the endothermic hydrocarbon fuel will
produce a pyrolysis reaction to form a mixture of small molecule gases, providing an
additional chemical heat-sink;

(3) Fuel composition and physical properties change dramatically during cooling due to
the combined action of endothermic and cracking reactions;

(4) Coking may occur during the endothermic pyrolysis of fuel, and the formation of
coking deposits will lead to heat transfer deterioration and even channel blockage;

(5) The change in fuel composition will also affect its combustion performance; in addi-
tion, the thermal environment of the combustor wall is determined by the combustion
performance and cooling efficiency.

Aiming at the thermal environment and the above characteristics of a scramjet en-
gine, scholars have carried out extensive research on aerodynamic heating, supersonic
combustion, and supercritical flow heat transfer. However, few studies that have jointly
considered these aspects. In terms of the heat transfer characteristics of supercritical fluid
in a cooling channel, most of the existing studies have used fixed heat flux boundary
conditions. However, the research by Zhao et al. [9] showed that the effects of constant
and variable heat flux on the pyrolysis process were different; they considered it necessary
to study the coupling mechanism of endothermic hydrocarbon fuel pyrolysis and heat
transfer under non-uniform heat flux. In the study of Han et al. [10], the influence of the
coupling effect on temperature results was more than 100 K, strongly supporting Zhao and
colleagues’ conclusion.

In summary, the coupled heat transfer mechanism in the combustor is crucial for
scramjet engines’ optimal collaborative design.

3. Research Progress of Regenerative Cooling Coupled Heat Transfer in Scramjet

According to the above analysis, the following discussion will include: the pyrolysis
heat transfer coupling in the cooling channel, the combustion and heat transfer coupling
in the combustion chamber, and the conjugate thermal analysis considering aerodynamic
heating in the regenerative cooling of scramjet engines.

3.1. Pyrolysis Heat Transfer Coupling in the Cooling Channel

Figure 1 [11] shows that the fuel in the cooling channel will undergo a chemical reac-
tion after the temperature exceeds the critical temperature, which will further affect the
flow and heat transfer process. For this coupling relationship and interaction mechanism,
Feng et al. [12,13] found that a chemical reaction boundary exists during the flow develop-
ment in a tube beside the velocity and temperature boundary layer; in addition, they also
established a one-dimensional framework to amplify the coupling relationship between
flow and pyrolysis reaction and defined the characteristic time to quantitatively describe
its coupling scale.
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Figure 1. The schematic of heat and mass transfer in the cooling channel [11].

From the perspective of flow characteristics, Jiang et al. [14] numerically analyzed
the effect of supercritical n-decane pyrolysis on heat transfer performances. The results
showed that the small molecular substances produced by pyrolysis reduced the overall
density, the diffusion capacity of fuel components was enhanced, and the inhomogeneity
of flow distribution was reduced. Lei et al. [15] analyzed the evolution process of coupled
heat transfer in pyrolysis from the perspectives of boundary layer development, turbulent
shear stress, and thermophysical properties. The results showed that the heat transfer
coefficient was positively correlated with the mass flow rate, negatively correlated with the
equivalent diameter, and nonlinearly correlated with the heat flux density. Meanwhile, the
effect of heat flux was related to the development of the thermal boundary layer and the
change of thermophysical properties caused by pyrolysis. Tian et al. [16] considered that
the pyrolysis reaction of RP-3 fuels could increase the velocity at the outlet of the channel
by three times. Moreover, Li et al. [17] quantitatively calculated the effect of the cooling
channel aspect ratio on heat transfer capacity. The results showed that the increase in the
aspect ratio improved the heat transfer performance of the main flow region. The heat
transfer coefficient at the aspect ratio of 5 was five times higher than that at the aspect ratio
of 3, and the wall temperature at the corner was increased by 4K.

Pyrolysis usually occurs first at high-temperature regions near the wall. Li et al. [18]
studied to what purpose this occurred and found that the effect of pyrolysis on heat transfer
was nonlinearly related to the variety of heat flux, which was related to the secondary
products produced by pyrolysis and the thermal boundary layer effect. The secondary
product influenced the fuel composition, causing an increase in viscosity, affecting the
thermal diffusivity, and thus reducing the Nusselt number. Meanwhile, the pyrolysis near
the wall caused dramatic changes in the radial distribution of the fluid, changed the thermal
properties in the boundary layer, and led to the deterioration of heat transfer. Tian et al. [11]
also obtained the same conclusion and elaborated from the perspective of hydrocarbon
fuel chemical heat sink, flow transition, and ultra-high wall temperature. They reported
that the pyrolysis reaction provided a chemical heat sink and accelerated the flow rate,
thereby reducing the fuel heating rate and wall temperature. At the same time, the mass
fraction of small molecule products increased along with the pyrolysis reaction, and the
risk of surface coking and carbon deposition also increased. In addition, Gong et al. [19]
numerically studied the effect of the secondary reaction on the heat transfer in reacting
flow and reported that the heat transfer efficiency reaches a maximum value with increased
hydrocarbon fuel conversion.

Jiao et al. [20,21] experimentally studied the pyrolysis heat-transfer coupling charac-
teristics of RP-3 flowing in a vertical upward tube at supercritical pressures in the context
of the buoyancy effect. The results showed that under the condition of high heat flux,
the buoyancy effect will lead to heat transfer deterioration which cannot be restored by
increased pressure. Pyrolysis promotes the heat transfer performance of fuel by doubling
the average thermal conductivity in the pyrolysis zone. Next, they focused on microscopic
heat-transfer behavior in the heat transfer deterioration and the cracked region by numeri-
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cal simulation. They considered that pyrolysis affected heat transfer by two mechanisms:
furnish heat absorption or deliver capacity through the endothermic (exothermic) chemical
reactions and modify fuel composition and physical properties. The two factors interact
and work together to produce different results in different regions. In addition, Li et al. [22]
studied the coupling effect of pyrolysis and flow heat transfer from the perspectives of
wall temperature distribution, thermal acceleration, n-decane mass fraction, streamline
characteristics, and vortex structure. The results showed that pyrolysis reduced the shear
stress and turbulent kinetic energy, reducing the velocity difference between the viscous
sublayer and the buffer layer, and increasing the near-wall temperature. From another
perspective, the high cracking in the near-wall region significantly reduces the density of
fuel components, increases the velocity in the boundary layer, and further reduces the wall
temperature. This means that thermal acceleration is beneficial to enhance heat transfer. In
addition, the vortex structure generated by pyrolysis also increases heat transfer.

It is worth noting that coking is often accompanied by pyrolysis, so it is necessary to
further consider coking in pyrolysis-coupled heat transfer. An experiment was conducted
by Wang et al. [23] to study the impact of the S-bend tube and mass flow rate on the
thermal cracking and coke deposition behavior of supercritical aviation kerosene RP-3.
When the outlet temperature of RP-3 was 600-700 °C, the conversion rate of the S-bend
tube was 9.3% higher than that of the straight tube, and the gas yield was also slightly
increased. This can be due to the secondary flow and Dean vortex formed by the bending
structure affecting the flow field structure. The dual effects of high temperature and low
speed promote thermal cracking in the core area of the S-bend tube. While the secondary
flow enhances the fuel mixing effect, it also increases the local resistance, making the coke
precursor easier to deposit near the wall and causing additional coking. On the other
hand, the increase in mass flow affects the fuel’s temperature, velocity, and turbulent
kinetic energy, thereby reducing the cracking conversion rate and coke deposition rate.
Furthermore, Zhang et al. [24] proposed a framework for 2D dynamic coking research by
simultaneously coupling the detailed pyrolysis model of n-decane that involved secondary
reactions with the MC-II coking model. Coking kinetics and their effect on flow and heat
transfer characteristics have been studied in depth. The results showed that the framework
established by dynamic mesh technology can better simulate the coking process and reflect
the uneven distribution of deposited coke. Maximum conversion of n-decane obtained
simultaneously was independent of the coking process. Finally, three penalties for coking
are summarized. The increase in the maximum temperature increases the risk of solid
structure breaking, the increase in thermal resistance decreases cooling performance, and
the decrease in flow cross-sectional area increases pressure drop.

3.2. Combustion and Heat Transfer Coupling in the Combustion Chamber

Due to the dual role of fuel in regenerative cooling technology, there is a highly
coupled relationship between fuel pyrolysis and combustion, which determines the heat
flux, wall temperature, and structural stress response of the combustion chamber wall, and
is critical to the design of thermal protection systems. To study this coupling relationship,
establishing a one-dimensional mathematical model with fast calculation is a relatively
easy solution. A typical one-dimensional model contains three modules of the heat transfer
process, as shown in Figure 2. Zhang et al. [25] evaluated the performance of active thermal
protection systems at different Mach numbers and equivalence ratios by the above model.
In addition, the performance of the active thermal protection system and the active—passive
combined thermal protection system is compared and analyzed. The results show that the
combined thermal protection system can effectively reduce the wall temperature of the
combustion chamber due to the role of the passive layer insulation material.
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Figure 2. Schematic diagram of one-dimensional coupled heat transfer model of hydrogen fuel
scramjet [25].

However, experimental studies can more realistically reflect this coupling relationship.
Taddeo et al. [26] designed a regeneratively cooled combustor to study pyrolysis-combustion
coupling and fuel-coking activity. Under the experimental conditions of ethylene as fuel
and air as oxidant, the effects of fuel mass flow and equivalence ratio as two command
parameters on the thermal environment of the combustion chamber were determined. The
characterization parameters included the heat flux between the burned gas and the inner
wall of the combustion chamber, the heat flux absorbed by the fuel in the cooling channel,
and the heat transfer efficiency of the combustion chamber. The experimental results
showed that when the first command parameters increased by 16-20%, the heat flux
density of the corresponding gas side increased by 20% and 28%, which was determined
by the equivalence ratio and pressure. The cooling side’s physical and chemical heat fluxes
were positively correlated with both command parameters. Similarly, the heat transfer
efficiency of the combustor also increased with the increase in the fuel mass flow rate and
changed nonlinearly with the increasing equivalence ratio, which means that there exists a
maximum value. In addition, the sensitivity analysis of two characteristic heat fluxes to
command parameters was performed. In the study of combustion conditions, it is found
that when the equivalence ratio is greater than 1, radiative energy transfer accounts for
more than thermal convection. The opposite is true when the equivalence ratio is equal to
1. Finally, the coking activity of ethylene was studied by monitoring the fuel pressure drop
in the cooling channel.

In addition, the thermo-fluid-solid coupling is noteworthy. Gopinath et al. [27] numer-
ically studied the three-dimension semi-couple transient fluid—thermal-structural response
of the metallic sandwich panel with a corrugated core during hypersonic accelerated
cruise-flight. The semi-coupled fluid—-thermo-structural analysis methodology numerical
framework is shown in Figure 3. The thermo-structural loads are estimated by adopting a
high-speed gas-dynamic flow model bonded with Eckert’s reference temperature. Taking
the flight condition of Mach number 7 as an example, the coolant’s flow and heat transfer
characteristics are discussed, and the results of the directional displacement response of
sandwich plates with and without cooling are compared and analyzed. The results show
that the active cooling system not only improves the thermal protection capability by
70% but also reduces the bending deformation of the panel thermal structure response
by 90%. In conclusion, the defect in the coupling of the thermal load and the cooling
side is not considered in the method developed in this paper. Therefore, it is necessary to
further develop the research method of flow—thermal-structural bidirectional coupling.
To solve the problem of limited coolant for scramjet engines, Zhang et al. [28] proposed a
topology optimization design method for the fluid-structure correlation of regenerative
cooling channels to improve the overall heat transfer efficiency. The topology optimization
structure of the cooling channel adopts the variable density method and takes heat transfer
efficiency as the objective function. Under different heat flux distributions, the flow and
heat transfer processes in the structure are quantitatively analyzed. The results show that
the topological channel’s average wall temperature and pressure drop are reduced by
5.8% and 20.6%, respectively, and the uniformity of the hot wall temperature is increased
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twice. The reason is that the microchannel perpendicular to the mainstream direction can
distribute the inlet fuel to the adiabatic wall surface, thereby improving flow uniformity.
However, the backflow phenomenon at the inlet and the “capillary” zone near the outlet
will weaken the local heat transfer, resulting in a local high-temperature zone that needs
further study.
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Figure 3. Numerical framework of the semi-coupled fluid—thermo-structural analysis methodol-
ogy [27].

3.3. Conjugate Thermal Analysis Considering Aerodynamic Heating

To evaluate the thermal state of the components of a scramjet engine, it is necessary to
comprehensively consider aerodynamic heating, combustion heat release, and cooling heat
transfer, which require conjugate thermal analysis. Han et al. [10] innovatively developed
a method for conjugate thermal analysis of regeneratively cooled scramjet engines. The
scheme uses the principle of energy conservation to iteratively calculate the aerodynamic
heating of the aircraft’s inner and outer surface, the internal combustion heat release and
structural thermal analysis, and the convective heat transfer of the coolant on the two interfaces.
Specifically, the external flow field of the aircraft was calculated under adiabatic and isothermal
boundary conditions. The aerodynamic heating of the scramjet surface was calculated by
the direct correction method and used as the input condition to solve the structural thermal
equation. Moreover, the additional heat load caused by the combustion phenomenon was
reflected by increasing the adiabatic surface temperature in the combustion chamber. In
addition, based on the assumption that the internal space of the aircraft is full of fuel and
saturated steam, the average temperature of its volume was estimated. Concomitantly, the
flow rate of n-dodecane in the cooling channel was calculated. The schematic diagram
of the thermal analysis scheme and the flowchart of conjugate heat transfer is shown in
Figures 4 and 5, respectively. Thus, the temperature fields of the outer surface of the
scramjet, the inner surface near the combustion chamber, the internal space, and the cooling
channel were obtained. Comparing the numerical results for Mach 6 at an altitude of
22.342 km, it was found that the coolant outlet temperature increased by up to 107 K after
considering the aerodynamic heating absorbed by the internal space from the thermal
structure. In some exceptional cases, however, cooling channels further heat the internal
space in a complex way.

Furthermore, based on the developed numerical calculation method, the appropriate
material can be selected subsequently according to the temperature of each component,
which can also be used as the basis for the relevant design parameters of the cooling
channel, such as the mass flow rate of the coolant, the inlet temperature and pressure,
and the geometric parameters of the channel. In addition, an appropriate arrangement of
payloads consisting of the internal system from a thermal point of view can be designed
based on the internal space temperature of the aircraft. In summary, the advantage of
conjugate thermal analysis is the ability to consider the coupling of all factors, which can
be an important reference for the optimal design of the thermal protection system of the
scramjet engine.
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4. Conclusions

This paper illustrates the necessity of research on coupled heat transfer of regenera-

tive cooling technology for scramjet engines and summarizes its research progress. The
following conclusions can be drawn:

)

@)

®G)

Pyrolysis in the cooling channel is not always conducive to heat transfer but is related to
the heat flux and coking rate. Therefore, it is worthy of further study to regulate the cool-
ing channel layout according to the actual heat flow distribution and suppress coking;
The coupling relationship between combustion and heat transfer in the combustion
chamber needs more in-depth research to achieve the optimal collaborative design
of cooling performance and thrust performance. On the other hand, apart from
calculating the one-way thermal structure response, the two-way coupling of the
structure after thermal deformation and the flow field also needs to be explored;
Further validating and improving the accuracy of the conjugate thermal analysis
model and using it to evaluate the performance of various thermal protection systems
can significantly save test and time costs.
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