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ABSTRACT: Hypersonic vehicles are subjected to extreme aerodynamic heating, making active cooling technologies a
critical component of their thermal protection systems. This paper presents a comprehensive review of the fundamental
principles, operating mechanisms, recent research developments, and key technical challenges associated with three
major active cooling approaches: regenerative cooling, gas film cooling, and transpiration cooling. The review
establishes a comparative framework to support the selection of cooling strategies according to specific mission
requirements, while identifying current limitations and outlining priorities for future research. The analysis shows
that regenerative cooling is well suited to long-duration missions owing to its high heat removal capability, although it
requires complex structural integration. Gas film cooling offers a relatively simple and effective solution but demands
a substantial coolant supply, which can reduce overall system efficiency. Transpiration cooling exhibits significant
potential for next-generation hypersonic vehicles because of its exceptional thermal protection performance, yet its
implementation remains constrained by demanding material and manufacturing requirements. Future advances are
expected to arise from hybrid cooling architectures that combine the strengths of multiple techniques, together with
intelligent thermal management systems capable of adapting to highly variable operating conditions.

KEYWORDS: Hypersonic vehicle; thermal protection; active cooling technologies; regenerative cooling; gas film
cooling; transpiration cooling

1 Introduction

Conquering near space and achieving rapid global reach along with efficient access to space represent
a strategic high ground in the aerospace sector of the 21st century. Hypersonic vehicles serve as the core
carriers for realizing this objective [1]. However, overcoming the “thermal barrier” stands as one of the
most formidable physical challenges that must be addressed on their developmental trajectory [2-5]. When
an aircraft operates at a Mach number of 5 or higher, either within or traversing through the atmosphere,
intense aerodynamic compression and viscous dissipation effects irreversibly convert substantial amounts of
kinetic energy into thermal energy. The immediate consequence is the generation of extreme aerodynamic
heating environments at critical components of the aircraft, such as the nose, leading edge, inlet lip,
combustion chamber wall, and control rudder surface. Point temperatures can easily exceed 2000°C, while
local heat flux densities may reach several megawatts or even tens of megawatts (MW/m?) per square
meter [6-8]. Fig. 1 gives the effective operating range of each aerospace propulsion system [9]. This
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magnitude of heat load significantly surpasses the tolerance limits of conventional aerospace materials. In
absence of effective thermal protection measures, structural failure will occur in an exceedingly short time
due to softening, melting, oxidation, and even ablation—resulting in catastrophic [10].
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Figure 1: Effective operating range of each aerospace propulsion system.

In the context of such an extreme thermal environment, the thermal protection system serves as a
critical lifeline for ensuring the safe operation of hypersonic vehicles. Typical thermal protection strategies
for these vehicles can be categorized into three distinct methods: passive, semi-passive, and active [7,11,12].

Passive thermal protection provides cooling for the internal structures of aircraft through the use of
heat-resistant materials, insulating materials, and specialized structural designs. This approach primarily
encompasses three techniques: insulation, heat sinks, and thermal structures [13-15]. Thermal insulation
structures are predominantly employed in scenarios characterized by medium heat flux density and short
operational durations. Their surfaces effectively dissipate most aerodynamic heat to the external environ-
ment via radiation while preventing inward conduction through an insulating layer. Consequently, only a
minimal amount of heat penetrates into the secondary layer structure. This method not only efficiently
regulates temperature but also preserves aerodynamic shape integrity. The heat sink structure capitalizes on
the material’s inherent heat capacity to absorb and store a significant portion of incoming heat; only a small
fraction is released through radiation. Its ability to retain heat is closely linked to factors such as specific heat
capacity, density, and structural thickness of the material used. While this method features a straightforward
and reliable design that maintains aerodynamic shape, its thermal control efficiency tends to be relatively
low. Increasing thickness may enhance performance but also adds weight to the structure—an unfavorable
outcome for high-load flight missions [16,17]. The thermal structure employs a high-temperature resistant
skin that is coated with a high-emissivity finish. During the pneumatic heating process, heat is dissipated
into the environment through intense radiation until equilibrium is achieved between the surface radiant
heat and the pneumatic heating heat. This approach is not constrained by heating duration, allowing for
continuous thermal protection while maintaining aerodynamic shape; however, it does have a maximum
thermal load limit [18,19]. Three typical passive thermal protection structures are illustrated in Fig. 2. As
shown in Fig. 2a, ceramic heat-resistant tiles provide effective thermal insulation for regions subjected
to moderate heat flux and short-duration missions, with their surfaces radiating most aerodynamic heat
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back to the external environment. As shown in Fig. 2b, flexible heat insulation felt offers lightweight and
adaptable thermal protection, featuring low thermal conductivity and ease of installation on curved surfaces.
Fig. 2c presents the third and fourth generation super heat-resistant alloy honeycomb sandwich structure,
which achieves high strength-to-weight ratios and superior high-temperature capability, making it suitable
for more demanding thermal environments. It should be noted that the selection among these passive
protection strategies must be comprehensively evaluated based on multiple factors, including heat flux
conditions, operational duration, weight constraints, and mission-specific requirements [20].
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Figure 2: Three passive thermal protection structures; (a) ceramic heat-resistant tiles; (b) flexible heat insulation felt;
(c) third and fourth generation super heat-resistant alloy honeycomb sandwich structure.

Under the prolonged influence of high heat flow, passive thermal protection often fails to meet
operational requirements, necessitating the adoption of semi-passive methods. These primarily encompass
two structural approaches: heat pipes and ablation.

Heat pipe employs a phase change cycle for effective heat transfer, making it particularly suitable for
regions experiencing intense localized heating while maintaining relatively lower peripheral temperatures.
In this system, the working medium absorbs heat and vaporizes at the hot end; it then flows to the cold end
where condensation occurs, releasing heat in the process. Subsequently, through capillary action, it returns
to the hot end, thereby establishing a continuous cycle, as illustrated in Fig. 3. This structure frequently
incorporates refractory metal heat pipes within composite materials to channel concentrated heat towards
low-temperature zones before dissipating it via radiation. Such an arrangement not only preserves optimal
aerodynamic shapes but also allows for reuse [21-24].

Ablative cooling operates by consuming material through its own phase transformation and is particu-
larly suited for extreme aerodynamic heating environments [25-28]. During ablation, materials undergo
various reactions—including decomposition and vaporization—at elevated temperatures that generate
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gases capable of carrying away substantial amounts of heat. Concurrently, there is a gradual reduction in
structural mass along with alterations in surface shape [29], as shown in Fig. 4. While this method can
adjust aerodynamic characteristics to some extent, its application is typically limited to single missions or

requires repair and reuse; an example being the bottom section of a reentry capsule’s heat shield used in
manned spaceflight.

Iy

Heat flux out

T
sation

Ll %3

Heat flux out

Heat flux in

Heal fiux in

y

Return fluid flow
/' Highly porous wick material

Thin, high thermal conductivity skin

Figure 3: Heat pipe heat protection principle and model.

Both methodologies rely on phase change mechanisms; however, one functions as a closed-loop cycle
while the other facilitates consumptive heat dissipation—each targeting distinct scenarios involving reusable
systems versus those subjected to singular high thermal loads.
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Figure 4: Ablation principle and pictures.

Although passive and semi-passive thermal protection technologies have demonstrated effectiveness
and relative simplicity in structure across most space missions, their thermal management capabilities are
fundamentally constrained by the inherent properties of materials and one-time phase change processes.
These methods are increasingly proving inadequate when confronted with stringent requirements such
as extreme heat flux density, prolonged atmospheric re-entry, or reusable aircraft. To overcome these
limitations, active thermal protection technology has emerged. The core concept involves a shift from
“tolerating and dissipating” heat to “actively managing and transferring” it. By incorporating external
energy sources, cooling fluids, or real-time control systems, precise regulation of structural temperature
can be achieved, thereby significantly enhancing the thermal survivability and mission adaptability of
aircraft. It should be noted that several excellent reviews exist on specific aspects of hypersonic ther-
mal protection systems. For instance, Luo et al. [30] provided a comprehensive review of regenerative
cooling technologies tailored specifically to scramjet engines, addressing key phenomena including su-
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percritical heat transfer, pyrolysis, and coking. While such focused reviews deliver in-depth treatment of
individual technologies, the present manuscript addresses a distinct gap by offering a broader, comparative
perspective—systematically encompassing three major active cooling approaches: regenerative cooling,
gas-film cooling, and transpiration cooling—within a unified analytical framework. This holistic approach
facilitates rigorous cross-technology comparison and delivers actionable, engineering-oriented guidance
for technology selection and system integration.

This article aims to provide a robust theoretical foundation and comprehensive technical references for
the design, selection, optimization, and future research directions of hypersonic vehicle thermal protection
systems through systematic organization and analysis. This effort seeks to address the “thermal barrier”
bottleneck effectively while promoting the practical application process of hypersonic technology.

2 Active Cooling Technology
2.1 Regenerative Cooling Technology

Regenerative cooling technology was first proposed by Tsiolkovsky and subsequently applied to the
thrust chambers of rocket engines [31]. Since its inception, regenerative cooling technology has found
extensive applications in the aerospace applications, as illustrated in Fig. 5. The early development of
this technology can be traced back to the RD-107/108 engine developed by the Soviet Union in the late
1950s. This engine featured a design that allowed kerosene to flow through rectangular brazed steel cooling
channels, thereby establishing a foundation for regenerative cooling systems in liquid rockets. Through
fuel-staged cooling and a parallel multi-combustion chamber scheme, this technology facilitated over sixty
years of continuous operation for rockets ranging from Vostok to Soyuz.

Simultaneously, the Soviet Union/Russia achieved an innovative composite design integrating liquid
hydrogen regenerative cooling with radiation-cooled nozzles on the RD-0120 engine used in the Energy
rocket. Its helical wound copper alloy lining combined with a stainless steel shell brazed structure is
capable of withstanding heat flows up to 20 MW/m?. The legacy of high-pressure pre-combustion chamber
cooling technologies has profoundly influenced subsequent developments such as the RD-180/191 series.
In the 1990s, under the leadership of TsNIIMash (Central Institute of Mechanical Manufacturing Science),
efforts were made towards developing “needle” hypersonic vehicles aimed at validating scramjet engine
technologies for Mach numbers between 6 and 14. These engines were designed to incorporate fuel
regeneration cooling while utilizing high-temperature resistant materials for their fuselage. Although
this project did not reach full completion, it laid critical groundwork for advancements like the “Zircon”
missile. The 3M22 “Zircon” hypersonic cruise missile entered service in Russia in 2022 and features a design
wherein heat-absorbing hydrocarbon fuel circulates through an integrated cooling channel constructed from
ceramic matrix composites (CMC). This configuration provides thermal protection against gas temperatures
exceeding 2000°C under conditions corresponding to Mach number greater than 8. Consequently, it has
emerged as the world’s first operational hypersonic power system employing fuel-regenerated cooling
deployed in actual combat scenarios.

The main engine (SSME) of the US Space Shuttle employs a regenerative cooling system utilizing
liquid hydrogen as the coolant [32,33]. In May 2010, the X-51A “Wave Rider” demonstrator successfully
implemented an ethylene/JP-7 fuel regenerative cooling combustion chamber, achieving a flight duration
of 143 s. This milestone indicates that engine regenerative cooling technology in the United States has
matured and is progressively advancing into engineering application research. Both DARPA’s “Advanced
All-State Engine” (AFRE) project and the Air Force’s “Hypersonic Air-Breathing Weapon Concept” (HAWC)
are reliant on this advanced regenerative cooling technology [34].
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Figure 5: Typical applications of regenerative cooling technology.

In 1994, Japan introduced a stepped variable cross-section cooling channel in the LE-7 engine of
the H-II rocket to optimize the distribution of liquid hydrogen flow rates and mitigate local overheating.
Initially, several test failures occurred due to brazing defects. However, through the development of both
the LE-5 and LE-7 engines for the H-II rocket, significant advancements were made in mastering core
thermal protection technologies related to high-pressure liquid hydrogen regenerative cooling. By 2001,
the LE-7A achieved stable operation through precision machining and material enhancements. As we
entered the 21st century, there has been an evolution in regenerative cooling technology driven by demands
for hypersonic propulsion that can withstand extreme thermal environments. The Air Turbo Ramjet
Engine with Expander Cycle (ATREX) project, collaboratively developed by Japan Aerospace Exploration
Agency (JAXA) and Ishikawajima-Harima Heavy Industries Co., Ltd. (IHI), stands out as one of Japan’s
most innovative aerospace engine initiatives. At its core is a pre-cooler utilizing liquid hydrogen fuel
regeneration cooling capable of reducing incoming air temperatures to 160 K. Additionally, it employs liquid
hydrogen regenerative cooling to protect high-temperature components such as combustion chambers.

India is engaged in two hypersonic missile projects: the “BrahMos-2” and the Hypersonic Technology
Demonstrator Vehicle (HSTDV). The BrahMos-2 cruise missile shares a similar configuration with Russia’s
Zircon hypersonic missile, utilizing the same engine and propulsion technology. Its scramjet engine will
incorporate fuel regeneration cooling, likely employing a specialized heat-absorbing hydrocarbon fuel
supplied by Russia. The HSTDV is an initiative launched by India’s Defence Research and Development
Organisation (DRDO) in 2005, aimed at developing a scramjet engine demonstrator. This project serves
as a test platform for evaluating critical technologies necessary for hypersonic flight and represents a
fundamental component of India’s hypersonic endeavors. The independently developed scramjet engine is
expected to integrate an advanced fuel regeneration cooling system. In successful test flights conducted in
2019 and 2020, powered flights lasting 20 s were achieved, showcasing the effectiveness of its regenerative
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cooling system and fuel. These accomplishments have positioned India among the select few nations
worldwide that have mastered both scramjet engines and independent thermal protection technologies.

Regenerative cooling technology is the most prevalent cooling method employed in hypersonic
vehicles [35-37]. This technique typically utilizes fuel as the coolant. The coolant effectively removes heat
from the combustion chamber wall by circulating through interlayers or channels situated between the
inner and outer walls of the combustion chamber, thereby achieving efficient cooling of the combustion
chamber wall. Simultaneously, after absorbing heat, the coolant can be reintroduced into the combustion
chamber via injectors for subsequent combustion. This process allows energy to be “regenerated”, as
illustrated in Fig. 6. The primary advantage of regenerative cooling technology lies in its ability to maintain
engine performance without adverse effects. However, excessive pressure drops within the cooling channels
may lead to elevated pressures throughout the entire engine system, which could hinder efforts to increase
both combustion chamber pressure and overall engine performance.

Figure 6: Regenerative cooling technology.

As the flight Mach number increases, the fuel heat sink required for the regenerative cooling of scramjet
engines correspondingly rises. At this juncture, it becomes essential to fully leverage the chemical heat sink
inherent in the fuel to satisfy the demands of the cooling task. This type of fuel is referred to as endothermic
hydrocarbon fuel [38]. However, when used solely as a coolant, fuel possesses a limited capacity for heat
absorption. Furthermore, super-combustion ramjet engines operate under extreme thermal loads, which
can easily result in scenarios where the ratio of coolant demand flow rate to combustion demand flow rate
exceeds Consequently, any excess fuel must be discarded, leading to both waste and degradation in quality.

At present, the conventional approach involves modifying fuel through a catalyst to enhance its heat
absorption capacity. However, during the regenerative cooling process, hydrocarbon fuels typically exist in
a supercritical state. At this stage, the density, dynamic viscosity coeflicient, and specific heat capacity of
hydrocarbon fuels undergo significant changes, resulting in highly complex fluid flow, heat transfer, and
mass transfer phenomena [39]. This complexity has been extensively investigated in the open literature.
In relation to regenerative cooling technology that utilizes hydrocarbon fuels as coolants, researchers
worldwide have conducted extensive studies that can be categorized into three main areas:

2.1.1 Research on the Mechanisms of Cracking and Coking in Hydrocarbon Fuels

Coking is a complex series of chemical and physical processes. Based on different coking mechanisms,
it can be categorized into thermal oxidation coking and thermal cracking coking. Thermal oxidation coking
primarily occurs within the temperature range of 145°C to 425°C. This process arises when dissolved
oxygen in the fuel reacts with its components to generate coking precursors, which subsequently initiate a
series of free radical chain reactions. Fig. 7 illustrates the transformation process of the oxidized coking
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material [40]. Jiang [41], Heneghan [42], Katta [43], Doungthip [44], and Kuprowicz [45] have conducted
extensive research on the mechanism of kerosene thermal oxidation coking. Their findings indicate that the
thermal oxidation coking reaction predominantly results from interactions between various heteroatomic
components in kerosene and peroxyl radicals derived from hydrocarbons, followed by further oxidation
under conditions rich in dissolved oxygen, leading to the formation of insoluble macromolecular substances.
A relatively detailed kinetic model for this oxidative coking chemical reaction has been proposed.
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Figure 7: The evolution process of coke structure in the oxidative coking experiment.

When the temperature continues to rise to approximately 425°C, thermal oxidation coking gradually
transitions into thermal cracking coking. Currently, research on pyrolysis-induced coking primarily focuses
on the development of pyrolysis reaction models and the factors influencing the pyrolysis coking rate. A
considerable number of studies have been conducted on this topic in the existing literature. For example,
Hou et al. [46] established a comprehensive lumped reaction mechanism for kerosene pyrolysis through
experimental investigations, and based on this framework, systematically studied phenomena including
kerosene cracking and associated flow and heat transfer characteristics under both supercritical and
subcritical conditions in regenerative cooling channels. Jia et al. [47] investigated the thermal cracking
behavior of n-decane under varying pressure conditions. The resulting pyrolysis products were identified
and analyzed using gas chromatography/mass spectrometry (GC/MS), leading to the proposal of a detailed
reaction mechanism involving 164 components and 842 elementary reactions. Fig. 8 shows the scanning
electron microscope images of carbon deposit morphologies.

At present, several predictive models have been developed to elucidate the mechanism of thermal
cracking. For instance, the high-temperature decomposition model for long-chain alkanes, established by
the French institutions ONERA and MBDA [48], has been validated across a wide range of temperatures
and pressures. Efforts are also underway to incorporate a carbon deposition model into the simulation
framework to enhance the accuracy of computational fluid dynamics (CFD) parameter predictions. Depeyre
et al. [49] proposed a radical-based reaction mechanism for the thermal cracking of chain alkanes, known
as the R-K model. Subsequently, Djimasbe [50] refined the R-K model and introduced the F-S-S mechanism,
which has since been corroborated by other researchers. Ward et al. developed a two-dimensional program
to simulate the cracking process of hydrocarbon fuels and experimentally validated the cracking behavior
and heat transfer characteristics of n-decane and n-dodecane using the Proportional Product Distribution
(PPD) chemical model. This model demonstrates high applicability for studying convective heat transfer
in n-decane tubes under moderate to low cracking rates; however, its prediction accuracy deteriorates
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significantly at higher cracking rates. Research on the physical properties of coking products derived from
hydrocarbon fuels has also been extensively conducted, primarily through experimental approaches. For
example, Lucas et al. [51] determined the density of pyrolytic coke from methane within the temperature
range of 1273~1373 K. Similarly, Ji et al. [52] investigated kerosene coking products formed at 800~900 K
and experimentally characterized their apparent morphology and key physical property parameters.

59.2um

60.1um

Figure 8: Scanning electron microscope images of carbon deposit morphologies.

2.1.2 Research on Methods for Inhibiting Cracking and Coking in Hydrocarbon Fuels

At present, the solutions to this problem can be categorized into two main approaches. The first
involves the addition of specific additives capable of inhibiting kerosene coking. For instance, Taylor
et al. [53] introduced trace amounts of sulfides and nitrogen compounds; Jin et al. [54] incorporated
organic sulfur- and phosphorus-based coking inhibitors; Strohm et al. [55] added tetrahydronaphthalene
at a volume fraction of 2%; Guo et al. [56] utilized organic selenium compounds in conjunction with
hydrogen-donating agents to mitigate coking during the cracking process; and Zhang et al. [57] introduced
1% o-methylhydroquinone (THQ). These studies collectively demonstrate that the incorporation of such
inhibitors effectively suppresses both surface-catalyzed coking and free radical-mediated coking, thereby
reducing the cracking rate and lowering the overall coking tendency.

The second approach focuses on minimizing coking by optimizing operational parameters. Current
research indicates that temperature and dissolved oxygen are the most critical factors influencing kerosene
coking, with flow regime and operating pressure playing secondary roles. Within the cooling channel,
the physical factors affecting oxidation and coking of aviation kerosene include temperature, pressure,
flow velocity, and channel geometry. Chemical factors encompass the primary hydrocarbon components,
antioxidants, metallic species, sulfides, hydrogen peroxides, and other trace constituents, in addition to
temperature, as illustrated in Fig. 9. These factors significantly influence the spatial distribution of coke
deposition by modulating chemical reaction pathways, heat transfer efficiency, and mass transfer rates.

The absorption of heat by hydrocarbon fuel in the cooling channel induces a rise in temperature.
However, the influence of temperature is highly complex. On one hand, it triggers significant variations in
physical properties, thereby affecting the flow behavior of the fuel. On the other hand, temperature serves
as a critical parameter in determining the rate constants of chemical reactions and represents one of the
most influential factors in the oxidation coking process. Although existing studies have elucidated the
effects of key parameters such as temperature and dissolved oxygen on oxidation coking, there remains a
lack of coordinated multi-parameter control strategies. In particular, the dynamic equilibrium mechanism
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under the strong coupling between abrupt high-temperature-induced changes in physical properties and
chemical reactions is still not well understood.
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Figure 9: Influencing factors of oxidative coke formation in hydrocarbon fuels.
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2.1.3 Research on the Coupling Effect between Coking and Heat Transfer

Regarding the influence of thermodynamic conditions on the coupling of heat transfer and coking, the
abrupt variation in physical properties under supercritical pressure has emerged as a key research focus, as
illustrated in Fig. 10. The NASA research team found that the reduction in density and viscosity of JP-7 fuel
in the supercritical state enhances turbulence, thereby inducing a dynamic equilibrium characterized by
periodic spalling and regeneration of the coke layer. When the heat flux density exceeds 1204.6 kW/m?,
heat transfer deterioration (HTD) ensues—characterized by a sharp rise in wall temperature and a sudden
decline in the heat transfer coefficient. This deterioration arises from the formation of a gas-like thermal
boundary layer adjacent to the wall, induced by abrupt variations in thermophysical properties of the
supercritical fluid [24], thereby triggering an exponential increase in the coking rate. Flow characteristics
also significantly affect coke distribution. A high flow velocity in microchannels can mitigate boundary
layer retention, reducing coke deposition by up to 50%. However, in rectangular channels, secondary
flows induce localized high-temperature zones at corner regions, where the coking rate is 2~3 times higher
than in the central areas [58-61]. Investigations into the coupled effects of heat transfer and coking have
revealed a nonlinear relationship between coke layer thickness and the degradation of the heat transfer
coefficient. When the wall temperature surpasses 750°C, the thermal resistance contributed by the coke
layer becomes the dominant factor in heat transfer deterioration, resulting in a reduction of over 30% in
heat exchange efficiency.

Li et al. [62] verified the disturbance effect of coking on boundary layer flow through microchannel
studies, and proposed that the dynamic feedback between the porosity and thermal conductivity of the
coke deposit constitutes the core mechanism underlying heat transfer degradation. The Advanced Power
Technology group at Harbin Institute of Technology systematically investigated the influence of oxidation-
induced cracking reactions on the flow and heat transfer mechanisms of hydrocarbon fuels, and analyzed the
non-uniform flow distribution of such fuels in regenerative cooling channels [63,64]. Research conducted
by Chang [65], Liu [66], and Feng et al. [67] indicates that when coke deposits form on the wall of a cooling
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channel, a critical coke thickness exists within the channel. When the deposit thickness is below this
critical value, heat exchange performance within the channel is enhanced; however, once the thickness
exceeds the critical threshold, heat transfer efficiency deteriorates significantly. Measurement results
reported by Taddeo et al. [68] demonstrate that the amount of coke deposited in the cooling channel is
primarily influenced by the wall heat flux density. Furthermore, coke formation leads to an increase in wall
temperature and a rise in pressure drop across the channel. It is evident that, although existing studies have
elucidated the correlation between abrupt changes in supercritical fluid properties and dynamic coking
behavior, challenges remain—particularly regarding the lack of quantitative characterization of cross-scale
coupling mechanisms and insufficient accuracy in predictive models for critical coking thickness. Recent
numerical investigations have also explored geometric enhancements to mitigate heat transfer deterioration.
For instance, Shanmugam et al. [69] numerically demonstrated that integrating arc-rib turbulators within
regenerative cooling channels can significantly improve the thermal-hydraulic performance of supercritical
hydrogen, achieving a wall temperature reduction of 9-28.7% compared to smooth channels. Such passive
enhancement techniques offer a complementary approach to active cooling strategies, potentially alleviating
the adverse effects of coking and supercritical heat transfer deterioration through improved flow mixing
and near-wall thermal transport.
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Figure 10: Hydrocarbon fuel cracking coking and multi-physical field coupling relationship: (a) hydrocarbon fuel
cracking coking; (b) heat diffuses radially along the channel; (c) components diffuse radially along the channel.

2.2 Gas Film Cooling Technology

Research on gas film cooling originated in the 1940s and was initially developed to address thermal
management and de-icing requirements for aircraft wings. Subsequently, the technology was progressively
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extended to the cooling of high-temperature turbine blades and other critical hot surfaces in aerospace
applications. Gas film cooling effectively creates a protective barrier by isolating high-temperature gases
from the heated wall surface, thereby safeguarding structural components against excessive thermal loads.
Since the 1970s, it has been adopted as a primary cooling method for aero gas turbines and has evolved into
a widely utilized and highly effective thermal protection strategy, particularly for hot-section components
subjected to severe heat fluxes in gas turbine systems [70-73]. Owing to its simple configuration and
superior cooling performance, gas film cooling technology has also found increasing application in the
thermal management of high-temperature components in rocket engines, aero engine nozzles, and critical
surfaces of hypersonic vehicles.

Since 2000, the number of journal publications related to gas film cooling technology has increased
rapidly, establishing gas film cooling as a prominent research focus within active cooling technologies.
Fig. 11 illustrates the annual number of journal papers published on film cooling technology and hypersonic
film cooling technology from 2002 to 2024. The data are sourced from the ScienceDirect.

The fundamental principle of gas film cooling involves injecting low-temperature coolant gas through
discrete holes or slots located upstream of a hot wall into a high-temperature mainstream flow. This coolant
forms a protective, low-temperature film adjacent to the wall, thereby isolating or attenuating direct contact
and convective heat transfer between the hot gas and the wall surface, while simultaneously reducing
the radiative heat flux at the wall, as illustrated in Fig. 12. The effectiveness of this process primarily
depends on the interaction between the coolant jet and the high-temperature mainstream, as well as its
influence on the near-wall flow and temperature fields. Film cooling performance is significantly influenced
by key parameters such as blowing ratio, density ratio, injection angle, hole geometry, hole spacing, and
mainstream turbulence intensity, as summarized in the Table 1.

Depending on the mainstream velocity, gas film cooling can be classified into subsonic and supersonic
regimes. Supersonic film cooling differs fundamentally from its subsonic counterpart, as it must account
for fluid compressibility effects. Moreover, the channel geometry and coolant injection induce shock wave
formation, leading to abrupt changes in the flow field. Consequently, the physical mechanisms governing

subsonic film cooling cannot be directly applied to supersonic conditions.
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Table 1: Factors influencing gas film cooling.

Main Parameter Influencing Factors Reference

the shape of the holes, the spray angle, the hole length,

Thy truct f the hol ; 74-76
e process structure of the holes and the hole diameter [ ]
mainstream velocity, blowing ratio, ratio of jet to
. mainstream density, momentum ratio, jet pressure loss,
Jet and mainstream parameters Y Jetp [77,78]

pressure gradient, mainstream turbulence intensity,
mainstream boundary layer thickness, shock wave
Hole arrangement process spacing row spacing, row number, and arrangement method [79-81]
cooling medium, wall shape, surface curvature, and [82,83]

Other parameters
surface roughness

In the study of gas film cooling, a key parameter commonly employed to characterize the behavior of
film cooling is the blowing ratio M, defined as

M= 75"2" (1

In the formula, p denotes density, with units of kg/m?; u represents velocity, with units of m/s; the
subscript c refers to properties of the coolant; and the subscript co indicates mainstream flow conditions.
Linn et al. [84] observed that as the blowing ratio increases, film cooling effectiveness decreases. The
primary reason for this trend is that a high blowing ratio causes the coolant to lift off from the wall surface,
thereby diminishing its ability to provide thermal protection. Furthermore, variations in the blowing ratio
can influence the structure of the shock wave system [85], suggesting that, in the future, film cooling could
be utilized to actively control the shock wave system in hypersonic aircraft.

The cooling effect of the gas film can be characterized by that of the heat insulation gas film. The
cooling efficiency of the gas film is defined as a dimensionless ratio of temperature differences.

Too - Taw

To — T, (2)

’7 =

In the formula, T,y represents the temperature of the adiabatic wall surface, T, denotes the inlet
temperature of the cooling fluid, and T refers to the mainstream temperature, with all temperatures
expressed in Kelvins (K). When the wall surface temperature equals the temperature of the cooling gas,
the effectiveness parameter equals 1, indicating that the wall surface is fully protected by the cooling gas.
Conversely, when the wall surface temperature equals the mainstream gas temperature, the parameter
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equals 0, signifying that the wall surface is entirely exposed to the high-temperature mainstream gas and
receives no protective cooling effect.

When defining the cooling efficiency of supersonic gaseous films, the recovery temperature is typically
employed and is defined as follows:

Troo - Taw

®3)
Troo - Trc

]7 =

In the formula, T,y denotes the temperature of the adiabatic wall surface, and T;e, T represents
the recovery temperatures at the mainstream and the cooling fluid inlet, respectively, with the unit in K.
Defined as follows [86]:

-1
Tho = T(x,<1+ry2 Mafo) (4)

y—1

T = Tc(l +r Mai) (5)

In the formula, T, denotes the static temperature of the inlet coolant, and T denotes the static
temperature of the mainstream, both expressed in K. The Mach number at the primary inflow point Mac;
Ma, denotes the inlet Mach number of the coolant.

From the above formula, it can be observed that the primary factors influencing the cooling efficiency
of supersonic gas films are molecular weight, specific heat capacity, viscosity, and speed of sound. Gulhan
et al. [87] employed air and helium as coolants and compared their film cooling performance under identical
flow conditions. The experimental results indicate that lighter gases exhibit superior cooling effectiveness
when used as coolants. This is attributed to the fact that, at the same mass flow rate, lighter gases yield
a larger volumetric flow rate, thereby forming a thicker and more effective protective gas film. When an
incident shock wave interacts with the cooling gas film, the tangential injection of a coolant with a relatively
lower molecular weight tends to induce more intense mixing between the mainstream flow and the coolant,
accelerating the dissipation of the coolant. However, Peng et al. [88] and Ni et al. [89], in their investigations
on the cooling performance of shock wave interactions with tangential slit gas films, found that although
shock wave incidence promotes faster dissipation of gases with lower molecular weights, helium—despite
its low molecular weight—achieves the highest cooling effectiveness. This superior performance is primarily
due to helium’s higher specific heat capacity. Furthermore, the influence of viscosity on gas film cooling
efficiency cannot be overlooked. Keller et al. [90] demonstrated that viscosity and thermal conductivity are
linked through the Prandtl number. Assuming constant Prandtl number and heat capacity, a osity leads to a
decrease in thermal conductivity. Since low viscosity is associated with low thermal conductivity, coolants
with lower viscosity offer enhanced advantages in terms of thermal protection.

According to the jet angle between the mainstream and the coolant, gas film cooling technology can be
classified into tangential gas film cooling, cross-jet gas film cooling, and counter-jet gas film cooling [91,92].
Tangential slot film cooling is the most fundamental and widely used configuration [93]. Its principle
involves injecting coolant through holes or slots at a shallow angle of 20° to 45° relative to the wall surface,
such that the coolant flow direction is nearly aligned with that of the high-temperature mainstream [94,95],
as showed in Fig. 13. The coolant then spreads along the wall, forming a protective low-temperature gas
film. By directly covering the surface and reducing the temperature gradient in the near-wall region, this
film effectively isolates the wall from the hot gas and suppresses convective heat transfer. However, the
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primary challenge arises from the velocity shear between the coolant jet and the mainstream, which induces
a pair of counter-rotating vortices (CVP). These vortices act similarly to a winch mechanism, entraining
high-temperature fluid from the outer flow toward the wall while simultaneously lifting the cooler fluid
away from the surface. This process leads to the formation of “hot spots” in the regions between adjacent
cooling holes, resulting in a significant deterioration of cooling effectiveness downstream. Consequently,
despite its simple structure and acceptable performance at low blowing ratios, the detrimental impact of
CVPs limits the overall cooling efficiency. As such, tangential film cooling is predominantly employed in
gas turbine blades and other components subjected to relatively moderate heat loads [96].

Unlike tangential gas film cooling, cross-jet gas film cooling typically involves injecting the coolant into
the mainstream at a large angle or perpendicularly. This configuration generates a strong kidney-shaped
flow vortex, significantly enhancing the lateral diffusion of the cooling gas along the wall surface. As a
result, the coverage width of a single hole is substantially increased, and the downstream distribution
becomes more uniform. Furthermore, the induced vortex structure effectively “pins” the coolant close to the
wall, improving resistance to flow separation and enhancing stability under adverse pressure gradients. The
primary limitation of this approach lies in the intense three-dimensional vortex system, which promotes
premature mixing between the coolant and the mainstream in the vicinity of the injection orifice. This
may lead to lower cooling effectiveness in the near-orifice region compared to tangential jet configurations.
Additionally, the complex vortex dynamics pose a risk of entraining high-temperature mainstream gas
toward the wall, potentially resulting in localized hot spots.
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Figure 13: The principle of tangential gas film cooling and the flow structure of the cross-jet gas film cooling.

Zhou et al. [97] investigated the flow and heat transfer characteristics of a impingement/effusion
composite cooling structure through numerical simulations, revealing that reducing hole spacing and
increasing the blowing ratio can significantly enhance wall cooling performance. Rozati et al. [98] employed
large eddy simulation to analyze the flow structures and adiabatic effectiveness of film cooling at the
leading edge of a cylinder under various blowing ratios, and concluded that although an increased blowing
ratio enhances jet-mainstream mixing, it simultaneously reduces cooling efficiency. Saumweber et al. [99]
experimentally examined the impact of freestream turbulence on the cooling performance of film cooling
with different hole geometries. The results indicated that the cooling effectiveness of cylindrical holes
deteriorates under high-turbulence conditions, whereas fan-shaped holes are more vulnerable to adverse
effects from turbulence, particularly at elevated blowing ratios. Lee et al. [100] conducted a numerical study
on the mixing characteristics of dual transverse injection in scramjet engines, demonstrating that the rear
injection is strongly influenced by the blockage effect induced by the front jet, and that an optimal injection
spacing exists to maximize both mixing efficiency and penetration depth. All of the aforemtioned literature
has highlighted the critical influence of flow parameters and structural optimization on cooling and mixing
performance, as showed in Fig. 14.
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Figure 14: Schematic view of mean flowfield of dual transverse injection.

Opposing jet technology represents a revolutionary and cutting-edge concept, wherein coolant is
injected directly against the direction of the mainstream flow. The underlying mechanism transcends simple
surface “coverage” and instead relies on the formation of an aerodynamic barrier: a high-speed reverse
jet generates a stable, enveloping, and protruding aerodynamic structure upstream of the injection point.
This structure induces significant deflection of the high-temperature mainstream, effectively preventing
it from reaching the actual wall surface [101], as showed in Fig. 15. Intense mixing between the coolant
and the mainstream occurs in the region far ahead of the wall, resulting in the formation of a large low-
temperature coolant mass that substantially reduces the temperature of the fluid reattaching downstream.
This cooling mechanism achieves exceptionally high efficiency—far surpassing conventional methods—and
demonstrates particular effectiveness in protecting the most critical upstream regions. However, this comes
at the cost of considerable aerodynamic drag and remarkably high coolant consumption, rendering it a
frontier technology still under active investigation for addressing extreme thermal environments.
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Figure 15: Opposing jet principle and physical diagram.

In 1952, Love introduced the opposing jet concept into the supersonic flight regime and demonstrated
that the opposing jet exhibits superior performance in supersonic flow compared to its performance in
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low-speed flight conditions [102]. Subsequently, numerous scholars have conducted extensive investigations
into its underlying working mechanisms [103]. A review of the existing literature reveals that current
research on opposing jet technology primarily focuses on the following aspects:

2.2.1 Numerical Simulation and Experimental Investigation of Opposing Jet Flow

In 1976, Schiff conducted the first numerical simulation study on opposing jets, primarily aiming to
assess the simulation capabilities and investigate the physical characteristics of the numerically generated
flow field [104]. Sun et al. [105] carried out numerical simulations on the integration of aerospike with
opposing jets under hypersonic freestream conditions, as well as on the combination of forward-facing
cavities and opposing jets, providing a comprehensive review of the current research status on opposing
jets, with particular emphasis on advancements in numerical simulation studies [106]. Gerdroodbary
et al. [107] investigated the drag reduction and thermal protection performance of a porous opposing jet
using numerical simulation methods, and concluded that it outperforms the single jet. Huang et al. [108,109]
systematically studied, through numerical simulations, the influence of opposing jet orifice configurations on
drag reductionnd thermal protection efficiency. They analyzed the effects of key parameters such as total jet
pressure ratio, angle of attack, and freestream Mach number on the aerodynamic and thermal performance.

In 2021, Ji et al. [110] conducted numerical simulations on porous opposing jets and observed that the
jet displaced the bow shock wave at the leading edge of the forebody outward, resulting in the formation of
multiple Mach disks and internal recirculation zones. These findings confirmed the significant effectiveness
of porous jets in drag reduction and thermal protection, thereby promoting advancements in the optimization
of jet configurations. Gao et al. [111] through detailed analysis of the flowfield structure, revealed that the
interaction between the counter-flow jet and the incoming airflow generates a Mach disk to achieve pressure
equilibrium. They further proposed integrating opposing jets with other techniques such as aerospike
and forward-facing cavities, offering new insights for the technological application. Deng et al. [112,113]
performed numerical simulations on a lift-body vehicle under opposing jet conditions at an incoming flow
Mach number of 8, focusing on the drag reduction performance of the long penetration mode (LPM) and
its associated periodic oscillation characteristics. Shang et al. [114] experimentally obtained numerical
shadowgraphs for both the long and short penetration modes (LPM and SPM), as shown in Fig. 16, and
identified shock bifurcation phenomena arising from the interaction between the counter-flow jet and the
shock wave. Fig. 17 illustrates the schematic diagrams depicting the flow field structures associated with
the SPM and LPM modes [115,116].

Hayashi et al. [117,118] investigated the opposing jet heat protection scheme for a spherical nose
configuration with a diameter of 50 mm under an incoming flow condition of Mach 3.98, using nitrogen as
the jet working medium. Finely conducted wind tunnel experiments on spherical nose models featuring a
opposing jet outlet at Mach 1 under supersonic freestream conditions, measuring the surface pressure distri-
butions on the nose models at various total opposing jet pressure ratios [119]. Venukumar et al. [120,121]
studied the drag reduction performance of a spherically blunted cone with a cone angle of 120 degrees in
an 8-Mach high-enthalpy flow using the HST2 wind tunnel. Their results indicated that, at a pressure ratio
(PR) of 75, the drag coefficient was reduced by approximately 45%, as illustrated in Fig. 18.
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Figure 18: Photograph of a blunt cone model.
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2.2.2 Research on Combined Flow Control Technology with Opposing et

Opposing jet combined flow control technology, as a key approach for drag reduction and thermal
protection in hypersonic vehicles, exhibits significant advantages in mitigating aerodynamic drag and
alleviating aerodynamic heating through the synergistic integration of various flow control elements.
Several commonly adopted combination strategies currently include: the opposing jet combined with a
forward-facing cavity, the opposing jet integrated with aerospike, the opposing jet coupled with aerodisk,
and the opposing jet combined with energy deposition [122-124].

The combination of a opposing jet and a forward-facing cavity has been demonstrated to be an ef-
fective integrated thermal protection solution. Fig. 19 illustrates a missile experimental model featuring a
forward-facing cavity structure [125]. Huang et al. [126,127] systematically introduced the novel concept
of integrating a forward-facing cavity with opposing jet technology. By employing a multi-objective design
optimization approach, they identified the optimal structural parameters for this combined configuration.
Research indicates that this hybrid scheme utilizes the reverse jet flow to push the bow shock wave away
from the vehicle surface, while simultaneously generating a recirculation zone within the concave cavity,
thereby further reducing the wall heat flux density. The integrated structure achieves a synergistic effect
between two protective mechanisms: the reverse jet modifies the shock wave structure, whereas the
concave cavity promotes vortex formation, effectively shielding the wall surface from direct impingement
by high-temperature external flows. Lu et al. [128-130] proposed a combined drag-reduction and thermal
protection strategy incorporating a forward-facing cavity and counter-flow jet, and conducted compre-
hensive optimization studies. They observed that when the cavity length is too small, the jet energy is
excessively dissipated, whereas an excessively large cavity length may accelerate the flow at the nozzle
exit. The performance of this combined configuration significantly surpasses that of either individual
technique alone.
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Figure 19: Experimental missile model with forward-facing cavity structure.

The aerospike and the aerodisk, as conventional drag reduction devices, exhibit a more comprehensive
performance enhancement when integrated with a opposing jet. Jiang et al. [131,132] demonstrated that
introducing lateral jet flow at the tip of the aerospike can effectively reduce heat flux at both the end of the
aerospike and the shoulder region of the blunt body. Liu et al. [133] further indicated that the angle-of-
attack performance of this combined configuration surpasses that of a simple reverse jet alone, while also
achieving ablation-free operation of the drag reduction rod. G. Aswin et al. [134] developed an integrated
protective approach combining aerospikes with lateral jets, conducting both numerical simulations and
experimental investigations on their flow characteristics using flight parameters from actual missile models.
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The results reveal that, compared to the baseline aerospike, the incorporation of lateral jets alters the
external flow field and contributes to additional reductions in the vehicle’s drag coefficient. Xu performed a
numerical study on the drag reduction and thermal protection performance of combined configurations
involving aerospikes/aerodisk and opposing jet flows. The findings show that, by appropriately optimizing
the geometry of the aerospikes/aerodisk and the parameters of the double jet system, a drag reduction
efficiency of 57.1% can be achieved, accompanied by a thermal protection efficiency reaching 100.4% [135].
Fig. 20 presents the Mach number contour maps of the downstream flow field for various aerospikes
configurations [136].
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Figure 20: Mach number contour maps of the downstream flow field for various aerospikes configurations.

In addition to the two primary combination schemes mentioned above, scholars have recently explored
various novel integration approaches. Huang [137,138] investigated the effects and fundamental mechanisms
of combined cooling using transpiration cooling and opposing jet in scramjet engines. The results indicate
that the synergistic application of transpiration cooling and opposing jet significantly influences shock wave
distribution. When coupled with a non-uniform injection strategy, this method can substantially enhance
cooling efficiency. Rong [139,140] integrated platelet transpiration with opposing jet flow, achieving a
more pronounced thermal protection effect. Compared to cases without opposing jet flow, the maximum
temperature was reduced by approximately 200 K, thereby offering a promising approach for improving
both thermal management and drag reduction in high-speed aircraft.

From the perspective of engineering application, the complexity and reliability of various integration
schemes constitute critical criteria for selection. A simple opposing jet system features a relatively straight-
forward structure; however, its effectiveness is significantly limited under conditions of low total pressure
ratio. Although combined configurations offer superior performance, they entail increased system com-
plexity and added weight. Consequently, in practical engineering applications, trade-offs must be carefully
evaluated and implemented according to the specific mission requirements and operational constraints of
the aircraft.

2.2.3 Research on the Opposing Jet Orifice Structure

The performance of opposing jet technology is predominantly influenced by the structural design of
the jet orifices, including their geometry, dimensions, spatial distribution, and arrangement. An optimized
nozzle configuration can effectively enhance the interaction between the jet flow and the freestream, thereby
significantly improving the aircraft thermal protection and drag reduction capabilities.

The shape of the nozzle hole is one of the key factors influencing the performance of opposing jet
flows. Shang et al. [141] systematically investigated the gas film cooling effectiveness of four distinct
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hole geometries—cylindrical, contraction, expansion, and contraction-expansion holes—under hypersonic
conditions using computational fluid dynamics (CFD) simulations. The results indicate that, under low-
mass-flow supply conditions, contraction holes and cylindrical holes are prone to exhibit long penetration
modes (LPM), whereas expansion holes and contraction-expansion holes do not display this behavior. As
the jet mass flow rate increases, all hole types transition from the long penetration mode to the short
penetration mode (SPM). Beyond this point, further increasing the gas film flow rate yields only marginal
improvements in cooling performance. Considering the overall evolution of the flow field, the expansion
hole demonstrates the most stable and reliable performance in counter-flow jet film cooling at the nose
section of hypersonic vehicles. In porous opposing jet systems, the optimized design of hole size and
hole spacing significantly influences the thermal reduction efficiency. Zhou conducted a study on the
application of a porous opposing jet to the sharp leading edge of an X-51A-like vehicle, revealing that, with
an appropriate hole configuration, the porous structure can significantly modify the leading-edge flow field
and effectively mitigate aerodamic heating at the leading edge [142].

In addition to conventional nozzle configurations, specially shaped nozzles have also exhibited distinct
advantages in the study of opposing jet flows. Li et al. [143,144] conducted an in-depth investigation into the
effects of opposing jet hole geometry and inflow conditions on the drag reduction and thermal protection
performance of the opposing jet system. They found that, in terms of minimizing drag on the surface of
a blunt-body nose, the five-pointed star nozzle, as illustrated in the Fig. 21, achieves the most favorable
outcome. However, when both drag reduction and thermal protection are considered comprehensively, the
square nozzle demonstrates the optimal overall performance.

(c) (d)

(8) (h)

(b)

(e)

Figure 21: Various jet nozzle configurations; (a) circle; (b) square; (c) oval; (d) triangle; (e) hexagon; (f) Five-pointed
star. (g) Rectangle; (h) ring.

Extensive investigations have been conducted on the effects of porous opposing jets. Jagadeesh
et al. [145] carried out a wind tunnel experiment with an incoming flow Mach number of 5.9 to evaluate the
performance of a porous opposing jet configuration. Their results demonstrated that the porous opposing jet
exhibits superior cooling effectiveness. Huang et al. [108,109] performed numerical simulations on porous
jets applied to hypersonic vehicles, systematically examining the influence of key parameters—such as total
jet pressure ratio, angle of attack, and freestream Mach number—on drag reduction performance. They
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also conducted a preliminary analysis of the underlying mechanisms responsible for drag reduction and
thermal protection in blunt-body hypersonic vehicles equipped with porous jets. Furthermore, Rong [146]
and Shen [147-149], among others, proposed a novel porous jet device tt integrates opposing jets with
cooling pores, and conducted comprehensive numerical studies to assess its performance.

Research on the structural design of opposing jet nozzle orifices indicates that the geometry, di-
mensions, spatial distribution, and specialized configurations of the orifices exert a decisive influence
on jet performance. Expanded orifices demonstrate stable operation under hypersonic conditions. An
optimal ratio of orifice diameter to spacing can significantly improve thermal mitigation effectiveness.
Multi-orifice distribution strategies, such as double-row internal jet configurations, not only ensure high
performance but also enhance engineering practicality. Future research should focus more intensively on
multi-parameter collaborative optimization and, in conjunction with specific application requirements,
advance the development of more efficient nozzle structural designs.

2.3 Transpiration Cooling Technology

Transpiration cooling technology represents one of the most efficient active thermal management
strategies currently known [150-154]. As a promising approach for advanced thermal protection systems,
it holds significant potential for practical applications and has therefore garnered considerable research
interest. Although this concept was introduced at an early stage, its engineering implementations to date
are primarily confined to the cooling of components such as liquid rocket engine combustion chambers. Its
extension to other aerospace components—such as the nose cone and leading edges—remains largely in the
exploratory phase with respect to underlying mechanisms. The complex interaction between the coolant
and the external flow fieldequires further in-depth investigation.

Transpiration cooling refers to a process in which the cooling medium permeates uniformly and in
trace amounts from the heated surface, forming a continuous gaseous cooling film that covers the outer
surface of the wall, thereby achieving effective thermal protection. The underlying principle is illustrated
in Fig. 22. The thermal protection mechanism of this technology primarily involves two aspects: First, the
injection of the cooling medium elevates the boundary layer, effectively isolating the high-temperature gas
from the wall surface. Simultaneously, the thickened boundary layer increases convective heat transfer
resistance, thereby attenuating the direct impact of high-temperature heat flux on the wall—this constitutes
the insulation effect. Second, as the cooling medium passes through the porous structure of the wall,
it absorbs heat and carries it away, reducing the overall structural temperature; this is known as the
endothermic effect [155,156].

Overall, current research on transpiration cooling primarily centers on porous materials, phase trans-
formation mechanisms, and conventional microporous structures. Based on the differences in base materials
utilized during the transpiration cooling process, transpiration cooling materials can be categorized into
the following types: sintered metal porous materials, platelet materials, ceramic matrix composites, and
self-sweating materials, as illustrated in Fig. 23.

In the early stages of research on transpiration cooling technology, sintered metal porous materials
were predominantly employed as the cooling medium. Ding systematically outlined the fabrication process
for porous materials based on the sintering of metal particles, covering critical steps such as powder
preparation, compaction and shaping, and high-temperature sintering [157]. These materials contain a
large number of fine internal channels that enable the flow of coolant, thereby achieving efficient heat
dissipation. Xiong et al. [158] investigated transpiration cooling using sintered metal porous materials in the
support plate structure of a scramjet engine combustion chamber. Their study revealed that once the coolant
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mass flow rate exceeded a certain threshold, the temperature of the hot wall could be maintained within a
safe operational range. Xu et al. [159] experimentally compared the cooling performance of sintered steel
wire meshes with varying porosities. Furthermore, Vikulin et al. [160] explored the application of sintered
stainless steel fiber materials inranspiration cooling, demonstrating that this approach can significantly
enhance the thermal resistance and high-temperature capability of gas turbine blades.
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Figure 22: Principle of transpiration cooling.
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Figure 23: Transpiration cooling materials.

In addition to traditional metallic porous materials, ceramic porous materials have increasingly been
applied in the field of transpiration cooling in recent years. Sun et al. [161] conducted an experimental
investigation on transpiration-cooled porous plates fabricated from porous ceramics and sintered stainless
steel, using hydrogen as the coolant. The results demonstrated that transpiration cooling can effectively
reduce convective heat flux between the wall surface and the surrounding gas. Zhang et al. [162,163]
developed a C/SiC ceramic matrix composite with several advantageous characteristics, including low
density, uniform pore size distribution, and high thermal stability. Konig et al. [164] experimentally
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determined the permeability and effluent flow distribution characteristics of carbon/carbon composites,
as illustrated in Fig. 24, and further analyzed the formation mechanism of the cooling gas film within
high-temperature flow channels by integrating numerical simulations.

Figure 24: Image of the C/C microstructure.

The concept of platelet transpiration cooling technology originates from the idea proposed by M. Zucrow
in 1948 [165]. In 1964, Aerojet further advanced this concept by proposing a platelet transpiration cooling
scheme specifically designed for fabricating coolant channels on the surface of rocket thrust chambers [166],
marking the first practical engineering application of this configuration. In recent years, numerous re-
searchers have integrated additive manufacturing techniques with innovative platelet structures to in-
vestigate the comprehensive cooling performance of supersonic rocket thrust chambers under extreme
high-temperature and high-pressure conditions through both numerical simulations and experimental
studies. Shen [147-149,167,168] combined platelet transpiration with opposing jet and demonstrated that
incorporating transpiration cooling significantly improves heat transfer characteristics at the outflow
and wall surfaces, thereby enhancing thermal protection. He et al. [169] designed and fabricated a novel
platelet transpiration cooling thrust chamber structure, evaluating its overall cooling performance through a
combination of numerical simulation and experimental validation, as illustrated in Fig. 25. Zhang et al. [170]
investigated the underlying mechanisms of porous transpiration cooling. By focusing on sintered metal
granular materials, he developed single-phase and phase-change mathematical models for transpiration
cooling and systematically analyzed the heat transfer behavior of the coolant within the porous structure.

Phase change transpiration cooling has emerged as a prominent research focus in recent years due to
its high cooling efficiency. This approach typically employs liquid media such as water or alcohol [171],
leveraging the latent heat associated with phase transition to achieve effective thermal protection. The
underlying process involves complex two-phase flow and heat transfer phenomena within porous media.
Commonly used modeling approaches include the separated phase model (SFM) and the two-phase mixture
model (TPM). Taking water as an example, the structure of the porous medium significantly influences
two-phase flow behavior, often leading to issues such as vapor blockage, cooling delay, and temperature
fluctuations, which collectively complicate precise control of the cooling performance. The coolant injection
rate plays a critical role in determining both the location and extent of phase change. Differences in flow
resistance between the liquid and vapor phases can result in vapor blockage, subsequently increasing
injection pressure and causing localized overheating. Furthermore, particle diameter exerts a dual influence
on cooling effectiveness: reducing particle size enhances heat transfer by increasing surface area, but it also
amplifies the disparity in two-phase flow resistance and intensifies vapor phase resistance [172-175].
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Figure 25: Platelet transpiration cooling thrust chamber.

In terms of relevant numerical and experimental studies, Forrest et al. [176] investigated the transpi-
ration cooling performance of water and nitrogen on sintered ceramic porous nose tips in an arc wind
tunnel under conditions of a total temperature of 3028 K and a Mach number of 5.45. The experimental
results demonstrated that liquid water achieved significantly higher cooling efficiency compared to nitrogen,
effectively reducing the nose tip temperature to below 300 K. Wang et al. [177] conducted experimental
investigations on phase-change transpiration cooling using liquid water in a wind tunnel with a total
temperature of 823 K and a Reynolds number of 16,000. Their findings revealed that liquid water exhibited
the lowest flow resistance and superior cooling efficiency when permeating through porous walls. Ma
et al. [178] examined the phase-change transpiration behavior of flat plates in a high-temperature wind
tunnel, observing that the wall temperature distribution was non-uniform at low injection rates, whereas
at high injection rates, phase change occurred at the surface, resulting in a more uniform temperature
distribution. Reimer et al. [179,180] studied the liquid water phase-change transpiration cooling process of
C/C nose tips in a supersonic wind tunnel and observed the formation of ice streaks during the experiment,
as illustrated in Fig. 26.

In recent years, several innovative porous transpiration cooling structures have been developed, among
which double-layer or multi-layer composite porous configurations with multiple functional characteristics
stand out [181]. Luo et al. [182] investigated a double-layer transpiration cooling system applied at the
leading edge of hypersonic vehicles, as illustrated in Fig. 27a, with particular emphasis on the influence of
different coolants on cooling performance. Their findings indicate that, under the same mass flow rate, low-
density coolants achieve superior cooling effectiveness due to their higher ejection velocity, and are capable
of forming a recirculation zone at the leading edge, thereby significantly reducing the peak temperature.
Conversely, at the same injection velocity, high-density coolants possess greater momentum, resulting in
enhanced cooling performance. These results provide valuable insights for the design and optimization of
active thermal protection systems in hypersonic vehicles. Ma et al. [183] conducted experimental studies
on the transpiration cooling performance of sintered metal wire mesh structures incorporating various
porosity combinations in both double-layer and triple-layer configurations, as illustrated in Fig. 27b. The
results demonstrate that the average porosity of the porous medium has a significant effect on cooling
efficiency—higher porosity leads to improved cooling performance. Analysis of flow pressure drop shows
that the flow characteristics are well described by the modified Darcy equation. Jiang et al. [184-186]
proposed a bionic self-priming phase-change transpiration cooling system that autonomously transports
coolant via capillary forces and exhibits high sensitivity to mainstream variations, enabling effective
constant-temperature control of the outer surface. However, this system has a maximum heat flux limit, the
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value of which depends on factors such as the thermophysical properties of the coolant, particle diameter,
and permeability. Exceeding this threshold can result in system failure. Currently, this technology still
faces challenges in meeting the high heat load cooling demands required for the surfaces of actual aircraft.

Figure 26: Ice streaks around the C/C sample.

In conclusion, within the hypersonic active cooling technology system, regenerative cooling—owing
to its exceptionally high cooling efficiency and energy recovery capabilities—has emerged as the preferred
solution for long-duration flight missions. Nevertheless, significant challenges arise from the intense
thermo-mechanical-chemical coupling induced by its intricate flow channel network, the coking behavior
of hydrocarbon fuels, and the potential deterioration of supercritical heat transfer performance. Gas film
cooling enables rapid thermal response by injecting low-temperature gas through discrete orifices, offering
flexibility in protecting localized hot spots. However, its cooling effectiveness diminishes sharply with
increasing distance from the injection points, and the attendant thrust loss due to gas injection restricts
its applicability for large-scale thermal protection. Transpiration cooling, which relies on the multi-level
synergistic effects of permeation, phase change, and vapor film formation within porous media, theoretically
achieves a cooling efficiency up to three times that of conventional gas film cooling. Nonetheless, engineering
implementation remains hindered by challenges such as the fabrication of gradient porous structures, non-
uniform permeation caused by thermal deformation, and the susceptibility of micropores to blockage.

Solid

Film slot Transpiration layer

(a)

Figure 27: Porous transpiration cooling structures. (a) Double layer transpiration cooling in the leading edge;

Coolant inlet

(b) sintered metal wire mesh structures.
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2.4 Comparative Analysis of Engineering Trade-Offs

To provide practical guidance for engineering design, the three active cooling technologies are system-
atically compared in Table 2 based on multiple evaluation criteria.

Table 2: Comparative evaluation of three active cooling methods.

Evaluation Criteria Regenerative Cooling Gas Film Cooling Transpiration Cooling

Convective heat absorption Uniform micro-porous

Protective gas film isolating

Cooling Mechanism by fuel flowing through permeation and phase
hot gas
channels change
Cooling Efficiency High (sustained) Moderate to High (localized) Very High (uniform)
Coolant Consumption Low (fuel reuse) High Low to Moderate
Structural Complexity Complex (channel network) Simple (holes/slots) Very COIIII:E&?; (porous
Manufacturing Difficulty Moderate Low Very High
Applicable Heat Flux >10 MW/m? 5-15 MW/m? >20 MW/m?
. o . Rapid performance Pore blockage and
Primary Limitation Coking and pressure drop degradation downstream deformation

From an engineering trade-off perspective, regenerative cooling excels in long-duration missions due
to its energy recovery capability, but its application is constrained by the coking of hydrocarbon fuels
and the significant pressure drop within micro-channels. Gas film cooling offers the simplest structural
implementation and fastest thermal response; however, its effectiveness decays sharply downstream of
the injection point, and the high coolant mass flow rate incurs a substantial thrust penalty. Transpiration
cooling demonstrates superior cooling uniformity and the highest theoretical efficiency, yet its practical
deployment remains hindered by the lack of reliable fabrication techniques for gradient porous structures
and the risk of pore clogging under extreme thermal-mechanical loads. Therefore, the selection of an
optimal cooling strategy must carefully weigh mission duration, available coolant supply, structural weight
constraints, and manufacturing feasibility.

3 Future Prospects and Research Challenges

Although substantial progress has already been made, numerous fundamental challenges remain to be
addressed before active cooling—of the type currently under investigation—can be successfully implemented
for hypersonic vehicles.

3.1 Hybrid Multi-Mode Cooling Systems

Standard single-mode cooling approaches often prove inadequate for managing the extreme and
highly non-uniform thermal loads encountered during hypersonic flight. Emerging research efforts should
therefore prioritize synergistic or multi-modal cooling architectures—such as integrating transpiration
cooling in the stagnation region with regenerative cooling in the downstream combustion chamber, or
combining opposing-jet injection with film cooling to enhance thermal protection of the leading edge. A
fundamental research objective is to realize adaptive mode transitions—that is, seamless, context-aware
switching between distinct cooling mechanisms—across varying flight regimes.

3.2 Advanced Materials and Manufacturing

The performance of active cooling systems is fundamentally limited by the intrinsic material properties
of their constituent components. In regenerative cooling, there is an urgent need for advanced anti-coking
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alloys and ceramic matrix composites (CMCs) with high thermal conductivity. For transpiration cooling, the
development of functionally graded porous materials—featuring precisely engineered pore-size gradients—is
critical. Additive manufacturing (AM) techniques, including selective laser melting (SLM) and binder jetting,
offer unprecedented design freedom to fabricate complex internal cooling channels and customized porous
architectures, thereby significantly enhancing system reliability and overall thermal performance.

3.3 Intelligent Thermal Management

The integration of embedded micro-sensors, real-time thermal measurement methodologies, and
closed-loop adaptive control strategies represents a paradigm shift—from passive thermal shielding to
active, responsive thermal management. By continuously adjusting coolant flow in response to localized
heat flux measurements, such systems can operate near-optimally while minimizing excessive coolant
consumption and structural material usage.

3.4 Ground Testing and Flight Validation

Persistent discrepancies between ground-test conditions and the actual flight environment remain a
major impediment to advances in hypersonic technology. To narrow this gap, next-generation ground-
testing facilities must accommodate significantly higher total enthalpy levels and substantially extend
test durations. Flight-testing programs—such as the X-51A and Zircon-class initiatives—provide unique
empirical data that are critical for validating complex numerical models and accelerating the practical
development of hypersonic systems. Consequently, from a strategic perspective, sustained investment
in integrated ground-flight validation efforts is essential to transition such technologies from laboratory
concepts to operationally deployable systems.

The present text constitutes a literature review. A systematic search was conducted across PubMed,
Web of Science, and the China National Knowledge Infrastructure (CNKI) databases, with coverage restricted
to publications indexed through July 2026. Targeted keyword combinations—including “hypersonic vehicles,”
“active cooling technologies,” “regenerative cooling,” “gas film cooling,” “transpiration cooling,” and “thermal
protection systems”—were applied methodically to delineate the scope of the review. All reference lists
of initially identified articles were manually screened to identify additional relevant studies. For full-text
analysis, only peer-reviewed, rigorously evaluated publications were included; a total of 186 such articles
were selected for comprehensive assessment and synthesis.

4 Conclusions

The active cooling technology for hypersonic vehicles serves as a cornerstone in enabling long-
duration and reusable flight operations. At present, the primary technical approaches each exhibit distinct
advantages and inherent limitations. Regenerative cooling is well-established but entails system complexity;
gas film cooling offers simplicity and effectiveness, yet suffers from rapid performance degradation and
high coolant consumption; transpiration cooling holds significant potential, though it remains constrained
by material and manufacturing challenges. Given that no single technology can adequately address all
operational requirements, the integration of multiple cooling methods has become an inevitable trend.
Future development will focus on the following aspects:

(1) Develop metal matrix, ceramic matrix, and carbon/carbon (C/C) matrix composites exhibiting excep-
tional resistance to ultra-high temperatures and oxidation, possessing high thermal conductivity, and
featuring precisely controllable pore architectures.
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(2) Leverage high-precision, multi-field coupled simulation tools to enable multiscale, accurate simulations
of supercritical flows, multiphase flows, thermochemical reactions, and material degradation, thereby
guiding the optimization of design parameters.

(3) Advanced manufacturing technologies—particularly additive manufacturing—will facilitate the inte-
grated fabrication of complex flow channels for regenerative cooling and customized porous structures
for transpiration cooling, significantly enhancing system performance and reliability.

(4) Intelligent thermal management systems will achieve dynamic, optimal allocation of cooling resources
through the integration of sensor networks, real-time thermal environment monitoring, and adaptive
control algorithms.
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