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A B S T R A C T   

This paper presents a numerical simulation on the thermal–hydraulic performance of multiple 
parallel cooling channels to realize active thermal protection of hypersonic aircraft. The fluid 
velocity is set in the range of 0.5–2.5 m/s, with the corresponding Reynolds number of 4300 to 
22,000, and results show that the rectangular and triangular channel have the best cooling 
performance on outer wall and inner wall with water as coolant, respectively. Further, “Diamond” 
channel is proposed to improve the cooling performance, and aviation kerosene RP–3 is used as 
coolant. Three inlet temperatures (243, 253 and 263 K) are applied to investigate the thermal 
protection performance of Diamond channel. The cooling performance of RP–3 is better than 
water, and total pump power of RP–3 is only 60% of water. It is found that the conspicuous 
symmetric longitudinal swirls generated at the leading edge effectively enhance the heat con-
vection performance. Under the studied ranges of fluid velocity and inlet temperatures, outer and 
inner wall temperatures can be controlled below 700 K and 330 K, respectively. Subsequently, the 
preliminary parameters of the “Diamond” are investigated and optimized. Model with L = 16 mm, 
Yc = 3 and X = 8.8 mm has better thermal protection performance and mechanical properties.   

1. Introduction 

Hypersonic aircraft has become the representative of advanced flight technology which can cruise around the world definitely 
within extremely short time, thus its leading status in the future aviation field is established [1]. With the development of aerospace 
technology, the problem of aerodynamic heating faced by hypersonic aircraft is rising, and active cooling thermal protection system 
(ACTPS) plays an increasingly important role in hypersonic aircraft [2,3]. When hypersonic aircraft flies at high mach number, the 
surface is heated by strongly aerodynamic heating [4,5], which will lead to large heat flux density and excessive high local wall 
temperature [6–8]. Therefore, ACTPS is essential to the safe operation of hypersonic aircraft [9]. 

At present, there are many cooling mechanisms for hypersonic aircrafts. Scholars generally believe that it is feasible to cool the 
engine by regenerative cooling [10–14], but it is seldom used in small aero–engines because of weight problem [15,16]. Film cooling is 
also an efficient active cooling scheme in which a thin thermal insulation layer generated on the surface blocks the heat outside though 
its thermal protection for high heat flux is still limited [17]. In recent years, transpiration cooling has gradually developed [18–20]. 
Usually, the transpiration cooling of liquid rocket is mainly composed of two types of porous materials: porous laminate and sintered 
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porous medium [21–25]. Otsu et al. [26] proved in 2007 that in the process of transpiration cooling, a small amount of coolant can 
dissipate a quantity of heat via transient vaporization. Su et al. [27] investigated the flow and heat transfer characteristics of leading 
edge, found that a large amount of coolant flowing to the tail which bears less thermal load, resulting in the coolant waste. In com-
parison, ACTPS is a feasible thermal protection scheme that can meet the flight conditions of hypersonic aircraft, and hydrocarbon fuel 
can be used as coolant [28–32]. Fang et al. [33] studied the pyrolysis of mixed endothermic hydrocarbon fuel and characterized a 
series of high temperature characteristics of hydrocarbon fuel. It is crucial to study the mechanical properties and thermal protection 
performance of ACTPS under the supersonic flight condition [34]. 

Numerous studies support that ACTPS has the advantages of long–time heating with high heat flux, closed–loop temperature 
control and reusability which make it a good choice for hypersonic aircraft thermal protection [35–38]. In NASA’s third generation 
rocket based combined cycle power aircraft project, researchers proposed a sandwich structure made of alloy and carbon composite 
material, which successfully passed the test of scramjet [39]. Subsequently, relevant scholars have made a lot of research work on the 
material selection of hypersonic aircraft, and gradually established the development direction of the transition from metal tube 
matching composite structure to full composite structure. Hou et al. [40] proposed a thermal protection scheme of double honeycomb 
sandwich convective cooling. The results show that the structure has excellent heat dissipation performance. HA Jie et al. [41] studied 
the mechanism of combinational active thermal protection system (CA-TPS) of the hypersonic aircrafts by numerical method, which 
has significantly weaker reattachment shock wave than traditional spiked blunt body and reduces aeroheating directly. Liu et al. [42] 
designed a transpiration active cooling metal thermal protection system that can reduce the structure temperature about 50 K. Chen 
et al. [43] designed a cooling channel for an engine to realize the active thermal protection which verified that external vibrations 
would enhance the heat transfer characteristics of the cooling channel. Peng et al. [44] proposed the ceramic based active cooling 
structure which can meet the thermal protection requirement under high heat flux through less coolant flow. 

The research of aircraft thermal protection is a complex project. In the 21st century, the layout of thermal protection system is 
developing towards the integration of “heat protection, structure and function” and “low cost, unification and high efficiency”. This 
paper proposes an improved active thermal protection structure of hypersonic aircraft, investigates and compares the thermal pro-
tection performance of different flow channels. Besides, different coolants and various parameters are analyzed systematically by 
numerical simulation. 

2. Model description 

2.1. Physical model 

In this work, we present in Fig. 1 (a) several parallel cooling channels with different flow–through section shapes whose coolant 
flows through each channel in parallel and quickly removes the aerodynamic heat from outer wall. For purpose of saving 

Fig. 1. Constructional schematic diagram of thermal protection object (a) overall appearance (b) channel unit (c) boundary conditions (d) geometric parameters of 
five channels. 
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computational resources, a channel unit is taken as the research object of theoretical analysis and numerical simulation, as depicted in 
Fig. 1 (b). Fig. 1 (c) shows the boundary conditions of the thermal protection structure which is composed of outer wall, inner wall, 
support structure and fluid domain. The aerodynamic heating power on leading edge, windward, and leeward surface are 1375 W, 660 
W and 110 W respectively. Channel unit with different flow–through section shapes with a consistent area of 96 mm2 are established, 
as shown in Fig. 1 (d). It should be pointed out that when flow area is too large, the remaining solid area will face the risk of not meeting 
the structural strength, while the larger coolant flow will greatly enhance the active thermal protection performance. After considering 
all the different flow–through section shapes, 96 mm2 is chosen as the flow area. Likewise, the constructional parameters are given in 
Fig. 1 (d). The total width is 20 mm, the thickness of outer wall is 1 mm. Moreover, the height of the overall structure is 26 mm, which 
is less than 40 mm of the common thermal protection structure. Pentagon channel, which combines the geometric characteristics of 
triangular and rectangular channel, is designed to investigate whether it can improve the thermal protection performance. Ultimately, 
the thermal–hydraulic and thermodynamic performance of the improved “Diamond” channel are systematically analyzed in detail as 
well. 

The main physical properties of solid materials and cooling medium are displayed in Table 1. In the NASA X–43A program [45,46], 
the leading edge is made of C–C thermal insulation material. Meanwhile, a layer of SiC material is coated on its surface to prevent 
oxidation and Haynes–230 alloy is used for the horizontal and vertical tail. The physical properties of two high heat–resistant alloys are 
compared in Table 2. By balancing various factors, Inconel–625 which can further reduce the weight of hypersonic aircraft owing to its 
smaller density was selected as the material for active thermal protection structure. 

2.2. Computational methods 

Liquid water whose physical parameters are assumed not to change with temperature forasmuch as the low temperature rise is 
chosen as the coolant firstly. Moreover, the physical properties of Inconel–625 are supposed as constant. Throughout the research 
process, Reynolds number of liquid water ranges from 4000 to 22,000, resulting in the turbulence flow pattern inside the channel. 
Based on the assumptions, the governing equations describing the nature of flow and heat transfer in the active thermal protection 
channel are as follows: 

Solid domain: 

∂
∂Xi

(

Ks
∂T
∂Xi

)

= 0 (1) 

The KS of Inconel–625 is set to 27 W/(m ⋅ K). For the three–dimensional turbulent flow in fluid domain, the Reynolds averaged 
Navier Stokes equations are adopted. Liquid water is considered continuous and incompressible. Furthermore, the flow and heat 
transfer processes are steady and the effects of gravity and radiation are ignored for testing the reliability of active thermal protection 
structure under the extreme condition. The viscous dissipation of the energy equation is ignored. SST k–ω model which has better effect 
in estimating the free shear flow combines the calculation advantages of both standard k–e model and the k –ω model by using the 
mixing function. Hence, SST k–ω model is selected for subsequent numerical analysis. 

The governing equations are as follows: 
Continuity equation: 

∂(ρui)

∂Xi

= 0 (2) 

Momentum equation: 
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Energy equation: 

∂
∂Xi

(
ρuicpT

)
=

∂
∂Xi

(

k
∂T
∂Xi

)

+ Φ (4) 

The governing equation of the SST k–ω model is expressed as: 

∂
∂Xi

(ρkui)=
∂

∂Xi

(

Γk
∂k
∂Xi

)

+Gk + Yk (5)  

∂
∂Xi

(ρωui)=
∂

∂Xi

(

Γω ∂ω
∂Xi

)

+Gω + Yω (6) 

Table 1 
Main physical properties of materials.  

parameter Р(kg/m3) Cp(J/kg⋅K) λ (W/m⋅K) μ(kg/m⋅s) 

Nickel base alloy 8440 430 27 \ 
Water 998.2 4182 0.6 0.001003  
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ANSYS Fluent, which is based on the finite volume method (FVM), is applied to solve the governing equations. The convergence 
criterion in this study states that relative residual values are less than 10− 3 for continuity equation and less than 10− 6 for all other 
variables, or all the relative residual values are maintained basically constant. The discrete format of pressure is standard. Pressure 
outlet is adopted to minimize backflow and interface between solid and fluid domain is set as a no slip coupling heat transfer wall. The 
discrete format of momentum and energy is second–order upwind format, and solver is set to SIMPLE algorithm. 

2.3. Parameter definitions 

The feature size of channel section is defined as follows: 

Dh =
4S
C

(7)  

where S and C are flow–through section area, fixed at 96 mm2 and the perimeter of channel section, respectively. 
In this paper, Reynold number (Re) is defined as: 

Re=
ρumDh

μ (8)  

where um is average velocity at the inlet, μ and ρ are the viscosity and density of the cooling medium, respectively. 
The resistance coefficient (f) of coolant is given by: 

f =
2ΔPDh

ρL(um)
2 (9)  

where ΔP is the pressure drop between the inlet and outlet boundary surface. 
The definitions of heat transfer coefficient (h) and average Nusselt number (Nu) are expressed formulas as follows: 

h=
qAh

S(Tw − Tm)
(10)  

Nu=
hDh

Kf
(11)  

where q and Tw are average heat flux and average temperature on fluid–solid coupling interface separately. Tm is the mean temperature 
of the fluid, calculated by the arithmetic mean of the inlet and outlet mass–average temperatures. Kf is thermal conductivity of coolant, 
and the Nu characterizing the heat convective capability of the fluid–solid coupling interface can be obtained by the formula. 

The total pumping work consumed to actuate the coolant is defined as follows: 

Table 2 
Comparison of physical properties of two alloys.  

parameter Р(kg/m3) Cp(J/kg⋅K) KS (W/m⋅K) μ(kg/m⋅s) 

Haynes–230 8970 440 11.7 \ 
Inconel–625 8440 430 27 \  

Fig. 2. Schematic diagram of grid division and results of the grid independence test (a) grid division (b) grid independence test.  
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WP =
mΔP

ρ (12)  

where m is the mass flow rate. 

2.4. Grid system and independence test 

Fig. 2 (a) presents schematic diagram of grid division, in which unstructured tetrahedral mesh is adopted. For sake of accurately 
calculating the coolant flow and heat transfer characteristics of boundary layer, 14 multi–layer dense grid near wall is applied on the 
contact surface between fluid and solid domain. The first layer and the global grid size are 0.8 mm and 0.02 mm, respectively. Grid 
growth rate is set as 1.2. Grid independence test results indicate that the deviations between grid systems with 3.57× 106 and 8× 106 

cells are limited in ±0.5%, as depicted in Fig. 2 (b). Therefore, grid system with 3.57× 106 cells is dense enough and applied for the 
following simulation. 

2.5. Model validation 

The Gnielinski correlation for the Nu and Konakof’s correlation for the f, which are given in Eqs. (13) and (15), are applied to verify 
the heat transfer and flow resistance performance of the rectangular model, including straight and elbow channel, as displayed in 
Fig. 3. 

Nu0 =
(f/8)(Re − 1000)Pr.M

1 + 12.7(f/8)0.5( Pr2/3 − 1
) (13)  

M =
[
1+(Dh/L)2/3

]
(14) 

Equation (13) is Gnielinski formula, which is a correlation with the highest computational accuracy so far [47,48]. M, as the 
correction coefficient whose size is related to the ratio of the feature size to overall length of the channel is given in equation (14). 

f0 =(1.82lgRe − 1.64)− 2 (15) 

Fig. 3. Verification results of different grid types of rectangular channel.  
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Konakof ’s formula is a common formula for calculating the f of channel, which is only related to Re [49]. 
It is observed in Fig. 3 that the verification results of heat transfer and flow resistance performance whose relative errors are less 

than 15% and 20% respectively, coincide well with the empirical formula. In addition, unstructured tetrahedral grid has higher ac-
curacy in calculating the curved channel, thus used for following numerical simulation and analysis. 

3. Results and discussion 

3.1. Optimization of active thermal protection channel 

For purpose of comparing the thermodynamic performance of different channels, the overall temperature distribution of circular, 
triangular and rectangular channel at the inlet velocity of 1.5 m/s (Re = 13,000) are analyzed, as shown in Fig. 4 (a) and (b). 

Fig. 4 (a) presents the high–temperature area, in which temperature can be controlled below 500 K under the cooling of ACTPS is 
situated in the leading edge with the maximum heat flux. It is easier to get fluid scouring for middle of outer wall, while both sides 
largely rely on heat conduction of support structure, resulting in lower temperature in the middle and higher temperature on both 
sides. Among the three channels, outer wall temperature of triangular and rectangular channel is significantly lower than that of 
circular. Furthermore, outer wall temperature of rectangular channel is the lowest. It can be seen in Fig. 4 (b) that inner wall tem-
perature is reduced not to exceed 307K. Compared with outer wall, the temperature gradient of inner wall is significantly decreased, 
the temperature distribution is more uniform as well. Similarly, inner wall temperature of triangular and rectangular channel is lower 
than that of circular channel, and the inner wall temperature of triangular channel is the lowest. 

Fig. 4 (c) presents that the fluid velocity near the outer wall of the rectangular channel is even larger than that of the triangular and 
circular channel. Temperature decreases rapidly inside outer wall, forming a high temperature gradient, as shown in Fig. 4 (d). 
Otherwise, the velocity distribution results show that coolant will scour the outside in curved channel, which is subjected to high 
aerodynamic heating. Therefore, it is conducive to enhance the cooling performance on outer wall. 

For circular channel, a conspicuous high–temperature area is formed on both sides of outer wall. The heat can only be taken away 

Fig. 4. Thermal-hydraulic contour of various positions in three channels (a)outer (b)inner (c) axial section (d) normal section.  
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by the coolant after heat transfer process of thick wall which induces a larger heat convection resistance relatively. Besides, the 
high–velocity scouring area of coolant in circular channel is obviously smaller than that in the triangular and rectangular channel, 
leading to weaker cooling performance for circular channel. For triangular channel, the heat convection performance is lower than that 
of the rectangular channel due to the strong wall constraints and low fluid velocity at the corners outside the channel, which result in 
forming a high–temperature area on both sides of the outer wall as well. For rectangular channel, the region where coolant rapidly 
washes the outer wall is the largest, which makes outer wall temperature lowest. 

Compared with rectangular channel, triangular channel has a smaller contact area between fluid and inner wall, and the velocity is 
remarkably lower, leading to a smaller inward heat conduction coefficient, which can effectively prevent external aerodynamic heat 
from being transmitted to inner wall. Triangular and rectangular channel have their own advantages in cooling the inner and outer 
walls of the leading edge. 

Fig. 5 present the pressure drop (ΔP) and Nu between different channels with velocity change, respectively. The pressure drop of 
coolant increases with increasing of inlet velocity, which is lower than 5500 Pa, as depicted in Fig. 5 (a). It can also be found in Fig. 5 
(b) that a linear enhancement trend of Nu with the increase of inlet velocity. Moreover, the Nu of rectangular and triangular channel is 
significantly higher than that of circular channel, and the Nu of triangular channel is slightly lower than that of rectangular channel. 

Subsequently, a pentagon channel which combine the geometric advantages of triangle and rectangle is designed and analyzed by 
numerical simulation to further strengthen the active thermal protection performance. The comparison of thermal protection per-
formance between different channels are studied, as depicted in Fig. 6 (a)–(c). It is found in Fig. 6 (a) that pentagon channel has the 
best cooling performance on outer wall. When inlet velocity reaches 2.5 m/s (Re = 21,700), outer wall temperature of pentagon 
channel is 398.8 K, which is much lower than 433.1 K of triangular channel. However, from Fig. 6 (b), the cooling performance of 
pentagon channel on inner wall is not ideal. In order to ensure that the flow area of different channels are consistent, pentagon channel 
has a larger heat conduction area, resulting in the increase of the peak temperature of inner wall. Nu of the pentagon channel is higher 
than that of rectangular and triangular channel, which indicates the better convective heat transfer ability, as shown in Fig. 6 (c). 

To improve the cooling performance limitation of the regular pentagon channel on inner wall, a new–type channel whose flow-
–through section shape is similar to diamond is proposed, designated as “Diamond” channel. The thermal protection performances of 
“Diamond” channel are shown in Fig. 6 (d)–(f). Fig. 6 (d) presents the outer wall Temperature further decreased in the Re range of this 
research. When velocity reaches 2.5 m/s (Re = 21,700), outer wall temperature of the “Diamond” model is nearly 40 K lower than that 
of triangle, which is only 392 K, less than 120 ◦C. 

When the inlet velocity reaches 0.5 m/s (Re = 4300), the inner wall temperature of the “Diamond” channel is reduced by 10 K (from 
335.7 K to 325.5 K) compared with that of pentagon channel, as demonstrated in Fig. 6 (e). Along with the increase of inlet velocity, 
inner wall temperature decreases. When the inlet velocity reaches 2.5 m/s (Re = 21,700), inner wall temperature difference between 
“Diamond” and triangular channel is only 1 K. In addition, Fig. 6 (f) shows that the Nu of “Diamond” model is higher than regular 
Pentagon, which reveals a better heat convection performance. 

3.2. Flow and heat transfer analysis 

It is necessary to explore why “Diamond” model can improve thermal protection performance significantly. Flow field charac-
teristics of leading edge are studied of which results are presented in Fig. 7. Fig. 7 (a) shows the tangential velocity vector of three 
channels. It is visible that all three channels will produce symmetric longitudinal swirls. The vortex cores marked by red dotted lines 
are symmetrically distributed near the wall. When coolant flows in elbow, the leading edge part bends with larger curvature, thus 
forming special symmetric longitudinal swirls inside which are beneficial to the temperature uniformity, improving the ability of heat 
convection between coolant and channel wall. Compared with the acute and right angles of triangle and pentagon, we can discover 
from Fig. 7 (a) that “Diamond” model has relatively smooth obtuse angles whose wall constraint on coolant is reduced which leads to 
smoother tangential velocity vector. 

Fig. 5. Variations in thermal-hydraulic performance at different channels (a) Pressure drop (b) Nu.  
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Fig. 7 (b) provides the surface streamlines of the same section position as Fig. 7 (a) to better show the flow states. The streamlines 
are apparently constrained at the sharp corners of the triangle, while the “Diamond” model has smoother streamlines, causing a longer 
flow path and stronger flow mixing, which prominently improve the heat convection performance. Fig. 7 (c) reveals the influence of 
the symmetric longitudinal swirls on the temperature distribution in “Diamond” channel. It can be seen that the symmetric longitu-
dinal swirls effectively promote the mixing between the hot fluid near the wall and the cold fluid inside, and produces a higher 
temperature gradient, which are the reasons of heat convection performance improvement. The contours of turbulence kinetic energy 
(TKE) and eddy viscosity in the leading edge are displayed in Fig. 7 (d) and Fig. 7 (e), respectively. The peak value of TKE concentrated 
near the wall, which is obviously favorable for heat convection. Eddy viscosity is the proportionality factor describing the turbulent 
transfer of energy as a result of moving eddies, giving rise to tangential stresses which depends on the fluid density and distance from 
the wall [50]. It can be obtained from Fig. 7 (e) that the largest vortex viscosity is located at the section center due to the convergence of 
the symmetric longitudinal swirls, which means more adequate fluid mixing. Furthermore, there are small peak region on the left and 
right sides singly generated by each swirl, thus making the internal cold fluid temperature more uniform. The symmetric longitudinal 

Fig. 6. Thermal protection performance of regular pentagon and “Diamond” channel (a–c) Regular pentagon (d–f) “Diamond”.  
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swirls effectively reduce the viscous effect of the boundary layer on the internal fluid and improves the fluid mixing heat transfer effect. 

3.3. Feasibility analysis of aviation kerosene 

The hydrocarbon fuel is frequently used as coolant of ACTPS, which can not only realize better cooling performance, but also 
preheat the hydrocarbon fuel to improve the combustion efficiency. The coolant was transformed from liquid water to aviation 
kerosene RP–3 whose physical properties are given in Table 3. Three inlet temperatures (243 K, 253 K, 263 K) are selected to sys-
tematically analyze the thermal protection performance, as depicted in Fig. 8. When RP–3 is used as coolant, a cooling cycle is formed 
in the fuel tank and the ACTPS. The flight status and ambient temperature of the hypersonic aircraft will directly affect the cycle 
temperature and the calorific value of the fuel RP–3. Therefore, its temperature will fluctuate within a certain range. In present study, 
three sets of inlet temperatures (243, 253 and 263 K) are selected to verify the cooling effect of coolant RP–3 and to simulate the actual 
temperature of RP–3. It should be pointed out that When the aircraft speed increases, the aerodynamic heating of the ACTPS will 
increase, leading to the increasing of calorific value of the circulating RP–3, which will reduce the cooling effect of the coolant. 
Meanwhile, RP–3 flow rate must be increased to meet the requirement of active thermal protection. It should be pointed out that the 
negative feedback mechanism throughout the process needs to be monitored. In practice, coolant flow needs to be reasonably 
controlled to meet the cooling effect and fuel requirements of hypersonic aircrafts. 

Fig. 7. Flow field characteristics of leading edge (a)Tangential velocity vector (b) Surface streamlines (c) Temperature distribution (d) TKE (e) Eddy viscosity.  

Table 3 
Main physical properties of materials.  

parameter Р(kg/m3) Cp(J/kg⋅K) Kf (W/m⋅K) μ(kg/m⋅s) 

RP–3 800 2100 0.13 0.0001984 
Water 998.2 4182 0.6 0.001003  
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It can be discovered in Fig. 8 (a) that outer wall cooling performance of RP–3 is greatly affected by inlet velocity. Following with the 
velocity increasing from 0.5 m/s (Re = 4300) to 1.5 m/s (Re = 13000), outer wall temperature decreases from 700 K to 450 K. Due to 
the low freezing point of RP–3, lower inlet temperature can significantly reduce inner wall temperature. The inlet temperature of 263 K 
can reduce inner wall temperature to 277.7 K (only 4.5 ◦C) at velocity of 1.5 m/s (Re = 13,000), as presented in Fig. 8 (b). Because the 
dynamic viscosity of RP–3 is only 20% of liquid water, RP–3 has less flow resistance. Fig. 8 (c) present that the total pump power rises 
rapidly with increasing inlet velocity. Nevertheless, the pump power of RP–3 is always lower than liquid water. When inlet velocity 
reaches 2.5 m/s (Re = 21,700), the pump power of RP–3 is only 60% of liquid water which means a greater cooling advantage of actual 
application. 

3.4. Optimization of “Diamond” 

In order to find a better “Diamond” to meet the requirements of active thermal protection, three parameters are set, and corre-
sponding values are given in the table, as shown in Fig. 9. L is the scouring length of outer wall, X is half of the maximum width of 

Fig. 8. Thermal protection performance with RP–3 coolant (a) outer wall (b) inner wall (c) pump power.  

Fig. 9. Variable parameters of “Diamond” model.  
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channel section, and Yc is the scouring height on both sides. Thermal protection performance of “Diamond” with 72 (2× 6× 6) 
situations are investigated. 

The wall temperature of different parameters at the velocity of 1.5 m/s along with temperature of 253 K are demonstrated in Fig. 10 
(a) and (b). It can be viewed that with the increase of X, the wall temperature gradually decreases. After X reaches 8.8 mm, it will have 
little influence on outer wall temperature, as shown in Fig. 10 (b). Fig. 10 (a) illustrates that Yc and L significantly influence the cooling 
performance of inner wall. Moreover, for L and Yc, 16.0 mm and 3.0 mm has the best cooling performance on both inner and outer 
wall, respectively. It can be obtained in Fig. 9 that when X increases, the area of region 1 and region 2 will be expanded and com-
pressed, respectively. Reduction of the region 2 area reduces the heat conduction area from the outer wall to the inner wall, while it 

Fig. 10. Variations in temperature and thermal stress index of different “Diamond” (a)Inner wall–comparison (b) Outer wall–comparison (c) Inner wall–L = 16 mm (d) 
Outer wall–L = 16 mm (e) total deformation–L = 16 mm (f) Von mises stress–L = 16 mm. 
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will expand the scouring area of the outer wall in region 1. The cooling effect of the two on outer wall is opposite, which means 
coordination between both region is essential. In Fig. 10 (b), the outer wall temperature of model with Yc = 2, when X change from 8.0 
to 8.4, At this case, the scouring area in region 1 has very little expansion, while the area compression of region 2 is the dominant 
influencing factor, more heat is blocked in outer wall. Therefore, the outer temperature increases slightly. Subsequently, the increasing 
of X significantly expands the scouring area of region 1, so the outer temperature decreases further. Similarly, in this figure, the model 
with Yc = 1, with X changing from 9.2 to 9.6, Due to the small Yc, the heat conduction area of region 2 is compressed to a small value, 
which blocks more heat on outer wall and causes the outer temperature to rise. Owing to the difference of Yc, the dominant influence 
exchange points of region 1 and region 2 on outer cooling effect are also different, so the variation range of X is different when the 
temperature rises. 

Temperature for L = 16 mm is displayed in Fig. 10 (c) and (d). It is worth pointing out that when Yc reach 1.0 mm and 0.5 mm, 
Fig. 10 (c) and (d) show irregular temperature change trend, which is not allowed to present in hypersonic aircraft. It can be found from 
Fig. 10 (c) that with X changing from 9.2 to 9.6, the inner temperature of Yc = 0.5 decreases sharply, which is lower than that of Yc =
1.0. Similarly, with X changing from 9.2 to 9.6, the outer temperature of Yc = 0.5 increases sharply, which is larger than that of Yc =
1.0. Hence, the above two points show irregular temperature change trend for Yc = 0.5 and 1.0 and The smaller Yc, which has smaller 
scouring area in region 1, as depicted in Fig. 9, is the essence to result in sharp change in temperature, leading to the weakening of the 
temperature control of outer wall. It is well known that hypersonic aircrafts have high safety requirements, so Yc = 0.5 and 1 will bring 
higher security risks. The inner wall temperature is of great significance to the normal work electronic devices inside and will therefore 
be the primary consideration. It is found in Fig. 10 (c) that the inner wall temperature of Yc = 3.0 mm is slightly lower than Yc = 2.5 
mm. 

It is well known that support structure will be deformed due to non–uniform temperature distribution in practical application. For 
comprehensively comparing the feasibility of “Diamond”, thermal stress indexes with various parameters must be analyzed. In this 
study, we get the following data, as depicted in Fig. 10 (e) and (f), by coupling the calculated temperature field with the structural 
strength in Ansys Workbench. 

It can be observed in Fig. 10 (e) and (f) that von mises stress of Yc = 3 mm is less than Yc = 2.5 mm which shows a trend of 
decreasing firstly and then increasing with the increase of X. It is clear that X = 8.8 mm has the minimum value of total thermal 
deformation and von mises stress, which is more suitable for the ACTPS design requirements of hypersonic aircraft. When X is large, 
the thickness of both sides is too small, the thermal stress causes large deformation. When X is small, thermal conductivity area on both 
sides is too large, resulting in large temperature difference between the wall and fluid, which can also cause large deformation. 

Von Mises criterion is a comprehensive concept, which takes into account the first, second and third principal stresses. It can be 
used to evaluate fatigue and failure. Mechanical properties test results show that the yield strength of Inconel–625 can reach 275 MPa, 
which is greater than the von mises stress of active thermal protection structure in this study. Meanwhile, Inconel–625 has good 
ductility and solder ability, which can meet the structural changes caused by small deformation. 

4. Conclusions 

In this study, an active thermal protection structure with several parallel channels is proposed to meet the thermal protection 
requirement of hypersonic aircraft. Performance of different flow–through section shapes are analyzed. Eventually, “Diamond” 
channel is established whose cooling performance is studied by numerical simulation comprehensively. Besides, we verify its feasi-
bility and advantages as active thermal protection structure with RP–3 as the coolant. The main conclusions drawn in this work are as 
follow.  

(1) The thermal protection performance of various channels in the range of Re (4300–22000) are evaluated. The peak temperature 
can be controlled under 575 K (302 ◦C) and 340 K (67 ◦C) on inner and outer wall, respectively. Triangular and rectangular 
channel have their own advantages in cooling the inner and outer walls of the leading edge. Moreover, Pentagon channel can 
significantly improve the cooling performance of outer wall, while inner wall cooling performance is not ideal.  

(2) The cooling performance of RP–3 as a coolant is also studied in this study. Due to its low freezing point, the inlet temperature of 
RP–3 can be lower than liquid water, leading to a low inner wall temperature which is only 257.7 K under the inlet fluid 
conditions of 243 K and 1.5 m/s (Re = 53,000). Besides, outer wall temperature does not exceed 700 K, which is lower than the 
withstand temperature of Inconel–625, meeting the requirements of practical application. Moreover, the total pumping power 
of RP–3 is only 60% of liquid water.  

(3) The performance of thermodynamic and mechanical properties of “Diamond” channel with various parameters are investigated 
under different operating conditions (Tin = 243–263K). It is found that the “Diamond” forms a more conspicuous symmetric 
longitudinal swirls in leading edge, which is significantly beneficial to make fluid temperature more uniform, improving the 
heat convection coefficient. As a result, “Diamond” with L = 16 mm, Yc = 3.0 mm and X = 8.8 mm is the most suitable for the 
thermal protection conditions of hypersonic aircraft whose inner wall and outer wall temperature are 271.5 K and 439.2 K, 
respectively. Meanwhile, the von mises stress of overall structure is much smaller than yield strength of Inconel–625, which can 
reach 275 MPa. 

In summary, “Diamond” channel can able to provide a better thermal protection performance of hypersonic aircraft in two aspects 
of thermal effect and mechanical properties. Moreover, RP–3 as coolant can obtain higher efficiency than liquid water. The “Diamond” 
with RP–3 coolant has a good application potential in the active thermal protection for hypersonic aircraft. 

Y. Qiao et al.                                                                                                                                                                                                           



Case Studies in Thermal Engineering 39 (2022) 102476

13

Author statement 

Yancong Qiao: Methodology, Data curation, Writing Original draft preparation, Investigation. Peng Liu: Visualization. Wei Liu: 
Methodology. Zhichun Liu: Conceptualization, Supervision, Founding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The work was supported by the National Natural Science Foundation of China (Grant No. 52076088) and the Open Fund of State 
Key Laboratory of Coal Combustion (Grant No FSKLCCA2007). The authors wish to thank the reviewers for their careful, unbiased and 
constructive suggestions, which led to this manuscript. 

Nomenclature  

Cp specific heatcapacity,J/(kg⋅K) 
Kf fluid mediumthermal conductivity, W/(m⋅K) 
Ks solid mediumthermal conductivity, W/(m⋅K) 
FVM finite volume method 
ACTPS active cooling thermal protection system 
f friction factor 
h heat transfer coefficient,W/(m2⋅K) 
k turbulent kinetic energy(TKE),m2/s2 

Nu Nusselt number 
Pr Prandtl Number 
P pressure, Pa 
q heat flux per unit area,W/m2 

Re Reynolds number 
T temperature, K 
Tw temperature of channel wall, K 
Tm averagetemperature of the fluid, K 
Tin inlettemperature of the fluid, K 
Tout outlettemperature of the fluid, K 
u fluidvelocity,m/s 
ΔP the pressure drop between the inlet and outlet, Pa/m 
Dh hydraulic diameter of different model, mm 
Ab Outer wall area, mm2 

S Channel flow–through section area, mm2 

C Channel circumference, mm2 

m mass flow rate, kg/s 
X half of the maximum width of the “Diamond” model, mm 
L the scouring length of the channel, mm 
Yc the scouring height on both sides, mm 
Wp pump work of different coolant, W  

Greek symbols 
α thermal diffusivity,m2/s 
ε turbulent dissipation rate, m2/s3 

μ viscosity, Pa⋅s 
ρ density, kg/m3 
λ materialthermal conductivity,W/(m⋅K) 
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