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Abstract: Transpiration cooling is an efficient thermal pro-
tection technique for the leading-edge of hypersonic air-
craft. However, the local overheating of the transpiration
cooling structure is prone to the defect of heat transfer
deterioration, which seriously affects the life of the air-
craft. In this study, a transpiration cooling of leading-edge
with layered gradient (TCS-LG3) is proposed to improve the
uniform temperature distribution and high thermal stress.
The thermal-structure coupling mechanism of TCS-LG; is
analyzed using the computational fluid dynamics and ortho-
gonal experimental. The results show that, compared with
traditional transpiration cooling structure of leading-edge,
the cooling performance () of TCS-LGs is increased by
34.59-40.55%. The degrees that influence the average
cooling efficiency (gave) and maximum principal stress
(Omax, principa) Of TCS-LGs are identified as the top-layer dia-
meter of porous medium and length of the porous medium,
respectively. The optimal 1,y increased to 0.9196%, while the
Omax, principal decreased by 18.51%. The research results offer a
reference for further analysis of the material selection and
structure optimization in the transpiration cooling.
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1 Introduction

With the continuous increase in the Mach number of hyper-
sonic aircraft, the maximum heat flux at the leading-edge
has exceeded 10 MW/m? Consequently, traditional passive
thermal protection technology has become insufficient to
handle such a high thermal load, necessitating a shift
toward active cooling technologies for hypersonic aircraft
[1]. Among these, transpiration cooling has emerged as an
efficient active thermal protection method. It works by
transporting coolant to the hot surface of porous medium,
forming a low-temperature gas film that shields the surface
from the thermal impact of high-temperature fluid. This
technology has been successfully applied in various critical
components of aircraft, including leading-edge, engine com-
bustor walls, and gas turbine blades, due to its high cooling
efficiency (), effective converging performance, and minimal
coolant consumption [2,3]. Despite its advantages, transpira-
tion cooling technology faces significant challenges, particu-
larly concerning the non-uniform temperature distribution
within the porous medium, caused by direct contact between
the hot surface and the high-temperature fluid. This leads to
heat transfer deterioration over time and creates substantial
temperature gradients within the porous medium, resulting
in thermal stress that can potentially cause structural failure
[4,5]. The specific gap this research aims to address is the lack
of a comprehensive understanding of how to improve the
uniformity of temperature distribution and mitigate internal
thermal stress within the transpiration cooling structure of
leading-edge (TCS).

Previous studies have focused on enhancing the cooling
performance (§) and optimizing the matrix structure of the
porous medium [6]. Given the extreme conditions faced by
hypersonic vehicles, characterized by prolonged flight dura-
tions and intense heat flux, the thermal protection technology
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of TCS encounters significant challenges. Consequently, most
TCS rely on gas and liquid coolants, while the complex packa-
ging techniques required for solid coolant restrict its effective
application [7]. Langener et al. [8] investigated transpiration
cooling 1 using various gaseous cooling media at blow ratios
of 0-1% under hypersonic experimental conditions, and
found that the n was mainly influenced by the specific
heat capacity of coolant. Luo et al [9] simulated different
gaseous coolants on a double-layer transpiration cooling
system, revealing that lower-density coolants showed
superior cooling effect at identical mass flow rate, while
higher-density ones demonstrated better performance at the
same velocity. Yang et al [10] researched the influence of
varying mainstream pressure gradients on the uniformity of
gas coolants through numerical simulation, and it is observed
that increasing the gradients suppressed coolant non-unifor-
mity, improving 5 from 0.74 to 0.84. Dong et al. [11] analyzed
the heat transfer deterioration phenomena caused by steam
blockage of transpiration cooling, and the porous medium
structures with high porosity and low thermal conductivity
were more susceptible to heat transfer deterioration. Qian
et al. [12] conducted a transpiration cooling experiment uti-
lizing hydrogel as a coolant; compared to liquid water,
hydrogel extended the thermal protection duration by
30-35% and provided a more uniform cooling effect to the
hot surface. He et al [13] compared the effects of injection
methods on the phase change transpiration cooling via
numerical simulation, and the fixed-flow injection enhanced
the stability of the phase change interface and cooling effect.

The focus on the matrix structures of porous medium
within TCS primarily centers on two aspects. On the one
hand, research focusing on heat transfer uniformity in
relatively simple flat plate geometries. Liu et al. [14] experi-
mentally studied the plates with different particles and
discovered that smaller particles enhanced convective
heat transfer and improved the uniformity of temperature
distribution, increasing n to 0.85. Huang and He [15]
explored the influence of non-uniform porosity distribu-
tion on temperature distribution uniformity, noting solid
thermal conductivity effectively weakened non-uniform
effects. Chen et al [16] simulated plate transpiration cooling
to analyze heat transfer deterioration, finding that porous
medium thickness had the most significant impact, improving
temperature uniformity by 52.33-66.14% through response
surface optimization. Sun et al [17] analyzed the effect of
pore diameter on the uniformity of temperature distribution
and cooling efficiency, observing increased pore diameter
reduced uniformity, while non-uniform coolant distribution
improved efficiency and uniformity. On the other hand,
research targeting heat transfer uniformity in complex geome-
tries, such as aircraft leading-edge structures, has also been
explored. Wu et al [18] devised uneven porous medium to
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regulate coolant distribution in the leading-edge, improving
local permeability and temperature distribution uniformity.
Under similar conditions, 1 increased from 0.16 to 0.26 com-
pared to uniform porosity. He et al [19] conducted numerical
simulations on three-dimensional leading-edge structures; dis-
covering gradient porosity arrangement and separated cooling
cavities improved coolant distribution and formed a uniform
protective gas film. Ding et al [20] proposed a novel combined
cooling technology for thermal protection of wedge-shaped
leading-edges, reducing leading-edge stagnation point tempera-
ture by 66.9% and lowering structural thermal stress. Liu et al
[21] applied a leading-edge structure with gradient porosity to
enhance temperature distribution uniformity; this structure
improved stagnation point 1 by 8.77% and reduced injection
pressure (P.) by 10.31%.

Due to the intense compression and friction of air
around a hypersonic vehicle, particularly in the leading-
edge stagnation region, aerodynamic heating caused by
shock waves becomes more pronounced [22]. Under these
harsh conditions, the non-uniform distribution of coolant
exacerbates the temperature gradient in the porous medium,
leading to increased thermal stress [23]. Additionally, the mis-
match in mechanical properties between the solid phase of
porous medium and solid materials makes the leading-edge
highly susceptible to thermal stress. Therefore, while increasing
¢, it is crucial to further improve the thermal stress distribution
in the TCS. Skamniotis and Cocks [24] investigated the impact of
geometric features in double-wall TCS on thermal stress, finding
that reducing the spacing of double walls and optimizing inner
wall thickness could minimize critical thermal stress. Li et al.
[25] simulated the effect of 30-90° film hole angles on the
thermal stress distribution in an impinge-TCS and indicated
that increasing the film hole angle could effectively decrease
the temperature gradient, thereby reducing stress concentra-
tion in the structure. Liu et al. [26] discovered that the coolant
cracking reactions improve the heat dispersion of the coolant
in porous medium, reducing thermal stress in regions with
uneven temperature distribution. Yang et al. [27] explored the
relationship between the permeability and thermal stress in
TCS, finding that both the maximum temperature and thermal
stress are distributed along the direction of decreasing perme-
ahility, with variations in their distributions due to the effect of
the temperature gradient.

Most studies had concentrated on enhancing the design
of coolant and matrix structures in transpiration cooling to
mitigate heat transfer deterioration and enhance cooling effi-
ciency. However, alongside efficiency improvements, consid-
erations for the structural strength of TCS are essential. There
is a need to investigate the distribution law of thermal stress
during the cooling process and enhance the stability of tran-
spiration cooling thermal protection technology. Previous stu-
dies had demonstrated that gradient porosity structure design
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effectively enhances uniformity of temperature distribution
at the hot surface [19,21,28]. Based upon this, this study pro-
poses a novel transpiration cooling structure of leading-edge
with layered gradient (TCS-LG). Qualitative and quantitative
analyses of temperature and stress field distribution in
the TCS are conducted using thermal-structure coupling,
revealing the mechanisms of internal flow and heat transfer
as well as the causes of thermal stress in various regions.
Furthermore, the effects of different structural parameters
on temperature and stress fields are investigated using
orthogonal experiments, elucidating variations in the per-
formance of TCS induced by different structural parameters.
The conclusions drawn from this research offer theoretical
and empirical support for the design of thermal protection
and structural strength in TCS.

2 Numerical model and method

2.1 Numerical model

To address the uniformity of temperature and thermal
stress distribution at the leading-edge of hypersonic vehi-
cles, a transpiration cooling structure of leading-edge with
layered gradient (TCS-LGs;) is proposed, where 3 represents
the three layers of porous medium. Considering symmetry of
the numerical model, a quarter of the computing domain is
selected for simplifying calculations, as depicted in Figure 1(a).
The three-dimensional model is comprised of four main parts:
the porous medium, mainstream high-temperature, solid, and
cooling chamber regions. The radius of the TCS-LG3 is 6 mm,
with an inner cone angle of 16° and a thickness of 4.5 mm,
totaling 8 mm in the X-direction, as shown in Figure 1(b). To
maintain shock wave formation and avoid cross-flow limita-
tions, the length of the mainstream high-temperature region
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is extended to 120 mm in the Y-direction, 75 mm in the X-
direction from the stagnation point, and 155mm in the Z-
direction. Porosity in the porous medium region increases
successively toward the mainstream high-temperature region,
ranging from 0.2 to 0.4, with traditional transpiration cooling
structure of leading-edge (TCS-T) having a porosity size of 0.2
[16,19]. Ultra-high-temperature ceramic (ZrB,-SiC) is utilized for
each solid-phase layer, enhancing the high-temperature resis-
tance and load-bearing capacity of the TCS-LG3. Under the
influence of P, in the cooling chamber, the coolant is sequen-
tially passed through the bottom, middle, and top layers of the
porous medium. The small porosity in the bottom and middle
layers ensures a more uniform distribution of coolant at a fixed
mass flow rate. The top layer, with the largest porosity, allows
for full heat exchange with the top layer of porous medium,
thereby forming a uniform cooling gas film. This reduces the
heat flux from the mainstream high-temperature region and
achieves effective thermal protection for the TCS.

In this study, four different TCS models are employed
for numerical simulation to analyze the cooling perfor-
mance and their effects on the temperature and stress
fields. These models are defined as follows:

(1) Case 1: A traditional single-layer TCS (TCS-T), where the
entire layer is composed of a porous medium with a por-
osity of 0.2 and an average particle diameter of 8 x 10° m.

(2) Case 2: A double-layer TCS (TCS-LGy.case 2), Where the
bottom layer comprises a porous medium with a por-
osity of 0.2 and an average particle diameter of 8 x
10~ m, while the top layer has a porosity of 0.3 and
an average particle diameter of 10 x 107> m.

(3) Case 3: A double-layer TCS (TCS-LGy.case 3), Similar to
Case 2, but with the top layer having a porosity of 0.4
and an average particle diameter of 12 x 10> m.

(4) Case 4: A three-layer TCS (TCS-LGs), where the bottom,
middle, and top layers have porosities of 0.2, 0.3, and
0.4, with corresponding average particle diameters of
8 x107°m, 10 x 10> m, and 12 x 10~ m, respectively.

I Mainstream high-temperature region [J Solid region
- The top layer of porous media region Cooling
- The middle layer of porous media region -chamber
I The bottom layer of porous media region region
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Figure 1: Numerical model of TCS-LGs. (a) Three-dimensional computing domain. (b) Two-dimensional symmetry plane.
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2.2 Governing equation

The flow in the mainstream high-temperature region and the
cooling chamber region is considered turbulent, described
using the shear stress transport (SST) k-w turbulence model
to ensure more accurate results for hypersonic boundary-
layer turbulent flow [29,30]. In contrast, the flow within the
porous medium is assumed to be laminar due to its complex
porosity and relatively low permeability. This laminar flow
assumption is essential for maintaining numerical stability
and accurately modeling the heat transfer and flow charac-
teristics. It is based on the fact that the porous medium sig-
nificantly reduces the fluid velocity, resulting in a Reynolds
number that falls below the critical value of 2,220, as indi-
cated by Sarpkaya [31]. Additionally, the Forchheimer—
Brinkman-modified equation, derived from Darcy’s law, is
utilized to model flow in the porous medium [32]. This
approach accounts for both inertial and viscous effects
in low-permeability materials, suppressing velocity fluc-
tuations within and ensuring a stable flow distribution.
Furthermore, the relatively small porosity size, with a
specific surface area of at least 3.5 x 10*m™, ensures ade-
quate heat transfer between the fluid and solid phases,
justifying the use of local thermal equilibrium to describe
the heat transfer phenomenon within the porous medium
[33]. Heat conduction in the solid region follows Fourier’s
law. The thermal stress of the TCS is calculated using
thermal-structure coupling equations, which incorporate
both temperature and stress fields [34]. The governing
equations for various calculation domains are presented
in Egs. (1)-(11).

2.2.1 Temperature field

2.2.1.1 Mainstream high-temperature region and the
coolant chamber region
Continuity equation

V(o U) = 0. &)
Momentum equation
V(p,UTU)=-Vp + VT. %)
Energy equation
V(U (pEs + p)) = V-AVE + T - 1), &)

where p; denotes the fluid density (kg/m®), U represents the
velocity (m/s), T stands for shear stress (N), E¢ is the internal
energy (]), A¢ refers to the thermal conductivity of the fluid
(W/(m K)), and Tt indicates the temperature the fluid (K).
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2.2.1.2 Porous medium region
Continuity equation

V-(yyps ) = 0. @
Momentum equation

V(o) = =V-(yyp) + V-(7)

- @ﬁ’ + ﬂ m’m’ ©)
M m Ps '
Energy equation
V-(U(piEs + p)) = V-(AetVT; + T - U), (6)

where y4 denotes the porosity of the porous medium, and
U represents the Darcy velocity of fluid within it (m/s). The
velocity relationship at the interface between the porous

medium and other flow regions is given by U yq = U
[16,35]. The permeability (M) and inertial resistance coeffi-
cient (/) in porous medium are related to porosity and the

2 3
average particle diameter (aq) as follows: M = % m y"y o J=
1.

_15B
Y5°3/150
porous medium and is related to the thermal conductiv-
ities of the fluid (A¢) and solid (4s) by the equation: Aegr = ygAs
+ (1 - yaAs.

; Aete is the effective thermal conductivity of the

2.2.1.3 Species mixing
V(oY U) = -V i, )

where Y; represents the component mass fraction, and y;
refers to the mass diffusion flux of the fluid (kg/(m?s)).

2.2.1.4 Solid region
Energy equation

V-(AVTy) = 0, ®

where T stands for the temperature of the solid phase (K).

2.2.2 Stress field

2.2.2.1 Stress and total strain
{0} = [DI({e} + {ehr), ©))
{ehar = [ax ATy AT, AT], 10
where {a} represents stress (MPa); [D] denotes the elastic

stiffness matrix; and {e} and {€},7 correspond to strain and
thermal strain. The coefficients of thermal expansion in the
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X, Y, and Z directions are denoted by a,, a,, and a, (K™,
respectively.

2.2.2.2 Fluid-solid interface (conservation principle)

Ot = Oy, df = dS) g = 4, Tf = 7;: (11)

where n represents the normal vector, and the subscripts f
and s denote the fluid and solid, respectively. According to
the principle of conservation on the coupling surface
between fluid and solid [36], the stress g, displacement d
(mm), heat flux q (W/m?), and temperature T (K) are con-
sistent between the fluid and solid.

The solid phase of the porous medium comprises ZrB,-
SiC, with a density of 5,330 kg/m> and a thermal expansion
coefficient of 7.16 x 10"*K™ [37]. The thermal expansion
coefficient of the dense material is assumed to represent
the entire porous medium [38]. The specific heat capacity
and thermal conductivity are temperature dependent, as
shown in Egs. (12) and (13):

Cps = 1.814 x 1071T; + 352.503, (12)

As = =6.076 x 1073T; + 66.811, (13)

where ¢, represents the specific heat capacity of solid
material (J/(kg K)).

Due to the varying porosity in the porous medium
region of the TCS-LGg, the effective Young’s modulus (E.g)
and Poisson’s ratio (veg) for each layer are determined
using Eqs. (14) and (15) [39,40], as summarized in Table 1:

- Va,i)z

_— 14
1+ @ - 3wy, a

Eegr =

14vo + 3y, = Mol

Vet = — ,
I 2Yy; ~ Vol

(15)

where E, stands for Young’s modulus of dense materials
(GPa); vq represents Poisson’s ratio of dense materials.

2.3 Boundary conditions and meshing

During the temperature field analysis, a hypersonic vehicle
with Mach number 7 was simulated flying in the main-
stream high-temperature region at an altitude of 21 km in
the atmosphere [41]. At the inlet, a pressure far-field
boundary condition was applied, while a pressure outlet
boundary condition was employed at the outlet. The fluid in
the mainstream high-temperature region was treated as an
ideal gas, exhibiting significant changes with temperature,
and viscosity was determined using Sutherland’s law. Other
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Table 1: Physical property of material

Name Es/(GPa) Vet
298K 2,273K

Porous medium 1 (y;,) 217.395 0.8 0.186

Porous medium 2 (y, ) 148.717 0.542 0.2

Porous medium 3 ();;3) 98.745 0.36 0.21

physical property parameters were adjusted using tempera-
ture polynomial fitting, as shown in Egs. (16) and (17), and
the R-square of polynomial fitting was 0.99989 and 0.99994,
respectively.

Cps = 1046.103 — 4.049 x 10717} + 1131 x 107377

- 8.966 x 107T¢ + 3.101 x 10-1°T¢ (16)
- 3.994 x 107117,
As = 4.68 x 107 + 7.667 x 107°T; - 1.806 x 107877 an

+3.195 x 107278,

For the cooling chamber inlet, a mass flow inlet
boundary condition (F = 1-4%) is used, with nitrogen as
the coolant and an inlet temperature of 300 K, where F
represents the coolant injection ratio, expressed as shown
in Eq. (18) [42]:

e

—, 18)
Moo

F=
where i represents the inlet mass flow rate of coolant (kg/s),
and . represents the inlet mass flow rate of mainstream
(kgfs).

Internal surface boundary conditions were applied at
the interfaces between different fluid regions, while coupled
surface boundary conditions were used at the interfaces
between fluid and solid regions. Symmetric boundary con-
ditions were assigned to the walls of the symmetric region,
while adiabatic no-slip boundary conditions were set for the
remaining walls. A coupled algorithm was employed for the
pressure—velocity coupling scheme, with the spatial discre-
tization of pressure utilizing a second-order upwind format.
The momentum, energy, and species mixing equations were
discretized using the QUICK upwind scheme to ensure both
stability and accuracy in the numerical calculations. The
convergence residual for the continuity, momentum, and
species mixing equations was set to 10, while the conver-
gence residual for the energy equation was set to 107°.

In the stress field analysis, the temperature and heat
flux distributions obtained from ANSYS FLUENT were
transferred as input loads to the solid structure region
via the coupling surface to calculate the stress field. To
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Coolant inlet (F=1-4%,
T=300 K)

(a)

* Mainstream high-
temperature region
(Ma=7, T,=217.65 K,
- p,=4670.3 Pa)

L

"Symmetric
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Figure 2: Schematic diagram of boundary conditions and local grid: (a) boundary conditions for temperature field and (b) grid independence

verification.

investigate the impact of non-uniform temperature distri-
bution on thermal stress, rigid body motion suppression
boundary conditions are employed to restrict the displace-
ments of both the internal and external surfaces of the
aircraft within the numerical model. This implies that
the numerical model assumes the aircraft cannot freely
move or rotate.

Due to the complexity of the TCS-LG3, FLUENT MESHING
was utilized in this study to partition the grid, ensuring the
quality and orthogonality of the generated grid. To accurately
capture the shape of shock waves in the temperature field,
boundary-layer refinement was applied to the grid near the
wall, satisfying the dimensionless distance (y+) less than 1
near the wall. This refinement not only enhances the resolu-
tion of the shock wave, but also ensures a smooth transition
of the fluid from laminar to turbulent flow. The local sche-
matic diagram of boundary-layer refinement is illustrated in
Figure 2(a). To assess the grid division accuracy, this study
conducted an independence verification of the computational
fluid dynamics analysis grids with grid numbers ranging
from 0.98 million to 3 million, as depicted in Figure 2(b).
Considering computational efficiency, time consumption,
and the results of grid independence verification, a mesh
number of 1.99 million (with a grid size of 1.7 mm) was deter-
mined for subsequent numerical calculations. Compared to
the 1.51 million grids, the deviation of the average tempera-
ture at the hot surface and the coolant injection pressure was
less than 1%.

2.4 Numerical calculation verification

As the numerical simulation result of the temperature field
serves as the input load for stress field analysis, it is crucial
to verify the accuracy of the numerical simulation method
for the temperature field. Shen et al [43] conducted a

heating experiment on the leading-edge, which was made
of high-temperature nickel-based alloy (Ma = 4.2, Ty =
1,385 K), to measure the temperature distribution. In this
study, a numerical model with identical dimensions was
established (leading-edge radius of 3mm, leading-edge
angle of 14°, and total length of 114 mm). Three turbulence
models, SST k-w, Realizable k-, and S-A, were employed to
validate the accuracy of the numerical simulation results
for the external thermal environment of the leading-edge.
As depicted in Figure 3(a), except for the temperature at
the stagnation point, the numerical results obtained using
the SST k-w turbulence model are in excellent agreement
with the experimental findings, with a maximum error of
less than 1%. The notable deviation between the simulated
and experimental values at the stagnation point can be
attributed to the boundary layer’s frictional deceleration
under hypersonic condition. This phenomenon results in
the conversion of kinetic energy into internal energy, gener-
ating a temperature gradient and facilitating heat transfer.
Consequently, the adiabatic wall recovery temperature (T,y,)
at the stagnation point does not reach the total tempera-
ture (Tp).

In addition to verifying the accuracy of the leading-
edge thermal environment simulation method, it is crucial
to consider the impact of the flow field on the temperature
distribution during the transpiration cooling process. Wu
et al. [18] conducted an experimental study on the tran-
spiration cooling using a discontinuous porous material
made from 316 L stainless steel, with a mainstream Rey-
nolds number of 16160 and an injection ratio of F = 0.67%.
The numerical simulation method applied in this study
was compared with Wu et al’s [18] experimental results
to validate the temperature distribution caused by fluid
flow through the porous discontinuity layer, as shown in
Figure 3(b). The numerical results, obtained using the SST
k-w turbulence model, closely matched the experimental
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Figure 3: Numerical simulation method verification: (a) comparison between simulated values and Shen’s et al.’s experimental results [43] and (b)
comparison of simulated values and Wu’s et al.’s experimental results [18].

data, with a maximum deviation of less than +2.5%. This
indicates that the SST k-w model can effectively capture the
variations in temperature distribution caused by fluid pas-
sing through the discontinuous porous medium region.
Therefore, the accuracy of the numerical simulation method
for both flow and temperature fields is validated to some
extent.

3 Results and analysis

3.1 Qualitative analysis of temperature field
and stress field

To evaluate the effects of the TCS-L.G on temperature and
stress fields, a qualitative analysis is carried out using the
four numerical models described in Section 2.1 (Table 2).
These models, ranging from single-layer to multi-layer con-
figurations, are assessed in terms of their influence on
temperature distribution and stress field variations.

The temperature field distribution of various TCS
configurations under F = 3% is illustrated in Figure 4. Com-
pared to Case 1(TCS-T), the maximum temperature of TCS-
LG decreased by 17.75-33.03%. This reduction is primarily

Table 2: Model definition

attributed to the single-layer porous medium in TCS-T,
which features a uniform porosity distribution. A signifi-
cant portion of the coolant encounters resistance within
the porous medium, causing flow diversion behind this
region. Consequently, the leading-edge of the T-TCS does
not receive adequately initial cooling, resulting in a localized
high-temperature region at the foremost side, as depicted in
Figure 4(a). In contrast, as evident from Figure 4(b)—(d), the
gradient porosity of the TCS-LG allows the coolant to flow
more effectively through the foremost layer of the porous
medium, ensuring a uniform distribution along the hot sur-
face. This distribution effectively shields the TCS from the
thermal impact of mainstream high-temperature region. As
a result, the TCS-T has only a small portion of the coolant
passing through the front side of the porous medium com-
pared to the multi-layer structures, leading to a maximum
reduction in the average coolant mass fraction of up to
34.05%, as shown in Figure 4(e). Moreover, in the case of the
TCS-LG,, the maximum temperature of the top layer of porous
medium in Case 2 is lower than that in Case 3. According to
Cheng et al [44], smaller variations in porosity enhance
cooling performance on the hot surface. Therefore, this dis-
crepancy arises from the significant disparity in gradient
porosity values between the two layers in Case 3, leading to
non-uniform temperature distribution and localized temperature

Model number Description Porosity distribution

Case 1 TCS-T: 1 layer Yaq1 = 0.2, a4, =8 % 10 m

Case 2 TCS-LG,: 2 layers Ya1=0.2,051=8x107m, yy,=03,0,,=10x10"m

Case 3 TCS-LG,: 2 layers Ya1=02,041=8x107m, ys3=04,0,5=12%x10"m

Case 4 TCS-LGs: 3 layers Va1 =02, 001 =8x107m, ys2 =03, 05, =10 x107°m, yg3 = 0.4, ag3 =12 x 10> m
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increases. By comparing Cases 1, 2, and 4, it is apparent that
when the gradient porosity difference between two adjacent
layers of porous medium remains constant, the maximum

Thermal stress study in transpiration cooling of graded leading-edge
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temperature in the porous medium region gradually
decreases with an increase in layers. This phenomenon
occurs because the temperature distribution within the

1603.9Max 13288 1053.8 77879 503.77

1397 Max 1154.2 911.44 668.65 42587 1110.5Max  930.37 750.25 57013 390.01
1466.3 11913 916.3 641.28 366.25 Min 12756 1032.8 790.05 547.26 304.48 Min 1020.4 840.31 660.19 480.07 299.95 Min
C: static Structural C: Static Structural C: Static Structural
Imported Temperature Imported Temperature Imported Temperature
Time: 1.s — Time: 1.s Mo =109 5 Time: 1.s T . =810.55 K
Unit: K T gisterence=1237.65 K Unit: K Tiitterence=1092.52 K Unit: K difference

h 4 Y
A X X X
Porous medium
z z F 4
F=1%
(a)

[ I | [ .
1403.3Max 11709 93841 705.97 47353 1089.4Max  914.92 74047 391.55 71854 Max 62554 532.54 439.54 346.55

1287.1 1054.6 822.19 589.75 357.31 Min 1002.2 827.69 653.24 47878 304.33 Min 672.04 579.04 486.04 393.05 300.05 Min
C: Static Structure C: Static Structural C: Static Structural
Imported Temperature Imported Temperature Imported Temperature
Time: 1.s B = 0O( Time: 1.5 T = Time: 1.s - o Q
Unit: K Titference=1045.99 K Unit: K T gitteren=785.07 K Unit: K T itreren=418.49 K

Y

. { B N
Porous medial y X N X
S
orous mediu -
7 Porous medt’ 7 7
F=2%
| I N
1590.1 Max 13171 1044.1 7.1 498.11 1261.7 Max 10489 836.17 623.42 410.68 810.54 Max  697.08 583.62 470.16 356.71
14536 1180.6 907.6 63461 361.61 Min 11553 942.54 729.79 517.05 304.3 Min 753.81 640.35 526.89 41344 299.98 Min
C: Static Structural C: Static Structural C: Static Structural
Imported Temperature Imported Temperature Imported Temperature
Time: 1. Time: 1. Time: 1.s
it T = qQ it: T = it: 7 =
Unit:k T gisference=1228.49 K unit K T gifterence=957.4 K Unit: K T gitference=510.56 K
Porous medi X X
Porous medium
M
F=1%
(©)
1602.4 Max 13403 1078.2 816.14 554.07 1235.5Max 10286 821.68 614.79 4079 64259 Max 5664 490.22 41403 33784
14713 12093 947.18 685.1 423.03 Min 132 92513 71824 511.35 304.46 Min 604.5 52831 452.12 37 299.75 Min
C: Static Structural C: Static Structural C: Static Structural
Imported Temperature Imported Temperature Imported Temperature
Time: 1. Time: 1.s Time: 1.s
UnER Tdifference_1179'37 K Tdiﬂ'erence_931'04 K S Tdifference'—342‘84 K
Y Y M
X X X
T, Porous medium
- = N
z Porous medium 1 z Porous medium 3 z

(d)

Figure 5: Temperature field distribution in porous medium region. (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4.

F=4%
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porous medium region gradually becomes uniform, signifi-
cantly mitigating the adverse effects of heat transfer dete-
rioration resulting from temperature non-uniform.

The temperature distribution in the porous medium
region directly influences the effectiveness of the TCS. In
this study, the local temperature variations in the porous
medium region are analyzed under the conditions of F =1, 2,
and 4%. As shown in Figure 5, increasing F leads to a reduc-
tion in maximum temperatures of both TCS-T and TCS-LG,
while the temperature difference (Tgigerence) between the
highest and lowest temperatures gradually narrows. This
trend indicates that an increase in the m, reduces the
maximum temperature within the porous medium region.
Consequently, the thermal stress caused by excessive tem-
perature differences is alleviated, resulting in a more uni-
form temperature distribution within the porous medium.
Moreover, as shown by the temperature contours for both
single-layer and multi-layer porous medium regions at the
same F, the Tgigrerence decreases as the number of porous
medium layers increases. Multi-layer configurations, espe-
cially TCS-LG3, demonstrate a small Tyiference range under
higher F compared to single-layer structures, leading to a
more uniform cooling effect. At the same time, as supported
by the numerical simulation results of Cheng et al [44],
depicted in Figure 5(b)—(d), smaller the porosity difference
between adjacent porous layers enhances coolant flow dis-
tribution, thus reducing the temperature difference range
and providing a uniform temperature distribution in the
porous medium region.

The temperature standard deviation index, denoted as
07, is employed to assess the temperature distribution uni-
formity at hot surface of porous medium. The calculation
formula for 07y is presented in Eq. (19) [45]:

1 n
Or = | =2 (T = Twe)?,
nis

where n denotes the number of grid cells, T; refers to the
temperature associated with each grid cell (K), and T,y
represents the average temperature of the cell region (K).

From a mathematical statistics standpoint, a smaller 61
indicates a more uniformity of temperature distribution
within the calculation region. The 67 in TCS improves as

(19)

Table 3: Temperature uniformity at hot surface of porous medium

F 1% 2% 3% 4%

07, case 1/(K) 393.91 330.17 270.39 217.15
07, case 2/(K) 464.07 365.84 261.51 165.61
07 case 3/(K) 485.39 387.97 281.32 183.91
0r. case 4/(K) 450.33 353.45 247.23 150.76

DE GRUYTER

the F increases, as demonstrated in Table 3. Comparative
analysis with Case 1 indicates that the TCS-LG exhibits superior
Or at higher F (3-4%), with a maximum increase of 8.5-30.57%.
This implies that the TCS-T is preferable for lower F, whereas
the TCS-LG exhibits improved 67 under higher F.

TCS employs porous medium as the cooling matrix,
with variations in the porous structure parameters signifi-
cantly influencing its thermal protection performance. As
indicated in the analysis of Figures 4 and 5, the tempera-
ture field distribution in the TCS-LG is affected by the por-
osity differences between adjacent layers, the number of
porous medium layers, and the porosity of the top layer
exposed to the high-temperature mainstream. The fol-
lowing discussion delves into the effects of these three fac-
tors on the temperature field and their impact on 6. As
shown in Figure 6(a), smaller porosity differences between
adjacent layers result in a more uniform coolant film for-
mation on the hot surface of the porous medium, effectively
shielding the structure from the heat load imposed by the
high-temperature mainstream. With an increasing number
of porous medium layers, a greater volume of coolant
permeates through the hot surface, reducing the maximum
temperature of the leading-edge structure and enhancing
the uniformity of the temperature distribution, as illustrated
in Figure 6(b). Conversely, as seen in Figure 6(c), a larger
porosity in the porous layer adjacent to the high-tempera-
ture mainstream allows more external high-temperature
airflow to flow into the porous medium, diminishing the
effectiveness of the coolant film coverage. While a lower
porosity distribution improves both the cooling effect and
temperature uniformity, it also raises the demand for injec-
tion pressure (P.) in the cooling chamber. Comparing the
influences of different porous medium configurations in
Figure 6(a)-(c), it is evident that increasing the number of
porous layers has a more pronounced effect on reducing the
maximum temperature and enhancing the uniformity of the
temperature field.

Due to the utilization of ceramic material in the porous
medium, the thermal stress distribution is typically assessed
using the maximum principal stress (Omax, principa) [37]. The
distribution of Gmax, principa @Mong various TCS is illustrated
in Figure 7. Through numerical simulation, Yang et al. [46]
found that a substantial temperature difference at the mate-
rial interface generates significant thermal stress in the TCS,
potentially leading to material damage and failure. Notably,
stress concentration is observed at the interface between the
top and left surfaces of the inner layer within the porous
medium. This phenomenon arises from the considerable
temperature gradient between the inner and outer layers
of the solid region, which is consistent with results reported
by Yang et al. [46]. A comparison between Case 2 and Case 3
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reveals that the Omax, principar Of TCS-LG; rises from 442.2 to
4452 MPa as the upper porosity of the porous medium
increases. As can be seen from Case 1, Case 2, and Case 4,
there is a progressive increase in the Omax, principal Of TCS
with the addition of layers in the porous medium. The stress
concentration phenomenon in Case 4 intensifies notably.
The increase in thermal stress in TCS-LGs is primarily attrib-
uted to two factors. On the one hand, TCS-LG; exhibits a
more pronounced material property discontinuity between
porous layers compared to TCS-T and TCS-LG,, resulting in
greater differences in properties between the layered gra-
dient materials and the solid region. The thin thickness of
the porous medium layer further amplifies the deformation
resulting from temperature differences, leading to signifi-
cant thermal stress accumulation. On the other hand, the
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@z Maximum temperature
wwy Temperature distribution uniformity

1400
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T"Ll\/( K)
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Thermal stress study in transpiration cooling of graded leading-edge
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thermal protection effect of the cooled gas film on the solid
wall diminishes under the influence of the high-temperature
mainstream, creating a substantial temperature gradient
between the upper and the side surfaces of the solid region.
Additionally, external mechanical forces constrain the struc-
tural side, exacerbating stress accumulation and contri-
buting to an increase in thermal stress within the structure.

3.2 Quantitative analysis of temperature
field and stress field

To further analyze the heat transfer and thermal stress
distribution of various TCS, a detailed examination of the
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Figure 6: Effect of different combinations of porous medium on temperature field: (a) porosity difference between adjacent layers, (b) number of

porous medium layers, and (c) porosity size of porous medium top layer.
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Figure 7: Stress field distribution of TCS (F = 3%): (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

temperature and stress fields is conducted, as depicted in
Figures 7 and 8. The flow and heat transfer efficiency of
TCS are evaluated using the average efficiency of the hot
surface within the porous medium (7,ve) and the P, with
the relevant formulas provided in Eq. (20) [47]:
I "Tw=Tw 94
_ 0 Lw-T !

20
Nave = A ’ (20)

where A; denotes the area of distinct grids (m?); A signifies
the size of the selected area (m?).

The cooling performance () is utilized to compare the
cooling performance of TCS-LG and TCS-T under identical
pressure drop, as shown in Eq. (21):

_ Nave, Tes-L6/R Tes LG

¢= , 21

Nave, 1es-T/R, TesT

where Nave Tcs-1.c denotes the cooling efficiency of the hot
surface within the TCS-LG; Nave, Tcs-t refers to the cooling
efficiency of the hot surface within the TCS-T. P tcsic
represents the injection pressure of the cooling chamber
for TCS-LG (Pa); P, tcs.T represents the injection pressure
of the cooling chamber for TCS-T (Pa).

As shown in Figure 8(a), both n.ye and P. of TCS
increase with the increase of F, with P, of TCS-LG being
lower than that of TCS-T, demonstrating a maximum value
of 22.93-30.34%. The naye 0f TCS-T is the maximum under
the condition of lower F (1-2%), but this also consumes a
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Figure 8: Comparison of flow and heat transfer in TCS at different F: (a) effects of different F on flow and heat transfer and (b) comparison of cooling

performance.

large amount of P.. With increasing F, the coolant distribu-
tion in the porous medium region of TCS-T becomes more
uniform, resulting in non-uniform temperature distribu-
tion on the hot surface. As observed in Case 2, Case 3 and
Case 4, because the P, is small, the TCS-L.G can show better
¢under higher F (3-4%). As illustrated in Figure 8(b), under
the F = 1-4%, TCS-LG consistently show superior ¢ com-
pared to TCS-T, with TCS-LG3 exhibiting the best ¢, which
increases by 34.59-40.55%. With the increase of F, the ¢ of
each TCS-LG decreases first and then increases. Although
TCS-LG consumes lower P. at F = 1% to achieve the n,ye
close to TCS-T, demonstrating better ¢, it is evident from
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Figure 5 and Table 3 that under this condition, the cooling
effect of the gas film on certain regions of the hot surface is
suboptimal, leading to poor 8 in the porous medium
region. At higher flow rates of F = 3-4%, TCS-LG continues
to exhibit superior cooling performance and structural
reliability, benefiting from more uniform coolant distri-
bution. This is particularly effective in reducing local
temperature differences, resulting in a more uniform tem-
perature field and consequently reducing thermal stress
within the structure. Therefore, while F = 1% yields the
highest ¢, the overall performance of TCS-LG is more
advantageous at higher F, making it suitable for conditions
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Figure 9: Comparison of maximum principal stress in TCS at different F: (a) effects of different F on maximum principal stress and (b) comparison of

maximum principal stress in different F intervals.
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requiring improved temperature distribution uniformity and
enhanced structural reliability.

The comparison of Omax, principar among different TCS
under varying F is presented in Figure 9. Allali et al. [48]
demonstrated that the introduction of cooling systems
mitigates changes in material properties due to tempera-
ture fluctuations, thereby reducing the risk of damage in
high thermal stress regions. It can also be seen from Figure
9(a) and (b), the Omax, principar Of the TCS exhibits a consis-
tent decreasing trend with increasing F. This trend occurs
because higher F allows for a wider range of cooling gas
film thickness, which reduces the temperature gradient on
the hot surface and improves thermal stress distribution.
However, the reduction trend in Omayx, principar 1S Observed
to gradually decelerate for TCS-T, whereas it gradually
increases for TCS-LGy.case 2 TCS-LGycase 3, and TCS-LGs.
Notably, TCS-LG; demonstrates the most substantial reduc-
tion iN Omax, principar aCross different working conditions,
reaching up to 20.67%. This is attributed to the superior
cooling effect in the porous media region of TCS-LG3; and
enhanced uniformity in temperature distribution, particu-
larly at higher F, as illustrated in Figure 5 and Table 3.
Furthermore, the Opmax, principa Of the TCS-LG gradually con-
verges toward that of the TCS-T, indicating that the thermal
stress distribution within the TCS-LG significantly improves
under higher working conditions, consequently enhancing
the thermal-mechanical compatibility in the contact region
of the TCS.

3.3 Orthogonal experimental

Although the TCS-LG exhibits better ¢ at higher F, the varied
porosity arrangement across layers of porous medium

Table 4: Factor and level design of orthogonal experiments

Level Factor
Dy, Dy, Lo/ Model annotation
Bottom/ Top/(MmM)  (mm)
(mm)
1 4 8 7 »
—py
. rtt]
Dm. Top: s
'
2 43
gi::: Dm. Bottom
2 5 9 8
3 6 10 9
7 1 10
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introduces inconsistencies in the mechanical properties,
causing significant thermal stress distribution throughout
the structure under similar temperature gradients. Hence,
an orthogonal experimental method is employed to compre-
hensively investigate the effects of bottom-layer diameter
(D, Bottom), top-layer diameter (D, top), and the length of
the porous medium (L,) on both temperature and stress
fields at F = 3%. It optimizes structural parameters with
notable influence and subsequently identifies the optimal
combination [49]. The simulated factors include D, pottoms
Dy, tops and Ly, with the objective functions comprising fave
and Opax, principat- DUring parameter selection, the overall shape
of the leading-edge remains fixed, with an outer diameter of
12mm and a thickness of 4.5 mm, as illustrated in Figure 1.
Previous work by Chen et al [16] identified the thickness and
length of the porous medium as key factors affecting n,ye in
TCS. Additionally, the number of porous layers plays a critical
role in both the cooling effect and the temperature distribution
uniformity, which is directly related to the thickness of each
porous medium layer. After fixing the inner and outer dia-
meters of the porous medium, the Dy, potom and Dy, 1op Of
the intermediate layer is varied within the ranges of 3mm <
Dy, bottom < 8 Mm and 8 mm < Dy, op < 12 mm, respectively. For
Ly, based on Chen et al. [16], which showed a negative correla-
tion between Ly, and 1y, the range for Ly, is set between 7 mm
and 10 mm. The factors and the design of the orthogonal
experimental table are detailed in Table 4. The analysis employs
the range analysis method to assess results. First, the average
values for different levels of the same experimental factors are
calculated. Then, the data dispersion is measured by deter-
mining the difference between the maximum and minimum
values within the obtained mean dataset [50]. Comparison of
different groups elucidates which factors exert a more substan-
tial influence on the objective function.

As indicated in Table 5, the factors impacting the naye
follow the order of Dy, top > Lp > Di, Bottoms With Ly and
Dp, Top demonstrating comparable effects on f,ye. Analysis
of Figure 10 reveals that as Dy, 1op and Ly increase, n,y. at
the hot surface of the TCS-LG; gradually diminishes. The
influence of Dy, pottom ON Mave iS Subject to multifactor

Table 5: Numerical simulation results of n,ye

Level Nave

Dp, Bottom/(mm) Dp, 1op/(Mm) Lp/(mm)
Mean value 1 0.8532 0.8865 0.9001
Mean value 2 0.8623 0.8861 0.8741
Mean value 3 0.8666 0.8693 0.8493
Mean value 4 0.8651 0.8053 0.8238
Range/(x 107%) 134 8.12 7.63
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Figure 10: Diagram of 1, variation with factors and levels: (a) effects of Dy, gotiom, (D) effects of D, 1op, and (c) effects of L,

coupling, and its trend does not exhibit a monotonic
increase or decrease with changing levels. Focusing solely
0N Nave as the index, the optimal combination is deter-
mined as 6-8-7 (D, Bottom=DPm, Top=Lp). The Naye under
this combination is validated at 0.9196, surpassing
the highest n,ye within the other groups of orthogonal
experiments.

As illustrated in Table 6, the primary factors influen-
CiNg Omax, principal f0llow the sequence of Ly > Dy, pottom >
Dp,, 1op- Among these, L, has the most significant effect,
while Dy, gotiom and Dy, 1op have similar influences on Gppax,
principal- 1he effects of these parameters involve multi-factor
coupling interaction, where increases in Dy, pottoms Dm, Top,
and Ly, initially lead to a decrease in Gmax, principai, followed by
an increasing trend, as illustrated in Figure 11. When consid-
ering solely the minimization of Omax, principay the structure
size according to the minimum average value of the levels

taken by different factors is selected, with optimal combina-
tion identified as 5-9-8 (Dyy, Bottom=Drm, Top-Lp)- Subsequent mod-
eling and numerical simulation of this configuration reveal a
MINIMUM Opax, principal Value of 371.84 MPa, representing an
18.51% reduction compared to the values in Case 4.

Table 6: Numerical simulation results of Omax, principal

Level Omax, principal

Dpm, Bottom/(MM) Dy, 7op/(Mm)  Ly/(mm)
Mean value 1/(MPa)  451.47 477.59 477.88
Mean value 2/(MPa)  428.99 428.29 410.69
Mean value 3/(MPa)  465.36 450.53 465.75
Mean value 4/(MPa)  479.33 468.75 470.84
Range/(MPa) 50.34 49.3 60.15
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Figure 11: Diagram of Gpmay, principal Variation with factors and levels: (a) effects of Dy, gottom, (b) effects of Dy, 1op, and (c) effects of L.

4 Conclusion

In this study, a novel TCS-LG was introduced to improve
heat transfer deterioration arising from non-uniform tem-
perature distribution and stress concentration due to sig-
nificant temperature gradients in transpiration cooling
thermal protection technology. The temperature and stress
fields of both TCS-T and TCS-LG were comprehensively
analyzed qualitatively and quantitatively through numerical
simulation and orthogonal experimental. Structural para-
meters significantly impacting faye and Omay, principal WeTre Sys-
tematically investigated via orthogonal experimental, leading
to the determination of optimal design parameters. The pri-
mary findings are summarized as follows:
(1) Under identical F, the maximum temperature of the
TCS-LG decreases by 17.75-33.03% compared to that

@)

Q)

@

of the TCS-T. As the number of layers increases, the
uniformity of temperature distribution within the TCS-
LG improves by 8.5-30.57% compared to that of the
TCS-T.

In comparison with the TCS-T, the TCS-LG demon-
strates superior ¢ at higher F, with a reduction in P, of
22.93-30.34%. Moreover, the ¢ increases by 34.59-40.55%
at equivalent pressure drop in the layered gradient
configuration.

Due to temperature gradient, significant stress concen-
trates at TCS interfaces. With increasing F, Omax, principal
decreases, notably by 20.67% in TCS-LG. At higher F, the
thermal stress distribution in TCS-LG can be notably
enhanced.

The parameters exerting the greatest influence on naye
and Opmax, principal are the Dy, 1op and Ly, respectively.
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The optimal TCS-LG3 achieves a maximum increase in
Nave t0 0.9196 and a maximum decrease in Omax, principal
of 18.51%.
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