P
% aerospace
% P

Article

Aerodynamic Thermal Simulation and Heat Flux Distribution
Study of Mechanical Expansion Reentry Vehicle

Junjie Sun, Hao Zhu, Dajun Xu * and Guobiao Cai

check for
updates

Citation: Sun, J.; Zhu, H.; Xu, D.; Cai,
G. Aerodynamic Thermal Simulation
and Heat Flux Distribution Study of
Mechanical Expansion Reentry
Vehicle. Aerospace 2023, 10, 310.
https://doi.org/10.3390/
aerospace10030310

Academic Editor: Angelo Cervone

Received: 20 February 2023
Revised: 14 March 2023
Accepted: 20 March 2023
Published: 21 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Astronautics, Beihang University, Beijing 100191, China
* Correspondence: xdj@buaa.edu.cn

Abstract: The mechanical expansion reentry vehicle has become the focus of deep space exploration
because of its good deceleration effect and high stability. However, due to its special aerodynamic
shape, its surface heat flux characteristics are different from traditional reentry vehicles. In this paper,
the Two-Temperature model is introduced to simulate heat flux distribution. The influence of different
structure parameters and flight parameters on the flow field structure and surface heat flux is also
analyzed. The research shows that the Two-Temperature model can improve the prediction accuracy
and that the heat flux may peak at the both the head and shoulder of the vehicle. Structural parameters
Rp, Ry, and 6 have an obvious negative effect on Qp. Rp, Ry, Rg, and Lz have a negative correlation
with Qg. Qg drops first and then rises as 6 increases and Rg decreases. Flight parameters Ma have a
positive effect on Qp and Qg while H is negative; « makes the heat flux distribution asymmetric.

Keywords: reentry vehicle; Two-Temperature model; peak heat flux; heat flux distribution

1. Introduction

With the development of the space industry, shuttle transportation and deep space
exploration missions will be the focus of future research. Compared with traditional reentry
deceleration methods and inflatable reentry vehicles, the mechanical expanded reentry
vehicle has attracted wide attention around the world in recent years due to its advan-
tages such as small envelope constraint, high carrying efficiency, and good deceleration
effect [1,2].

In the 1960s, under the traction of the Viking mission, the National Aeronautics
and Space Administration (NASA) conducted some preliminary studies and tests on a
mechanical expansion reentry vehicle; however, they were shelved because there was no
suitable thermal protection material available at that time [3]. In 2010, Adaptive Deployable
Entry and Placement Technology (ADEPT) [4,5] was proposed by the United States, which
is suitable for deep space exploration such as Venus and Mars exploration. In 2013, Brandon
Smith et al. from NASA applied the mechanical expansion reentry decelerator on the Venus
Intrepid Tessera lander (VITaL), replacing the original rigid shell, and first proposed the
conceptual shape design of the mechanical expansion reentry vehicle [6]. The structure
composition and development processes are described. ADEPT has become a research
hotspot due to its ability to close the aerodynamic surface during launch and expand it
during reentry. In September 2018, ADEPT technology was used for the first sounding
Rocket Vehicle test (SR-1) to collect flight data for test purposes and evaluate the space
deployment performance and supersonic deployment stability of the mechanical expansion
reentry vehicle [7,8], making a solid step forward in the technical study.

In the process of high speed reentry, a large amount of aerodynamic heating is gen-
erated, which has a significant influence on the structure and stability of the vehicle. In
the overall design process of the vehicle, how to predict the surface heat flux with high
accuracy has become one of the urgent problems that remain to be solved [9-11]. As
early as 2004, and based on the method of engineering calculation, Griffin MD et al. [12]

Aerospace 2023, 10, 310. https:/ /doi.org/10.3390/aerospace10030310

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


https://doi.org/10.3390/aerospace10030310
https://doi.org/10.3390/aerospace10030310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://doi.org/10.3390/aerospace10030310
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace10030310?type=check_update&version=1

Aerospace 2023, 10, 310

2 of 21

proposed that there would be a stagnant flow area in the leading edge of a blunt body
vehicle, and that aerodynamic heating would reach its maximum at the stagnation point.
With the help of using dynamic equations of motion and the Kemp-Riddell aerothermal
engineering formula [13], Zhang Siyu et al. obtained the trajectory and stagnation heat flux
variation during the return process, and the predicted results of the empirical formula were
basically consistent with the test data. With the rapid development of computational fluid
dynamics methods, the simulation accuracy of aerodynamic heating has been constantly
improved. Zhang Min [14] used numerical simulation to simulate the flow field of the
reentry vehicle under hypersonic velocity, researched the calculation of the thermochemical
non-equilibrium flow field in depth, and summarized the aerodynamic thermal variation
law of the hypersonic reentry vehicle. Liu Fangbin studied the stagnation point heat flow
formula of a Mars reentry vehicle, considering the thermodynamic non-equilibrium ef-
fect [15], and carried out thermodynamic non-equilibrium simulation of the reentry vehicle
and fitted the simulated stagnation point heat flux formula to obtain the zero attack angle
stagnation point heat flow under thermodynamic non-equilibrium conditions. Jakob D.
Hergert et al. from Stanford University used US3D to simulate the flow field of velocity and
wall temperature during the reentry process [16]. An adaptive mesh partitioning method
was developed which can be applied to different situations when the distance of the wall
mesh changes. Borrelli, Alkandry, and S.Bisceglia used different chemical kinetic reaction
models to carry out numerical calculations on the Apollo reentry capsule under different
inflow conditions [17-19]. By comparing the heat flow, pressure coefficient, lift-drag ratio,
and other parameters of the reentry capsule, the differences of different chemical kinetic
models in predicting the flow field state of the reentry body were studied. Edisson M [20].
highlighted that a chemical non-equilibrium phenomenon exists in the hypersonic reentry
process, as well as in the air molecules and electrons, which have vibration motion (except
translational motion). Therefore, it is necessary to comprehensively consider the influence
of the translational temperature and vibration temperature on heat transfer to conduct a
more realistic simulation.

On the other hand, the prediction of the peak heat flux value will directly affect the
design of the vehicle thermal protection scheme. In theoretical studies, the peak heat flux
value usually appears near the stagnation point area of the vehicle head. However, in
engineering practice, for example, A. Viviani [21] conducted a numerical simulation of the
flow field of the Apollo reentry module at zero and nonzero attack angles, respectively. The
results showed that the heat flux at the stagnation point was close to that at the spherical
cone junction point. The radius of the shoulder becomes the main geometric feature of heat
transfer instead of the radius of head with a nonzero attack angle. Liu Maoming carried
out a three-dimensional numerical simulation study on the Apollo reentry module [22].
Through symmetric and asymmetric flow field simulation, the heat flux distribution on
the surface of the reentry module was obtained and an in-depth analysis was conducted.
The research showed that, in addition to the stagnation point, there would be a second
heat flux concentration point on the shoulder. Matsunaga M [23] also proved this point
in his research on the aerodynamic heating of an inflatable reentry vehicle. It is of great
thermal risk to adopt the traditional experience of heat flux at the stagnation point as the
peak heat flux value for thermal protection scheme design. It is urgent to accurately obtain
the peak heat flux value of a vehicle and to research the influence relationship of structural
parameters on heat flux [24,25].

Therefore, this paper introduces the Two-Temperature model to the method of compu-
tational fluid dynamics, considering the vibration temperature of air molecules to conduct
a high-precision numerical simulation of the heat flux distribution of the vehicle and
study the distribution characteristics of the peak heat flux value. The influence of dif-
ferent structural parameters and flight parameters on the surface heat flux of vehicle is
also analyzed.



Aerospace 2023, 10, 310

30f21

2. Methods
2.1. Numerical Model

To confirm the flow fluid of the reentry vehicle, the computational fluid dynamic (CFD)
method was used to solve the 3D Reynolds-average Navier—Stokes (RANS) equations
in steady-state by using a coupled, implicit, second-order upwind solver. Moreover, a
comparison study was conducted to select the most appropriate turbulence model among
Spalart-Allmaras, the realizable k-¢, and the k-w SST. The one-equation Spalart-Allmaras
turbulence model is very useful for the computation of the boundary layer dominated
by the adverse pressure gradients for aerospace applications involving wall-bounded
flows [26]. The realizable k-¢, which is a modification of the k-¢ two-equation model, is
characterized by its robustness, economy, and good accuracy for a wide range of turbulent
flows, which explains its popularity in industrial flow simulations [27,28]. The k-w SST
turbulence model is a widely used model for its robustness, accuracy, and quality of results
for various applications. It has the advantages of both having k-w model near-solid surfaces
and k-e¢ model owned good free-shear-flow properties [29-32]. When the vehicle performs
hypersonic reentry, the flow field near the wall will be complex and changeable by the
increase in temperature. Therefore, it is suitable to use the k-w SST turbulence model for
the simulation of the flow field. The transport equations for k and w are shown below.

d S
= (pk) + V- (pTK) = V- (TVK) + Gy — i 1)
%(pw) +V- (p?w) =V -(IwVk)+ Gy —Yuw+ Do )

where p is fluid density, ¥ is flow velocity vector, k is turbulence kinetic energy, w is
turbulence dissipation, Gy and G, are the generation rate of turbulence kinetic energy and
turbulence dissipation, I'y and I, are the diffusion rate of k and w, Y) and Y,, are turbulence
generated due to diffusion, and D,, is the orthogonal divergence term.

The traditional solution to the energy equation in RANS equations assumes that the
number of molecular collisions is sufficient for the flow to reach the local thermodynamic
equilibrium state. This is called the One-Temperature (OT) model and is shown in the
following form.

WOE) § 9-(G(pE +p)) = Vg~ V(1] )+ 50+ ©
]

where E = h — p/p + v*/2 is energy, h is explicit enthalpy, g = kVT is energy transfer
%

due to heat conduction, k is effective conductivity, . V-(h; ] ;) is energy transfer due to
j

component diffusion, S, is the energy change of viscous dissipation, and S, is energy
source term.

For the hypersonic flows, the fluid element does not reside at one location long enough
to bring the local thermodynamic state to equilibrium; therefore, the flow is in thermal
non-equilibrium. The Two-Temperature (TT) model is thus generated, which can simulate
the energy relaxation process in the flow and provide a better flow field prediction than the
OT model [33]. Since it is suitable for hypersonic flow calculation, the TT model is adopted
in the thermodynamic simulation in this paper.

In this model, the translational and rotational energy modes of the components are
assumed to be in equilibrium at one temperature. The vibrational and electron energy
patterns of the components are assumed to be in equilibrium at another temperature. A
system of conservation equations is solved, which includes the Navier-Stokes equations
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and one additional transport equation that models the conservation of vibrational-electronic
energy [34].
dpeye
ot

+V. (pevev) =-V- Jue — Zv'eve,i]i + S + 5 4)
i

Since the Two-Temperature model introduces the translational rotational temperature
Ty and vibration temperature of the electron Ty, respectively, the heat flux term in the
original energy Equation (3) is adjusted to ¢ = ki VT + kye VTye, which adds a partly
represented electron vibration.

In Equation (4), ey, is the vibratory electron energy per unit mass, §ye = kyeV Tye is the
energy change due to heat conduction caused by Tee, Y. V- ey, ]; is the change of vibratory

1
electron energy caused by component diffusion, S% is the relaxation between translational
mode and vibratory mode, and 57 is the change of vibratory electron energy caused by
chemical reaction.

2.2. Numerical Model Verification

The test data of Inflatable Reentry and Descent Technology (IRDT) conducted by
JAXA [35] in 2017 is used as a reference to verify the numerical model adopted by this
paper. In addition, IRDT and ADEPT had a similar configuration and heat flux distribution;
however, IRDT had more abundant test data. The 3D models of IRDT and ADEPT were
established, as shown in Figure 1a; the clearer division of surface regions is shown in
Figure 1b. In Figure 1a, three different regions are distributed at similar locations of the two
3D models. A—stagnation region locates at the vehicle head, B—surface region represents
the main developing surface of the vehicle, C—shoulder region is in the area around the
shoulder. As shown in Figure 1b, the highest heat flux value may occur at two peak points,
which are the stagnation point located in region A and the shoulder point located in region
C. The flight height H = 39 km, incoming Mach number Ma = 4, angle of attack « = 0°, and
then the surface heat flux of the vehicle is calculated.

C: Shoulder region

B: Surface region
IA: Stagnation region I

Stagnation point

C: Shoulder region /
——

(
B: Surface region \

IRDT configuration ADEPT configuration

ADEPT configuration X

Shoulder point

(a) (b)

Figure 1. Configurations of IRDT and ADEPT (a) 3D models” comparison; (b) division of surface
regions.

The simulation data are compared with the test data as shown in Figure 2. The
variation trend of the surface heat flux of the vehicle calculated using the Two-Temperature
(TT) model is basically consistent with the test data, and the maximum heat flux appears at
the stagnation point. Along the vehicle surface, from the stagnation point to the shoulder,
the heat flux gradually decreases; however, it rises again near the shoulder, and then
the second heat flux peak point appears. Compared with the experiment data, when
considering the TT model for numerical simulation, the relative error of heat flux at
stagnation point Qg is 1.54%, far less than 27.1% of the One-Temperature (OT) model. The
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relative error of heat flux at shoulder is 1.33%, less than 13.3% of the OT model. Therefore,
the Two-Temperature model is more accurate and suitable for the real flow field simulation
in this paper.
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Figure 2. Heat flux simulation results of IRDT.
3. Structure Model and Simulation Analysis of Initial Condition
3.1. Geometric Modeling

Based on the shape of the ADEPT model [6], the parametric diagram of the mechanical
expanded reentry vehicle is shown in Figure 3. The initial values of the structural and flight
parameters are shown in Table 1.

Figure 3. Geometric modeling of reentry vehicle.

Table 1. Initial design parameters of reentry vehicle.

Parameter Meaning Initial Value
Rg (m) Expansion radius 0.35
Ry (m) Nose cone radius 0.35
0 (°) Half cone angle 70
Rg (m) Shoulder radius 0.01
Rg (m) Base radius 0.06
Ly (m) Total length 0.35
H (m) Flight altitude 50
Ma Flight Mach number 5

a (°) Flight attack angle 0
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3.2. Mesh Model and Boundary Conditions

The 3D model of the reentry vehicle was established in Figure 4 with the initial
structural parameters in Table 1. The unstructured hexagonal surface mesh and hybrid
volume mesh were used for grid division, and the boundary layer mesh the near wall
of the vehicle was encrypted, as shown in Figure 5a. The vehicle surface was set as a
constant temperature wall without slip. The pressure far field was selected as the boundary
condition [9], as shown in Figure 5b. The freestream condition is presented in Table 2.

C: Shoulder region —————»,

A: Stagnation region

B: Surfaceregion —»

Figure 4. 3D model of reentry vehicle.
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(a) (b)

Figure 5. Mesh division of reentry vehicle: (a) mesh detail; (b) boundary condition scheme.

Table 2. Initial freestream conditions.

Maco Reco (/m) Too (K) poo (kg/m?3) Tw (K)
5.0 6.5 x 10% 270.65 1.03 x 1073 300

3.3. Mesh Independence Verification

The number of mesh has a significant influence on the calculation accuracy and
calculation consumption [36]. The mesh independence is verified by the heat flux Qp at
stagnation point. Using the initial shape in Figure 4 and the freestream conditions in Table 2,
the number of mesh ranges from 0.3 million to 3 million. The calculation comparison results
are shown in Table 3 and Figure 6. When the number of the mesh is larger than 1.5 million,
the value Qo tends to be constant. Finally, the flow field mesh number is determined to be
about 1.5 million for calculation.
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Table 3. Mesh independence verification results.

Mesh Number First Layer Height Ay Stagnation Heat Flux Qo
(Million) (m) (kW/m?)
0.30 0.0101 119.69
0.75 0.0042 67.07
1.50 0.0015 51.25
3.00 0.00065 48.89
140
- & -QO
120
& 100
<
g
Z 80
&
;
= 60
s | T A=--ao____
= 40
20
0
0 05 1 15 2 25 3 3.5

Mesh number (million)
Figure 6. Mesh independence verification.

3.4. Simulation Results and Analysis of Initial Condition

The initial shape and working conditions in Tables 1 and 2 are used for simulation,
and the flow field of the Two-Temperature model is obtained as shown in Figure 7 above.
The left contour is based on the translational rotation temperature (T), which represent
translational and rotational energy change. The right one shows the vibratory electron
temperature (Ty.) calculated by the transport equation of vibrating electrons in Section 2.1.
From these two contours, the change of the flow field is shown more clearly.

Temperature (K)

A: Stagnation region
B: Surface region
C: Shoulder region

(a)

(b)

Figure 7. Temperature contours of the initial shape simulation; (a) translational rotation temperature

(Tt); (b) vibratory electron temperature (Ty).
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The flow field is divided into three regions (A/B/C) as explained in Figure 7a. In
region A, the detached shock wave is formed before the head of the vehicle. T} in this
region is higher than the other regions because the incoming air is heated strongly after
passing through the shock wave. In region B, T} drops in gradient on the vehicle surface,
but not appreciably. Then, in region C, a rapid flow separation occurs at the shoulder. T},
has a large gradient increase, and the flow is more complex. Combined with Ty, there is
also a separation in region C, with Ty, increasing obviously at the shoulder. This shows
that the incoming air expands rapidly in region C and increases the aerodynamic heating.

To further characterize the flow field details of the reentry vehicle, three characteristic
parameters shown in Figure 8 were chosen to compare and analyze the temperature
contours. These exist in the stagnation point region of T > 1500 K. Sg shows the size of
the shoulder separation area where Ty < 800 K. A, denotes the size of the low temperature
reflux area, which is close to the wall and T, < 500 K. These three characteristic parameters
are different in different cases of flow fields, and their variation trend can help analyze the
flow field and heat flux changes.

Temperature (K)

1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300

Dy distance of the detached shock wave (T, > 1500K)
Sg: size of the shoulder separation area (T, < 800K)
Ayt size of the low temperature reflux area (T, < 500K)

Figure 8. Flow field structure characteristic parameters.

The results of heat flux distribution along the Y direction are shown in Figure 9. The
heat flux at stagnation region is about 34 kW /m?. A lot of kinetic energy is converted to
heat energy at stagnation point. After leaving the stagnation point, the heat flux gradually
decreases until near the shoulder region. When the air flow passes through the shoulder,
the expansion wave generated by the flow separation plays a leading role, which makes
the air velocity increase. According to the Fourier heat transfer law, when the fluid velocity
increases, the heat transfer capacity also increases, and it is greater than its ability to cool
down. Therefore, the heat flux suddenly increases to 44 kW /m?. After passing the shoulder,
it reduces to a lower value.

In the initial configuration and flight condition, the heat flux of the shoulder point
Qg is greater than the heat flux at stagnation point Qp, which is contrary to the previous
belief that the heat flux at the stagnation point is the maximum. Therefore, it is necessary
to study in detail the variation trend of the surface heat flux and the distribution law of the
maximum heat flux point under different structural parameters and flight conditions.
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Figure 9. Heat flux distribution of initial shape.

4. Results and Analysis of Different Structural and Flight Parameters
4.1. Influence of Different Structural Parameters

Structural parameters are important factors affecting the flow field and surface heat
flux distribution. Six structural parameters from ADEPT were selected in this paper,
including expansion radius Rp, nose cone radius Ry, half cone angle 6, shoulder radius
RR, base radius Rg, and total length Ly. Flight parameters were selected in Table 1. The
influence of different structural parameters on the flow field and heat flux distribution was
explored using the following cases shown in Table 4.

Table 4. Calculation cases of structural parameters changing.

Case Rp (m) Ry (m) 0() RR (m) Rg (m) Lz (m)
Case 0-0 0.35 0.35 70 0.01 0.06 0.35
Case 1-1 0.20 0.35 70 0.01 0.06 0.35
Case 1-2 0.50 0.35 70 0.01 0.06 0.35
Case 2-1 0.35 0.10 70 0.01 0.06 0.35
Case 2-2 0.35 0.50 70 0.01 0.06 0.35
Case 3-1 0.35 0.35 60 0.01 0.06 0.35
Case 3-2 0.35 0.35 65 0.01 0.06 0.35
Case 4-1 0.35 0.35 70 0.02 0.06 0.35
Case 4-2 0.35 0.35 70 0.05 0.06 0.35
Case 5-1 0.35 0.35 70 0.01 0.03 0.35
Case 5-2 0.35 0.35 70 0.01 0.10 0.35
Case 6-1 0.35 0.35 70 0.01 0.06 0.20
Case 6-2 0.35 0.35 70 0.01 0.06 0.50

4.1.1. Influence of Rg and Ry

Figure 10 shows the temperature contours after changing Rp and Ry. In the stagnation
region, the temperature gradient changes in the same trend when Rp gradually increases;
however, the distance of the detached shock wave Dy increases with an increase in Rg.
When Ry changes from small to large, the dullness of the vehicle head enhances, which also
makes Dy gradually increase. In the thick shock layer, the air translative temperature rises
slowly, and the heat exchange between the air molecules and the wall decreases, resulting
in a decrease in aerodynamic heating in the stagnation region. Therefore, the aerodynamic
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heating can be effectively reduced by adjusting the structural parameters and by reasonably
controlling Dy.

Casel-1 Rg=0.20m

Temperature (K)

1500
1400
| 1300
I
Case0-0 R;=0.35m
Temperature (K)
1500
1400
1300
1200
1100
1000
900
300
700
600
500
400
300

Casel-2 Rg=0.50m

Temperature (K)

Temperature (K)
i

1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
(a) (b)

Figure 10. Temperature contours of case 0-0, case 1-1 to case 2-2: (a) Rp is changed; (b) Ry is changed.

The heat flux distribution with different Rg and Ry are shown in Figure 11; when
only Rp and Ry change, the heat flux of the shoulder Qg is always larger than that of the
stagnation point Qp. Qo and Qg decrease when Rp increases. When Ry changes from
large to small, Qo and Qg increase respectively; however, the difference value between Qo
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Heat flux (kW/m”2)
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and Qg remains unchanged. Therefore, the heat flux of the vehicle can be decreased by
increasing Rp and Ry.

a
o
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Figure 11. Heat flux distribution of case 0-0, case 1-1 to case 2-2: (a) Rp is changed; (b) Ry is changed.
4.1.2. Influence of 6 and Ry

Temperature contours after changing 6 and Ry are shown in Figure 12. When 6 and Ry
change, the structure of the flow field changes a little at stagnation point but significantly
at the shoulder point. Sy is one of the important field characters which can evaluate the
effect of shoulder flow separation. Combined with Figure 7b above, in the separation
area, incoming air expands rapidly and results in flow separation. When T} > 800 K, the
vibrational energy of the gas in the expansion layer is excited. When Sg, is small, the region
of Ty > 800 K is larger, and more gas molecules are excited. Moreover, the energy also
increases the aerodynamic heating, leading to peak values at the shoulder. Sg drops first
and then rises from case 3-1 to case 3-3. It becomes largest when 6 = 65° and when the
heat flux peak value is smallest. When Ry increases, Sk increases, and the heat flux peak
value declines continuously. Therefore, a large Sy is expected to reduce the heat flux at the
shoulder point.

Figure 13 shows the heat flux distribution when 6 and Rg change. The change in
the half cone angle 6 affects the position of the shoulder point relative to the stagnation
point. With 8 increasing, the shoulder point is closer to the stagnation point; however, this
change has little influence on Qp. Qr has the smallest value when 6 = 65°. The influence
of shoulder radius Rg on Qg is more obvious. When Ry increases from 0.01 m to 0.02 m,
Qg decreases significantly by 18%; when Ry increases from 0.02 m to 0.05 m, the change
is small, and Qg is very close to Qg in this case. The position of the peak heat flux point
jumps with a change in Rr. The peak heat flux should be accurately estimated to complete
the design of the whole thermal protection system.
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Case3-1 6=60°
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Figure 12. Temperature contours of case 0-0, case 3-1 to case 4-2: (a) 8 is changed; (b) Ry is changed.
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Figure 13. Heat flux distribution of case 0-0, case 3-1 to case 4-2: (a) 0 is changed; (b) Rp is changed.

4.1.3. Influence of Rg and Ly

Temperature contours after changing the other two structural parameters Rg and Ly
are shown in Figure 14. They have no obviously direct influence on the complex flow field
in the stagnation region and shoulder region; however, in surface area, A; represents the
size of the low temperature reflux area where Ty < 500 K; moreover, it also affects the
heat flux distribution. The heat transfer effect of gas decreases at low temperature. When
Ay is large, the heat flux on the surface region of the vehicle will decrease slightly. A
decreases first and then increases when the base radius Rg gradually increases. At the same
time, increasing the total length Lz will continuously decrease Ay. Increasing Ay, can also
contribute to a reduction in aerodynamic heating.

It can be seen from Figure 15 that changing Rs and Ly has little effect on the distribution
of the surface heat flux. Moreover, the value of Qp and Qg changes little. It is worth
mentioning that, when Lz increases to 0.50 m, the heat flux between the stagnation point
and shoulder point is larger than that with the small Lz. This may be related to the length
no longer causing the delay of the low temperature reflux area. Rg and Lz have little
influence on the surface heat flux.
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Figure 14. Temperature contours of case 0-0, case 5-1 to case 6-2: (a) Rg is changed; (b) Lz is changed.
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Figure 15. Heat flux distribution of case 0-0, case 5-1 to case 6-2: (a) R is changed; (b) Ly is changed.

4.2. Influence of Different Flight Parameters

Different flight conditions also have a significant influence on the flow field structure
and surface heat flux distribution. The flight altitude H, flight Mach number Ma, and flight
attack angle « are changed to explore the influence in this study. The shape parameters are
set as constant, as shown in Table 1. The variation of flight parameters used for simulation
are shown in Table 5.

Table 5. Calculation cases of flight parameters changing.

Case H (km) Ma « (°)
Case 0-0 50 5 0
Case 7-1 40 5 0
Case 7-2 60 5 0
Case 8-1 50 3 0
Case 8-2 50 10 0
Case 9-1 50 5 5
Case 9-2 50 5 10
Case 9-3 50 5 20

4.2.1. Influence of H and Ma

Figure 16 shows the temperature contours when H and Ma change. When the flight
altitude H is between 40 km and 60 km, as it rises, the air density gradually decreases, and
the aerodynamic heating also decreases. Ma is an important factor affecting aerodynamic
heating. The temperature and aerodynamic heating increase obviously when Ma increases.
When the temperature exceeds 2500 K, it is necessary to consider the air dissociation
mechanism in the CFD simulation. In case 8-2, the chemical reaction considering five
gas components, excluding atomic ionization via the Gupta model, was chosen to reflect
air dissociation in the simulation. The 10 Ma hypersonic incoming flow generates a high
temperature of over 4000 K near the stagnation point of the vehicle, resulting in a very
dangerous thermal environment.
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Figure 16. Temperature contours of case 0-0, case 7-1 to case 8-2: (a) H is changed; (b) Ma is changed.

Heat flux distribution of changing H and Ma are shown in Figure 17 After the flight
altitude of H changes, due to the obvious change in air density, the surface heat flux of
the vehicle also changes significantly. The overall heat flux distribution decreases with
an increase in H. When H = 40 km and Ma = 5, Qg reaches 70 kW /m? at the shoulder
point. With an increase in Ma, aerodynamic heating is enhanced significantly. Qg reaches
380 kW /m?, which is far beyond the thermal protection limits of ordinary materials when
Ma =10. Therefore, it is necessary to reduce speed at a lower altitude to reduce aerodynamic
heating as much as possible.
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Figure 17. Heat flux distribution of case 0-0, case 7-1 to case 8-2: (a) H is changed; (b) Ma is changed.

4.2.2. Influence of «

Figure 18 shows the temperature contours of case 0-0 and 9-1 to 9-3. During the reentry
process with the attack angle «, the aerodynamic heating of the vehicle via the incoming
air will not be symmetrical. With an increase in «, the deuterated shock wave near the
stagnation point concentrates in the part opposite the incoming air, and the air expansion
and separation in the down shoulder area are more obvious. The low temperature reflux
area converges in the opposite air part. Therefore, aerodynamic heating mainly occurs in
the shoulder region, which is opposite the incoming air, while the thermal environment of
the other shoulder region is relatively mild.

Temperature (K)
Temperature (K)

Case9-2 0=10° Upper shoulder area Case9-3 0=20°

Temperature (K) Temperature (K)
1500
1400

Down shoulder area

Figure 18. Temperature contours of changing a.



Aerospace 2023, 10, 310

18 of 21

The heat flux distribution of different attack angle « is shown in Figure 19. The heat
flux is asymmetrically distributed on the vehicle surface as & changes. Qrp means the
heat flux of the down shoulder part where Y < 0 while Qg represents the heat flux at
the shoulder of the Y > 0 part. When « increases, Qrp keeps increasing, while Qg; keeps
decreasing, resulting in more heating at one part. As a increases, the heat flux difference
between the two parts also increases. Therefore, when there is an attack angle flight, it is
necessary to accurately calculate the heat flux distribution and thermally protect the vehicle
shoulder point.
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Figure 19. Heat flux distribution of changing .

4.3. Summary of Influence

Based on the above analysis, the influence law of different structural and flight pa-
rameters on the surface heat flux of the vehicle has been obtained. Structural parameters
affect the heat flux values of the stagnation point and shoulder point by changing the flow
field structure such as Dy;, Sg, and A;. Figure 20 shows the variation trend of Qp and Qg
with structural parameters. The change in the aerodynamic shape brought by the change
in structural parameters is also reflected.
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Figure 20. Influence law of structural parameters on surface heat flux.
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In the simulation of the selected sample points, Qg has been always larger than Qp,
which means the heat flux peak value occurs at the shoulder of the vehicle. R, Ry, and 6
have an obviously negative effect on Qp, and the other three parameters have little effect.
Rp, RN, Rg, and Lz have a negative correlation with Qg. The effect of 6 and Rg on Qr
become more complex: Qg drops first and then rises as 6 increases; when Rg increases,
Qg increases first and then decreases. It is worth noting that increasing Ry significantly
reduces Qg; however, up to a certain point, Qg does not reduce anymore.

Figure 21 shows the variation trend of Qp and Qg with flight parameters H, Ma, and a.
The flight parameters directly and significantly affect Qp and Qg, in which Ma is positive
and H is negative. The attack angle « occurs to produce a different value of Qg; moreover,
increasing « will increase Qp and Qgrp while reducing Qry;. Qo will be larger than Qg;; but
also smaller than Qgp at a high angle of attack. Through our analysis, the design goal of the
heat flux minimum value can be achieved by adjusting the structural and flight parameters.
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Figure 21. Influence law of flight parameters on surface heat flux.

5. Conclusions

This paper adopts a Two-Temperature model using the CFD numerical method to
simulate the flow field structure of a mechanical expanded reentry vehicle to study the heat
flux distribution of the vehicle surface. Some conclusions are obtained as follows:

(1) The Two-Temperature model for simulation can fully consider the vibration motion
processes of electrons during hypersonic reentry. The simulation shows that the calculation
results of the Two-temperature model are closer to the flight test. The prediction accuracy
can be obviously improved to reflect a real flight situation;

(2) The peak heat flux point may occur at the stagnation point or at the shoulder point,
which is different from the traditional conclusion that the stagnation point heat flux is
maximum. When the air flow passes through the shoulder, the expansion wave makes
the air velocity increase. The heat transfer capacity also increases and is greater than its
ability to cool down. The heat flux appears at peak value at the shoulder. Both structural
parameters and flight parameters affect the peak heat flux point;

(3) Among the structural parameters, Rp, Ry, and 6 have an obviously negative effect
on Qp, while the other three parameters cause little effect. R, Ry, Rr, and Lz have a
negative correlation with Qr. Qg decreases first and then rises as 6 increases and Rg
decreases. Among the flight parameters, Ma is positive and H is negative. o makes the heat
flux distribution asymmetric. Increasing « improves Qrp and reduces Qry;.
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