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Hypersonic reentry has a severe flight environment during spacecraft return. To
analyze the influence of pneumatic loads on the flexible structure under the
extreme load condition during the deceleration process of inflatable reentry and
descent system, fluid–and thermal–solid couplings have been studied. In addition,
the stress and structural deformation distributions and the temperature
distribution of each functional layer of the flexible thermal protection system
were obtained in this study. The influence of flight conditions and structural
parameter changes on inflatable structure performance was studied, and the
transient response mechanism of the pneumatic load to the inflatable structure
was revealed. Ballistic analysis combined with engineering algorithm was used to
predicted the flight envelope. The fluid-solid thermal coupling method in
Workbench is utilized to realize the real-time transfer of aerodynamic and
thermal loads to flexible structures. And the loose coupling method was
applied to carried out the one-way transfer of aerodynamic load and thermal
load to the surface of flexible structure. The results showed that the
mechanical–thermal–structural coupling analysis method could predict the
mechanical properties of flexible inflatable deceleration structures, which can
provide references for the aerodynamic configuration and thermal protection
design under extreme flight conditions.
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1 Introduction

Inflatable reentry and descent technology (IRDT) is becoming more important as the
number of space activities and deep-space exploration projects increases and payload
recovery problems of different sizes and masses and rover entry problems on other
planets occur. Among them, the inflatable reentry vehicle experiment (IRVE) of the
United States of America and Russia’s inflatable reentry and decent technology are
representative. Although the inflatable reentry and descent system is still far from
practical application, its feasibility has been verified by several flight tests. Aerodynamic
deceleration and thermal protection are key technologies used in the inflatable reentry and
descent system. Aerodynamic thermal effects during hypersonic deceleration can cause
structural damage and material property change. Concurrently, under high aerodynamic
force and aerodynamic thermal load, the inflatable structure deforms significantly. This leads
to shape-changing, resulting in aerodynamic force variation and aerodynamic thermal load
again, thus affecting the deceleration performance. This problem is a typical multi-physical
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field coupling analysis problem. To ensure safety during hypersonic
reentry deceleration, it is necessary to study the inflatable structure
performance under the coupling effect of aerodynamic and thermal
loads. Considering the feasibility, cost, and time of wind tunnel tests,
numerical simulation has become the main research method.

The inflatable reentry and descent system, with flexible thermal
protection system by innovated ceramic fiber and nanostructured
insulating felt (Karlsson and Kohara, 2022), (Singh et al., 2022), has
the ability of aerodynamic deceleration and thermal protection in
high-speed reentry processes and has broad application prospects in
the fields of planetary exploration, space cargo recovery, and near-
space hypersonic vehicle return (Marraffa et al., 2000), (Marraffa
et al., 2003), (Wilde et al., 2002). Different from traditional reentry
aircraft, the dynamic characteristics of a flexible inflatable structure
show strong non-linear characteristics. Therefore, accurate
prediction of its aerodynamic and dynamic characteristics is an
important prerequisite for system design. Since the 1980s, there has
been significant research on hypersonic thermal–fluid–structure
coupling.

Litton (Litton et al., 2011) used the finite element method to
analyze the structural dynamic characteristics of an inflatable
reentry vehicle IRVE-4 and studied the non-linear structural
deformation of a flexible inflatable structure under different
inflation pressures. In finite element numerical modeling,
Kinney (Kinney, 2011) simplified the flexible inflatable
membrane into two element types: tension spring and bending
spring, performed a steady-state and transient structural
dynamic analysis, and predicted the changes associated with
surface buckling and annular pressure of the inflatable
structure. Li (Li et al., 2015) studied transient structural
dynamics based on the non-linear finite element theory and
analyzed the transient response, stress, and strain distribution
of a flexible inflatable structure under given aerodynamic forces;
however, the accuracy of the numerical model still required
verification through experiments. Liu (Liu and He, 2015) used
the finite element method to analyze the influence of material
non-linearity on the natural vibration characteristics of an
inflatable ring and concluded that the increases in internal
pressure and flexible-film thickness could reduce the natural
frequency of a flexible inflatable structure. Zhang (Zhang
et al., 2018) applied the computational fluid dynamics (CFD)
method to simulate the flow field and surface heat flow
distribution around flexible inflatable structures of different
reentry heights. In addition, the author established the finite
element model and studied the effects of material non-linear
factors such as inflation pressure and film thickness on static and
modal characteristics. McNamara (McNamara et al., 2008)
solved the aerodynamic heat problem using the CFD method
combined with the finite element method and studied heat
conduction between the hypersonic flow and structure. Li (Li
et al., 2008) introduced different temperature distributions
obtained from aerodynamic thermal and heat transfer
calculations into the calculation of structural dynamic thermal
stiffness to investigate the thermo-aeroelasticity of a hypersonic
aircraft wing surface. Lv (Lv et al., 2010) studied the thermo-
aeroelasticity of a hypersonic vehicle by taking the aerodynamic
heat and heat transfer analyses results as the load boundary
conditions of the thermo-aeroelasticity analysis. Suman

(Muppidi et al., 2015) analyzed the aerodynamic thermal load
of an inflatable reentry structure based on the CFD method and
studied the membrane thermodynamic response, which was
subsequently compared with the flight tests. Wang (Wang
et al., 2015) used the CFD method to study aerodynamic
deceleration performance, aerodynamic thermal load, and
plane trajectory of an inflatable reentry and descent system.
Furthermore, the author discussed the effects of the reentry
angle and geometric cone angle on the aerodynamic and
thermal performance of the inflatable structure. Without
considering the heat transfer structure, Rong (Rong et al.,
2015) simulated the stagnation point heat flux and surface
temperature distribution of the inflatable structure under
typical working conditions based on the CFD method. Huang
(Huang and Wang, 2016a), (Huang and Wang, 2016b)
established a heat transfer model of a flexible thermal
protection system (TPS), analyzed the thermal response of the
multifunctional laminated layer using the finite element method,
and proposed the shape configuration and thermal protection
optimization design strategy.

The thermal–fluid–solid coupling analysis of a flexible structure
is complex; if the tight coupling method is used, then the geometric
and material non-linearity and the complex hypersonic flow field
and temperature field calculation have to be included as well, which
is difficult and costly. Currently, research on using the tight coupling
method to study the large deformation thermal–fluid–solid coupling
problem is lacking. In this study, to analyze the influence of
aerodynamic heat and force on structural performance during
the high-speed reentry process of an inflatable reentry and
descent system, the coupling performance under extreme
working conditions was studied using the loose coupling analysis
method. The findings can provide a reference for the design of an
inflatable structure and system performance analysis. In previous
studies, the thermal load of flexible structures was usually constant,
variations of surface temperature and heat flow distribution due to

FIGURE 1
Schematic diagram of loading body entering deceleration and
landing process.
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the deformation of the structure under aerodynamic load were not
taken into account. In this paper, the fluid-solid thermal coupling
method based on Workbench platform is used to realize the real-
time transfer of aerodynamic and thermal loads to flexible
structures. Firstly, the flight envelope during the loading process
of the inflatable structure is predicted by ballistic analysis and
engineering algorithm, simultaneously the aerodynamic and
thermal loads under extreme working conditions are roughly
obtained. Then, the Fluent solver is used to calculate the
aerodynamic and aerothermal load under extreme working
conditions finely, and the pressure and thermal stress distribution
data are transferred to the finite element model of the flexible
structure by loosely coupling. The dynamic response of the
structure under the action of aerodynamic thermal coupling is
finally obtained.

2Mathematical modeling of hypersonic
reentry process with flexible inflatable
structures

When the payload body enters and passes through the
atmosphere at high speed (Figure 1), the intense aerodynamic
heating effect results in a large amount of heat conduction to the
surface of the payload body, causing its surface temperature to rise
sharply. Preventing the structural strength of the payload body from
weakening and causing structural damage owing to the high
temperature rise is an important research area in the process of
spacecraft entry and return. The hypersonic flexible inflatable
reentry structure is composed of a stacked ring structure and
rigid head cone, which is an inverted cone structure as a whole.
In the reentry process, the head cone is subjected to high-speed flow
and relies on the inflatable ring structure to provide aerodynamic
resistance and thermal protection. The payload capsule can be
inflated several times as required during descent to increase the
windward resistance area and finally land at a safe landing speed or
splash down in the ocean.

Because of the hypersonic reentry into the atmosphere, the outer
surface of the structure must resist the high temperature of the
thermal boundary layer, which is typically above 1000 °C. Therefore,
flexible thermal shielding is an important component of flexible
inflatable structures. A flexible TPS is a laminated multifunctional
structure composed of thermal insulation, insulation, and airtight
layers. The system is required to withstand high temperatures and
should have low density and flexible folding characteristics. The
component material parameters of the inflatable structure are shown
in Table 1.

2.1 Reentry trajectory and engineering
thermal analysis model

For reentry deceleration of an inflatable structure, characteristics
of the gas–heat–soft-solid coupling problem should be considered
during the flight process; therefore, the pneumatic heat, temperature
distribution, and thermal load and deformation are studied. The
premise of the abovementioned coupling analysis is to accurately
obtain the ballistic characteristics of the deceleration system of the
payload body during the deceleration process and extract the
extreme conditions of the aerodynamic and thermal loads. The
following assumptions are introduced in the deceleration ballistic
analysis process: 1) the lateral force is ignored, and the system is
considered to fly in a two-dimensional plane; 2) the effect of the
Earth’s rotation is negligible; 3) the influence of the meteorological
wind field is negligible; 4) the aerodynamic shape remains
unchanged during reentry; 5) during the reentry process, the
attack angle is constantly zero, that is, the central axis of the
reentry capsule or the connecting line of the parachute system
always coincides with the incoming flow direction and is only
subjected to aerodynamic resistance. The flight dynamics control
equation of the loading body during entry is shown in Eq. 1.

_r � V sin γ

_φ � V cos γ sinψ
r

_θ � V cos γ cosψ
r cosφ

_V � FT
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Mr cosφ sin γ cosφ − cos γ sinφ sinψ( )

_γ � 1
V
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2ωMV cosφ cosψ + ω2
Mr cosφ(cos γ cosφ+

sin γ sinφ sinψ)
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (1)

where m is the reentry mass; v is the flight speed of the reentry; θ is
the local ballistic inclination; t is the flight time; r is the distance from
the center of the Earth; x is the horizontal displacement, h is the
altitude from the ground; FL and FD are lift force and resistance,

TABLE 1 Structural and material parameters of the inflatable structure.

Parameters of TPS layer
(Unit)

Thickness
(mm)

Density
(kg/m2)

Elastic
modulus (MPa)

Poisson’s
ratio

Thermal conductivity
(W/m·K)

Thermal insulation layer 2 0.62 1020 0.2 0.006

Insulation layer 1 0.15 630 0.2 0.002

Load-bearing layer 0.2 0.4 9000 0.17 0.039

Airtight layer 7.2 0.02 60 0.14 0.025
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respectively; ρ is atmospheric density; CA is the equivalent resistance
area of the recovery system. The fourth-order Runge–Kutta
algorithm was used to calculate the integral of the dynamic
process. Atmospheric parameters were calculated using the
1976 American standard atmospheric model.

First, the variation curves of height–velocity, height–overload,
and heat flux during the reentry process were rapidly analyzed using
an engineering algorithm, and the temperature distribution law of
the thermal protection structure was studied. According to the
numerical results, the state points of the maximum aerodynamic
load and maximum aerodynamic thermal load were obtained. The
aerodynamic heat calculation included aerodynamic heat at
stagnation and non-stagnation points, and the calculation models
used were the Kemp–Riddell and Lees heat flux density distribution
formulae, respectively. The following equation is the mathematical
model used in the engineering calculation:

qws � 131884.2



RN

√ ×
ρ∞
ρ0

( )1/2

×
v∞
v0

( )3.25

× 1 − hw
hs

( )
hw � CpTw

hw � CpT∞ + 1
2
v2∞

kw

m2

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(2)

In the above formula, qws andRN are heat flux density (kW/m2) and
radius of curvature m) at the stagnation point, respectively; ρ∞; ρ0
represent incoming flow density and ground reference density (kg/m3),
respectively; ρ0 � 1.225kg/m3; v∞ represents the incoming flow velocity
(m/s); V0 = 7900m/s. The stagnation point temperature and heat flux
density of the reentry return system at different altitudes and Mach
numbers calculated by the above method are shown in Table 2.

The rigid hemispherical head cone is obtained according to
isentropic outflow conditions and the modified Newtonian pressure
distribution theory, and the calculation formula is as follows:

qwb
qws

� 2θ 1 − 1/γMa2( )cos 2 θ + 1/γMa2[ ]





D θ( )√

D θ( ) � 1 − 1

γMa2
( ) θ2 − θ sin 4θ

2
+ 1 − cos 4θ

8
( )

+ 4

γMa2
θ2 − θ sin 2θ + 1 − cos 2θ

2
( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(3)

where qwb is the heat flow at the stagnation point of the head of the
sphere, and θ is the central angle of the hemisphere measured by the
axis of the cone.

In addition, the surface heat flux of the flexible inflatable
vertebral body was obtained according to the isentropic outflow
conditions and modified Newtonian pressure distribution theory.
The calculation formula is as follows:

qwb
qws

� A θc( ) x′/R0

B θc( ) + x′/R0( )3[ ]0.5. (4)

In the above formula, θc and x′ are the semi-cone angle and
the coordinates along the surface from the cone point,
respectively. The functions A(θc) and B(θc) are expressed as
follows:

A θc( ) �


3

√
2

1 − 1
γMa2

( )sin 2θc + 1
γMa2

[ ]0.5 





π

2
− θc

√
B θc( ) � 3/16

sin 2θc 1 − 1/γMa2( )sin 2θc + 1/γMa2[ ] D θ( )
θ

[ ]
θ�π/2−θc

− cot 3θc.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(5)

In the reentry process, the transition time of the wall surface
from a non-steady state to a steady state is very short and can be
considered negligible. Meanwhile, the influence of the Earth’s
radiant heat and other minor terms are neglected to establish the
heat balance equation, as follows:

qws � εσT4
w. (6)

2.2 Compressible aerothermal analysis
model

In this study, the maximum flight speed of the flexible inflatable
structure in the reentry process is above Ma20, and the compression
and high temperature effects of the gas cannot be ignored. For a
compressible fluid, the basic form of the conservative three-
dimensional compressible Navier–Stokes equation is shown in
Eq. 7:

zU
zt

+ zFi

zxi
� zGi

zxi
, (7)

where U , Fi, and Gi are conservative variables, inviscid flux vector,
and viscous flux vector, respectively, and can be expressed as follows:

U �

ρ
ρv1
ρv2
ρv3
e

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
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ρv2vi + pδ2i
ρv3vi + pδ3i

e + p( )vi

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭ G �

0

τ1i

τ2i

τ3i

vmτ1i + k
zT

zxi

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
, (8)

where ρ, p, e, T, and k represent density, pressure, gross energy,
temperature, and thermal conductivity, respectively; vi represents
the velocity component in the three-dimensional coordinate system;
δij is the Kronecker coefficient.

TABLE 2 Stagnation point temperature and heat flux at different altitudes and
Mach numbers.

Height (m) Velocity
(Ma)

Stagnation points
temperature (K)

82 24.6 2067

71 14.3 1812

66 8.3 1636

52 7.2 2564

43 6.5 1725

36 5.2 1442

31 4.1 1065
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2.3 Gas–thermal–solid coupling analysis
model

Flexible inflatable structures have severe gas–thermal and
solid bidirectional coupling problems under hypersonic flows.
Large mesh deformation can occur with ease during the coupling
process, resulting in a negative volume that leads to calculation
failure. Therefore, the fluid–structure coupling of the flexible
structure is a common complex problem in the field of
fluid–structure coupling. In this study, a spatiotemporal
discrete finite element numerical analysis method is used to
study the multi-field coupling of an inflatable decelerator
under extreme working conditions, and the ANSYS
Workbench platform is used to perform loose
gas–thermal–solid multi-field coupling analysis. The
calculation and data transfer processes are shown in Figure 2.

3 Numerical analysis method validation

3.1 Validation of flow field analysis method

To verify the accuracy of the flow field calculation of flexible
inflatable structures at supersonic speed, numerical tests were
performed for supersonic and hypersonic conditions, and the optimal
mesh and turbulencemodelswere determined. The numerical simulation
results show that the model is more accurate at low Mach numbers and
high supersonic speeds. Figure 3 compares the velocity distribution of the
flow field underMa2with that of the wind tunnel test. Figure 4 shows the
velocity and pressure cloud diagrams of the symmetric section of the flow
field under Ma2, Ma4.6, and Ma22. It can be seen that the flow field
diagrams of the numerical calculation are in good agreement with those
of the wind tunnel test.

Table 3 shows the comparison of the numerical calculation results
with literature and engineering formula at supersonic speeds. It can be
seen that the resistance coefficient calculation and stagnation point
temperature are relatively accurate, and the heat flux density error is
large. The reasons for heat flux error are as follows:

(1) There exist errors in the aerothermal calculation of the existing
engineering formulas.

(2) The numerical calculation in this study does not consider the
gas parameter changes caused by high temperature.

3.2 Validation of coupling analysis methods

To verify the rationality of the single fluid–solid couplingmethod in
this study, a verification analysis was conducted on the object and
research condition considered in reference (Yang et al., 2014). The
verification object is the inflatable wing of a small unmanned aerial
vehicle with an NACA4412 section, 0.6 m half-wingspan, and 0.25 m

FIGURE 2
Flow chart of coupling analysis and data transfer.

FIGURE 3
Comparison with Ma2 wind tunnel test results.
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chord length (as shown in Figure 5). The pressure difference between
the inner and outer surfaces of the wings is 45 kPa. The material
parameters of the inflatable wing are shown in Table 4. The flight speed
and angle of attack were 15 m/s and 10°, respectively.

Figure 5 shows the flow field and structural grid models established
for theflexible inflatablewing. Theflowfield adopts a structural gridwith a
total number of 880,000 units. The wing surfaces are composed of
25147 triangular thin film elements. The coupling calculation is

FIGURE 4
Velocity and pressure distribution of the symmetrical surface of the flow field under different Mach conditions (upper: Mach number, lower:
pressure).

TABLE 3 Flow field analysis verification results statistics.

Drag coefficient Error Stagnation point temperature (K) Error Maximum heat flux (W/m2) Error

Ma4.6 Calculated value 1.308 5.2% 581 6.4% 5745 20.3%

Reference 1.380 - 621 - 7212 -

Ma22 Calculated value 1.255 8.7% 1604 3.8% 334376 9.5%

Reference 1.376 - 1667 - 369671 -

FIGURE 5
NACA4412 airfoil section and 3D model schematic diagram.
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performed by one-way aerodynamic loading in the flow field, whereas in
the literature, it is performed bymultiple iterations of aerodynamic loading
and two-way loading of structural deformation. A comparison of the
calculation results of the two methods is shown in Figure 6, and the
numerical calculation results in this study are consistent with the results
obtained in the literature. The maximum displacement of the wing tip
obtained using themethod proposed in this study was 19.21mm, whereas
18.56mmwas obtained for the literature, and themaximumdisplacement
error of the two was 3.5%. The abovementioned results show that the
unidirectional fluid–structure coupling method adopted in this study has
high accuracy. The above mentioned results show that the coupling
analysis method adopted in this paper is highly consistent with the
calculation of airfoil deformation compared with the literature, and has
a higher resolution for the surface displacement distribution.

4 Gas–thermal–solid coupling analysis
of flexible inflatable structures

4.1 Multi-field coupling analysis modeling of
hypersonic reentry process

Hypersonic fluid–thermal–solid coupling consists of the solution of
gas–thermal–solid coupling in three fields. The calculation model is
shown in Figure 7. The blunt part adopts a rigid structure, whereas the
cone part adopts a flexible structure with inflatable expansion. The
difficulty ofmulti-field coupling lies in the information transfer between

the physical fields. Based on the ANSYS Workbench platform, this
study conducted research on the thermal–fluid–structure coupling of
the flexible inflatable unfolding structure. Figures 8, 9 show the flow
field andnumericalmodels of the flexible inflatable structure established
in this study. The flow field is a cylindrical structured grid, and the
parameters used for flow field calculation are shown in Figure 8. The
flow field size is 10D0 × 0.5D0 × 6.5D0 (D0 is the nominal diameter of
the flexible inflatable structure), and the total number of flow field units
is 3 million. The blunt part of the flexible inflatable structure surface
adopts an unstructured grid, whereas the cone part adopts a structured
grid. The total number of units is 211666. In the aerodynamic heat
process and heat transfer analysis whose calculation working conditions
showed in Table 5, the convective heat transfer boundary condition is
adopted from the inner side of the flexible structure. The convective
heat transfer coefficient is 50W/m2K, and the radiation coefficient of
the reducer wall is 0.89. The inertial release boundary condition was
used in the structural mechanics analysis. For modal analysis, the blunt
part was constrained by the fixed support.

4.2 Analysis of aerodynamic thermal
numerical simulation results

Figure 10 shows the surface pressure cloud diagram of the flow
field of the flexible inflatable structure under two working
conditions, and Figure 11 shows the flow velocity diagram
around the symmetric surface of the flexible inflatable structure

TABLE 4 Material parameters of inflatable wing.

Material Density Modulus of elasticity (GPa) Poisson’s ratio Thickness (mm)

Kapton 1142 kg/m3 0.55 0.3 0.07

TABLE 5 Calculation working conditions of gas–thermal–solid coupling.

Height (km) Mach/Ma Pressure (Pa) Temperature (K)

71 14.3 4.48 (Extreme aerodynamic loads) 194.74

82 24.6 0.75 216.85 (Extreme aerodynamic thermal loads)

FIGURE 6
Comparison of coupling analysis results (top: method in this study, bottom: literature).
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under two working conditions. As can be seen from the figure,
the front shock wave moved backward significantly at
hypersonic speed, resulting in the loss of the expansion and
recompression waves in the flow field, and the maximum
pressure was identified behind the front shock wave. Part of
the high-speed incoming gas forms a stagnation point at the

blunt head. The other part passes through the shoulder of the
flexible inflatable structure to form a free shear layer, which
forms a negative pressure reflux zone on the leeward side. At the
stagnation point on the windward side of the flexible inflatable
structure, the temperature is higher than that in other areas of
the flow field. Under the two working conditions, the cloud
diagram of pressure and temperature distributions on the
windward surface is shown in Figure 10. The pressure and
temperature distribution curves along the meridional surface
are shown in Figure 11. As can be seen from the figure, the
pressure and temperature on the windward side are higher than
those on the leeward side. Furthermore, the pressure and
temperature at the stagnation point of the blunt head were
the highest. In addition, the pressure distributions of the
windward and leeward sides of the flexible structure are
uniform. The temperature on the leeward side gradually
decreased along the meridian direction, whereas the
temperature on the leeward side was evenly distributed.

4.3 Deformation and vibration modal
analysis of flexible structures

In this study, the inertial release method was used to analyze the
deformation and dynamic characteristics of the flexible inflatable

FIGURE 7
Schematic diagram of deployable aerodynamic dissymmetric section and expansion state.

FIGURE 8
Flow field model and grid.

FIGURE 9
3D model and grid of the flexible inflatable structure.
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structure under two extreme working conditions, as shown in
Table 4. The inflatable tube pressure was set to 150 kPa during
the calculation. The structure shape and stress of the flexible
structure under aerodynamic and thermal loads were investigated
using gas–thermo–solid coupling analysis. Furthermore, to obtain
the transient response variation of flexible inflatable structures
under extreme aerodynamic loads, numerical simulation was

performed under extreme thermal loads (82 km–Ma24.6)
based on the LS-DYNA multi-physical field coupling analysis
platform.

Figures 12, 13 show the normalized strain-stress distribution
curves of the meridian coordinates of each functional layer under
the flight condition of Ma24.6. It can be seen that the stress
concentration occurred in the contact position between the TPS

FIGURE 10
Cloud diagram of the pressure and temperature distribution on the windward side of the flexible inflatable structure. (A) Pressure cloud map (B)
Temperature cloud map

FIGURE 11
Meridional pressure and temperature distribution curves of flexible inflatable structure.
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layer and blunt head, and the TPS stress changes in the three layers were
consistent. When the TPS layer was subjected to external aerodynamic
load, the two rings collapsed (as shown in Figure 14), resulting in wavy
stress distribution in the TPS layer.

Figure 15 shows the stress distribution of each inflatable ring along
the circumference of the ring. Because of the similarmaterial used in the
six-ring inflatable circular tube, the stress-strain variation law was
consistent under the isotropic assumption, in which the 0.1–0.6 m
part is in the leeward side, and the 0–0.1 m and 0.6–1.05 m parts are in
the windward side.

Table 6 lists the typical vibration modes and the vibration
modes of the flexible inflatable structure under aerodynamic and
thermal loads. In addition, its vibration modes under
Ma14.3 flight conditions are shown in Figure 16. It can be
seen that under Ma14.3, the flexible inflatable structure has
three modes, namely, expansion, swing, and torsion, whereas,

FIGURE 12
Variation curve of TPS multifunctional layer strain with thickness direction. (A) Windward side (B) Leeward side

FIGURE 13
Stress distribution in each functional layer of the TPS. (A) Windward side (B) Leeward side

FIGURE 14
Schematic diagram of local collapse of TPS layer caused by
aerodynamic load.
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under Ma24.6, the flexible inflatable structure has two modes,
namely, swing and torsion. Under the two working conditions,
the vibration frequency of the flexible inflatable structure was
approximately 80 Hz in the swing mode and approximately
151 Hz in the torsion mode. The vibration frequency of the
flexible inflatable structure decreased slightly owing to the

increased aerodynamic heat at Ma24.6. The transient vibration
of the flexible inflatable structure is mainly because of the
pressure inside the balloon owing to the external dynamic
pressure, which is lower than the pressure inside the balloon.
In addition, the external pressure and thermal load acting on the
TPS layer have an insignificant influence on the system vibration.
The sixth ring has the largest form variable owing to fewer
constraints. In addition, because of the constrained extrusion
effect of the rigid structure, the rigid-flexible joint stress of the
first ring is the largest, reaching 0.107 GPa, which is far less than
the tensile strength of the material of 3.6 GPa.

Figure 17 shows the transient displacement and equivalent stress
distribution of the thermal insulation layer and flexible structure of
each ring under the combined action of the external aerodynamic
force, heat, and internal pressure of the inflatable ring. Under the
TPS constraints and binding, the stability time of the flexible
structure was approximately 2.5 s. The stress value of the ring is
higher than that of other structure parts, and the amplitude
attenuation was clearly under the binding and TPS constraints.

FIGURE 15
Circumferential stress distribution of cross sections of each ring.

TABLE 6 Vibration modes of various orders of flexible inflatable structure
(unit: Hz).

Ma14.3 Ma24.6

First-order expansion mode 3.6867 ---

First-order swing mode 80.6 80.573

Second-order swing mode 80.606 80.58

Torsional mode of order 1 151.69 151.63

Order 2 torsional mode 151.72 151.65

FIGURE 16
Typical modes of the flexible inflatable structure. (A) Scaling (B) Swing (C) Torsion
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5 Conclusion

In this study, based on the design scheme of the flexible
inflatable expandable aerodynamic deceleration and thermal
protection structure and the reentry and return process, a
gas–thermal–solid coupling numerical calculation model was
established. In addition, the dynamic and static mechanical
response characteristics of the flexible inflatable structure
under hypersonic extreme conditions were obtained. The
transient response of extreme aerodynamic loads to flexible
structures was analyzed based on the LS-DYNA multi-physical
field coupling analysis platform. The conclusions are as follows:

With the increase in flight Mach number, the front shock
wave significantly shifted backward, resulting in the loss of the
expansion and recompression waves in the flow field. At the
stagnation point, on the windward side of the flexible inflatable
structure, the temperature is higher than that in other flow field
areas. The pressure and temperature on the windward side of the
flexible inflatable structure are higher than those on the leeward
side. The temperature on the windward side gradually decreases
along the meridian direction, whereas for the leeward side, it is
evenly distributed.

In the process of coupling calculation solving, due to the obvious
difference in the time step requirements of flexible structure and
flow field stability solution, the flow field calculation adopts an
implicit algorithm, and the solution stability is not sensitive to the
timestep, while the flexible structure finite element calculation
requires a timestep less than 0.05 ms, so in this paper the
timestep of flexible-structure solution was configured carefully to
achieve stable progress during the solution.

The flexible inflatable structure can maintain a good
aerodynamic shape under extreme aerodynamic heat and
aerodynamic force. In the rigid and flexible contact parts,
because of the large difference in material properties, there
will be significant deformation, resulting in the maximum
stress of the TPS functional layer at the blunt joint and the
maximum stress of the inflatable ring at the first ring; however, all
meet the material strength requirements.

The aerodynamic heat and aerodynamic force of the windward and
leeward sides of the flexible inflatable structure are different, and the
stress and strain of the windward and leeward sides are different. The
modes of the flexible inflatable structure are expansion, swing, and
torsion modes. Aerodynamic force and heat have an insignificant
influence on themodal characteristics of the flexible inflatable structure.
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FIGURE 17
Transient displacement and equivalent stress distribution of flexible structure under internal and external aerodynamic and thermal loads.
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