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Abstract: In the present study, a multiphysics mathematical model for reproducing the flow field
characteristics of an inflatable aeroshell was developed to study the aerodynamic properties of
the flow around a membrane reentry vehicle. Firstly, the configuration and flight sequence of
a membrane reentry vehicle used in the experiment were introduced. Secondly, mathematical
equations of multiphysics fields, such as the Navier–Stokes equations, the heat conduction equation,
and the membrane deformation equation, were introduced and numerically solved. The variation
characteristics of the flow properties during the aerodynamic heating of a membrane vehicle were
studied and discussed in detail under the conditions of different flight altitudes. The results showed
that for the membrane vehicle, the high-temperature flow field at the front of its capsule was in a
state of thermal non-equilibrium with the decrease of flight altitude and its membrane deformation
degree was proportional to the pressure. The translational temperature and electron number density
of the plasma flow around the aeroshell remained at a relatively low level for the membrane vehicle
so that the blackout phenomenon scarcely occurred during its atmospheric reentry.

Keywords: inflatable membrane aeroshell; shock waves; flow field characteristics; mathematic
equations

MSC: 76L05

1. Introduction

Recently, countries all over the world have proposed new missions for deep space
exploration with the development of space technology, which means that they have higher
requirements for reentry vehicles. The flexible inflatable reentry vehicle is expected to
be widely used as a new type of reentry vehicle due to the advantage of its low ballistic
coefficient. During the whole entry, descent, and landing (EDL) process, compared with the
traditional reentry vehicle, the flexible reentry vehicle can decelerate at a higher altitude,
which effectively reduces the surface heat flux of the vehicle, decreases the plasma density
of the shock layer, and increases the communication possibility between ground and
aerospace [1–9].

Recently, the Japan Aerospace Exploration Agency (JAXA) and many universities
have cooperated to develop a membrane reentry vehicle with an inflatable torus. The
target vehicle is sent into a predetermined orbit by a sounding rocket, and the membrane
expands rapidly and is maintained by the inflatable torus under vacuum and microgravity
conditions. After the highest point of the orbit, the vehicle returns to the atmosphere. It
is worth noting that the expanded membrane has a flotation effect during the descent, so
vehicle does not need to install a parachute, which can ensure the vehicle maintains a low
ballistic coefficient flight during the whole EDL process by the advantage of its large area
and small weight, and reduce the speed when landing to achieve a soft landing.
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As a new type of return vehicle with multiple reentry advantages in the future,
aerospace agencies of various countries have been successively launching a series of studies
on this type of reentry vehicle since the 1960s. Yamada et al. [10,11] used scientific balloons
for free flight tests in 2004 and 2009, respectively. The first experiment aimed to establish
that the flexible membrane technology could effectively achieve a soft landing of the
vehicle without a parachute, which was the primary goal for the development of a flexible
inflatable vehicle. The final results showed that the flexible membrane aeroshell has a
stable deceleration effect in the free-flight condition. The second experiment focused on
understanding the behavior of the inflatable torus attached to the flexible membrane. This
experiment obtained a series of initial data, including the structural strength of the inflatable
torus. Kusano et al. [12] focused on the factors affecting the structural strength of inflatable
membrane by using a low-speed wind tunnel. The results showed that the tours scale
rate and the initial plane deformation of the membrane are the major factors that affect its
structural strength. Yamada et al. [13] investigated the effects of different flare angles on
the performance and aerodynamic thermal characteristics of an inflatable vehicle by using
a combination of numerical simulations and hypersonic wind tunnel experiments. The
results show that a reasonable choice of the flare angle can effectively increase the stability
of the flow field within the shock wave layer and improve the heat flux distribution around
the vehicle. Yamada et al. [14] performed the first reentry flight experiment by using a
sounding rocket with a thin membrane vehicle, which verified the conclusions obtained
from previous experiments and elucidated issues such as the low ballistic coefficient flight
of thin membrane vehicles, which is of great importance. After that, they conducted several
related experiments using sounding rockets [15–17] to investigate the flight attitude, drag
coefficient, and other characteristics of the membrane vehicle. Takahashi et al. [18,19]
demonstrated that a membrane vehicle can effectively mitigate the aerodynamic heating
phenomenon during reentry by way of numerical simulations, and obtained the trend of
drag coefficients in the supersonic transonic and subsonic regions, which is consistent with
Yamada’s experimental results [15]. Meanwhile, Takahashi et al. [20,21] also studied the
propagation characteristics of electromagnetic waves in the plasma sheath layer around
membrane vehicles and provided several measures to effectively reduce the RF blackout. In
addition, the European Space Agency (ESA), through cooperation with Russia, successfully
developed a new inflatable reentry technology in 2000 [22,23] and several experimental
flights were carried out by using this technology. NASA conducted several experiments
using rockets with inflatable vehicles as well [24] to verify the aerodynamic stability and
packaging efficiency of the inflatable vehicles.

In summary, due to the influences of low ballistic coefficient and membrane deforma-
tion, the flow field characteristics of the membrane reentry vehicle are quite different from
the traditional rigid vehicle. Thus, it is necessary and important to make clear the flow
field characteristics and the optimal design principles of the inflatable membrane vehicle.
So, the purpose of this paper is to reveal the flow field characteristics of the inflatable
membrane vehicle by solving multiphysics field coupled equations, such as Navier–Stokes
equations, the membrane deformation equation, and the heat conduction equation. The
variation characteristics of the flow field properties of the membrane vehicle at different
flight altitudes during the atmosphere reentry will be discussed and analyzed in detail
below.

2. Inflatable Membrane Aeroshell
2.1. Configuration of the Membrane Reentry Vehicle

Figure 1 shows the physical model of the membrane vehicle and its main dimensions.
There are three main components of the membrane vehicle: the main body, membrane
aeroshell, and inflatable torus, as shown in Figure 1a. The mass and diameter of the
vehicle are 15.6 kg and 1200 mm, respectively. Note that when the torus is completely
pressurized, the diameter can reach 1250 mm. The main dimensions of the vehicle are
shown in Figure 1b.
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Figure 1. Physical model of the membrane vehicle and its main dimensions: (a) compositions of the
membrane vehicle and (b) the main dimensions of the membrane vehicle.

The main body consists of an aluminum capsule and a cuboidal body, with a maximum
diameter and length of 228 mm and 540 mm, respectively. The main body is equipped with
all kinds of equipment, including sensors, telemetry systems, and gas injection devices. The
aluminum hemispherical capsule is composed of an antenna cover, space capsule body, and
antenna. The antenna cover is made of polyimide resin and has a bottom radius of 50 mm.
The antenna is fixed inside the capsule body by a brass plate. As shown in Figure 1b, the
width of the cuboidal body is 110 mm, which is much smaller than the bottom radius of the
aluminum capsule. This is because the space inside the fairing of the sounding rocket is
limited and the volume of the inflatable membrane vehicle when it is not deployed must
be reduced as much as possible.

The membrane aeroshell consists of a thin-membrane flare with a flare angle of 70◦

and six thin lamellas, as shown in Figure 1a, which are fixed on the main body with the
instrument. The thin-membrane flare is made of 12 fan-shaped ZYLON filamentous fabrics
with high heat resistance and tensile strength. There are six thin lamellas connected to
the main body on the back of the membrane aeroshell, which are used to improve the
aerodynamic stability of the vehicle.

The inflatable torus’s envelope is double-layered, as shown in Figure 1a. The outer part
is connected with the membrane aeroshell and is made of ZYLON, which can be subdivided
from the outside to the inside into a thermal insulation layer and an aeroshell cover. This
double-layer structure can withstand the tensile stress caused by internal pressure and
high temperature. The inner layer is an airtight tube made of silicon rubber sheet, and the
exterior of it is wrapped by a strength layer, a protective layer, and an air tight layer, which
is designed to ensure that the experimental gas cannot overflow under full pressure. In this
experiment, the gas was set as CO2, and we injected it into the inflatable torus by the gas
injection device. The maximum internal pressure of the torus can reach up to 140 kPa due
to the pressure in the torus always being higher than the external pressure. The torus does
not require any pressure device to maintain its shape during the entire reentry process.

ZYLON is a kind of linear polymer structural fiber that is sensitive to ultraviolet rays,
with high heat resistance and tensile strength. Its decomposition temperature is about
800 K. During the reentry process, due to the atmospheric accumulation and the existence
of the ozone layer, the influence of ultraviolet radiation on the vehicle can be effectively
reduced.

2.2. Flight Sequence

A sounding rocket was used to obtain the reentry trajectory of experimental flight
vehicle. It was confirmed that the predicted trajectory obtained by numerical simulation
was consistent with the measured trajectory. In 2012, the sounding rocket was launched
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at the Uchinoura Space Center, Kagoshima, Japan. The rocket was launched according to
the original plan and sent the target vehicle into scheduled orbit. At an altitude of 100 km,
the membrane was expanded under microgravity and vacuum conditions. After 5 s, CO2
was injected into the torus to adjust the shape of the membrane. Afterward, the ejection
mechanism was used to separate the vehicle from the sounding rocket.

After the launch time of 191 s, the vehicle reached the highest point of the orbit at an
altitude of 150 km. Then, under the action of gravity, the membrane vehicle accelerated to
the reentry of the atmosphere. Starting from 70 km altitude, the influence of aerodynamic
friction gradually strengthened, resulting in a gradual decrease in the acceleration of the
vehicle. The velocity of the vehicle reached its peak at 65 km, which is about 1320 m/s, and
the acceleration of the vehicle was 0 at this time. Finally, the velocity landed at a speed of
15 m/s and sank in the Pacific Ocean. Table 1 specifically lists the flight sequence of this
experiment.

Table 1. Flight sequence of the experiment.

Time, s Altitude, km Case

0 0 The rocket launched as planned
60 70 The front cone of the rocket opened automatically
90 100 The aeroshell cover was deployed under external conditions
95 106 CO2 was injected into the torus

100 111 The aircraft disengaged from the rocket
191 150 The vehicle reached the highest point of the orbit
320 70 The acceleration of the vehicle decreases gradually
400 32 Velocity became less than 150 m/s and attained equilibrium

1320 0 Splashdown

2.3. Attitude Motion

The attitude motion of the membrane vehicle is one of the key issues to ensuring
the safety and reliability of the reentry system. It has a great impact on the evaluation of
the subsequent deceleration performance of the vehicle and the transmission of the flight
data. However, since there are still differences between ground experiments and the actual
flight, it is difficult to assess the attitude motion of the vehicle by wind tunnel alone, so it is
necessary to use sounding rockets to study the attitude motion of the experimental vehicle
during free flight.

The membrane vehicle is designed in a way that its center of gravity is set at the front
of the vehicle, which can ensure that the directional stability is achieved [17]. Since an
attitude control system is not available for the vehicle, the vehicle will enter the atmosphere
at a high angle of attack at approximately 60◦ and will experience a series of intense attitude
motions (such as the precession motion and the nutation motion) caused by aerodynamic
force. Finally, the attitude motion of the vehicle will stabilize before sequential deceleration
stages; in other words, the attitude of the vehicle will be almost stable after entering the
atmosphere.

3. Simulation Framework
3.1. Heat Conduction Equations

To describe the thermal characteristics of the flare-type membrane and the capsule, a
heat conduction equation is introduced in this paper as follows:

∂
(
ρCpT

)
∂t

=
∂

∂xj

(
κ

∂T
∂xj

)
, (1)

where ρ, Cp, T, κ and t represent the density, specific heat, temperature, heat conductivity,
and time, respectively. Here, j is a tensor and represents x and y spaces. When establish-
ing the inlet conditions for the boundary heat, the heat fluxes from solar radiation and



Mathematics 2022, 10, 832 5 of 14

forced convection should be considered in addition to aerodynamic heating and black-
body radiation, which play an important role in high altitude and low altitude regions,
respectively.

Table 2 specifically lists the properties of the materials used in the vehicle. Due to their
different features, the flare-type membrane and the capsules need to be defined by different
forms of Equation (1) under different assumptions.

Table 2. Material properties of the vehicle.

Polyimide Resin Aluminum

Density, kg/m3 1400 2700
Specific heat, J/(kg·K) 1050 900

Heat conductivity, W/(m·K) 0.290 237
Emissivity 0.9 0.3

3.1.1. Capsule Part

The capsule is an axisymmetric configuration, so it adopts the two-dimensional ax-
isymmetric form of the unsteady heat conduction equation. At the inlet boundary, the
surface heat flux of the vehicle is given by:

Q = qconv − εσ
(

T4 − T4
b

)
+ asolar Isolar (2)

Q = −εσ
(

T4 − T4
b

)
+ asolar Isolar − h(T − Tatm), (3)

where qconv represents the convective heat flux on the surface of the capsule by aerodynamic
heating. Isolar, σ, Tatm, h, Tb, and ε represent solar constant, Stefan–Boltzmann constant,
atmospheric temperature, heat transfer coefficient, background temperature [25], and
emissivity, respectively. Equation (2) is the calculation formula of capsule surface heat flux
during aerodynamic heating, and Equation (3) is the calculation formula of other time heat
flux.

Since the flight direction of the vehicle is at an angle with the solar rays, reflection
is generated on the surface of the flare-type membrane. So, we considered the coefficient
(asolar) to calculate the net solar radiation. To simplify the calculation, we set asolar to 0.25.
Except for aerodynamic heating, the forced convection term occurs at high altitude. The
heat transfer coefficient is calculated by the following equation:

h =
Nuκatm

L
, (4)

Nu = 2 +
(

0.4Re1/2 + 0.06Re2/3
)

Pr0.4
(

µ

µs

)1/4
(5)

where Nu, L, and κatm represent the Nusselt number, characteristic length of the vehicle,
and heat conductivity of air, respectively. Pr, µs, and Re represent Prandtl number, viscosity
at the capsule surface, and the Reynolds number, respectively.

Figure 2a shows the computational grid system of the capsule heat conduction model.
Through the contact surface of each block, the properties’ information between the two
blocks was exchanged in each time step. We solved the heat conduction equation of
the capsule by the multi-block method. Figure 2b shows the boundary conditions and
computational domain. We considered the heat flux density based on the aerodynamic
heating, forced convection, solar radiation, and blackbody radiation along the inflow area;
the adiabatic condition on the back of the whole aluminum capsule and the axisymmetric
condition were applied along the central axis of the capsule.
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Figure 2. Calculation conditions of heat conduction model for the capsule: (a) computational grid
and (b) boundary conditions and computational domain.

3.1.2. Membrane Part

Since the flare-type membrane is relatively thin, it was assumed that there was no
temperature gradient in the thickness direction. Therefore, the prediction in this paper was
the average temperature in the thickness direction of the membrane. The zero-dimensional
form of Equation (1) in the spatial direction was used:

∂
(
ρCpT

)
∂t

=
·

Q, (6)

Considering the blackbody radiation before and after the membrane, it was assumed
that the background temperatures Tb on both sides were the same. At the inlet boundary,
there was a slight difference between the heat flux on the surface of the flare-type mem-
brane and the heat flux of the capsule part. Their heat fluxes were calculated as follows,
respectively.

Q = qconv − 2εσ
(

T4 − T4
b

)
+ asolar Isolar, (7)

Q = −2εσ
(

T4 − T4
b

)
+ asolar Isolar − 2h(T − Tatm), (8)

Compared with Formula (3), only the Nusselt number is different in Formula (8). The
formula for calculating the Nusselt number is as follows:

Nu =

{
0.664Re1/2Pr1/3, if Re < 105

0.037Re4/5Pr1/3, if Re ≥ 105 , (9)

3.2. Flow Field Equations

Different from the flow field simulation of a traditional vehicle, the membrane reentry
vehicle must consider the influence of the membrane aeroshell deformation on the flow
field characteristics.

This article adopted the following assumptions: (1) the flow is continuous, steady,
laminar, and axisymmetric; (2) the entire process ignores chemical reactions; (3) the inflow
gas is set to air; and (4) when each temperature is equilibrated, the rotation, translation,
and vibration of the internal energy freedom are considered.
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Considering that molecular nitrogen and oxygen are the main components of the gas,
the Navier–Stokes equations and the equation of state were used to describe the flow field.
Among them, the Navier–Stokes equation is composed of the conservations of total energy,
momentum, and total mass. The expressions are as follows:

∂ρ

∂t
+

∂

∂xj

(
ρuj
)
= 0, (10)

∂
(
ρuj
)

∂t
+

∂

∂xj

(
ρuiuj + δijs

)
=

∂τij

∂xj
, (11)

∂E
∂t

+
∂

∂xj

[
(E + s)uj

]
=

∂

∂xj

(
ujτij

)
+

∂qj

∂xj
, (12)

where δij is the Kronecker delta. In addition, qj and τij represent heat flux and the stress
tensor, respectively, which can be given by:

τij = µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij

)
, (13)

qj = λ
∂T
∂xj

, (14)

The equation of state and the total energy E are given by the following formulas:

s =
ns

∑
s=1

ρsRsT = ρ
∧
RT, (15)

E =
ns

∑
s=1

5
2

ρsRsT +
nm

∑
s=1

ρsRsΘvib,s

exp(Θvib,s/T)
+

1
2

ρujuj, (16)

where Θvib,s represents the vibrational characteristic temperature. Transport properties
were evaluated by the Yos’s formula [26]. Gupta et al. [27] provides the collision cross
section.

For the flow field equations, discretization was performed by the finite volume method,
and all the fluid properties were set in the center of a control volume. The SLAU algorithm
was used to evaluate the inviscid fluxes in the equations [28], and the second-order central
difference method was used to calculate the viscous terms. For the unsteady physical flow,
to obtain the steady flow field, in addition to the space advance solution, it is also necessary
to solve the unsteady flow field in time. In this article, the implicit time method was
used for time integration. Using the upper and lower symmetric Gauss–Seidel (LU–SGS)
method [29], the governing equations were converted into delta form, while updating the
solution at each time step.

3.3. Boundary and Calculation Conditions

The free stream parameters are given by the orbital data at the inflow. As for the
outflow condition, the zeroth extrapolation method was used to determine all flow prop-
erties. The non-slip condition of velocity was applied to the surface of the vehicle. It was
assumed that there was no pressure gradient in the vertical direction of the wall. The
surface temperature of the vehicle was kept at 300 K. We added axisymmetric conditions
along the central axis of the vehicle model.

Four cases were calculated in the range from 304–356 s, the basic known parameters
of these four cases are shown in Table 3.
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Table 3. Calculation conditions.

Elapsed Time, s 316 324 332 344
Altitude, km 77.0 68.0 58.0 47.0
Velocity, m/s 1284.5 1324.5 1249.5 749.7

Density, kg/m3 3.03 × 10−5 1.12 × 10−4 4.24 × 10−4 1.67 × 10−3

Temperature, K 203.7 221.5 248.3 263.0

With the decrease of altitude, the atmospheric density increased gradually, and the
aeroshell deformed to different degrees with the change of aerodynamic pressure. A vehicle
of different altitudes needs to use different computational grid systems with different initial
states. Figure 3 shows the calculation grid of the membrane vehicle at 58 km altitude as an
example.
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Figure 3. Computational grid system of the membrane vehicle at 58 km altitude.

During the atmospheric flight, the membrane will deform due to external force. In
this paper, a particle-based model was used to represent membrane deformation [30].
Suppose that the flare-type membrane is composed of virtual particles, and the particles
are connected by springs. The position of a particle (“r”) can be given by Equation (17):

ρh0S0
d2r
dt2 = FE + FA, (17)

where the (j + 1/2)th components of the elastic force FE and the aerodynamic force FA are
given, respectively.

FE,j+1/2 = Ehj+1/2lj+1/2
ε j(j+1/2) + νεk(j+1/2)

1− v2 , (18)

FA,j+1/2 = pj+1/2Sj+1/2, (19)

Strains ε are expressed with length lj and initial length lj0 between virtual particles as:

ε j(j+1/2) =
lj(j+1/2) − lj0(j+1/2)

lj0(j+1/2)
, (20)

εk(j+1/2) =
lk(j+1/2) − lk0(j+1/2)

lj0(j+1/2)
, (21)
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Young’s modulus E and Poisson’s ratio ν of ZYLON were set to 30 MPa and 0.3,
respectively. By adjusting these parameters, it is easy for the vehicle aeroshell stretching
caused by membrane deformation to correspond with the flight experiment results of the
image construction of the JPEG camera installed on the back of the vehicle. Therefore, it
was assumed that the material of the vehicle aeroshell is isotropic. The parameter CAE
represents the ratio of aerodynamic force to the elastic force of membrane and is defined as
follows:

CAE =
ρ∞U2

∞L
Eh0

, (22)

where the thickness of ZYLON fabric h0 is 0.155 mm. Therefore, the value of CAE is about
10−1 order during aerodynamic heating.

4. Results and Discussion

In this section, we will first discuss and analyze the basic flow features around the
inflatable membrane vehicle at the flight altitude of 58 km. The distributions of the transla-
tional, rotational, vibrational, and electronic temperatures, pressure, deformation degree,
and electron number density are analyzed in detail. Thereafter, these flow properties of
the membrane vehicle at different flight altitudes from 47 km–77 km are provided and
discussed, respectively.

Figure 4 shows the axial profiles of the translational, vibrational, rotational, and
electron temperatures at the stagnation point of the capsule at the flight altitude of 58 km.
Because the heat flux at the stagnation point of the capsule reaches the maximum at 58 km,
it is necessary to analyze the temperature change along the central axis of the capsule.
As shown in Figure 4, the translational temperature seems always equilibrium with the
rotational temperature, but substantially differs from the electron temperature. Thus, it
indicates that the plasma flow near the stagnation point of the capsule is in a thermal
non-equilibrium state. However, the maxim thermal nonequilibrium degree is as small as
1.95, because of the relatively high density of air and the relatively frequent elastic collisions
between heavy particles and electrons.
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Figure 4. Axial distributions of the translational, vibrational, rotational, and electron temperatures at
the stagnation point of the capsule at the flight altitude of 58 km.

Figure 5 shows distributions of the translational temperature and airflow trajectories
around the membrane vehicle at different flight altitudes e.g., at 47, 58, 68, and 77 km.
During the reentry of the atmosphere, because viscous friction and strong compression
occur between the membrane vehicle and the atmosphere, a bow shock wave with thou-
sands of degrees Celsius usually appears in the front of the capsule’s head in a short time.
Subsequently, the thermodynamic heats diffuse from the stagnation point to the torus
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gradually. In the layer of this shock wave, the atmospheric air dissociated and ionized
severely.
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Figure 5. Distributions of translational temperature and airflow trajectory around the vehicle at
different altitudes: (a) 47 km, (b) 58 km, (c) 68 km, and (d) 77 km.

In addition, with the decrease of altitude, the translational temperature increases
first and then decreases around the capsule. According to the simulation results given in
Figure 5c,d, the translational temperature around the membrane vehicle continues to rise
under the action of aerodynamic heating and gas viscosity from the flight altitude from
77 km to 68 km. The maximum temperature reaches 1231.61 K. In the 68–58 km range, the
translational temperature decreases slowly, and the maximum temperature drops to 1107 K.
Within the 58–47 km range, the maximum translational temperature falls from 1107 K
to 541.19 K, it proves that the membrane vehicle can effectively reduce the aerodynamic
heating. When the altitude is 47 km, the shock layer at the front of the vehicle is incomplete,
it is caused by the low relative ground velocity and the weak shock wave effect in the flow
field.

According to the trajectory of the flow field around the vehicle, the vortex first appears
at the junction of the capsule and the membrane. With the decrease of the altitude, the vortex
position gradually moves to the side of the torus, and finally there is a large recirculation
zone formed along the membrane. Because of the poor diffusivity, it is difficult for high
temperature gases to flow into the recirculation zone, so the translational temperature of
the flow field in this zone is at a low level, which satisfies the temperature requirement of
the membrane material.

Figure 6 shows distributions of pressure around the membrane vehicle at different
altitudes. Comparing the pressure values of the four altitudes, it can be seen that at altitude
of 77–68 km, the pressure value at the front flow field of the vehicle is relatively small,
which is the result of the lower atmospheric density of the flow field at high altitude. In the
range of 68–47 km, the speed of the vehicle is kept above 800 m/s, and the atmospheric
density increases gradually with the decrease of the altitude, which causes the pressure
value at the front flow field of the vehicle to increase rapidly. From the distribution of
pressure, the local pressure in the front of the capsule is higher than that of the other parts,
it is because the atmospheric friction and extrusion on the front of the capsule are the most
serious. Meanwhile, the flow field pressure is distributed evenly along the membrane
surface during the aerodynamic heating.
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Figure 6. Distributions of pressure around the membrane vehicle at different altitudes: (a) 47 km,
(b) 58 km, (c) 68 km, and (d) 77 km.

Figure 7 shows the deformation degree of the membrane at different altitudes. It can be
seen that with the decrease of altitude, the deformation degree of the membrane increases
with the increase of the dynamic pressure acting on the membrane. Specifically, when
the pressure on the membrane surface increases, the flare angle of the vehicle decreases
significantly and the inflation torus moves backward, resulting in the membrane being
stretched and the degree of deformation increasing.
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Figure 8 shows distributions of the electron density around the membrane vehicle at
different flight altitudes. According to the simulation results given in Figure 8a–d, the flight
altitude is reduced from 77 km to 47 km, and the electron number density of the flow field
at the front of the vehicle increases with the decrease in altitude, but its maximum value is
much less than the critical electron number density 3.167 × 1016 (1/m3) for the blackout.
This may result from the characteristics of the low ballistic coefficient of the vehicle, which
can effectively reduce the ionization and dissociation reaction rates of gas molecules and
vehicle materials in the shock layer, and finally reduce the electron number density. In
addition, it can be seen from the electron density distribution that the region with higher
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electron number density is the junction of the capsule and the membrane, and there is even
distribution along the radial direction of the membrane. Finally, it forms an electron layer
with a small thickness on the surface of the vehicle.
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In this paper, the variation characteristics of the flow field parameters around the
inflatable membrane vehicle with height are given computationally through multiphysics
field coupling equations. Nevertheless, there are still some aspects that can be improved



Mathematics 2022, 10, 832 13 of 14

and continued to be studied. Since the uncertain of the elasticity, i.e., Young’s modulus, is
one of the important factors affecting the prediction of the reentry environment of inflatable
membrane vehicles, additional parametric studies on Young’s modulus could be conducted
in the future to analyze and discuss the effect of various elasticities on the aerodynamic
heating of inflatable reentry vehicles, which would be an interesting research topic for the
selection of membrane materials.

5. Conclusions

In this paper, the flow field characteristics around the membrane vehicle, including the
translational temperature, vortex, pressure, and electron number density were investigated
by solving the coupled multiphysics field equations. The results of the study are as follows:

(1) The thermodynamic heat in the flow field gradually spread from the vehicle’s
stagnation point to the inflatable torus as the reentry altitude decreased, and its translational
temperature showed a trend in first increasing and then decreasing numerically, with a
maximum temperature of 1231.61 K. This proved that the aerodynamic heating during the
reentry process was alleviated.

(2) The vortex in the flow field first appeared at the junction of the capsule and the
membrane, gradually moving to the side of the torus, and finally forming a recirculation
region along the whole membrane. The poor diffusion of the high-temperature gas made it
difficult to flow into this region and ensured a low surface heat flux of the membrane.

(3) The flow field pressure was uniformly distributed along the surface of the mem-
brane, and the value tended to increase gradually. The degree of deformation of the
membrane was proportional to the pressure, which acted on the membrane.

(4) The electron number density was uniformly distributed along the radial direction
of the membrane, and its value increased with decreasing altitude, but the maximum value
was much less than the critical electron number density of 3.167 × 1016 (1/m3) for the
blackout to occur.

In summary, this paper has presented a numerical simulation and study of the flow
field characteristics of a membrane vehicle, which not only proves that this type of vehicle
can effectively mitigate the aerodynamic heating and communication interruptions during
reentry, but also provides a feasible mathematical model for future research on flexible
vehicles by introducing the membrane deformation equation.
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