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Numerical simulation of the thermal non-equilibrium flow-field
characteristics of a hypersonic Apollo-like vehicle
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In order to investigate the relationship between the flow-field parameters outside the vehicle and the altitude, this
paper takes the Atmospheric Reentry Demonstrator (ARD) with an angle of attack of −20◦ as the research object and
adopts a two-temperature model coupled with the shear-stress transport k–ω turbulence model to focus on the variation of
flow-field parameters including flow-field pressure, Mach number and temperature with the reentry altitude. It is found that
the flow-field high-pressure region and low-Mach region both appear in the shock layer near the head of the ARD, while
the maximum pressure of the surface appears on the windward side of the ARD’s head with a toroidal distribution, and
the numerical magnitude is inversely proportional to the radius of the torus. With fluid through the shoulder of the ARD
flow expansion plays a dominant role, the airflow velocity increases, the Mach number of the windward side of the rear
cone increases and the flow-field pressure and surface pressure rapidly decrease. When the fluid passes through the shock
layer, the translational–rotation temperature will increase before the vibration–electron temperature, there is a thermal non-
equilibrium effect and the two temperatures will rapidly decrease again when approaching the surface of the ARD due to
the existence of temperature gradient. At the same time, both the windward side of the shoulder and the back cover of the
ARD suffer from a large thermal load and require thermal protection.

Keywords: atmospheric reentry demonstrator, reentry altitude, flow-field characteristics, two-temperature
model

PACS: 47.40.Ki, 94.05.Jq, 47.40.–x, 92.60.hv DOI: 10.1088/1674-1056/ac6ed6

1. Introduction
During the process of reentry of human spacecraft, in-

tercontinental missiles and returning satellites, strong shock
waves will be formed at the front of the vehicle due to the very
fast reentry speed. The gas in the shock wave layer is rapidly
compressed and heated, resulting in a temperature increase in
the flow-field around the vehicle, which causes chemical re-
actions such as dissociation, compounding and ionization of
the gas components in the flow-field, forming a plasma sheath
layer with a temperature of several thousand or even tens of
thousands of degrees Celsius. This will lead to rapid loss of
speech signals, telemetry signals and GPS positioning signals,
and the vehicle will lose communication with the ground con-
trol center, causing a serious threat to the safety of the as-
tronauts and the accurate landing of the vehicle. Thus, it is
important to understand the variation of flow-field parameters
around the reentry vehicle, and the aerodynamic shape of the
vehicle has a significant impact on the flow-field around it.[1–3]

Current reentry vehicles are mainly divided into two
types: sharp and blunt. The sharp type has a certain miti-
gation effect on the blackout phenomenon, reduces the thick-
ness of the plasma sheath layer and increases the possibility
of ground-to-space communication. However, in actual ap-
plications it is found that this structure not only increases the
heat flow on the vehicle surface and causes severe ablation but
also reduces the payload of the research target, which is not

suitable for widespread use in future space transportation sys-
tems. The blunt-headed type makes up for the weaknesses of
the sharp-headed type to a certain extent and has become the
mainstream vehicle type in the aerospace field and deep space
exploration missions today, such as China’s Shenzhou series
of spacecraft, the US Apollo spacecraft and the European at-
mospheric reentry vehicle.[4]

Thanks to the structural advantages of the blunt-headed
body, this type of vehicle is widely adopted and many re-
searchers wordwide have conducted a lot of research on blunt-
headed vehicles. Takahashi et al.[5] conducted numerical sim-
ulations of heat fluxes on the surface of a membrane reentry
vehicle and the surrounding flow-field using a coupled multi-
physics field solution and compared the results with the ex-
perimental data of Yamada et al.[6] The results show that the
numerical predictions are in agreement with the experimental
data and that a membrane reentry vehicle can effectively miti-
gate aerodynamic heating during reentry. Jung[7] numerically
investigated an axisymmetric and three-dimensional model
of the OREX blunt-headed return vehicle by using a four-
temperature model considering the internal energy exchange
and complex chemical reactions. He constructed a mathemati-
cal model that could accurately predict the complex flow-field
in the shock layer based on the inlet conditions and repro-
duced the plasma flow around the OREX blunt-headed return
vehicle. Tchuen et al.[8] used direct Monte Carlo simulation
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compared with solving the Navier–Stokes equation to study
the chemical and thermochemical non-equilibrium of a two-
dimensional model of the SARA vehicle and gave the effect of
thermochemical non-equilibrium on flow-field parameter vari-
ation. Papadopoulos et al.[9] pointed out through simulations
of NASA’s X-38 reentry vehicle that the magnitude of the ve-
hicle’s surface temperature gradient is a key factor for pre-
dicting heat flow through the surface, and the grid Reynolds
number can be used to calculate the normal height of the first
grid layer of the surface. Men’shov and Nakamura[10] further
found that the accuracy of heat flow simulation results can be
ensured for grid Reynolds numbers less than 3. By studying
the relationship between aerodynamic heat and mesh for ob-
tuse cone and double obtuse cone models at high supersonic
velocity conditions, Yan et al.[11] found that the magnitude
of the heat flow is influenced by the height of the first grid
layer of the surface, and the heat flow error can be effectively
reduced when the number of normal grid points on the sur-
face is more than 30. It was also pointed out that both the
advection upstream splitting method (AUSM) family hybrid
format and the Roe format can obtain more accurate surface
heat flow distribution trends than other spatial format effects
for both the axisymmetric and three-dimensional models, but
the AUSM format is more accurate. Liu[12] studied the differ-
ence between the complete gas model, the single-temperature
model and the two-temperature model by using an Apollo-like
return vehicle. It was found that the surface pressure and fric-
tion results of the three models do not differ much, while the
complete gas model has the highest calculated temperature.
The chemical non-equilibrium effect of the two-temperature
model is more obvious in terms of chemical reactions. Jia[13]

investigated the relationship between the standing point region
of a blunt-headed body and the aerodynamic thermal format
by using experiments and simulations for comparison. She
found that both shear-stress transport (SST) k–ω and realiz-
able k–ε simulated standing point heat flow errors were less
than 5%, which can better predict the aerodynamic thermal
phenomenon of the flow. Zhou and Yan[14] investigated the ef-
fect of six improved spatial formats on thermochemically non-
equilibrium flows by using a three-dimensional sphere model.
The results showed that the improved spatial formats signifi-
cantly improve the grid’s ability to capture shock waves, but
there is little difference in the flow-field parameters for var-
ious cases. Lv et al.[15] investigated the effect of structural
and nonstructural grids on the flow-field under specific oper-
ating conditions by using the double ellipsoidal model. It was
found that both structures can respond to the flow-field param-
eter distribution but the structural grid can capture the shock
boundary more clearly.

Most of these references use different types of three-
dimensional blunt-headed vehicle models for calculations, fo-

cusing mostly on popular research areas such as model accu-
racy, electromagnetic communication and aerodynamic heat-
ing, but they ignore the systematic analysis of basic proper-
ties such as the relationship between flow-field parameters and
reentry altitude. The references that analyzed the flow-field
parameters around the reentry vehicle are too old to match
with the existing computational models.

Based on previous studies, this paper mainly takes a
three-dimensional model of the European Space Agency’s At-
mospheric Reentry Demonstrator (ARD) launched in 1998 as
the research object by coupling the two-temperature model
with the SST k–ω turbulence model, and analyzes in detail
the relationship between the surrounding flow-field including
flow pressure, Mach number, temperature and other parame-
ters and altitude when this type of vehicle is in the blackout
region, so it can build the foundation for the subsequent sys-
tematic study of the blunt-headed vehicle by adding the chem-
ical non-equilibrium model.

2. Physical models
The ARD is the European Space Agency’s first self-

developed Apollo-like test blunt-headed return vehicle de-
signed to evaluate thermodynamic prediction models, collect
data from the reentry flow-field, and help develop future space
transport systems. The ARD is an important step towards Eu-
rope’s strategic goal of autonomous reentry, making Europe
the third group, after the USA and Russia, to successfully mas-
ter spacecraft launch and reentry technology.[16] The model of
the ARD and its geometry are shown in Fig. 1.
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Fig. 1. ARD model and geometry: (a) configuration of the ARD, (b) three-
dimensional model of the ARD.

The shape of the ARD is similar to a spherical cone and
mainly consists of three parts: the front shield, the rear cone
and the back cover. The front shield is a double-sided spheri-
cal structure with internal heat shields that can be subdivided
into a head with a spherical radius of 3360 mm and a shoul-
der with an annular section radius of 140 mm. The rear cone
has a half-angle of 33◦ and is used to mount the navigation
system, attitude control system and other auxiliary electrical
equipment. The back cover of the ARD is equipped with a
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signal receiver and a parachute system, which is responsible
for both communicating with the ground base station during
flight and ensuring the safety of landing of the ARD through
the parachute system.

The liftoff and reentry sequence of the ARD is shown in
Fig. 2. In 1998, the Ariane 5 V503 rocket with the ARD was
launched from the Guiana Space Center in Kourou, French
Guiana. The rocket was launched on schedule, sent the target

return vehicle to a predetermined orbital trajectory of 218 km
above Earth and separated the ARD from the rocket by using
the ejection mechanism to achieve free ballistic flight of the
ARD in space. Then the ARD passed the highest point of its
orbit and reentered the Earth’s atmosphere under the effect of
microgravity. Eventually, the ARD achieved a soft landing in
the Pacific Ocean through atmospheric friction and onboard
parachute action.

Ariane rocket 
lifts off

Ariane-5 fairing 
separation 

193 s, 115 km

Ariane-5 core stage 

separation 
599s , 167 km

Separation of ARD from  
Ariane-5

722 s, 218 km
357 km

636 km

Apogee
2601 s, 830 km

200 km

90 km

40 kmBlack-out

Pacific ocean
Recovery ship

LibrevilleKourou

Ariane-5 booster 
separation

141s , 70 km

TDRS

Fig. 2. Diagram of the ARD flight sequence.

During the ARD’s reentry process the blackout phe-
nomenon appears at an altitude of 90 km–40 km above the
ground, as shown by the black line in Fig. 2. Since the flow-
field parameters in the blackout area change drastically, the
aerodynamic heating phenomenon is significant and the ARD
may show obvious overload and vibration, so study of the
flow-field in this area has great theoretical and practical sig-
nificance. In this paper, we study the variation of the flow-
field parameters of the ARD with an angle of attack of −20◦

at different flight altitudes in the blackout region. The known
flow-field parameters and calculated conditions of the ARD
are shown in Table 1.[7]

Table 1. Known flight parameters and calculated working conditions for the
ARD.

Altitude (km) Velocity (m·s−1) Density (kg·m−3) Temperature (K)

70 7452 8.83×10−5 210.9
60 6105 3.40×10−4 242.0
50 4567 1.15×10−3 265.2
40 2218 4.36×10−3 250.3

3. Governing equations
3.1. Flow field

Since this study concerns the high-altitude flow-field
characteristics of the ARD, we must pay attention to the con-

tinuity assumption of the Navier–Stokes equation and the sec-
ond viscosity coefficient problem.

The Stokes assumption is still mainly used to simplify
the computational process for studying shock waves.[17,18] Al-
though the consideration of the second viscosity coefficient
can describe the shock wave structure more accurately, at
present we do not calculate the second viscosity coefficient be-
cause of its complexity and high computational costs. We may
consider and study the second viscosity coefficient further in
the future.

Whether the free flow is continuous or not in the high-
altitude environment can be judged by Knudsen number (Kn).
If the Kn is less than 0.001, the flow-field can be assumed to
be continuous.

The formula for Kn is as follows:

Kn =
λ

L
, (1)

where λ represents the mean free path of gas molecules and
L represents the characteristic length of object in the flow-
field. For the ARD vehicle this is the linear length of the ARD
(L = 2.24 m).

The mean free path of gas molecules is expressed as fol-
lows:

λ =
1√

2πd2n
, (2)
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where d and n represent the diameter of the particle and num-
ber density, respectively.

To approximately evaluate the number density, the fol-
lowing equation for the gas state is used:

n = p/kT, (3)

where k is the Boltzmann constant (k ≈ 1.38×10−23 J·K−1).
Since the free flow is in air, and N2 is the main component

of air, we use the particle diameter of N2 to approximate Kn of
the high-altitude flow-field; the results are shown in Table 2.

Table 2. Knudsen number.

Case
λ L d p T n Kn

(10−5 m) (m) (nm) (Pa) (K) (1022 m−3) (10−5)

40 km 1.77 2.24 0.375 313.087 250.3 9.06 0.79
50 km 6.70 2.24 0.375 87.496 265.2 2.39 3
60 km 22.6 2.24 0.375 23.605 242.0 0.707 10
70 km 87.4 2.24 0.375 5.342 210.9 0.183 39

As can be seen from the table, the estimated values of Kn
at 40 km–70 km are all less than 1.0× 10−3, so the flow can
be approximately deemed continuous.

3.2. SST k–ω model

The SST k–ω turbulence model is a two-equation eddy
viscosity model that adds an eddy viscosity limiting formu-
lation to the baseline k–ω turbulence model.[19] The model
combines the k–ε model with the standard k–ω model by us-
ing blending functions: the k–ε model is used to deal with
the free-flow problem and the standard k–ω model is used to
capture the viscous bottom flow. In particular, the specific ex-
pressions for the turbulence kinetic energy k and the specific
dissipation rate ω are as follows:

∂

∂ t
(ρk)+

∂

∂xi
(ρkui) =

∂

∂x j

(
Γk

∂k
∂x j

)
+Gk−Yk +Sk +Gb, (4)

∂

∂ t
(ρω)+

∂

∂xi
(ρωui) =

∂

∂x j

(
Γω

∂ω

∂x j

)
+Gω

−Yω +Sω +Gωb +Dω , (5)

where Γk and Γω are the effective diffusivity of k and ω , re-
spectively, Gk is the production of k and Gω is the generation
of ω , Yk and Yω are the dissipation of k and ω caused by tur-
bulence, respectively, Sk and Sω are user-defined source terms,
Gb and Gωb are the k and ω caused by buoyancy, respectively,
and Dω is the cross-diffusion term.

The specific expression of the eddy viscosity limiting for-
mulation is as follows:

µt =
ρk
ω

1

max
[

1
α∗

,
SF2

a1ω

] , (6)

where µt is the turbulent viscosity, S is the magnitude of the
strain rate, F2 is the blending function, α∗ is the coefficient
to inhibit the turbulent viscosity (α∗ = 1 in the high-Reynolds
number form of the k–ω model) and a1 is a constant equal to
0.31.

3.3. Two-temperature model

The return vehicle reenters the Earth’s atmosphere, and
the high-temperature flow-field excites the internal gas molec-
ular vibrations and electron energy modes, leading to the
inability to explain the hypersonic flow phenomenon by
the conventional Navier–Stokes equation. Instead, the two-
temperature model.[20–22] is used to describe the thermal
nonequilibrium effects of the gas during reentry.

The two-temperature model assumes that the energy is
concentrated in two modes. One part is the translational–
rotational mode, in which the rotational energy of the molecule
is easily balanced with the translational energy of the particle
in a very short time and can be described by a temperature T .
The other part is the vibrational–electron mode, where the vi-
brational energy of the molecule easily equilibrates with the
electronic energy in a very short time, and is described by an-
other temperature TV. Since the relaxation times of the vibra-
tional and electronic energies of molecules are usually very
short, it is assumed that the temperature Tv, which describes
the vibrational energy, is equal to the temperature Te, which
describes the electronic energy, i.e., Te = Tv = TV. Therefore,
for the two-temperature model, it is necessary to solve sepa-
rately the equations for the conservation of translational en-
ergy (which also represents the equation for the conservation
of total energy) and the conservation of vibrational energy (or
the equation for the conservation of electronic energy) for the
microscopic particles to characterize the thermodynamic state
of the system.

The specific expressions of the two-temperature model
are as follows:

∂𝑄

∂ t
+

∂𝐴

∂x
+

∂𝐵

∂y
+

∂𝐶

∂ z
=

∂𝐴𝑣

∂x
+

∂𝐵𝑣

∂y
+

∂𝐶𝑣

∂ z
+𝑆, (7)

where the specific expressions for 𝑄, 𝐴, 𝐵, 𝐶, 𝐴𝑣 , 𝐵𝑣 , 𝐶𝑣 ,
and 𝑆, respectively, are

𝑄=


ρ

ρu
ρv
ρw
ρE
ρeV

 , 𝐴=


ρu

ρu2 + p
ρuv
ρuw
ρHu
ρeVu

 , 𝐵 =


ρv
ρvu

ρv2 + p
ρuw
ρHv
ρeVv

 , 𝐶 =


ρw

ρwu
ρwv

ρw2 + p
ρHw
ρeVv

 , 𝑆 =


0
0
0
0
0

SV

 , (8)
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𝐴𝑣 =



0
τxx
τxy
τxz

uτxx + vτxy +wτxz +qx +qVx +ρ
ns
∑

s=1
hsDs

∂Xs
∂x

−peu+qVx +ρ
ns
∑

s=1
hV,sDs

∂Xs
∂x


, (9)

𝐵𝑣 =



0
τyx
τyy
τyz

uτyx + vτyy +wτyz +qy +qVy +ρ
ns
∑

s=1
hsDs

∂Xs
∂y

−pev+qVy +ρ
ns
∑

s=1
hV,sDs

∂Xs
∂y


, (10)

𝐶𝑣 =



0
τzx
τzy
τzz

uτzx + vτzy +wτzz +qz +qVz +ρ
ns
∑

s=1
hsDs

∂Xs
∂ z

−pew+qVz +ρ
ns
∑

s=1
hV,sDs

∂Xs
∂ z


, (11)

 τxx τxy τxz
τyx τyy τyz
τzx τzy τzz

= µ


4
3

∂u
∂x −

2
3

(
∂v
∂y +

∂w
∂ z

)
∂u
∂y +

∂v
∂x

∂u
∂ z +

∂w
∂x

∂u
∂y +

∂v
∂x

4
3

∂v
∂y −

2
3

(
∂w
∂ z +

∂u
∂x

)
∂v
∂ z +

∂w
∂y

∂u
∂ z +

∂w
∂x

∂v
∂ z +

∂w
∂y

4
3

∂w
∂ z −

2
3

(
∂u
∂x +

∂v
∂y

)
 , (12)

where 𝑄 and 𝑆 are the conservation variables and source
terms, respectively, 𝐴, 𝐵, 𝐶, and 𝐴𝑣 , 𝐵𝑣 , 𝐶𝑣 represent the
inviscid and viscous fluxes in the x, y, z directions, respec-
tively, u, v, w are the velocities in the x, y, z directions, re-
spectively, H is the total enthalpy, SV is the source term of
the vibrational–electron mode energy equation, with specific
expressions as follows:

H = ρE + p, (13)

SV = ∑ρs

(
e∗v,s− ev,s

)
〈τs〉

= ∑ρs
ev,s(T )− ev,s(TV)

〈τs〉
, (14)

where e∗v,s is the translational energy evaluated with the trans-
lational temperature T , ev,s is the vibrational energy calculated
with the vibrational temperature TV and τs is the relaxation
time between the translation and the vibration modes.

4. Grid setup
4.1. Height of the first layer grid

The height of the first layer grid of the surface has a large
impact on accurate prediction of the heat flux across the ARD
surface, so its height needs to be calculated. In turbulence
simulation, the dimensionless surface distance Y+ is usually
used as the grid judging criterion for calculating the first layer
grid height.[23] During the calculation, it is necessary to first

make a prediction of Y+ and use the predicted value to cal-
culate the first layer grid height y. After the simulation, we
check whether Y+ meets the requirements and, if not, adjust
the y value and repeat the calculation. The expression for the
calculation is as follows:

y =
Y+µ

ρuτ

, (15)

where y, ρ , and µ are the first layer grid height, free flow den-
sity and dynamic viscosity, respectively. In consideration of
the SST k–ω model used in this paper, it is taken as Y+ ≈ 1.
The skin friction velocity uτ is calculated as follows:

uτ =

√
τw

ρ
, (16)

τw =
1
2

CfρU2
∞, (17)

Cf = 0.058Re−0.2, (18)

Re =
ρU∞L

µ
, (19)

where τw, Cf, U∞, Re, and L are, respectively, the skin shear
stress, skin friction coefficient, inflow velocity, Reynolds num-
ber, and feature length. Through repeated calculations of the
above equations, the number of normal grid points on the sur-
face and the height of the first grid layer of the ARD at four
altitudes are obtained as shown in Table 3.
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Table 3. The boundary layer parameters of the ARD grid at four altitudes.

Altitude First layer grid height Number of normal grid
(km) (10−4 m) points on the surface

70 4.2 40
60 1.6 40
50 0.7 40
40 0.4 40

4.2. Computational grid and convergence settings

The surface calculation grid of the three-dimensional
model of the ARD at 50 km is given in Fig. 3. We take this
height calculation grid as an example because the shoulder is
the transition part connecting the head and the rear cone with a
special geometric structure. At the same time, the shock wave
mainly acts on the head of the ARD and there are intense vari-
ations in the flow-field around the two parts so the grid should
be encrypted for these two parts. In the actual calculation,
since the ARD is a left–right symmetric structure, in order to
reduce the calculation and improve the calculation efficiency,
the right half of the structure is taken for calculation under the
condition of ensuring the height of the first layer grid.

The ARD reentry problem is part of a hypersonic cal-
culation, and the density-based implicit solver is selected for
compressible flow. At the same time, the energy equation is
activated and the two-temperature model is checked to sim-
ulate the thermal non-equilibrium phenomenon at hypersonic
speeds. The SST k–ω turbulence model is selected with the
option ‘compression effects’. Since the flow boundary is far
away from the ARD, the inlet boundary is set as pressure-far-
field, the outlet boundary is set as pressure-outlet and the angle
of attack is −20◦, while the surface of the ARD is set as a sta-
tionary wall with no slip at a constant temperature. The ‘high-

speed-numerics’ command is used to activate the high-speed
numerical format, the AUSM numerical dissociation format
is used and the item ‘convergence acceleration for stretched
meshes’ is checked to accelerate the convergence of the highly
stretched and anisotropic mesh solutions. Finally, full multi-
grid initialization (FMG initialization) is performed to accel-
erate the convergence of the numerical solution by adjusting
the Courant number.

Inlet OutletFar-field

Fig. 3. Surface calculation grid for the ARD at 50 km.

5. Results and discussion
Figure 4 shows the distribution of the pressure around the

ARD with an angle of attack of −20◦ at different flight alti-
tudes. It consists of pressure clouds of the flow-field in the
shock wave at altitudes of 40 km, 50 km, 60 km, and 70 km
and pressure clouds of the surface of the ARD; the unit is Pa.
Figure 5 shows surface pressure curves of the ARD at different
altitudes. The horizontal axis represents the horizontal coordi-
nate of ARD in the flow-field and the vertical axis represents
the surface pressure. The surface pressure curve of the back
cover of the ARD is shown in the partially enlarged view.
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Fig. 4. Flow-field pressure and surface pressure distribution around the ARD at different altitudes: (a) 40 km, (b) 50 km, (c) 60 km, (d) 70 km.
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Fig. 5. Surface pressure curves of the ARD at different altitudes.

During the reentry of the ARD with an angle of attack
of −20◦, according to the flow-field pressure distribution the
flow-field high-pressure area is concentrated in the shock wave
layer around the windward side of the head of the ARD,
and the flow-field pressure around the rear cone and the back
cover is much smaller than the flow-field pressure in the high-
pressure area. The peak pressure of the flow-field tends to in-
crease and then decrease with decreasing altitude, and the peak
pressure of the flow-field at 50 km is the maximum compared
with the other three altitudes, which is about 21 kPa.

According to the surface pressure distribution, it can be
obtained that the high-pressure area of the surface is concen-
trated on the windward side of the head. It is distributed in
a toroidal shape, and the pressure value is inversely propor-
tional to the radius of the torus. After passing the shoulder of
the ARD, the surface pressure of both windward and leeward
sides of the rear cone area decreases rapidly. Because the con-
nection between the rear cone area and the back cover is de-
signed as a step structure, the surface pressure here suddenly
decreases and then rises slightly, and its peak is inversely pro-
portional to the reentry altitude, which means that the surface
pressure is maximum at 40 km, at about 1000 Pa.

The stagnation point pressure and the distance of the stag-
nation point from the center of the ARD sphere at four alti-
tudes are given in Table 4, where R represents the distance be-
tween the stagnation point and the center of the sphere. It can
be found that with a constant angle of attack, the stagnation
point pressure of the ARD first increases and then decreases
with decreasing reentry altitude, but the reentry altitude has
less influence on the position of the stagnation point on the
spherical surface.

Table 5 shows the stagnation point pressure and the dis-
tance of the stagnation point from the center of the ARD
sphere at 50 km. For reentry capsules, the angle of attack
is generally negative. For the convenience of illustrating the

regularity of variation, Table 5 shows the absolute value of the
angle of attack, expressed as the magnitude of the angle be-
tween the capsule centerline and the flight trajectory. It can
be seen that the stagnation point pressure increases when the
angle of attack continues to increase at a certain altitude, but
the increment is not very large, which indicates that the effect
of changing the angle of attack only is not very obvious for
peak pressure of the ARD. However, the distance between the
stagnation point and the center of the ARD sphere becomes
more and more distant with increase in the angle of attack,
and constantly deflects to the shoulder of the windward side.

Table 4. Stagnation point position of the ARD at four altitudes.

Altitude (km) Pressure (Pa) R (m)

70 4418.65 0.8425656
60 11422.0 0.8425607
50 21538.4 0.8425555
40 19454.3 0.8425546

Table 5. Stagnation point position of the ARD at 50 km.

Angle of attack (◦) Pressure (Pa) R (m)

0 21494.6 0.0611670
5 21501.9 0.3623640
10 21518.1 0.4624693
15 21527.8 0.6607869
20 21538.4 0.8425555

Figure 6 shows distributions of the Mach number around
the ARD at different altitudes. Comparing the value of the
Mach number for the four altitudes, the maximum Mach num-
ber gradually decreases with decreasing altitude. The low-
Mach region of the flow-field is mainly concentrated in the
shock layer around the head of the ARD and the recircula-
tion zone at the back cover. After the shoulder flow expansion
plays a major role and the gas flow velocity gradually increases
and the Mach number of the flow-field at the windward side of
the rear cone is relatively high.

Figure 7 shows the distribution of the surface heat flux of
the ARD with an angle of attack of −20◦ at different flight al-
titudes (e.g., 4 km, 5 km, 6 km, and 7 km) in units of W·m−2.
With decreasing altitude the surface heat flux first increases
and then decreases. Note that a negative is added to the heat
flux scale to indicate direction, and the absolute value of the
number is usually used to compare magnitudes. The region
of maximum heat flux is mainly distributed on the windward
side of the shoulder. This is a result of airflow heat trans-
fer when the accelerated airflow due to the expansion wave
passes across the shoulder, predicting that the region will suf-
fer a higher heat load. After the shoulder, the surface heat flux
decreases rapidly; however, there is a small increase in the
windward side of the back cover so thermal protection mea-
sures are needed for both parts during vehicle design.
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Fig. 7. Distribution of surface heat fluxes of the ARD at different altitudes: (a) 40 km, (b) 50 km, (c) 60 km, (d) 70 km.
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Figure 8 shows the curves for variation of the
translational–rotation temperature and vibration–electron tem-
perature around the ARD standing point line at different alti-
tudes. The horizontal axis refers to the vertical distance from
the shock layer to the head of the ARD, which is parallel to
the flight path of the ARD, and the vertical axis refers to the
temperature in units of K.
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Fig. 8. Temperature variation curves around the ARD standing point line
at different altitudes: (a) translational–rotation temperature, (b) vibrational–
electronic temperature.

Comparing the temperature variation curves for the four
altitudes, it can be seen that the peak values of both temper-
atures between the ARD and the shock wave gradually de-
crease with decrease in the ARD reentry altitude, and the
variation trends of the translational–rotation temperature and
vibration–electron temperature corresponding to the four al-
titudes are consistent. The two energy modes of the gas are
not fully excited because there is not enough energy outside
the shock wave layer, so both temperatures are low to start
with. After a certain point, when the fluid passes through the
shock wave layer, both temperatures increase rapidly, and the
translational–rotation temperature always increases before the
vibration–electron temperature. This indicates that the fluid
is in thermal non-equilibrium here, because the vibration–
electron mode requires more energy to be fully activated and
the energy transfer rate between the two modes of the parti-
cles is limited. Since the surface of the ARD is an isothermal
surface and its temperature is much lower than the shock layer
temperature, a larger temperature gradient exists around the
surface of the ARD, causing a rapid decrease in both tempera-
tures near the surface.

6. Conclusion
In this paper, the ARD with an angle of attack of −20◦

is used as the research target, and a combination of the two-
temperature model and turbulence model is used to simulate
the flow-field of the ARD in the blackout region at altitudes
of 40 km, 50 km, 60 km, and 70 km. The changes of param-
eters including pressure, Mach number and temperature are
discussed in detail. In summary, the following conclusions are
drawn:

(i) During the reentry of the ARD with an angle of attack
of −20◦ the high-pressure region of the flow-field is concen-
trated in the shock wave layer around the windward side of the
head, while the flow-field in the low-Mach region is mainly
concentrated in the shock wave layer around the head and the
recirculation zone at the back cover. After the shoulder of the
ARD, flow expansion plays a dominant role, the Mach num-
ber of the windward side of the rear cone increases and the
flow-field pressure decreases rapidly.

(ii) During reentry of the ARD with an angle of attack
of −20◦, the surface high-pressure region is concentrated in
the windward side of the head and is distributed in a toroidal
shape; the value of the pressure is inversely proportional to the
radius of the torus. Meanwhile, the stagnation point is less af-
fected by the reentry altitude. After passing the shoulder, the
surface pressure decreases rapidly, but there is a small increase
on the windward side of the back cover, and its value is much
smaller than the surface pressure on the head.

(iii) The translational–rotational temperature increases
before the vibrational–electron temperature in the shock wave
layer around the head, and a thermal non-equilibrium effect
occurs. Due to the existence of this temperature gradient, both
temperatures will again decrease rapidly near the surface of
the ARD. At the same time, the shoulder, as well as the wind-
ward side of the back cover, will suffer a large thermal load
and require appropriate thermal protection measures.
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