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ABSTRACT

The clear differences between the atmosphere of Mars and the Earth coupled with the lack

of a domestic research basis were significant challenges for the aerodynamic prediction

and verification of Tianwen-1. In addition, the Mars entry, descent, and landing (EDL)

mission led to specific requirements for the accuracy of the aerodynamic deceleration

performance, stability, aerothermal heating, and various complex aerodynamic coupling

problems of the entry module. This study analyzes the key and difficult aerodynamic

and aerothermodynamic problems related to the Mars EDL process. Then, the study

process and results of the design and optimization of the entry module configuration are

presented along with the calculations and experiments used to obtain the aerodynamic and

aerothermodynamic characteristics in the Martian atmosphere. In addition, the simulation

and verification of the low-frequency free oscillation characteristics under a large separation

flow are described, and some special aerodynamic coupling problems such as the aeroelastic

buffeting response of the trim tab are discussed. Finally, the atmospheric parameters

and aerodynamic characteristics obtained from the flight data of the Tianwen-1 entry

module are compared with the design data. The data obtained from the aerodynamic

design, analysis, and verification of the Tianwen-1 entry module all meet the engineering

requirements. In particular, the flight data results for the atmospheric parameters, trim

angles of attack, and trim axial forces are within the envelopes of the prediction deviation

zones.
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1 Introduction

On May 15, 2021, the Tianwen-1 entry module entered the
Martian atmosphere in a semiballistic manner, underwent
a process of aerodynamic deceleration, parachute
deceleration, and dynamic backpush deceleration, and
successfully landed at the preselected landing zone in the
southern part of the Utopia Plain on Mars. China has
thus become the second country (after the United States)
to perform a successful entry, descent, and landing (EDL)
mission on Mars.

The exploration of Mars dates back to the 1960s [1]. To
date, China, the United States, Japan, Russia, Europe,
India, and other countries and regions have launched
nearly 50 Mars exploration missions, less than half of

which have been fully successful. For missions to the
surface of Mars, only 10 probes from China and the
United States have succeeded.

Compared with the Earth reentry, the Mars EDL
process has different characteristics and difficulties in
the aerodynamic design of the entry module, which are
reflected in the main aspects described below.

1.1 Aerodynamic configuration design and
optimization for rarefied atmosphere
entry

The density of the Martian atmosphere is only 1%–10% of
that on the Earth at the same height [2, 3]. Therefore, the
Mars entry module needs an aerodynamic configuration
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Nomenclature

CA axial force coefficient
CD drag coefficient
Cg

mz pitching moment coefficient relative to the center of mass
CN normal force coefficient
∂CM/∂α static derivative of the pitching moment (1/(◦))
D maximum windward diameter/reference length of the entry module (mm)
H height (km)
Kn∞ Nosen number of the far field
L/D lift-to-drag ratio
Ma Mach number
Ma∞ Mach number of the far field
q, qi heat flux (kW/m2)
q0 stagnation heat flux at zero angle of attack (kW/m2)
qc convective heat flux (kW/m2)
R position along the equivalent radial direction of the forebody of the entry module (m)
X position along the axial direction of the entry module (m)
xcg distance between the longitudinal center of mass and the vertex of the forebody (mm)
zcg distance between the horizontal center of mass and the axis (mm)
α angle of attack (◦)
αT trim angle of attack (◦)
β angle of sideslip (◦)

with a high deceleration performance compared to that
required for the Earth reentry. In addition, to maximize
the landing payload ratio, the thermal protection system
for the entry module should have the characteristics of
an ultralow ablative and ultralight structure. All these
factors lead to specific requirements for the configuration
of a Mars entry module [4]. Before Tianwen-1, the
successful entry modules of the United States Mars
landers all had a configuration with a large blunt
cone forebody and short inverted cone afterbody [5–7].
The deceleration performance and lightweight structure
performance of the configuration of China’s previous
recoverable satellites [8], the Shenzhou spaceship [9], and
Chang’e-5 return capsule [10], with a mature technical
basis cannot meet the requirements of a Mars EDL
mission. In summary, China’s Mars exploration mission
must develop a new aerodynamic configuration design
for the entry module, which is technically difficult.

1.2 Aerodynamic and thermodynamic
prediction and verification techniques
applicable to the Martian atmosphere

The atmosphere of Mars is composed of 95.7% CO2,
2.7% N2, 1.6% Ar, and other trace molecules [3]. The
CO2 environment of the Martian atmosphere is more
easily dissociated, ionized, and excited by vibration.

As a result, the aerodynamic and thermodynamic
characteristics of a Mars entry module are strongly
affected by the occurrence of chemical reactions in
a high-temperature atmosphere [11]. In addition, the
low density of the Martian atmosphere causes a more
severe rarefied effect during the Mars entry than that
during the Earth reentry [12]. However, calculation
methods based on the effects of the high-temperature
thermochemical non-equilibrium, rarefied gas, and other
complex factors of the Martian atmospheric composition
have not been established in China. Meanwhile,
the original aerodynamic and thermodynamic testing
techniques based on air media cannot be directly applied
to the verification of aerodynamic/thermodynamic
characteristics in the Martian atmosphere. Research on
suitable test equipment and testing techniques must be
conducted.

To solve the above problems, the Tianwen-1 pneumatic
design team and the domestic pneumatic test site
jointly completed a study consisting of the selection
and optimization of the entry module configuration
along with analysis and verification of its aerodynamic
and aerothermodynamic characteristics. Combining
engineering calculations, numerical simulations, and
ground tests, the pneumatic team determined an
aerodynamic configuration suitable for entry deceleration



Aerodynamic design, analysis, and validation techniques for the Tianwen-1 entry module 41

in the rarefied Martian atmosphere and obtained
the aerodynamic characteristics and aerothermal
environments of the Mars entry module. This paper
presents the main concepts of the aerodynamic design,
analysis, and verification of the Tianwen-1 entry module,
as well as the research process and the major results in
each research area. Finally, a comparison between the
aerodynamic design data of the entry module and flight
inversion data is provided.

2 Selection and optimization of the entry
module configuration

2.1 Selection of the configuration design

The high reliability, high landing accuracy, and high
load ratio requirements of a Mars EDL mission lead
to high demands on the lift and drag performance,
static/dynamic stability, thermodynamic environment,
and effective volume ratio of the entry module. After
carrying out an EDL ballistic attitude simulation,
assembly layout, and quality budget based on the
overall task index, the maximum size envelope, layout
space constraints, resistance performance requirements,
thermal environment constraints, stability, and interface
size constraints can be determined, which are the main
factors for selecting the configuration of the module.

Based on research and engineering experience, typical
semiballistic reentry and entry modules use large blunt
wind-facing forebodies and inverted cone afterbodies
connected with a small-radius arc [13, 14]. The initial
design selection is based on forebody shapes of a ball
crown and ball cone as shown in Table 1 [15]. The
selection steps are as follows.

(1) The pneumatic design variables are established
and the target function is determined, including the lift
and drag coefficients, static stability, and surface heat
flow distribution. It is required that the drag coefficient
is at least 1.5, the lift-to-drag ratio is at least 0.12,
the static stability derivative is not more than −0.001,
and the maximum laminar heat flow is not higher than
300 kW/m2.

(2) Using a multi-objective optimization method based
on a random drop point/ray, alternative entry module
forebody shapes are obtained based on a ball crown and
ball cone. The corresponding aerodynamic characteristic
data used in the multi-objective optimization are then

obtained based on the modified Newton flow method with
an equivalent ratio heat ratio model [16].

The static aerodynamic characteristics of the two
alternative configurations at hypersonic speeds are
numerically simulated using the Navier–Stokes (N–S)
equation based on the equivalent specific heat ratio
model, and the results are compared in Fig. 1. It can
be seen that under the same Mach number and angle of
attack, the drag coefficient and lift-to-drag ratio of the
ball-cone forebody configuration are higher than those of
the ball-crown forebody configuration.
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Fig. 1 Comparison of the lift and drag characteristics of the
ball-cone and ball-crown forebody configurations (Ma = 10).

Figure 2 compares the differences in the relationship
between the center position and the contours of the trim
angle of attack and the static derivative of the pitching
moment for the ball-cone forebody and ball-crown
forebody configurations [16]. The trim line represents
the characteristic line with zero pitching moment at the
centroid, and the sta-isoline represents the characteristic
line with a zero static derivative of the pitching moment.
In addition, “cg” indicates the center of mass of the
entry module, xcg/D represents the longitudinal centroid
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Table 1 Alternative configurations of the Mars entry module

Category of the forebody shape Ball-cone forebody Ball-crown forebody

Configuration diagram

θ
2

θ
1

R
N

D

L

D

L

θ
2

R
N

Maximum windward diameter, D (mm) 3400 3400
Total length, L (mm) 2550 2550
Bluntness of the spherical crown, RN/D 0.025 1
Windward half-cone angle, θ1 (◦) 70 —
First rear cone angle, θ2 (◦) 24 24
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Fig. 2 Trim line and the stability isoline distribution in the
CG plane for the ball-cone and ball-crown forebody configu-
rations.

relative to the windward diameter of the cabin, i.e., the
reference length, and zcg/D represents the value of the
transverse centroid relative to the reference length. It
can be seen that in the same overall size envelope, for
the same lift-to-drag ratio requirements, the ball-cone
forebody configuration requires a smaller horizontal
centrifugal offset, which is more conducive to the layout
of the bulkhead equipment. Both configurations are
pitched gently and steadily over a wide range of centers
of mass. The static stability margin of the ball-cone
forebody configuration is slightly weaker than that of the
ball-crown forebody configuration. However, the pitch
stability of the ball-cone forebody configuration is less

sensitive to the longitudinal center of mass, which is
conducive to the design of the assembly layout.

The N–S equation numerical simulation method based
on the thermochemical non-equilibrium and laminar flow
model of the Mars atmosphere is used to calculate the
surface heat flux distributions at the peak time of the
heat flux for the ball-cone and the ball-crown forebody
configurations, as shown in Fig. 3. As shown in the figure,
the maximum heat flux of the surface of both shapes does
not exceed 250 kW/m2, and the heat flux of the ball-crown
forebody is lower than that of the ball-cone forebody.
The thermal environments of the two configurations are
basically the same over the shoulder.
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Fig. 3 Peak heat flux curves under the nominal trajectory
for the ball-cone and ball-crown forebody configurations (α =
−10◦).

In summary, after comparing and analyzing the lift
and drag performance, flat layout performance, static
stability, and aerothermal heating environment of the
ball-cone and ball-crown forebody configurations, the



Aerodynamic design, analysis, and validation techniques for the Tianwen-1 entry module 43

ball-cone forebody configuration was selected as the basic
configuration of the Tianwen-1 entry module.

2.2 Design of the trim angle of attack reco-
very system: trim tab layout scheme

To achieve controlled Mars entry deceleration, the lateral
offset of the center of mass is used to obtain a certain
trim angle of attack; thus, the entry module uses the
guidance navigation control (GNC) system to stabilize
the trajectory and attitude during the main pneumatic
deceleration. However, owing to the large blunt forebody
and short blunt afterbody, the dynamic stability is
poor in transonic and supersonic regions. As a result,
attitude oscillations combined with the trim angle of
attack may cause the total angle of attack of the
entry module to exceed the indicated constraints for
safe parachute deployment. To reduce the impact of
posture oscillation, it is possible to return the trim
angle of attack of the entry module to near 0◦ before
parachute deployment. For this purpose, the Mars Science
Laboratory (MSL) ejected a mass to restore the center
of mass of the module to the axis of revolution before
deploying the parachute, but the mass cost of this method
was large (approximately 150 kg) [17]. To minimize
the structural and counterweight mass of the spacecraft
system under tight mass constraints, the aerodynamic
team innovatively proposed a deployable trim tab layout,
i.e., installation of a tab on the windward sidewall of
the entry module that unfolds before the parachute is
deployed. Thus, the aerodynamic moment caused by the
flow around the tab changes the trim angle of attack of the
module. After several rounds of pneumatic iteration, the
size parameters and layout position of the tab to return

the trim angle of attack of the module to 0◦ are finally
determined. As a result, the structure and mechanism
design confirm that the weight cost of the trim wing is
only 15 kg. Figure 4 compares the angle of attack recovery
systems of the Tianwen-1 and MSL entry modules.

2.3 Optimization of the afterbody configu-
ration

To solve the problems of weight gain, a low effective
volume ratio, and poor transonic and supersonic dynamic
stability of the three-cone afterbody configuration of
the entry module, the aerodynamic team optimized
the configuration. First, several connection schemes of
the afterbody structure that could reduce the system
quality were proposed in the structural subsystem, and
the aerodynamic configuration design was carried out
by the pneumatic team. Then, the aerodynamic team
compared the lift–drag performance and static and
dynamic stability of the adaptively optimized afterbody

Fig. 5 Schematic diagram of the optimized shape of the
module.

(a) Entry balance mass ejection
(SUFR) for the MSL entry module

(b) Deployable trim tab for the Tianwen-1 entry module

Fig. 4 Comparison of the angle of attack recovery systems of the Tianwen-1 and MSL entry modules.
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Table 2 Comparison of parameters before and after optimization of the afterbody

Parameter Configuration category

Three-cone afterbody Ball-cone afterbody

Surface area of the afterbody (m−2) 16.169 17.381
Volume of the afterbody (m−3) 7.815 9.099
Volume ratio of the afterbody, k 0.483 0.524
Maximum dynamic derivative (Ma = 1.2, α = −4◦–4◦) 1.130 1.040
Maximum dynamic derivative (Ma = 1.5, α = −4◦–4◦) 1.310 1.250
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Fig. 6 Main research routes for the aerodynamic and aerothermodynamic characteristics of the Tianwen-1 entry module.

shapes: the afterbody with two cones, the afterbody
with a single cone, and the afterbody with a ball cone
as shown in Fig. 5. Finally, the ball-cone afterbody
was determined as the optimal shape with the best
comprehensive aerodynamic performance and the lightest
system mass. Thus, the weight of the frame structure is
effectively reduced, the layout space of the entry module
is increased, and the oscillation in the angle of attack
under transonic and supersonic speeds is reduced.

3 Prediction and verification of the aero-
dynamic and aerothermodynamic char-
acteristics of the Mars entry module

3.1 Main research route

Based on the definition of compressible and rarefied
transition flow along with the research experience of
similar detectors abroad [18], the entry pneumatic
deceleration process of the Tianwen-1 entry module can



Aerodynamic design, analysis, and validation techniques for the Tianwen-1 entry module 45

be divided into a transition flow region, slip flow region,
hypersonic continuous flow region, supersonic region,
and subsonic region. Based on the characteristics of the
flow field around the module in the Martian atmosphere
and the existing algorithms, methods for predicting
the aerodynamic force and aerothermal environment
suitable for each flow or velocity region are determined,
and algorithm research is carried out. Figure 6 shows
the main research routes for the aerodynamic and
aerothermodynamic characteristics of the Tianwen-1
entry module.

3.2 Pneumatic algorithms for the real gas
effect at high temperatures in the
Martian atmosphere

The main medium for the free flow of a Mars entry

module is the flow of CO2. As a triatomic molecule,
the thermal freedom of CO2 is greater than that of
air, and the molecular vibrational energy excitation
characteristics are stronger than those of air and far more
complex than those of diatomic or monatomic molecules.
In addition, hypersonic flow in the Martian atmosphere is
accompanied by shock layer surface catalytic dissociation,
ionization, chemical non-equilibrium thermodynamics,
and the ablation effect of real gas. These complex effects
have a significant impact on the shock, pressure, and
temperature fields of the module, which may change the
overall aerodynamic force and the distribution features
of the aerothermal environment [19].

To predict the Martian atmosphere hypersonic
aerodynamic and aerothermodynamic characteristics of
the Tianwen-1 entry module accurately, the research
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Fig. 7 Aerodynamic and thermodynamic parameters obtained using the calculation method in this study compared with
reference data.
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team carried out studies on the equivalent specific heat
ratio model of the Martian atmosphere [20], chemical
reaction models, thermodynamic models, and boundary
conditions of the Martian atmosphere based on the
chemical non-equilibrium N–S equation [21–23] and the
direct simulation Monte Carlo (DSMC) aerodynamic
simulation algorithm based on the thermochemical
non-equilibrium model of the Martian atmosphere [24].
Finally, aerodynamics and aerothermal prediction
algorithms were established to simulate the effects of
real gas and rarefaction in a high-temperature Martian
atmosphere. Based on comparison of the calculation
examples in Fig. 7, it can be confirmed that the
current prediction algorithm for the aerodynamic and
aerothermodynamic characteristics of the Tianwen-1
entry module is in good agreement with the calculation
or flight data of the Viking-1 [25], Mars Pathfinder

(MPF) [26], and Phoenix [27] entry modules. The
relative deviation of the aerodynamic force in the rarefied
transition flow region is not more than 10%, the relative
deviation of the aerodynamic force in the hypersonic
continuous flow region is less than 1%, and the relative
deviation of the heat flux is not more than 10%.

Figure 8 shows a comparison of the trim drag
coefficient and lift-to-drag ratio curves of the Tianwen-1
entry module obtained from the currently established
aerodynamic algorithm and those of the Viking-1 entry
module obtained using the LAURA code and the flight
data [28]. Under the assumption of the same trim angle
of attack, the trim drag coefficient and lift-to-drag ratio
of the Tianwen-1 entry module are lower than those of
the Viking-1 entry module. This is because the afterbody
of the Viking-1 entry module is shorter and the inverted
cone angle is larger than that of the Tianwen-1 entry
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configuration

(b) Tianwen-1 configuration
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Fig. 8 Comparison of the trim aerodynamic characteristics of the Tianwen-1 and Viking-1 entry modules.
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module, and thus the larger separation of the Viking-1
afterbody flow results in a reduction in the afterbody
pressure. As a result, the axial force coefficient of the
Viking-1 entry module is increased, which improves the
drag coefficient and lift-to-drag ratio.

3.3 Verification techniques for aerodynamic
and aerothermodynamic ground tests for
Mars entry

Before the development of Tianwen-1, there were no
aerodynamic test facilities in China with CO2 as the main
medium. To meet the requirements of the aerodynamic
and aerothermodynamic tests and verifications for
Tianwen-1, the pneumatic team, in cooperation with
domestic pneumatic test sites, carried out technical
transformations of the FD-20a gun tunnel and JF-12
high-enthalpy shock wave wind tunnel, established a test
flow field for a CO2 medium, and developed a test system

for force and heat measurement suitable for the Martian
atmosphere medium (including a small interference
light piston and diaphragm system, ultra-short axis
high-precision five-component balance, and high-precision
heat sensor). Based on these facilities and technologies,
hypersonic force and heat measurement tests were
performed based on the effects of a perfect gas and
high-temperature real gas in the air and Martian
atmospheric medium, and the influence of the Martian
atmospheric medium and its chemical reactions on the
aerodynamic and aerothermodynamic characteristics
was verified. Figure 9 shows the aerodynamic and
aerothermodynamic test equipment for Tianwen-1.

Figure 10 compares the shock fields along the plane
of symmetry of the Tianwen-1 entry module using the
Mars chemical non-equilibrium numerical calculation and
JF-12 wind tunnel tests under typical states of Ma =

6.2 and 7.3 and α = 10◦. The calculated shock field

Ultra-short axis
high precision 5-

component balance

Adapting cone

Forebody model

(a) Ultra-short axis high-precision five-
component balance

Integral thin film resistance-temperature sensor

Platinum resistor Coaxial thermal couple

(b) Heat sensor system with high precision
and erosion resistance

Fig. 9 Aerodynamic and aerothermodynamic test equipment for Tianwen-1.

(a) Ma = 6.2, α = 10◦ (b) Ma = 7.3, α = 10◦

Fig. 10 Comparison of the shock fields obtained in the JF-12 high-temperature real gas effect experiment and the CFD
results (simulated Martian atmosphere).
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morphology is consistent with the experimental results,
which verifies the accuracy of the aerodynamic algorithm
for the high-temperature real gas effect of the Martian
atmosphere.

Figure 11 compares the data curves for the force and
heat measurement tests carried out in the FD-20a gun
wind tunnel and JF-12 high-enthalpy shock tunnel with
air and Mars-like atmospheres, respectively. As seen in
Figs. 11(a)–11(c), the entry chamber changes under the
influence of both the atmospheric medium and the real
gas effect. In detail, the real gas effect of the Martian
atmosphere is much more severe, up to 9%, and the axial
force of the Martian atmosphere is larger than that of
air, with a maximum deviation of approximately 2%. The
normal force on the model is basically only affected by
the change in medium, with an influence of between 10%
and 20%. The atmospheric medium of Mars will lead
to an increase in the pitching moment of the center of
mass, while the real gas effect will lead to a decrease. The
combined effect of these two influences will lead to an
increase in the absolute value of the trim angle of attack of

the entry module. Figure 11(d) shows that the test value
of the heat flux on the windward shoulder of the entry
module in the Martian atmosphere is lower than that in
air, and the peak effect of the shoulder heat flow is not
significantly reflected. The heat flux obtained using the
aerothermodynamic numerical simulation is very close to
the test value for most areas of the forebody but is higher
than the test value at the windward shoulder. Therefore,
aerothermodynamic design data based on the numerical
calculation method are safe for engineering.

4 Identification of the flight and aerody-
namic parameters of Tianwen-1 during
the Mars entry

After Tianwen-1 successfully landed on the surface of
Mars, the inertial measurement unit (IMU) data and
the surface pressure data of the flush air data system
(FADS) were transmitted back to the Earth by the
detector’s measurement and control data transmission
system. Using the obtained pressure distribution data
around the center point of the windward head of the
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Fig. 11 Comparison of the aerodynamic force and heat flux curves in different media obtained in the gun wind tunnel and
high-enthalpy shock tunnel (Ma = 6.2).
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entry module in each state during the entry process, the
far-field atmospheric density, atmospheric static pressure,
and dynamic pressure data for the entire Tianwen-1 entry
process could be obtained using the Kalman filtering
method based on the established atmospheric parameter
identification model on the ground. Then, based on the
six-degree-of-freedom acceleration and attitude angular
acceleration data obtained by the IMU, the atmospheric
model parameters were substituted into the kinematics
and dynamics equations for the entry module and solved
simultaneously; thus, the entry trajectory, attitude angle,
and velocity of the entry module could be reconstructed,
and the aerodynamic parameters of the entry module were
identified. Figure 12 compares the changes in the flight
parameters, atmospheric parameters, and aerodynamic
parameters of the Tianwen-1 entry module along the
trajectory obtained using the ground design values and
flight values. The design atmospheric parameter data
are in good agreement with the flight data in the main
aerodynamic deceleration region (H < 40 km, t >

120 s), thus verifying the validity of the design data for

the atmospheric parameters. In addition, the deviation
between the design value and the flight value of the
trim angle of attack of the entry module in the main
aerodynamic deceleration region is not more than 1.5◦,
while the deviation in the trim drag coefficient is not
more than 3%. These results indicate that the precision of
the aerodynamic calculation and ground test technology
adopted for Tianwen-1 is quite high.

It is worth noting that when H ⩾ 40 km and t ⩽ 120 s,
the relative measurement error of the FADS pressure
sensor leads to inaccurate identification of atmospheric
parameters (atmospheric density, pressure, etc.), thus
affecting the accuracy of the aerodynamic parameters
(drag coefficient, lift coefficient). Therefore, it can be
seen in Fig. 12(e) that when t ⩽ 120 s, the flight value
of the drag coefficient for the Tianwen-1 entry module
exceeds the predicted error band. However, as shown in
Fig. 12(f), the lift-to-drag ratio of the flight data is within
the envelope of the design deviation. This is because the
influence of the atmospheric model is eliminated when
the lift coefficient is divided by the drag coefficient.
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Fig. 12 Comparison of the flight and design results for the flight parameters, atmospheric parameters, and aerodynamic
parameters of Tianwen-1 during Mars entry.
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5 Conclusions

In the process of the aerodynamic design analysis and
verification of Tianwen-1, a series of breakthroughs
were made in new technologies, such as the selection
and optimization of an aerodynamic shape for high
deceleration, aerodynamics/aerothermal calculations,
and ground tests based on the Martian atmosphere.
During the engineering development, research methods
for various complex atmospheric effects were explored,
and the level of China’s aerodynamic design and research
technology for the entry of extraterrestrial bodies has
been improved. Comparative analysis reveals that the
aerodynamic design data of the Tianwen-1 entry module
are in good agreement with the flight data, which verifies
the accuracy of the aerodynamic prediction for Mars
entry.

The aerodynamic design, analysis, and verification
methods of the Tianwen-1 entry module can not only be
applied to EDL missions on Mars but can also be applied
to various EDL missions on extraterrestrial bodies with
atmospheres, providing significant technical support for
the engineering development of new deep-space probes
in the future.
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