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Abstract Supersonic flows around parachute two-body systems are numerically investigated by

solving the compressible Navier-Stokes equations. In the present study, both rigid and flexible para-

chute models are considered, which comprise a capsule and a canopy. The objective of the present

study is to investigate the effects of the Martian atmosphere on the unsteady flows produced by

these parachute two-body models and the structural behavior of the flexible canopy. It was found

that in the Martian atmosphere, the supersonic rigid parachutes with shorter trailing distances

exhibited weaker aerodynamic interactions between the capsule wake and canopy shock, resulting

in a smaller pressure distribution on the typical surfaces of the canopy. By contrast, because the

flow modes around the flexible parachute in the Martian atmosphere were similar to those of the

rigid parachute under the air conditions of the wind tunnel tests, the canopy shape was almost

unchanged. When a new canopy material was designed by decreasing the Young’s modulus and

damping coefficient, an area oscillation phenomenon was observed in the flexible parachute with

a trailing distance of 10 in the Martian atmosphere. Consequently, the Martian atmosphere (low

density and pressure) has a significant effect on the aerodynamic performance of the flexible para-

chute system.
� 2021 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

On July 23, 2020, the first Chinese Mars lander, Tianwen-1,
was successfully launched to Mars. To date, in successful Mars
exploration missions, a supersonic parachute has always been
deployed to decelerate the spacecraft during entry, descent,

and landing on the Mars surface.1 Supersonic decelerators
for Mars entry missions have been investigated experimentally
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Fig. 1 Parachute two-body models used in this study (unit: mm).
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since the late 1950 s by the National Aeronautics and Space
Administration (NASA).2 Maynard3–4 first conducted an
experiment to investigate the aerodynamic characteristics of

ribbon parachute models under supersonic conditions, and
observed that the drag coefficient of the parachute system
depended significantly on the Mach number, canopy porosity,

and distance between the forebody and canopy. In addition,
the forebody wake had a marked effect on the drag perfor-
mance of the parachute system. Subsequently, a series of wind

tunnel and flight tests of various supersonic parachutes were
conducted to select a suitable parachute for the Viking mission
to Mars.5–8 A Disk-Gap-Band (DGB) parachute was found to
be the best choice. It is worth mentioning that Maybue and

Bobbitt5 performed a wind tunnel test of a DGB parachute,
and found that the DGB parachute exhibited the oscillatory
drag characteristics at supersonic speeds along with the low-

frequency canopy breathing instability phenomenon. More-
over, this breathing instability became more severe as the
Mach number increased from 2.0 to 3.0. In addition, it was

observed that an increase in the trailing distance from the cap-
sule and canopy resulted in an increase in the drag coefficient
of the DGB parachute.5–8 However, in early experimental

studies, very little was understood about the underlying mech-
anisms of the aerodynamic characteristics and performance of
supersonic parachutes because of the complex dependent
parameters. With advances in computer performance and

numerical modeling techniques, the flow fields around the
supersonic parachute systems can now be numerically investi-
gated in detail.9–18 Recently, in the Mars Science Laboratory

(MSL) mission to Mars, experimental and numerical investiga-
tions on the subscale MSL DGB parachute were conducted to
qualify the largest DGB parachute from the Viking mission.10–
12,19,20 The results indicated that the canopy breathing instabil-
ity originated from the flow instability around the supersonic
parachute, in which canopy-bow-shock/capsule-wake interac-

tions were observed. In addition, it was found that this flow
instability functionally depended on the Mach number, the rel-
ative size and proximity of the capsule to the canopy, Reynolds
number, angle of attack, and material properties of the

canopy.10–20

However, it should be noted that to date most numerical
and experimental studies have been performed in Earth’s

atmosphere because a Martian-like atmosphere is difficult to
obtain in wind tunnel tests on the ground. Recently, a few
numerical investigations21,22 on supersonic rigid and flexile

parachute systems in a Martian atmosphere attempted to
study the complex flow fields around parachute systems and
their aerodynamic performance. It was observed that the flow
mode around the supersonic rigid parachute was basically

identical to that in Earth’s atmosphere, and the stand-off dis-
tance of the capsule shock and the parachute drag forces were
similar to those in air conditions for the rigid parachute system

with different trailing distances. However, in contrast, the flex-
ible parachute with the same material exhibited different defor-
mation trends and corresponding drag coefficients in a

Martian atmosphere than those in Earth’s atmosphere.23,24

This study aims to investigate the complex flow fields and
the aerodynamic interactions around the rigid and flexible

parachutes numerically and comprehensively to understand
the fabric dynamics of flexible parachutes in a Martian
atmosphere.
2. Parachute models

Fig. 1 shows the supersonic parachute two-body system mod-
els used in the numerical simulations. The parachute two-body

system consists of a capsule and a canopy. The canopy is hemi-
spherical in shape with a diameter of D and a thickness of h,
and the capsule is conical in shape with a frontal surface diam-

eter of d and a half-angle of 20�. X is the axial distance from
the frontal surface of the capsule to the inlet of the canopy.
X/d is the trailing distance of the parachute, and d/D is the
ratio of the diameter of the capsule to the diameter of the

canopy.
In the rigid model, a solid rod with a diameter of d1 is used

to connect the capsule and canopy. Another solid rod with a

diameter of d2 is used to support the two-body system in the
wind tunnel. This configuration is derived from the model
employed in wind tunnel experiments at the Japan Aerospace

Exploration Agency (JAXA).13,15,17 The flexible model is sim-
ilar to a real parachute, except that there are no suspension
lines. Note that these models are reproduced from the previous

studies.13–15,17 to compare the flow physics and nonlinear
change in the canopy shape in Earth and Martian atmo-
spheres. As summarized in Table 1, the rigid model is used
to simulate cases R1 and R2, and the flexible model is

employed to simulate cases F1 and F2 in the present study.
In addition, it should be noted that in the flexible model

cases, the thickness, h, of the canopy is zero in a geometrical

sense,14,17 and the capsule is connected to the flexible canopy
with suspension lines. Here, the suspension lines are only used
to set up the force balance conditions, and the effect of these

lines on the flow fields is not considered.14,17 In addition, the
fabric porosity of the flexible canopy is also not taken into
account in the present study.



Table 1 Specifications for simulation cases in the present study.

Case X (mm) d (mm) D (mm) X/d d/D

R1, R2 57, 240 24, 24 120, 120 2.38, 10 0.2, 0.2

F1, F2 171, 240 24, 24 120, 120 7.13, 10 0.2, 0.2
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3. Simulation methods

3.1. Computational conditions

As indicated in Table 2, Earth and Martian atmospheric con-

ditions are used for both rigid and flexible simulation cases.
Air atmospheric conditions at the wind tunnel of JAXA are
employed for comparison with the Martian atmospheric con-
ditions atH= 1 km and 7.1 km in the present study. Note that

the Martian atmospheric conditions are calculated by25

P1 ¼ 0:669expð�0:00009HÞ ð1Þ

q1 ¼ T1= 0:1921ðT1 þ 273:1Þ½ � ð2Þ

T1 ¼ 273:1� 31� 0:00098H ðH < 7 kmÞ ð3Þ

T1 ¼ 273:1� 23:4� 0:00222H ðH P 7 kmÞ ð4Þ
where H is the height from the Martian surface, and P1,q1,
and T1 are the freestream pressure, density, and temperature,
respectively. In addition, because the Martian atmosphere con-
sists mainly of CO2, c ¼ 1:3 is employed for Martian environ-
ment cases; by contrast, c ¼ 1:4 is used for air atmosphere

cases.

3.2. Flow calculation

Although the density is lower in the freestream conditions,
especially for the Martian atmosphere, the Knudsen number
is much lower than 10�3. Thus, the working gas is approxi-

mated by a calorically perfect gas model. In the present calcu-
lations, Three-Dimensional (3D) rigid parachute systems
(including R1 and R2) were simulated using an in-house, par-
allel, single-block, structured finite volume code, and the 3D

compressible Navier-Stokes equations were computed to simu-
late the supersonic flow fields around the parachute two-body
systems. Specifically, the Simple High-resolution Upwind

Scheme (SHUS)26 was employed to evaluate the inviscid
fluxes, and the third-order Modified Upwind Scheme for Con-
servation Laws (MUSCL) with the Van Albada flux limiter

was used to improve the accuracy of the SHUS. In addition,
the usual second-order central differencing scheme was used
to compute the viscous fluxes. For time integration of the accu-

rate unsteady calculation, the third-order total variation
Table 2 Air and Martian freestream conditions in this study.

Case Ma1 P1(Pa) T1(K) q1(kg/m3)

Air 2.0 21,000 298 0.444

Mars1 2.0 369 234 0.0082

Mars2 2.0 639 241 0.0138
diminishing Runge-Kutta scheme was employed in the present
study. Moreover, the initial conditions in the flow calculations

utilized the freestream values listed in Table 2, while for the
boundary conditions, no-slip and adiabatic conditions were
imposed on the solid body surfaces. Note that the flow calcu-

lation methods based on Computational Fluid Dynamics
(CFD) for the rigid parachute two-body systems were also
applied to simulate the flexible parachute two-body systems

(including cases F1 and F2).
In addition, in the flow calculations, the dimensionless time

step, t1 ¼ tV1=D13–15,17 (t is the dimensional time, V1 is the
freestream velocity), was set to 1 � 10�5 for the rigid cases

and 2 � 10�5 for the flexible cases to maintain a Courant-
Friedrichs-Lewy number of less than 1 and facilitate compar-
ison of the different cases.14,17

Furthermore, no turbulence model was applied in the pre-
sent calculations of rigid and flexible cases, because in the pre-
vious studies13–18,21,23 on both rigid and flexible parachute

systems, the numerical results obtained by the laminar simula-
tions were in good agreement with the experimental data in
Refs. 13–18,21,23. Thus, the same flow calculation methods and
codes used previously13–18,21,23 were extended and applied

here.
One of the features of the present calculation method is the

use of the simple immersed boundary method14,16,17,23 to

address the boundary conditions of the 3D flexible canopy in
the flexible cases. In the previous studies14,16,17,23, this method
was successfully employed to describe the moving boundary of

the flexible canopy surface. This method can approximately
compute the velocity vectors of the virtual cells from the rela-
tionship between the fluid and virtual cells14,16,17,23, as given by

Vj ¼ Vit � Vin þ Vw ð5Þ

Vit ¼ Vi � Vin ð6Þ

Vin ¼ ðVinjÞnj ð7Þ
where Vi and Vj are the velocity vectors in the fluid and virtual

cell, respectively; Vw is the velocity of the flexible canopy; Vit

and Vin are the tangential and normal components of the
velocity, Vi, respectively; nj is a unit vector normal to the flex-

ible canopy surface. More details of the simple immersed
boundary method can be found in Refs. 14,16,17,23.

3.3. Structure calculation

In the present study, the Mass-Spring-Damper (MSD)
model14,17,23 was employed to compute the structural dynam-

ics of the flexible canopy for the flexible parachute-like cases.
The flexible canopy material was assumed to be nylon14,17,23,
with a Young’s modulus of 3 GPa and a density of 1150 kg/

m3. In the MSD model, the canopy surface was considered
as an assembly of mass nodes attached to springs and dampers,
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and its governing equations (Eq. (8)) were determined based
on Newton’s second law at each control node of the flexible
canopy surface.14,17,23

d2xi;j

dt2
¼ 1

m

XK
k¼1

ðkmDlk þ cm
d Dlkð Þ
dt

Þek � cn Vi;j � ni;j
� �

ni;j þ DPi;j

(

þGi;j þ Ti;j

� ð8Þ
where m denotes the mass of a canopy node, and, km, cm, and
cn denote the spring constant and tangential and normal
damping coefficients, respectively. Note that the canopy mate-

rial is highly nonlinear, and thus a larger spring constant than
that of the linear Hook’s law was suggested.17,27 The spring
constant in this MSD model was km = 4 � 106, which was

obtained from the relationship between the Young’s modulus
and spring constant.17,23 Moreover, cm = 1 � 10�1 and cn =
2 � 10�4 were employed in the previous studies,14,17 where the

reasonable results were demonstrated. In addition, lk denotes
the spring deformation value, ek denotes the unit vector
between two neighboring mass nodes, nij denotes the normal
vector to the surface of the canopy, Vij denotes the velocity

of a mass node, DPi, j denotes the pressure difference between
the inner and outer surfaces of the canopy, and Gij and Tij

denote the gravity force and the tension force of the suspension

lines, respectively. Note that K = 4 for a typical interior mass
node and K = 3 for a mass node at the canopy edge. In addi-
tion, the explicit second-order Runge-Kutta scheme was

applied to compute the time variation of the flexible canopy
shape in the flexible parachute-like cases.14,17,23

3.4. Fluid-structure coupling calculation

In the calculation of flexible canopy cases, the weak coupling
method was applied to solve the fluid and structure equations
simultaneously. The coupling problem was separated into fluid

and structural parts, and each part was solved in a serial man-
ner.14,17 It was demonstrated that the mutual effect between
the fluid and structural parts was rather sensitive in previous

studies.14,17

In the fluid and structural coupling calculation, the pressure
distribution on the flexible canopy surface was computed from

the flow calculation, and the pressure difference between the
inner and outer surfaces of the flexible canopy was transferred
to the structure calculation as the fluid force to obtain the dis-
placement and velocity of each node of the canopy surface.

Subsequently, these data were provided to the simple
immersed boundary method to generate the new boundary
conditions for the flow calculation at the next time step. More

details can be found in Refs. 14,17,28. Note that no special
forcing term was introduced into the original governing equa-
tions of the flow calculation. Here, the simple immersed

boundary method works as a coupling method to combine
the flow and structure calculation, which has demonstrated
satisfactory results in previous studies.14,17,23,28

3.5. Grids

Owing to the axisymmetric configuration of the parachute-like
two-body system, the flow fields around the rigid and flexible

parachute models were simulated using a structured grid with
a single block, which was created based on a meridional
plane.13–18,21,23 3D views of the grids and validity tests of the
grid and temporal convergence were provided in Refs.
14,17,18. Thus, the details are omitted here. In this study, all

the simulations were conducted using a similar grid density.

3.6. Validation of numerical methods

In previous numerical simulations of rigid and flexible para-
chutes,13–18,21,23,28 the simulation results of the R1 case
(Table 1) under wind tunnel freestream conditions (Air in

Table 2) were in good agreement with the results obtained
from the JAXA wind tunnel tests.13–17 In addition, the simula-
tion results of F1 under air freestream conditions were consis-

tent with the experimental results in Ref. 29 and the drag
performance of a real supersonic parachute.14 The flow and
structure numerical methods employed in the above studies
were also used for the calculation of rigid and flexible

parachute-like models in the present study.

4. Results and discussion

4.1. Rigid parachute cases

In previous numerical simulations13,15–18 of rigid parachute
models under wind tunnel conditions (Air condition), it was
found that the most significant oscillation flow mode, the pul-

sation mode, occurs around the supersonic parachute two-
body system with a short trailing distance, where the shock
wave ahead of the capsule (capsule shock) exhibits a hemi-

spherical shape, and periodically inflates and laterally expands
in the radial direction. It was observed that the vortex ring at
the foot of the shock wave ahead of the canopy (canopy shock)
and the complex capsule-wake/canopy-shock and capsule-

shock/canopy-shock interactions work together to drive the
pulsation flow fields around the parachute two-body
system.13,17,18

Fig. 2 shows the instantaneous flow fields around the super-
sonic parachute-like system during a pulsation cycle in differ-
ent atmospheres, indicating that the pulsation flow mode exits

in both the Earth (Air conditions in Table 2) and Martian
atmospheres. However, it can be seen that the capsule shock
occurs closer to the capsule and becomes thinner in the Mar-
tian atmosphere. Fig. 3 shows a comparison of the variation

in the ratio of the stand-off distance of the fore shock ahead
of the capsule, s, to the diameter of the canopy, D, for Earth’s
and Martian atmospheres with non-dimensional time t1. These

results indicate that there are minor differences between the
time period and fluctuation amplitude of s/D during the pulsa-
tion mode. However, the stand-off distance is slightly smaller

in the Martian atmosphere, as shown in Fig. 2. Furthermore,
as Fig. 2 shows, the aerodynamic interactions in Martian
atmosphere conditions become weaker, which causes that the

pressure distribution on the canopy inner surface becomes
much smaller in the Martian environments (Fig. 4(a)).

In previous studies under the Earth’s atmosphere,15,18 as
the trailing distance increases to X/d = 10, only the capsule

wake interacts with the canopy shock. The interaction between
the capsule shock and canopy shock seems to disappear
because of the larger distance between the capsule and the

canopy. As a consequence, the capsule shock shows no signif-
icant oscillation. This corresponds to the narrow capsule-
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wake/canopy-shock interaction flow mode.15,18 The unsteady
flow mode in the Martian atmosphere is consistent with that
in the Earth’s atmosphere. Thus, there are small differences
Fig. 2 Comparison of instantaneous flow fields around R1 rigid

parachute system with X/d = 2.38 under different atmosphere

conditions.

Fig. 3 Comparison of dimensionless stand-off distance for R1

rigid parachute system with X/d = 2.38 under different atmo-

sphere conditions.

Fig. 4 Comparison of average pressure on the inner surfaces of

supersonic rigid parachute systems under different atmosphere

conditions.
in the pressure distributions on the inner surface of canopy
under different atmospheres (Fig. 4(b)). Consequently, the
Martian atmosphere has a greater effect on the performance

of supersonic parachutes with shorter trailing distances. More-
over, it should be noted that there is a minor difference in the
flow mode and corresponding pressure distribution on the typ-

ical surfaces of the canopy under Mars1 and Mars2 conditions.
Thus, in the following simulations, the Mars2 condition is
mainly employed to investigate the effect of the Martian

atmosphere.

4.2. Flexible parachute cases

4.2.1. Original canopy material

In previous studies14,17,21,23 of flexible canopies with the same
material as assumed above, it was observed that when the

parachute system with X/d = 7.13 (X = 171 mm) was placed
in the Earth’s atmosphere (Air condition in Table 2), the shock
ahead of the flexible canopy moved upstream of the canopy

mouth and interacted with the narrow wake of the capsule,
which resulted in the repeated pressure changes inside the
canopy and corresponding oscillations in shape in the area.14,17

When X/d was increased to 10 (X = 240 mm, F2 case), a sim-
ilar unsteady flow mode and shape change of the canopy was
observed, as shown in Fig. 5(a).

It should be noted that in the unsteady flow mode, the

strong flow instability generates significant unsteadiness in
the drag force, which is computed from the pressure difference
between the inside and outside of the canopy. Here the drag

coefficient CD was used as Eq. (9), instead of the drag force Fd.

CD ¼ Fd

q 1
4
pD2

ð9Þ
Fig. 5 Instantaneous flow fields around flexible parachute

system with X/d = 10 under different atmospheric conditions.
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q ¼ c
2
P1Ma21 ð10Þ

where the dynamic pressure q is computed from the freestream

pressure and freestream Mach number as shown in Eq. (10).
This agrees with the method in Refs. 14, 17, 19.

In contrast, when the parachute system with X/d = 7.13
(X = 171 mm, F1 case) was placed in the Martian atmosphere

(Mars2 condition in Table 2), the aerodynamic interaction of
the capsule open wake and the canopy shock moved to the
edge of canopy, and the canopy shock became much weaker,

which resulted in a much smaller drag coefficient than that
in the Air condition (Fig. 6).21 Note that the canopy shape
was almost unchanged in the Martian atmosphere. As the

trailing distance was increased to X/d = 10 (X = 240 mm,
F2 case) in the Martian atmosphere (Mars2 condition in
Table 2), a similar unsteady flow mode to that in the Earth’s
atmosphere was observed, as shown in Fig. 5(b); however,

the canopy shape was almost unchanged (Fig. 5(b)). This does
not conform to the real world, although the unchanged canopy
Fig. 6 Time histories of drag coefficients for different atmo-

spheric cases; 171 denotes X/d = 71.3, and 240 denotes X/d = 10.

Fig. 7 Time variation of canopy shape for Air (upper) and Mars2 (l

parachute material.
resulted in a larger drag coefficient than that in other cases
(Fig. 6).

Note that the performance of the flexible canopy with X/d

of 7.13 and 10 in the Martian atmosphere (Mars 2 condition) is
similar to the performance of the rigid canopy in the Earth’s
atmosphere,15,18 including the unsteady flow modes and

almost unchanged canopy shape. This may be due to the lower
density and pressure in the Martian atmosphere. Conse-
quently, there is a large difference in the performance of the

same canopy material in different atmospheres. A suitable
canopy material for the Martian atmosphere will be investi-
gated in the following section.

4.2.2. New canopy material

In order to improve the performance of the flexible canopy in
the Martian atmosphere as mentioned above, a new material

design of the parachute was considered here. A more flexible
canopy material was designed, i.e., a lower Young’s modulus
(spring constant) and a lower damping coefficient of the
canopy material were applied in the MSD model. The newly

designed flexible parachute model was numerically applied to
the flexible parachute with a trailing distance of 10, where
the spring constant of the MSD model was decreased to

km = 1.5 � 106, and the normal and tangential damping coef-
ficients were decreased to cm = 1.0 � 10�3 and cn = 2.0 � 10
�5, respectively. As a result, the capsule wake became closed,

aerodynamic interaction occurred between the capsule narrow
wake and canopy shock, and a similar change in the canopy
shape as that in the Air condition was observed (Fig. 7). Con-

sequently, the drag coefficients of the new flexible canopy in
the Martian atmosphere (Mars1 and Mars2 conditions) are
similar to those in the Earth’s atmosphere (Fig. 8). However,
it should be noted that the amplitude of the fluctuation in

the drag coefficient is much larger, which indicates that the
effect of the flow instability related to the aerodynamic
interaction between the capsule wake and canopy shock is
ower) atmospheric conditions23; the lower images employ the new



Fig. 8 Time histories of drag coefficients of flexible parachute

with X/d = 10 under different atmospheric conditions.23
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predominant, and further improvement of the canopy fabric
flexibility is still needed.

4.2.3. Effect of canopy flexibility

In the present study, the new parachute system with X/d = 10
(X = 240 mm) was numerically simulated under the Air con-
ditions at 30 km and Mars2 condition, and various canopy

materials with different spring constants in the MSD model
were applied to investigate the effect of the spring constant
(from the Young’s modulus) on the performance of the flexible

canopy. In addition, because the density and pressure of the
Air condition at 30 km are similar to those of the Mars2 con-
Fig. 9 Instantaneous flow fields around flexible supersonic

parachute system with X/d = 10 and different spring constants

under the Martian atmosphere (Mars2 condition).
dition, the Air condition at 30 km was employed here to study
the effects of atmospheric composition and the corresponding
parameters on the performance of the flexible canopy. As a

result, it was observed that the new canopies with various
lower spring constants under the Air conditions at 30 km
and Mars2 condition exhibited the same flow mode and similar

changes in the canopy shape as the original canopy material
under air conditions in the wind tunnel (Figs. 9 and 10). Com-
pared with the results for the air conditions in the wind tunnel,

the drag coefficients in lower density conditions, including
30 km in air and the Martian atmosphere, were slightly larger.
Moreover, under both lower density and pressure conditions,
there was a minor difference in the effects of the air at

30 km and Martian atmosphere on the flow mode and drag
performance of the parachute systems. Note that, as shown
in Fig. 6, the drag coefficient of the flexible canopy in the
Fig. 10 Time histories of drag coefficients for flexible parachute

with X/d = 10 (X = 240 mm) and various spring constants under

different atmospheric conditions.

Fig. 11 Instantaneous flow fields around new flexible parachute

system with X/d = 7.13.



Fig. 12 Time histories of drag coefficients for new parachute

with various spring constants under different atmospheric

conditions.

Fig. 13 FFT analysis of time variation in
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Earth’s atmosphere shows a significant large periodical change
due to ‘‘area oscillation” and high-frequency change due to
‘‘flow instability”, and the drag coefficient of the canopy in

the Martian atmosphere shows the only high-frequency change
due to ‘‘flow instability”. As shown in Fig. 10, it is further con-
firmed that the drag coefficient arises from the pressure differ-

ence between the inside and outside of the canopy, which is
significantly affected by two key factors: flow instability and
the change in canopy shape. Periodical canopy ‘‘area oscilla-

tion” results in a periodical change in the drag coefficient.
However, when the parachute system with X/d = 7.13

(X = 171 mm) and the new canopy material was numerically
investigated further under 30 km air and Martian conditions, it

was observed that the flow mode under both atmospheric con-
ditions was still the open canopy-wake/canopy-shock interac-
tion, as shown in Fig. 11, indicating that the periodical

changes in the canopy shape did not occur with the newly
designed material. As shown in Fig. 12, compared with the
canopy performance under air conditions in the wind tunnel,

the drag coefficients in the lower density conditions including
30 km in air and the Martian atmosphere were much smaller,
perhaps because the canopy with a lower Young’s modulus

becomes more flexible and shrinks easily and more rapidly.
It should be noted that the drag coefficients under the air con-
ditions at 30 km were very small and tended toward zero with
time, indicating that the canopy shrinks quite significantly

after 0.01 s.
To compare the drag performance of the flexible canopies

with the original (km = 4 � 106) and new (lower km) materials

under different atmospheric conditions, Fast Fourier
drag coefficients from Figs. 10 and 12.
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Transform (FFT) analyses were conducted for the time varia-
tion in the drag coefficients, as shown in Fig. 13. It can be
observed that for the F2 parachute model with X/d = 10, the

lowest frequency (the largest time period) underMartian condi-
tions is larger (smaller) than that under the air conditions of the
wind tunnel. This indicates that in the Martian atmosphere, the

canopy shape periodically changes over a smaller time period,
and the flexibility of the canopy material is improved. In con-
trast, for F2 parachute model, when the spring constant km
decreases from 4 � 105 to 3 � 105 in Martian atmosphere,
the canopy material becomes more flexible, and the time period
(lowest frequency) of canopy change becomes much smaller
(larger). For the F1 parachute model with X/d = 7.13 in the

wind tunnel air conditions, there are some complex fragmen-
tary frequencies with the similar amplitude. This implies that
the flow instability (the related frequency: 309 Hz) and/or the

periodic canopy shape (the related frequency: 155 Hz and
77 Hz) change result in very strong variation in drag coefficient.
A comparison between the F1 and F2 cases for X/d= 7.13 and

10 shows that much stronger variation in the drag coefficient
occurs in the X/d = 10 cases, where the amplitudes are larger.
On the other hand, much more unstable flow fields occur at X/

d = 7.13, where a more complicated frequency distribution for
the same amplitude is observed.
5. Conclusions

The supersonic flow over rigid and flexible parachute two-
body models under different atmospheric conditions was
numerically studied at a freestream Mach number of 2.0,

and the effects of the Martian atmosphere on the flow behavior
and fabric dynamics of the parachute two-body system were
investigated numerically. The results obtained in this study

can be summarized as follows:

(1) In the Martian atmosphere, the unsteady flow modes

around the supersonic rigid and flexible parachute
two-body systems with larger trailing distance (i.e., X/
d = 10) are identical to those in the Earth’s atmosphere.

However, the aerodynamic interactions around the
parachute with short trailing distances (i.e., X/
d = 7.13 and 2.38) become weaker, and the pressures
on the typical surfaces of the parachute system decrease

in the Martian atmosphere.
(2) The Martian atmosphere (i.e., low density and pressure)

has a significant effect on the aerodynamic performance

of flexible parachute systems. Owing to the low density
and pressure, the flow modes around the flexible para-
chutes with X/d of 7.13 or 10 and the same original

canopy material (larger Young’s modulus and damping
coefficient, i.e., less flexibility) are similar to those of the
rigid models under the air conditions of the wind tunnel,
and an unchanged canopy shape is observed.

(3) From the time variation of drag coefficient for the flex-
ible canopies, it can be seen that the drag coefficient of
the flexible canopy with less flexibility in the Martian

atmosphere shows a high-frequency change due to ‘‘flow
instability”, which is similar with the performance of
rigid models, while the drag coefficient of the less flexible

canopy in the Earth’s atmosphere or more flexible
canopy in the Martian atmosphere exhibits a significant

large periodical change due to ‘‘area oscillation” and a
high-frequency change due to ‘‘flow instability”.

(4) Under Martian atmosphere conditions, a reasonable

canopy material was specially considered, and a smaller
Young’s modulus and damping coefficient of the canopy
material were defined for the design of the canopy to
improve its flexible ability. The area oscillation phe-

nomenon and the corresponding drag performance were
observed again for the newly designed canopy. In addi-
tion, it was also indicated that the drag performance was

significantly affected by two key factors: flow instability
and the periodical change in canopy shape. However, in
the future studies, accurate characteristics of the flexible

canopy material models and their effect mechanisms
should be further investigated in the Martian
atmosphere.
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