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A sample return mission to deep space has been proposed. The orbital velocity of the deep space sample
return capsule (DS-SRC) during atmospheric entry reaches 15 km/s, which results in extremely severe
aerodynamic heating to the sample return capsule. We proposed a new concept of the DS-SRC with a
lightweight and large-area aeroshell to reduce the severe heating environment at high altitudes through
efficient aero-deceleration. The DS-SRC must be aerodynamically stable at all speeds because it is
expected to be operated without a parachute at atmospheric entry. First, we showed the flight environment
of the DS-SRC along the atmospheric entry trajectory obtained by trajectory analysis. Second, we
investigated the aerodynamic characteristics and the static stability in the all-speed range using low-speed,
transonic, and supersonic wind tunnels. Last, we used a computational science approach to conduct
unsteady turbulent flow simulations to show its stability mechanism. The trajectory analysis indicated that
the peak heat flux at the stagnation point of the capsule was kept approximately 10 MW/m? when
decelerating from high altitude because of its low ballistic coefficient. Based on the wind tunnel
experimental results, we confirmed that this capsule is statically stable in attitude at all speeds.
Furthermore, the computed results suggested that there is a difference in pressures at the windward and
leeward sides of the front surface when the capsule is pitched up or down. This difference in pressure
distribution acts as a static stability mechanism generating a moment in the direction that restores the

pitching motion.
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List of Symbols
C  aerodynamic coefficient
Cs;  Smagorinsky constant
Cy empirical constant of Smagorinsky model
D distance from wall, m
g  gravity acceleration, m/s?
S;  strain-rate tensor, s™!
A grid scale
k  von Karman constant
u  viscosity, N s/m?

p  density, kg/m?

Subscripts
D drag
L lift
M pitching moment
P pressure

SGS  sub grid scale

1. Introduction

A sample return mission for deep space exploration has
been proposed, designed to travel to farther planets or
asteroids from the Hayabusa missions. In the atmospheric
reentry phase, there are severe problems, such as
aerodynamic heating because a capsule’s orbital velocity
reaches 15 km/s, assuming a sample return from Saturn,
which is a higher velocity than the Hayabusa mission of
12 km/s.

Therefore, we proposed the novel concept of a
capsule [1] to overcome this challenge and achieve deep
space exploration. Figure 1 shows an image of a thin

aeroshell capsule. This capsule is lightweight and has a

large surface area for efficient aero-deceleration at high
altitudes to avoid heating. Additionally, this rigid capsule
with a thin aeroshell can overcome more severe
aerodynamic heating caused by the high reentry velocity
when compared to an inflatable aecrodynamic decelerator
[2,3] with the same concept.

One option for achieving a lower ballistic coefficient is
to increase the aeroshell size. However, this would result
in an increase in the mass of the aeroshell and a shift in
the center of gravity downstream. Consequently, this
negatively influences aecrodynamic stability. Therefore, it
is important to evaluate the stability of a capsule designed
with a large aeroshell to account for aerodynamic
deceleration.

Understanding aerodynamic characteristics, such as the
attitude instability of the thin aeroshell capsule, is
essential to improving the safety and probability of
succeeding in an atmospheric entry mission. In the worst
case, aerodynamic instability in attitude can cause
problems such as insufficient aero-deceleration.
Additionally, if the vehicle’s attitude motion diverges,
there is a possibility of landing at a point that deviates
from the predicted landing site. Such aerodynamic
instability was observed for the inflatable reentry vehicle
by the JAXA S-310-41 sounding rocket (SMAAC), which
has a similar shape to the present capsule at low speeds
(M = 0.1) [4], and for the Hayabusa capsule [5] in the

transonic region (M = 1.1).
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(a) Thin-shell type capsule

400 mm

(b) Hayabusa capsule
Fig. 1 Images of capsules

An approach to mitigate acrodynamic instability is in
high demand because the present capsule is designed to
descend without a parachute. This means that stability in
attitude at all speeds, including low speeds, must be
secured.

Aerodynamic instability refers to an oscillation or
rotation of the reentry vehicle caused by aerodynamic
force during flight, and it has been discussed from two
perspectives: static stability and dynamic stability [6]. The
static stability was evaluated based on moment curves
according to the angle of attack (AOA) in a stationary
state. If there is a negative moment from a positive AOA
and a positive moment from a negative AOA, this moment
returns the AOA to zero degrees or cancels the change in

AOA, which means it is statically stable. Second, dynamic

stability is evaluated when there is an angular velocity
around the center of gravity. A vehicle in a dynamic stable
state always dampens the angular velocity. The AOA
converges to zero if the vehicle is statically stable.
Therefore, ensuring both static and dynamic stability is
necessary because the oscillatory motion of a vehicle
diverges when one of the stabilities is lost.

There are several factors [7] that affect these instabilities,
such as the position of the center of gravity [8], the angle
of the front surface [9], and the length and roundness of
the rear [10,11]. For dynamic instability, pressure phase
delay [12] and reattachment [13] have been considered as
the factors. However, a complete method for mitigating
aerodynamic instability at all speeds has not yet been
proposed. Moreover, the acrodynamic characteristics of
the capsule have been insufficiently obtained.

The objectives of this study were to evaluate the static
stability of a thin aeroshell capsule and to reveal its
stability mechanism. This paper is the first of the series on
DS-SRC attitude instability studies and focuses on the
static. Dynamic stability study, which is partly discussed
in our work [14], is the future step.

Here, firstly we carried out a reentry trajectory analysis
to obtain the flight conditions and determine the
experimental conditions. Then, we reproduced the reentry
environment using a 2 m x 2 m low-speed wind tunnel
(LWT), Institute of Space and Astronautical Science
(ISAS) transonic wind tunnel (TWT), and ISAS
supersonic wind tunnel (SWT) at the Japan Aerospace
Exploration Agency (JAXA). We fixed the capsule at an
AOA and obtained its aerodynamic coefficients during the
experiments. In addition, we conducted particle image
velocimetry (PIV) to obtain the wake in the LWT.
Furthermore, we conducted turbulent flow simulations
using a computational fluid dynamics (CFD) approach to
investigate the static stability mechanism for each

condition.



2. Reentry trajectory

2.1. Flight environment in reentry trajectory

We conducted a trajectory analysis to obtain the flight
environment of the thin aeroshell capsule during reentry.
The analysis conditions from previous studies [1,15] are
shown in Table 1. Furthermore, those over a wide range
were set in this analysis because the drag coefficient of the
thin aeroshell capsule was unclear. Additionally, a
comparison was made with the Hayabusa capsule, which
has successfully achieved sample return. The Hayabusa
capsule used a parachute during the actual flight. However,
the present trajectory analysis of this capsule was
performed assuming no parachute to compare the terminal
velocities at landing. The analysis models were
implemented on the Tacode [16], developed by Takahashi
et al. We assume that the capsule is a point mass on an
Earth-centered, Earth-fixed (ECEF) non-inertial frame.
Additionally, the earth’s gravitational force as well as the
Coriolis, centrifugal, and aerodynamic forces act on this
point mass. In this case, the equation of motion is given by

0%x
—2m-wXv—m
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matz grav (1)

cw X (WX x)+ Faero

Table 1 Trajectory analysis conditions for flight

Capsule Thin aeroshell Hayabusa
capsule

Software Tacode v1.12

Atmosphere Model NRLMSISE-00 Atmosphere
Model [17]

Initial velocity, km/s 15 11.8

Initial altitude, km 200 200

Initial latitude and 0,0 0,0

longitude, deg

Flight-path angle, deg -11 -12.7
Diameter, m 0.8 0.4
Mass, kg 10.0 16.3
Front nose radius, m 0.2 0.2
Drag coefficient 0.8,1.0,1.5 1.147

Figure 2 shows the time histories of the altitude, Mach
number, and dynamic pressure of the thin aeroshell
capsule for Cp = 1.5 and the Hayabusa capsule. In the case
of a thin aeroshell capsule, the maximum Mach number
was approximately 55 at 40 s after reentry, and the
maximum dynamic pressure was 8.4 kPa at 70 s. When
comparing the Hayabusa capsule with a thin aeroshell
capsule, although the initial velocity is high, the ballistic
coefficient is small. Therefore, it is possible to reduce the
dynamic pressure to less than 1/5 of the Hayabusa case.
Due to the same reason, the maximum impact acceleration
of the thin aeroshell capsule is 43g, which is smaller than

the result of 48g for the Hayabusa capsule.
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Fig. 2 Time history of altitude, Mach number and

dynamic pressure

The Detra—Kemp—Riddell model [18] was used for
convective heating, and the Tauber—Sutton model [19]
was used for radiation heating to evaluate the heat flux at
the stagnation point, as shown in Equations (2) and (3),
respectively, where h represents enthalpy, and we assume
that the capsule wall is at a temperature of 300 K.
Additionally, R, refers to the radius of curvature of the
front surface, and we have adopted a front nose radius of
0.2 m. As the front nose radius of both capsules is the same,
no differences exist in heat flux caused by the curvature
radius. The function f(U,) was calculated using linear

interpolation.

QCOn
11035 x 10° (pm)os (Um )3'15 < hstag — M )
VRa PsL Uco hstag = hwo
w (2)
‘m?
ps. = 1.225,kg/m?
UCO = 7924’8, m/S

W
Graa = 4736 X 10°REP 2 (U),— ()

a=1.072 x 10°U;188p 0325

The heat flux profile of the thin aeroshell capsule for the
case Cp = 1.5, shown in Fig. 3 indicates that the peak heat
flux at the stagnation point was 8.3 MW/m?. In both cases,
Convective heating was dominant. The maximum heat
flux of the Hayabusa capsule was 14.6 MW/m?. The thin
aeroshell capsule had a lower peak heat flux owing to its
lower ballistic coefficient, resulting in efficient aero-

deceleration from high altitudes, despite the higher reentry

velocity.
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Figure 4 shows the profile of altitude versus velocity. The



thin aeroshell capsule had a lower ballistic coefficient than
the Hayabusa capsule. Consequently, the present capsule

decelerated at a higher altitude. Table 2 lists the terminal

velocity at the landing of each capsule without a parachute.

The terminal velocity of the thin aeroshell capsule for Cp
= 1.0 was 0.4 times that of the Hayabusa capsule.
Elucidation of aerodynamic characteristics is crucial for
the accurate prediction of the landing point and estimation

of the impact at landing.

Table 2 Comparison of terminal velocity at landing

Capsule Velocity, m/s
Thin-shell type (Cp=0.8) 19.4
Thin-shell type (Cp=1.0) 17.4
Thin-shell type (Cp=1.5) 14.2

Hayabusa 42.5
2001 Thin Shell Type (Cd =0.8) | !
175 || m=—Thin Shell Type (Cd=1.0) | !
=== Thin Shell Type (Cd =1.5) H
1507 = = = Hayabusa H
Es :I
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Fig. 4 Profile of altitude versus velocity

3. Wind tunnel tests

The wind tunnel tests were conducted using a JAXA 2 x
2 m low-speed wind tunnel (LWT), ISAS transonic wind
tunnel (TWT), and an ISAS supersonic wind tunnel
(SWT) to obtain the aerodynamic characteristics of the
thin aeroshell capsule at all speeds. Figure 5 shows the

flow field conditions for each wind tunnel and

atmospheric reentry. The blue circles indicate the values
obtained by trajectory analysis. The model diameters for
LWT were set to 0.4 m and 0.08 m for TWT and SWT,
respectively. To reproduce the flow field during reentry,
the Reynolds and Mach numbers should be matched
between the flight and wind tunnel experiments. In the
LWT, the Reynolds number was close to that during flight,
and the Mach number was less than 0.3, where the
compressible effect was low. Furthermore, the flight
conditions at low speeds could be reproduced in the LWT.
Additionally, there was a difference in the Reynolds
number between the flight and experiments under the
same Mach number in the TWT and SWT. However, in
this range, the separation point of the flow near the capsule
was clear, and the dependence of the drag coefficient on
the Mach number was large. Thus, we focused on the

effect of the Mach number.
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Fig. § Test conditions for each wind tunnel and

the flow field conditions during reentry

3.1 Low-speed wind tunnel test

The LWT is a continuous, atmospheric closed-circuit type
wind tunnel. The test section had a 2 x 2 m square cross-
section and was 4 m long. The measurement equipment
used is presented in Table 3. A block diagram of the wind

tunnel test is shown in Fig.6.



Table 3 Measurement equipment used in the LWT test
LMC-6528-38/2200
DPI145, GE Druck

Six-components balance
Pressure  gauge  for
atmospheric pressure
Pressure gauge for 698 A, MKS Baratron
dynamic pressure

Data logger V743 System

L Pressure [

6-components gauge
balance
\\ Data logger

1 DC power
: Camera for PIV (LWT)

Block diagram in the low-speed wind tunnel

Fig. 6

for the thin aeroshell capsule

Figure 7 shows the photo and shape of the capsule used in
the experiment. The aerodynamic characteristics were
measured using a six-component balance attached to the
sting, where the capsule was fixed. The time-averaged
aerodynamic coefficients were obtained by measuring for
5 s at a sampling rate of 500 Hz. Furthermore, PIV
measurements were taken to determine the wake structure;
2000 images were captured at a sampling rate of 4 Hz with
a spatial resolution of 5 mm and a photographing range of
425 x 340 mm. A high-speed camera with a resolution of
3360 pixels x 2712 pixels was used. A 200 mJ Nd:YAG
laser was expanded using a cylindrical lens with an f-value
of -25 mm, resulting in a measurement range of 425 x 340
mm, which provides a sufficient signal-to-noise ratio
(SNR). A spatial resolution of 5 mm was obtained by

averaging the processing during PIV analysis to ensure a

satisfactory SNR. The PIV setup information for the wind
tunnel, excluding the camera and laser, is described in a
previous study [20]. Multiple images were superimposed
to construct the wake flow field. The mean velocity

distributions were obtained.
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Fig. 7 Thin aeroshell capsule in the low-speed

wind tunnel test

The experimental conditions are listed in Table 4. The

AOA was set by horizontally swinging the sting.

Table 4 Experimental conditions




for low-speed wind tunnel tests

Diameter of model, m 04
Angle of attack, deg -50-50
Velocity, m/s 10-50

3.2 Transonic and supersonic wind tunnel test
The TWT and SWT were blow-down facilities. Both test
section sizes had a 0.6 x 0.6 m square cross-section. The

measurement equipment used is presented in Table 5.

Table 5 Measurement equipment

used in the TWT and SWT test
LMC-6522-25
for MT110, Yokogawa

Six-components balance
Pressure gauge
atmospheric pressure

Pressure gauge for total CPT6100, Mensor

pressure
Pressure gauge for static CPT6180, Kyowa
pressure

Data logger EDX-3000

Figure 8 shows the shape of the capsule used in the TWT
and SWT experiments. The aerodynamic characteristics
were measured using a six-component balance attached to
the sting, where the capsule was fixed. The time-averaged
aerodynamic coefficients were obtained by measuring for
approximately 2 s at a sampling rate of 100 Hz. The
experimental conditions are listed in Table 6. The AOA

was set by vertically swinging a sting.

Table 6 Experimental conditions

for TWT and SWT tests

Diameter of model, m 0.08
-6~15
0.3~1.3(TWT)

Angle of attack, deg

Mach number

1.7~ 4.0 (SWT)
0.77 x10° ~ 1.90 x10° (TWT)
2.23 x10°~ 1.49 x10° (SWT)

Reynolds number

24
20

]

is

o 300
¥ &
00

i

Thin aeroshell capsule used in the TWT and
SWT

80

Fig. 8

4. Numerical method

4.1. Flow field modeling

We assumed that the flow in the low-speed wind tunnel is
unsteady and continuum. The gas considered was air,
which was composed of 0.765 N, and 0.235 O, in the mass
fraction and was an ideal gas.

The governing equations of the flow field were the
compressible Navier—Stokes equations, which are
composed of the total mass, momentum, total energy, and
equation of state. The molecular viscosity was evaluated
using Sutherland’s law. Thermal conductivity was
calculated using the viscosity, specific heat at constant
pressure, and Prandtl number, which was set to 0.72.

The large-eddy simulation (LES) approach was adopted
to reproduce the unsteady turbulent flow around the
capsule and was filtered using Favre filtering. The

standard Smagorinsky model [21] is used as the subgrid-

scale (SGS) model. The SGS eddy viscosity pgss was



obtained as follows:

Usas = PLsgs /25_'1'1'51';'; 4

where S; ; represents the strain rate tensor. The mixing
length Lggs and grid scale A can be expressed [22] as
Lggs = min(kd, C,4), 5)

A = min[max(C,,d, CyAmaxs Awn) » Amaxls (6)
where k,Cs, d, Cy, Apax, and Ay, represent the von
Karman constant ( k = 0.41), Smagorinsky constant
(Cs = 0.2), distance from the surface, empirical constant
(Cw = 0.15), maximum grid size in each direction, and
minimum value, respectively. The SGS thermal
conductivity was calculated using the SGS eddy viscosity,
specific heat at constant pressure, and turbulent Prandtl
number of 0.90.

The governing equations were solved using a node-
centered finite-volume approach. The evaluation of the
advection fluxes across the cell interface in the equations
was performed using the simple low-dissipation advection
upstream splitting method scheme (SLAU) [23], with the
monotonic upstream-centered scheme for conservation
laws (MUSCL) interpolation method for high accuracy.
Furthermore, the viscous fluxes were calculated using the
average value between the gradients of the neighboring
computational cells. The Green—Gauss method was
adopted to calculate the spatial gradients of flow
properties. Moreover, time integration was performed
using an implicit time marching approach. A dual-time-
stepping method with a second-order backward difference
was adopted for the time integration in the unsteady state.
Inner iterations were performed using the local time-
stepping method, and outer iterations were performed
using the global time-stepping method for efficient time
integration. The matrix solver of the governing equation

system was the flexible generalized minimal residual

method (FGMRES) [24] with the lower-upper symmetric

Gauss—Seidel method (LU-SGS) [25].

The numerical models were implemented using the
open-source solver SU2-v7.0.3 [26]. The SGS model of
the LES was added to the software by the authors. Parallel
computations were performed on the “Grand Chariot”
computer system of the Hokkaido University Information
Initiative Center using the domain decomposition method

and message passing interface (MPI).

4.2. Computational conditions

Figures 9 and 10 show the computational domains for
reproducing the flow fields in LWT, TWT, and SWT. The
sting and walls of the wind tunnel were not considered in
the computations. The grids in the computational domain
were composed of hexahedral meshes. The total number
of computational cells was approximately 10.4 million,
and the minimum cell width was 3.0e-6 m for LWT and
TWT. That was approximately 11.3 million, and the
minimum cell width was 3.0e-7 m for SWT. Figure 11
shows the shape of the capsule used in the analysis.

At the inlet, the freestream variables are given by the
conditions in Table 7. A far-field boundary condition was
imposed at the outlet. Furthermore, a nonslip condition for
the velocity and no pressure gradient condition normal to
the surface were imposed at the boundary on the surface
of the capsule. The surface temperature was fixed at 300

K, which is close to the experimental conditions.

Fig. 9

Computational domain for LWT and TWT



Outlet

Fig. 10  Computational domain for SWT
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(a) for LWT (b) for TWT and SWT
Fig. 11  Shapes of the capsule in the analysis

Table 7 Freestream conditions

for numerical simulations

Mach number 0.146 1.1 4.0

LWT TWT SWT
Velocity, m/s 50.0 340.0 676.1
Density, kg/m® 1.15 1.05 0.16
Pressure, Pa 1.02x10° 7.18x10* 3.20x10°
Temperature, K~ 301.5 238.0 69.9
Reynolds 1.24x10% 1.86x10° 1.83 x10°

number

5. Results and discussion

5.1. Flow fields

The PIV results were compared with the numerical results
to evaluate the flow field structure around the capsule.
Figure 12 shows the mean velocity distributions for AOAs
of 0°, 15 °,and -15 °© AOA in the experiment and analysis
of the LWT. In Fig. 12, six images are overlaid to depict
a larger flow field. The magnitudes of the vectors in these
figures are constant. The PIV result at 0 ° in the AOA
indicates that a recirculation region was formed in the
wake. The same vortices were confirmed in the CFD
results at 0 © in the AOA. This indicates that the numerical
results qualitatively agree with the experimental results.
Additionally, based on an unsteady analysis conducted
using CFD, it was confirmed that detachment from the
shoulder region and vortex shedding occurred.
Furthermore, a recirculation region was formed as the
time average of these flows. The primary vortex for 15 °
in the AOA was qualitatively in good agreement with the

experimental and numerical results.

Velocity, m/s

(a) 0 ° AOA (PIV)



(e) -15 ° AOA (PIV)

Velocity, m/s

Velocity, m/s

Velocity, m/s

Velocity, m/s

Velocity, m/s

(f) -15 ° AOA (CFD)

Fig. 12 Mean velocity distributions with

normalized vector field in the LWT

Figures 13 and 14 show the mean Mach number
distributions in the TWT and SWT, respectively. The flow
fields were qualitatively similar, confirming a shock wave
in front of the capsule. In addition, a recirculation area was
formed at the rear of the capsule, and the flow separated
from the shoulder accelerated, indicating that the flow was
expanding. Furthermore, the expanded flow resulted in the
formation of a recompressed region. Moreover,
downstream of the recirculation region behind the capsule,

steady vortex shedding was observed.

Mach number

Fig. 13  Mean Mach number distributions at 0
degrees AOA for Mal.l in the TWT



Mach number

Mean Mach number distributions at 0 °

AOA for Ma4.0 in the SWT

Fig. 14

5.2. Aerodynamic coefficients

The profiles of the drag against the Mach number are
shown in Fig. 15. The drag coefficient increased with
increasing Mach numbers up to Mach 1, owing to the
increase in wave drag caused by the compression of the
gas in front of the capsule. In regions greater than Mach
1, the position of separation was clear, and no shock
wave was attached to the capsule. Therefore, the drag
coefficient did not fluctuate significantly. The drag
coefficients between the experiment and analysis agreed
well and the errors were within 10 %. Based on previous
research [27] and considering CFD alone, a higher Cp
value is expected in the absence of a sting. However, in
experimental scenarios where the diameter was close to
80 mm, a smaller Cp value was observed compared with
smaller diameters. These combined effects suggest that
the experimental Cp value in TWT decreased.
Additionally, the blockage ratio influences the force in

the x-direction, causing a larger Cp.

Drag coefficient Cy,

0.9
00 05 10 15 20 25 30 35 40
Mach number
Fig. 15 Drag coefficient in the all-speed range

The profiles of the drag and lift coefficients against
AOA are shown in Figs. 16 and 17, respectively. The drag
coefficient in the experiment did not have a maximum
value at 0° in the LWT experiment, whereas the profile of
the drag coefficients was expected to be convex upward
with the vertex at 0°. Furthermore, this was a convex
upward distribution in the numerical analysis without a
sting. Therefore, the large sting behind the capsule affects
the drag. Comparing the experimental and numerical
results, an error of more than 15 % in the drag coefficient
is observed for LWT. Based on the results of the analysis
at 0° AOA, the ratio of the drag at the front to that at the
rear was 0.515. Sting was one of the factors that increased
the error. In addition, the blockage ratio of the wind tunnel
test section was also a factor in the error. The ratio of the
cross-sectional area of the flow to the projected area of the

model was defined as follows:

projected area of model

Blockage ratio = -
area of cross-section  (7)

x 100.
This value was used to evaluate the influence of the wind
tunnel wall. In this experiment, it was approximately
3.1 % for the LWT case, which could be also one of the
error factors. It was indicated that the drag coefficient

increased owing to the stagnation of the flow in front of



the model. The errors in drag coefficient between the

experiment and analysis were within 10 % for the cases of

TWT and SWT. This was because the blockage ratio was

1.4 % and the velocity of flow was high, which reduced

the effect of the wall. Additionally, the effect of the

blockage rate, which has a large effect in the axial

direction, is small at a low AOA because the lift

coefficient depends on the force in the radial direction.

Thus, the lift coefficients between the experiment and

analysis agreed well for all the cases.
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5.3. Static stability

Figure 18 shows the plots of the pitching moment
coefficient against the AOA for each wind tunnel. The
experimental results confirmed that there is a negative
moment from the positive AOA and a positive moment
from the negative AOA when the center of gravity is
located at the front and rear ends of the capsule. This
indicated that the capsule was statically stable in all speed
regions when the center of gravity was located inside the
model on the centerline. The CFD results qualitatively
indicated the same pattern as the experiments, whereas
some deviations between the experimental and numerical

results appeared.
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5.4. Mechanism of static stability

Figure 19 shows the distribution of the mean pressure
coefficient on the surface obtained from the analysis. At
0° AOA, the pressure distribution was symmetrical
around the body axis. The pressure on the front surface
was sensitive to the change in AOA, whereas the pressure
on the rear surface was not. Table 8 lists the contributions
to the moments on the front and rear sides. In almost all
cases where the angle was greater than 10°, the
contribution of the rear was less than 10 %, indicating that
the moment of the front side has a significant influence.
Therefore, as shown in Fig. 20, the pressure on the
windward side of the front surface increased and the
pressure on the leeward side of the front surface decreased
when the AOA was increased. In Table 8, the pressure on
the windward side generated a moment in the direction
that canceled the change in the AOA because the pressure
on the rear surface was almost constant compared with
that on the front surface. This was considered statistically

stable.
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6. Conclusion

In this study, we propose a novel sample-return capsule
for deep-space exploration. The aerodynamic stability of
the attitude is one of the most important issues for a
capsule. Therefore, an experiment was conducted using a
2 x 2 m low-speed, transonic, and supersonic wind tunnel
at JAXA to evaluate the static stability of the thin
aeroshell-type reentry capsule at low speed. Additionally,
numerical analysis was conducted to investigate the static
stability mechanism.

This capsule decelerated at a higher altitude owing to a
lower ballistic coefficient, according to the trajectory
analysis results. The peak heat flux at the stagnation point
was suppressed compared with that of the Hayabusa
capsule.

In the experimental results, the thin aeroshell capsule
was statically stable at all speeds, regardless of where the
center of gravity was located on the centerline inside it.
Furthermore, a recirculation region had formed behind the
capsule.

The mechanism of static stability in the attitude based on
the results of the numerical analysis is described as

follows: When the angle of attack was applied, there was

a difference in pressure between the leeward and
windward sides of the front surface. This difference in the
pressure distribution caused the moment in the direction
that canceled the angle of attack.

In this study, we investigated static stability at all speeds.
However, the dynamic stability of the flow during reentry
was not investigated. To confirm whether the capsule is
dynamically stable over the entire speed range, wind
tunnel tests, balloon drop tests, and numerical analyses

must be conducted in future studies.
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