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ABSTRACT
Aerodynamic instability in the attitude of an inflatable re-entry vehicle in the subsonic regime has been observed during suborbital re-
entry. This causes significant problems for aerodynamic decelerators using an inflatable aeroshell; thus, mitigating this problem is neces-
sary. In this study, we revealed the instability mechanism using a computational science approach. To reproduce the in-flight oscillation
motion in an unsteady turbulent flow field, we adopted a large-eddy simulation approach with a forced-oscillation technique. Computa-
tions were performed for two representative cases at transonic and subsonic speeds that were in stable and unstable states, respectively.
Pitching moment hysteresis at a cycle in the motion was confirmed for the subsonic case, whereas such hysteresis did not appear for the
transonic case. Pressures on the front surface and in the wake of the vehicle were obtained by employing a probe technique in the com-
putations. Pressure phase delays at the surface and in the wake were confirmed as the pitch angle of the vehicle increased (pitch up) and
decreased (pitch down), respectively. In particular, we observed that the wake structure formed by a large recirculation behavior signifi-
cantly affected the pressure phase delay at the rear of the vehicle. The dynamic instability at subsonic speed resulted from flows that could
not promptly follow the vehicle motion. Finally, the damping coefficients were evaluated for the design and development of the inflatable
vehicle.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0009607., s

NOMENCLATURE

C aerodynamic coefficient or model constant
d distance from wall (m)
D drag (N) or diameter (m)
E internal energy (J/m3)
f frequency (Hz)
F flux vector
I moment of inertia (kg m2)
k reduced frequency
l length (m)
L lift (N)
M pitching moment (N m)
p pressure (Pa)
q heat flux (W/m2) or dynamic pressure (Pa)

Q conservative variable vector
R gas constant [J/(kg K)]
S area (m2)
Sij strain-rate tensor (1/s)
t time (s)
T temperature (K)
u, U velocity (m/s)
V volume (m3)
W source term vector
x coordinate (m)
y+ non-dimensional distance
α angle (rad)
δij Kronecker delta
Δ grid scale
εijk Eddington epsilon
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κ von Karman constant
λ thermal conductivity [W/(K m)]
μ viscosity (N s/m2)
ρ density (kg/m3)
τij viscous stress tensor (N/m2)
ω angular velocity (rad/s)

Subscripts
D drag
g grid move
L lift
M pitching
p pressure
SGS subgrid scale
v viscous
∞ freestream

I. INTRODUCTION
An inflatable aeroshell is one of the innovative technologies

proposed for atmospheric re-entry missions. An inflatable vehi-
cle can generally achieve a low-ballistic-coefficient flight because
of its low mass and large front-projected area. This is due to it
having a flexible and lightweight membrane aeroshell. This can
provide several advantages, e.g., a decrease in aerodynamic heat-
ing1,2 and the mitigation of communication blackout3 during the
re-entry phase. In addition, critical operations such as parachutes
and float extraction are not required in the descent and splash-
down phases. To date, several studies on inflatable aeroshell tech-
nologies have been conducted. Significant progress includes the ten-
sion cone supersonic inflatable aerodynamic decelerator (SIAD),4

the attached inflatable decelerator4 with an isotensoid structure,
the hypersonic inflatable aerodynamic decelerator (HIAD)5 with
a stacked tori structure, and the inflatable re-entry and descent
technology.6

A re-entry demonstration using an S-310-41 sounding rocket
(SMAAC: Sounding rocket experiment of membrane aeroshell for
atmospheric-entry capsule) was conducted.7–9 This mission was a
demonstration of a low-ballistic-coefficient flight during re-entry.
SMAAC primarily consists of three components: a capsule, a mem-
brane aeroshell, and an inflatable torus (Fig. 1). The capsule has a
semispherical configuration with a diameter of 190 mm. The mem-
brane aeroshell has a flare angle of 70○ and a frontal projected diame-
ter of 926 mm and is connected to the inflatable torus. The inflatable
torus has a tube diameter of 100 mm. After the vehicle is inflated, its
overall diameter is 1200 mm.

An attitude instability in the SMAAC mission was observed at
subsonic speed.8 Figure 2 shows the history of the angle of attack
(AOA) of SMAAC. The figure also includes the profiles of Mach
number and altitude measured during the mission. First, SMAAC
was launched with a sounding rocket. It was separated with an angu-
lar velocity of 1.2 Hz around the body axis (i.e., the roll direction) at
an altitude of 111 km. SMAAC began to re-enter the atmosphere
along a suborbital re-entry trajectory at an altitude of 150 km. It had
a high AoA after separation from the rocket. However, in the super-
sonic regime during re-entry, its AOA tended to decrease. After an

FIG. 1. SMAAC configuration.

elapsed time of 600 s after launch, the AOA rapidly increased. At
altitudes between 9.4 km and 3.7 km, which corresponded to elapsed
times of 865 s and 1120 s, respectively, SMAAC’s attitude behavior
became unstable and vertical rotation occurred. Finally, SMAAC’s
attitude recovered, and the vehicle splashed down in the ocean with
a low AOA.

Despite SMAAC being statically stable at all speeds, as reported
by Ohashi et al.,10 its attitude was unstable during the mission. This
can be attributed to a dynamic instability mode in the attitude. When
the oscillation motion of a re-entry vehicle is not damped, dynamic
instability can ensue, leading to the divergence of motion. Kazemba
et al.11 reviewed studies related to dynamic instability, which can
be affected by many factors, e.g., the center of gravity (CG), front
shape, rear shape, freestream Mach number, and reduced frequency

FIG. 2. SMAAC AOA along the suborbital re-entry trajectory.
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(Strouhal number). Hiraki12 investigated the dynamic instability of a
Hayabusa-type re-entry capsule in the transonic regime using a tran-
sonic wind tunnel. Teramoto et al.13,14 numerically studied the insta-
bility of the Hayabusa capsule using a computational fluid dynamics
(CFD) approach. In the simulations, a Reynolds-averaged Navier–
Stokes equation (RANS) with a forced oscillation was adopted. In
these studies, the effects of the rear shape of the capsule were sur-
veyed. Tsurumoto et al.15 investigated dynamic instability using
the large-eddy simulation (LES) and forced-oscillation approaches.
Koga et al.16 conducted experiments on the instability of the HTV
return vehicle using a transonic wind tunnel. In the experiment,
free rotation with a single degree of freedom (DOF) was permitted,
and dynamic instability was observed at subsonic speeds. More-
over, Hashimoto et al.17 performed CFD with forced oscillations
and then examined the instability mechanism in comparison with
the experimental results. Brock et al.18 numerically reproduced a
ballistic range experiment for an inflatable aerodynamic decelera-
tor. In their paper, they reported that pressure on the front and
rear surfaces caused instability at supersonic speeds. Modal analy-
sis approaches are becoming powerful tools to investigate unsteady
turbulent flow fields.19,20 Ohmichi et al.21 revealed the aerody-
namic wake structure of a re-entry capsule using the modal analysis
approach.

In the future development and design of aerodynamic decel-
erator vehicles, clarifying and mitigating the dynamic instability
mode is critical. However, for inflatable aeroshells, a detailed inves-
tigation has not yet been conducted, and the instability mech-
anism is unclear. The use of the LES technique is effective in
reproducing unsteady turbulence around the vehicle during re-
entry although the computational cost is significantly high. How-
ever, with the recent development in high-performance computers,
superior computational resources are becoming available. More-
over, a numerical simulation model to reproduce the compli-
cated turbulent behavior around the inflatable re-entry vehicle
has been constructed.22,23 In this study, we numerically inves-
tigate the instability observed in the SMAAC mission using
LES of CFD and forced-oscillation approaches to reveal its
mechanism.

II. NUMERICAL METHOD
A. Modeling

The following assumptions were made for the proposed anal-
ysis model: (1) The flow is turbulent; (2) the gas considered corre-
sponds to air, which is composed of 0.765 N2 and 0.235 O2 in terms
of mass fraction; and (3) no chemical reaction occurs.

In this study, we adopted the compressible Navier–Stokes equa-
tions and the equation of state to describe the flow fields. The flow
field equations were composed of conservation laws of total mass,
momentum, and total energy; these can be expressed in integral
forms as follows:

d
dt ∫V

QdV + ∫
S
(Fj − Fvj)njdS = 0, (1)

where nj is the element of the normal vector of area dS. The vectors
of the conservative variable Q, advection flux F, and viscous flux Fv

are described as follows:

Q =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ
ρui

E

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Fj =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρuj

ρuiuj + δijp

(E + p)uj

⎤
⎥
⎥
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⎥
⎦

, Fvj =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

τij

qj + uiτij

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (2)

where δij is the Kronecker delta. In addition, τij and qj in the above
equations are the stress tensor and heat flux, respectively, which are
expressed as follows:

τij = μ(
∂ui

∂xj
+
∂uj

∂xi
−

2
3
∂uk

∂xk
δij), (3)

qj = λ
∂T
∂xj

. (4)

The equation of state is expressed as

p = ρRT. (5)

The total energy included translational, rotational, vibrational inter-
nal, and kinetic energies. The molecular viscosity was evaluated
using Sutherland’s law. The thermal conductivity was calculated
using the viscosity, specific heat at constant pressure, and Prandtl
number, which was set to 0.71.

LES was adopted to describe unsteady turbulent flow. The gov-
erning equations were filtered using Favre filtering.24 Note that
the formulation of Eq. (1) applying the Favre filtering operator is
described in detail in Ref. 25. The standard Smagorinsky model26

was used as the subgrid-scale model. In this study, the turbulent eddy
viscosity μSGS was obtained by

μSGS = ρL2
SGS

√

2S̄ijS̄ij, (6)

where S̄ij is the strain-rate tensor expressed using the mean veloc-
ity component, ūi. Additionally, LSGS was determined by the mixing
length and grid scale Δ, which can be expressed as

LSGS = min(κd, CSΔ), (7)

where κ, CS, and d are the von Karman constant (κ = 0.41),
Smagorinsky constant (CS = 0.2), and the distance from the surface,
respectively. According to Shur’s study,27 the grid scale was given
by

Δ = min[max(Cwd, CwΔmax,Δwn),Δmax], (8)

where Cw = 0.15, Δmax is the maximum grid size in the three direc-
tions of the x-, y-, and z-axis, and Δwn is the minimum value.
The subgrid-scale thermal conductivity was evaluated by the turbu-
lent eddy viscosity, specific heat at constant pressure, and turbulent
Prandtl number of 0.90.

B. Numerical implementation
The software package RG-FaSTAR v2.1.628 was adopted. It

includes a high-enthalpy flow solver that incorporates real gas effects
and thermochemical nonequilibrium flow. This software is a version
of the fast unstructured CFD code “FaSTAR,”29 originally developed
by the Japan Aerospace Exploration Agency (JAXA).
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TABLE I. Freestream conditions.

Mach Reynolds Altitude Velocity Density Temperature
number number (km) (m/s) (kg/m3) (K)

0.90 1.02× 105 39.3 286.1 4.76× 10−3 250.9
0.13 6.39× 105 16.1 37.25 1.93× 10−1 204.0

FIG. 3. Drawing of the SMAAC computational model. (All length dimensions are in
millimeters.)

The governing equations of the flow field were solved using
a finite-volume approach. All the flow properties were set at the
center of a control volume. Spatial gradients of the flow proper-
ties were calculated based on the weighted Green–Gauss theorem.

Advection fluxes in the governing equations were calculated using
the simple low-dissipation AUSM (SLAU) scheme30 with the mono-
tonic upstream-centered scheme for conservation laws (MUSCL)
interpolation method for high accuracy. Viscous fluxes were eval-
uated using the averaged gradients of the flow variables between
two computational cells. Time integration was performed using an
implicit time-marching method. A dual-time-stepping method with
a second-order backward difference was adopted for time integra-
tion in the unsteady state. The lower–upper symmetric Gauss–Seidel
(LU-SGS) method was employed as a matrix solver.

To express the motion of the vehicle in the flow field, we modi-
fied the governing equations in the noninertial frame by considering
the grid movement. The grid velocity of the computational grids in
motion was expressed as

ugj =
∂xj

∂t
. (9)

Equation (1) can then be modified as follows:

∫
V

∂Q
∂t

dV + ∫
S
(Fgj − Fvj)njdS − ∫

S
(ugjQ)njdS = ∫

V
WcdV , (10)

where Wc is the source term vector obtained by the Coriolis force,31

which is given by

Wc =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

−εijkωjρuk

0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (11)

where εijk and ωj are the Eddington epsilon and angular velocity,
respectively. The third term on the left-hand side of Eq. (10) was
included to satisfy the geometric conservation law.32 In addition, Fgj
is the modified advection flux that considers the grid movement. The
flow velocity in the advection flux Fj was modified in Fgj as follows:
uj → uj − ugj.

The membrane aeroshell was deformed by the aerodynamic
force during flight. However, for the simplicity of the analysis model,
no deformation was considered; the membrane was assumed rigid.

C. Computational conditions
The attitude instability of SMAAC was observed in the low-

Mach-number region of ∼0.1 from the trajectory shown in Fig. 2.
The calculations above were performed for two representative cases
of Mach numbers 0.90 and 0.13, which were stable and unstable,
respectively (Table I). In this paper, these cases are referred to as

FIG. 4. Computational domain and boundaries (a), and
grids (b) for SMAAC flow-field simulation.
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TABLE II. Forced-oscillation conditions.

Frequency Mean angle Amplitude Reduced
Mach number (Hz) (deg) (deg) frequency

0.90 0.635 10.57 4.89 0.0167
0.13 0.600 27.23 11.76 0.1214

M0.90 and M0.13, respectively. The Reynolds number is defined
by Re = ρ∞U∞l/μ∞, where ρ∞, U∞, μ∞, and l are the freestream
density, freestream velocity, freestream viscosity, and characteristic
length, i.e., SMAAC diameter (l = 1.2 m), respectively.

Figure 3 shows a drawing of a SMAAC computational model.
The rotation center corresponds to the CG of SMAAC, located at a
distance of 252 mm from the capsule head along the body axis.

Figure 4 shows the computational domain depicting the bound-
ary conditions and computational grids for the simulations in this
study. The boundaries were composed of inflow, outflow, and sur-
face boundaries. At the inflow, the freestream conditions listed in
Table I were applied. A gradient-free condition for all the flow
parameters was imposed at the outflow. A nonslip condition for the
velocity and a condition of zero-pressure gradient normal to the sur-
face were imposed at the surface. In practice, a boundary condition
on the surface considering an acceleration of a body by oscillation
is more appropriate.33 However, because the acceleration of motion
was expected to be low in this case, we adopted the zero-gradient
condition. The temperature was fixed as 273 K at the surface. The
computational grids in the computational domain were composed
of a tetrahedral mesh. The numbers of cells for the computational
grids for the M0.90 and M0.13 were 17 121 706 and 37 493 715,
respectively.

To reproduce the oscillation motion of SMAAC during re-
entry, we adopted a forced-oscillation method. A single-DOF rota-
tion around the y axis was considered. The AOA was given by

α = α0 + α1 sin(2πft), (12)

where α, α0, α1, f, and t are the pitching angle (AOA), mean
angle, amplitude, frequency, and time, respectively. These parame-
ters, which are listed in Table II, were obtained by reconstructing the
measured AOA profile in the flight using the fast Fourier transform
(FFT) for each case. The reduced frequency was defined by

k =
2πfl
U∞

. (13)

The freestream velocity at the inflow boundary was modified as
follows: u = U∞ cos α, v = 0, and w = U∞ sin α.

III. RESULTS AND DISCUSSION
In this study, the aerodynamic coefficients were defined by

CD =
D

1
2ρ∞U2

∞S
, (14)

CL =
L

1
2ρ∞U2

∞S
, (15)

FIG. 5. Definition of the direction of pitching moment with respect to AOA.

CM =
M

1
2ρ∞U2

∞Sl
, (16)

Cp =
p − p∞

1
2ρ∞U2

∞

, (17)

where D, L, and M are the drag force, lift force, and pitching
moment, respectively. In addition, p∞ and S are the freestream
pressure and the front-projected area of SMAAC, π(l/2)2, respec-
tively. Figure 5 shows the definition of the direction in the pitching
moment with respect to the AOA. Additionally, the figure depicts
the roll motion around the body axis although the roll was not
considered in this simulation.

A. Grid dependency
To investigate the dependency on the computational grids, we

conducted a grid study for the Mach numbers of 0.90 and 0.13. The
AOAs were set to 20○ and 30○ for the M0.90 and M0.13 cases, respec-
tively. The numbers of computational grids used in the study are
listed in Table III.

Table IV shows the comparisons of the pitching moment
coefficients for M0.90 and M0.13 with each computational grid.

TABLE III. Number of computational grid cells used in this grid study.

Case Fine grids Normal grids Coarse grids

M0.90 56 662 868 17 121 706 11 898 475
M0.13 57 224 176 37 493 715 17 121 706
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TABLE IV. Comparison of pitching moment coefficients in this grid study.

Case Fine grids Normal grids Coarse girds

M0.90 −3.08× 10−2 −3.24× 10−2 −3.47× 10−2

M0.13 −4.48× 10−2 −4.50× 10−2 −4.93× 10−2

FIG. 6. Comparison of drag coefficients between flight data and computed results.

TABLE V. Comparison of aerodynamic coefficients among the SS, WALE, and no
SGS models.

SGS model CD CL CM

SS 8.62× 10−1 −4.14× 10−1 −4.93× 10−2

WALE 4.48× 10−1 −3.88× 10−1 −1.25× 10−1

No model 4.08× 10−1 −3.63× 10−1 −1.23× 10−1

Compared with the results for the fine grid cases, the errors in
pitching moment coefficients with normal grids were within ∼5%.
This result indicated that the computational grids used here were
sufficiently convergent.

B. Comparison with flight data
The computed drag coefficients were compared with the measured
data in the SMAAC flight to validate the proposed analysis model.
Note that the AOA in the computations was fixed at zero. Figure 6
shows the comparison of the drag coefficients between the mea-
sured and computed results. In addition to the two cases listed in
Table I, computations for three cases of Mach numbers 1.2, 1.0, and
0.6 were also performed. Figure. 6 also includes the altitude profile
of SMAAC. The drag coefficient tended to have a constant value in
the supersonic region but began to decrease rapidly in the transonic
region. In the subsonic region, the drag coefficient decreased with
the decrease in the Mach number. Excellent agreements between
the measured and computed results were confirmed. Reproducing
a wake structure for accurate prediction at those speeds is important
for inflatable aeroshells.

C. Performance of SGS model
To investigate the contributions of the SGS model to aero-

dynamic coefficient prediction, flow field simulations with the
standard Smagorinsky (SS), wall-adapting local eddy viscosity
(WALE),34 and no SGS models were performed at an AOA of
30○ for M0.13. The coarse computational grid system was used
based on the computational cost. Table V presents the compari-
son among the drag, lift, and pitching coefficients. The computed
results of the WALE and no SGS models were significantly dif-
ferent from those obtained using the SS model. Considering the
comparative analysis of the flight experimental results shown in
Fig. 6, the present analysis model with SS can properly reproduce
aerodynamics.

D. Flow topology
To describe the fundamental structure of the flow field around

SMAAC, as the representative case, Figs. 7(a) and 7(b) show the
distributions of the pressure coefficient and velocity magnitude nor-
malized by freestream velocity, respectively, for M0.13. These were
time-averaged distributions over one period of the third cycle of
motion. Because the flows were stagnated, a high-pressure region
appeared in front of SMAAC. The flows were separated on the inflat-
able torus, and then, shear layers were formed behind SMAAC.
A large recirculation region was formed in the wake where the
pressure largely decreased. For inflatable re-entry vehicles such as

FIG. 7. Distribution of time-averaged
pressure and velocity around SMAAC for
the case of a freestream Mach number of
0.13. (a) Pressure coefficient. (b) Veloc-
ity magnitude normalized by freestream
velocity.

Phys. Fluids 32, 075114 (2020); doi: 10.1063/5.0009607 32, 075114-6

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

SMAAC, the pressure component of aerodynamic forces includ-
ing the moments is remarkably larger than the friction component.
This is primarily because the surface pressure difference between
the front and the rear is increased by the front stagnation and large
recirculation regions as mentioned above.

The non-dimensional distances, y+, over surfaces of the mem-
brane and inflatable torus were less than 5 and 10, respectively. These
are not small when performing LES, in general. However, the tur-
bulent boundary on the membrane was expected to have only a
minor role in forming a wake structure. From the perspective of the
computational cost, the proposed computational grids were adopted
here.

E. Dynamic instability
Because the pitching moment generally contributes significantly
to dynamic instability, evaluating this parameter is important.
Figures 8(a) and 8(b) show the time histories of the pitching moment
coefficient and AOA of SMAAC for M0.90 and M0.13, respectively,
in the computations of this study. The figures depict the pitching
moment at the third, fourth, and fifth cycles of the motion. Because
the results of the first and second cycles possibly included the initial
state, they are not discussed here.

The pitching moment for M0.90 promptly followed the change
in the AOA. However, Fig. 8 confirms that the pitching moment for
M0.13 had a phase delay of ∼π/12 with respect to change in the AOA.
Such a phase delay can induce instability.

Figures 9(a) and 9(b) show the plots of the pitching moment
coefficient against the AOA for M0.90 and M0.13, respectively.

These curves were averaged over the three cycles between the third
and fifth cycle. In Fig. 9, the red and blue lines indicate the pitch-
ing moments with an increase and decrease in AOA, respectively.
When the pitching moment with an AOA decrease is lower than that
with an AOA increase, the attitude state is unstable, and vice versa.35

In other words, in the figure, a clockwise cycle means a dynami-
cally unstable state, whereas a counterclockwise cycle means a stable
state. For M0.90, several crossings of the curve during the cycles
were observed. Therefore, damping of the oscillation motion could
occur for the case. However, for M0.13, the cycle was always clock-
wise, and the attitude state was unstable. This meant that the energy
of motion was supplied by the flow field, which led to dynamic
instability.

To evaluate the energy obtained by SMAAC from the flow field
during each cycle of the motion, we calculated the normalized work
produced by the pitching moment acting on the AOA, which is given
by

W = ∫
C

CMdα. (18)

When W is negative, because the energy of the motion decreases,
damping occurs, which leads to a stable state. However, when W
is positive, damping does not occur, which leads to a dynamically
unstable state. Table VI lists the integral values, W, for M0.90 and
M0.13. For M0.90, the integral values were always negative, and the
motions were stable. In contrast, because W for M0.13 was posi-
tive, the state was unstable. These results show that the computations
reproduced the tendencies of the flight data observed in the SMAAC
experiment.

FIG. 8. Histories of pitching moment and AOA of SMAAC for cases of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.
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FIG. 9. Pitching moment vs AOA of SMAAC for cases of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.

F. Pressure phase delay
To clarify the difference in pressure distributions between the

stable and unstable cases, we obtained the pressure profiles at the
front and rear surfaces and in the wake of SMAAC by using probes in
the computations. Figure 10 shows the probe locations on the com-
puted results. On the front surface, the three probes were located
at the nose head and at points ±0.25D in the z direction, where D
is the diameter of SMAAC, i.e., D = l = 1.2 m. At the rear surface,
the two probes were located at points ±0.25D in the z direction.
In the wake, we obtained the pressures at the three points where
x = 0.5D, 1.0D, and 1.5D from the nose head along the body axis
in the x direction.

Figures 11(a) and 11(b) show the pressure coefficient histories
at the front surface for the cases of freestream Mach numbers of
0.90 and 0.13, respectively. For M0.90, the pressures promptly fol-
lowed the change in AOA, and no phase delays occurred. However,
for M0.13, a noticeable phase delay in pressure at the −0.25D probe
point was confirmed, while none was confirmed at the nose head.
This phase delay in pressure at −0.25D, which was caused by the
pitch up motion, affected the pitching moment immediately after the
AOA attained its peak. A pressure fluctuation near the highest AOA
at the cycle appeared at the +0.25D probe point. This was primar-
ily attributed to the reattachment on the membrane aeroshell of the
separated flow on the nose head. Therefore, the hysteresis of these
pressures at the ±0.25D probe points possibly caused instability.

Figures 12(a) and 12(b) show the pressure coefficient histories
on the rear surface for the cases of freestream Mach numbers of

TABLE VI. Comparison of pitching moment work at each cycle and state of motion.

Case W(third) W(fourth) W(fifth) State

M0.90 −0.006 761 −0.007 706 −0.012 54 Stable
M0.13 0.387 3 0.445 8 0.420 2 Unstable

0.90 and 0.13, respectively. Figures 13(a) and 13(b) show the pres-
sure coefficient histories in the wake for the cases of freestream
Mach numbers of 0.90 and 0.13, respectively. The pressure his-
tories at the rear surface were very similar to that at the 0.5D
point in the wake. For M0.90, no remarkable structures behind
the vehicle in the temporal direction were observed. We applied
the FFT approach to the pressure histories. However, even the fre-
quency of the forced oscillation did not appear, indicating that
the flows at the rear and in the wake were not affected by the
forced oscillation. In contrast, for M0.13, the flows behind the vehi-
cle were clearly affected by the forced oscillation. We observed
that the pressure phase was delayed with respect to change in the
AOA. The pressure at 1.5D was particularly delayed. A similar ten-
dency was also confirmed in Brock’s study18 for the SIAD. While
the phase delays at 0.5D and 1.0D points appeared at the maxi-
mum AOA, they did not appear at the minimum AOA, and pres-
sures began to increase just before the AOA attained its mini-
mum value. This asymmetry could become important for instability
behavior.

G. Wake structure
We observed that the dynamic instability for M0.13 was caused

by the phase delay in pressure. In particular, its role in the wake
in response to the pitching motion was significant. Here, we visual-
ized the second invariants of the velocity gradient tensor. Figure 14
(Multimedia view) shows a time series of an isosurface of the second
invariants around SMAAC for M0.13 during a cycle between 5.000 s
and 6.455 s. The figure includes the histories of pressure coefficients
in the wake and AOA for M0.13 from 4.800 s to 6.800 s.

The wake behind the vehicle became small at higher AOA val-
ues and large at lower AOA values. In the wake, a recirculation
region with low pressure existed a short distance from the vehi-
cle. Vortexes formed by flows separating from the inflatable torus
generated a large structure in the recirculation region. The recircu-
lation region moved farther from the vehicle at higher AOA values
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FIG. 10. Probe locations at the front and rear surfaces and in the wake.

and closer to it at lower AOA values. This region did not promptly
follow the vehicle motion and a slight delay was confirmed. Flows
inside the membrane aeroshell near SMAAC’s rear were significantly
affected by the vehicle motion. As the motion with a decrease in
AOA, i.e., pitch down, began after the maximum AOA was attained
[Figs. 14(c)–14(f)], air was drawn into this near-rear region from
an upper region of the recirculation area and the flow in the coun-
terclockwise direction was formed in the rear membrane aeroshell.
Similarly, as the motion with an increase in AOA, i.e., pitch up,
began after the minimum AOA was attained [Figs. 14(g)–14(i)], air
was drawn from a lower region of the recirculation area. However,
because the air inflowing from the upper region remained, impinge-
ment between upper and lower flows occurred, which induced

a pressure increase at the rear. Compared with the case at the
minimum AOA, because flows at the rear promptly outflowed to
the wake at the maximum AOA, a pressure increase did not occur.
This difference in flows from the change in the AOA caused pressure
hysteresis at the rear.

H. Instability mechanism
The pressure history demonstrated that phase delays at the

front surface with the decrease in AOA and phase delays in the wake
with the increase in AOA, respectively, caused dynamic instability.
This did not occur for the case with a freestream Mach number
of 0.90, in which the pressures promptly followed the AOA. This

FIG. 11. Histories of pressure coefficients at the front surface of SMAAC for cases of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.
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FIG. 12. Histories of pressure coefficients at the rear surface of SMAAC for sceanarios of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.

difference was deduced to be attributed to the reduced frequency
between the two cases: k = 0.0167 for M0.90 and k = 0.121 for M0.13.
For the reduced frequencies between 0.08 and 0.16 at low speed,
Wang et al.36 reported that dynamic instability occurred. The results

of this study indicated a similar structure in terms of the phase delay
in the wake. Moreover, a significant aspect is that the mean angle
for M0.13 became large. This caused an asymmetric structure in the
wake, which resulted in instability.

FIG. 13. Histories of pressure coefficients in the wake of SMAAC for cases of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.
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FIG. 14. Time series of second invariants of the velocity gradient tensor around SMAAC for M0.13: (a) t = 5.000 s, (b) t = 5.195 s, (c) t = 5.405 s, (d) t = 5.615 s,
(e) t = 5.825 s, (f) t = 6.035 s, (g) t = 6.245 s, (h) t = 6.455 s, and (i) t = 6.665 s. Multimedia view: https://doi.org/10.1063/5.0009607.1
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FIG. 15. Pitch damping derivatives of SMAAC for cases of freestream Mach numbers of 0.90 and 0.13. (a) M0.90. (b) M0.13.

In our simulation, only single-DOF motion was considered,
whereas nutation rotation, i.e., a combination of roll and pitch
motions, was also observed in the flight test. For SMAAC, the nuta-
tion rotation had minor effects in inducing severe motion such as
vertical rotation. In addition, because rolling motion generally tends
to increase the stability of pitching motion, motion without the
roll becomes a safe assessment. For the simplicity of flow modeling
in addition to the perspectives above, roll motion was not consid-
ered here; however, a multi-DOF motion will be required in future
studies for a more detailed investigation.

Additionally, membrane deformation was not considered in
this study. The effects on deformation were minor for aerodynamic
deceleration, as reported by Takahashi et al.37 However, deforma-
tion possibly had a significant effect on the pitching moment behav-
ior owing to formation change. In particular, as the computed results
indicated, deformation could become important for the phase delay
of front pressure. In a future study, the investigation of the instability
that considers membrane deformation is also required.

The CG location is an important parameter for the attitude
stability of aerodynamic decelerators. In this study, no additional
simulations changing the CG location for SMAAC were performed.
The computed results indicated that dynamic instability for M0.13
was affected by the wake. Because this wake structure can be also
affected by the location of the CG, the parameter study related to the
CG may be required.

I. Damping coefficient
If the re-entry vehicle is in a single-DOF motion, the motion

can be expressed by

Iα̈ =
1
2
ρ∞U2

∞Sl{CMα(α − α0) + (CMq + CMα̇)α̇}, (19)

where CMα and (CMq + CMα̇) are the pitch static and pitch damp-
ing derivatives, respectively. Evaluating the pitch damping derivative
of the motion is important for designing and developing re-entry

vehicles. We expanded the pitching moment coefficient of motion
in a single DOF around the angular velocity of α̇ = 0. If terms higher
than second order are assumed to be negligible, we can express the
pitching moment coefficient by

CM = CM0 + CMαα + (CMq + CMα̇)α̇. (20)

The first and second terms on the right-hand side of the above equa-
tion correspond to the pitching moment coefficient in the static
state. Here, these were obtained by the linear approximation of the
pitching moment coefficient in each cycle.

Figures 15(a) and 15(b) show the pitch damping derivatives of
SMAAC for the cases of freestream Mach numbers of 0.90 and 0.13,
respectively. These derivatives were averaged over the three cycles
between the third and fifth cycles. For M0.90, the damping deriva-
tive tended to be slightly negative although oscillation was observed.
This meant that damping occurred for the system of motion, which
was confirmed in the flight test. However, for M0.13, the damping
derivative tended to be positive. In particular, it became large at
higher AOA values, which meant that the instability of the motion
was enhanced at higher AOA values.

IV. CONCLUSIONS
We numerically investigated the aerodynamic instability of

an inflatable re-entry vehicle, which was observed at low-Mach-
number speeds in a suborbital re-entry mission. To reproduce the
pitch oscillation motion of the vehicle in the unsteady turbulent
flow field, we adopted a large-eddy simulation approach with forced
oscillations. Computed results were obtained for two representa-
tive cases of freestream Mach numbers of 0.90 (M0.90) and 0.13
(M0.13), which were in stable and unstable states during the flight,
respectively.

The computed pitching moment histories indicated that the
vehicle was stable in attitude for M0.90 but unstable for M0.13.
Because the vehicle attitude was statically stable at all speeds, this
behavior was caused by dynamic instability. The work produced by
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the pitching moment acting on the AOA of the vehicle was positive
for M0.13, indicating a dynamically unstable state. From pressure
histories at the front and rear surfaces and in the wake of the vehi-
cle, phase delays of pressure were confirmed for M0.13, whereas no
delay occurred for M0.90. In particular, for M0.13, the front surface
pressure significantly affected the phase delay as the AOA decreased,
while the pressure in the wake had a significant effect on the phase
delay as the AOA increased. We observed that vortexes behind the
vehicle that were formed by flows separating from the inflatable
torus moved with a delay following the vehicle motion. Dynamic
instability resulted from flow behaviors that could not promptly
follow the vehicle motion.
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