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Nomenclature
Cae = aeroelasticity parameter
E = Young’s modulus
h = thickness of membrane
L = reference length
My, = freestream Mach number
g = freestream dynamic pressure
U = freestream velocity
o = angle of attack
P = freestream density

Introduction

MEMBRANE aeroshell shows potential to be used for innova-

tive reentry vehicle concept.! Various concepts of membrane
aeroshells have been proposed for a decelerator in supersonic flight
of reentry or aerocapture vehicles.>~* A vehicle with a low mass
and large membrane aeroshell can have much smaller ballistic coef-
ficient than conventional reentry vehicles because the ballistic coef-
ficient represents the ratio of the mass to the drag-producing area of
the vehicle. For such a vehicle, large deceleration can be obtained
during flight at high altitude, where the atmospheric density is very
low. This leads to reduction in the maximum aerodynamic heating
because a heat flux to a body surface increases with the atmospheric
density at the flight altitude. When a membrane aeroshell is used,
the cost and weight for thermal protection systems are expected to
be dramatically reduced, and a safer and cheaper reentry system
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will be realized. However, this concept has not yet been used in an
actual aerospace mission, except for some test flights.> One of the
reasons is lack of knowledge of the characteristics of a membrane
aeroshell in supersonic flow. In this study, supersonic wind-tunnel
experiments were conducted to acquire fundamental understanding
on the behavior of the membrane aeroshell and its aerodynamic char-
acteristics in supersonic flow. We considered a capsule-type vehicle
with a frustum-shaped membrane aeroshell derived from the ten-
sion shell structure.’ The effects of flow conditions and properties
of membrane materials were investigated.

Experimental Setup

Supersonic wind-tunnel tests were conducted to investigate the
aerodynamic characteristics of a vehicle with a frustum-shaped
membrane aeroshell. These experiments were performed in the
60 x 60 cm supersonic wind tunnel that belongs to the Institute
of Space and Astronautical Science, Japan Aerospace Exploration
Agency. These experiments were mainly carried out at Mach num-
ber 3.0. The freestream dynamic pressure was varied from 33.2 to
102.9 kPa. The freestream dynamic pressure was expected to affect
the characteristics of the membrane aeroshell because a deforma-
tion of a membrane aeroshell strongly depends on the aerodynamic
force acting on the surface. The unit Reynolds number was varied
from 1.53 to 4.74 x 107 1/m with freestream dynamic pressure.

A schematic of the experimental model is shown in Fig. 1. In
Fig. 1, model A, which had a 90-mm maximum diameter, and
model B, which had a 70-mm maximum diameter, are shown. Model
A was mainly used in this experiment. Model B was used for the
test only in high dynamic pressure cases, in which the membrane
aeroshell of model A was ripped out and smaller aeroshell must be
used for the test model to survive. The both models consisted of a
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Fig. 1 Schematic of experimental model; dimensions in millimeters.



J. SPACECRAFT, VOL. 43, NO. 3:

Angle of inclination
of outer frame

Pitching
moment

-~-o

Body axis

Outer frame

Fig. 2 Definition of aerodynamic coordinate system.

metal main body, elastic membrane aeroshell, and hexagonal metal
outer frame. The main body had a spherical nose and a cylindri-
cal body. It was attached to a sting balance system. The membrane
aeroshell consisted of the six thin trapezoidal panels made from an
elastic rubber sheet. The inner ends of the membrane panels were
attached to the main body. Each membrane panel was fastened to
the neighboring ones with small patch plates and screws. The outer
ends of the membrane panels were attached to the hexagonal outer
frame. The outer frame was a rigid body but was free to move in
all directions because it was attached to the main body via the flex-
ible membrane. Two kinds of elastic rubber sheets (hard rubber
and soft rubber) were used in these experiments. The thickness of
both kinds of rubber sheets was 1 mm. For comparison, the rigid
aeroshell made from aluminum panel was also tested. Young’s mod-
ulus was evaluated as 20 and 2.0 MPa for the hard rubber and soft
rubber, respectively, by the simple tension tests made beforehand.
Whenitis considered that the membrane aeroshell will be potentially
used for a reentry vehicle, high-temperature membrane materials,
such as Zylon® textile or Kapton® film, should be used. However,
the rubber sheet was used for the present experiment because the
main objective of the present study is to clarify the effect of the
deformation of the membrane aeroshell on the aerodynamic char-
acteristics, and a larger deformation is obtain by the rubber sheets
with much smaller Young’s modulus than those high-temperature
materials.

In these experiments, the aerodynamic forces were measured us-
ing a sting balance system. The flows around the model were vi-
sualized by the schlieren method. Definition of the aerodynamic
coordinate system is given in Fig. 2. For the reference area of the
aerodynamic coefficients, the area surrounded by the outer frame
was used.

Results

Zero Angle of Attack

The models with the rigid metal, hard-rubber membrane, and soft-
rubber membrane aeroshell in supersonic flow, M = 3.0, are shown
in Fig. 3. The freestream dynamic pressure and angle of attack were
37.7 kPa and 0.0 deg, respectively. The membrane aeroshells were
quite stable in the supersonic flow and did not oscillate in all of
the cases. The magnitude of the fluctuation for the drag force was
less than 1.0%. The elastic membrane aeroshells were deformed
to a concave shape and stretched in the downstream direction, as
shown in Fig. 3. On the other hand, at the panel interface, the defor-
mation was restricted. The displacement of the outer frame in the
downstream direction became large when Young’s modulus of the
membrane was small, that is, in the case of the soft-rubber mem-
brane aeroshell. A similar trend was observed when the freestream
dynamic pressure became high.

ENGINEERING NOTES 691

Fig. 3 Model with the membrane aeroshell deformed to a concave
shape in supersonic flow, M, = 3.0 and g = 37.7 kPa: rigid model (left),
hard rubber model (center), and soft rubber model (right).

Fig. 4 Schlieren photograph of model with membrane aeroshell in
supersonic flow, M, =3.0 and g, =37.7 kPa: rigid model (left), hard
rubber model (center), and soft rubber model (right).

The schlieren pictures at the same conditions as Fig. 3 are shown in
Fig. 4. The deformation of the membrane induced a global change
in the flowfield around the model, especially in the shape of the
shock wave over the flare. The fact that the increase in the freestream
dynamic pressure led similar results to decrease in Young’s modulus
of the membrane material implies the presence a single parameter
that can describe both factors.

In the present study, we introduce the nondimensional parameter
Cag (called an aeroelasticity parameter), which represents the ratio
of the aerodynamic force to the elastic force and is given as

Cat = Lpsotl, [Eh )

The relation between Cag and the drag coefficient is shown for
the rigid, hard-rubber, and soft-rubber aeroshell models at vari-
ous dynamic pressures in Fig. 5. The results of model B are also
shown in Fig. 5. The length of the panel interface of the aeroshell
was used as the reference length to calculate Cag. The horizon-
tal axis is Cag with a logarithmic scale. These results indicate
that the variation of the drag coefficient is described by a single
curve with respect to Cag. The drag coefficient decreased when
the aeroelasticity parameter Cag increased, that is, when the dy-
namic pressure increased or Young’s modulus of the membrane
decreased, because the aeroshell was significantly stretched in the
downstream direction and the shape of the aeroshell became more
slender, that is, the averaged slope angle of the frustum became
smaller.

Such a tendency was also observed in the numerical results ob-
tained by the coupling method of the particle-based linear elastic
membrane model and laminar Navier—Stokes analysis (see Ref. 7)
as also shown in Fig. 5. Both experimental and numerical results
indicate that the drag coefficient of the membrane aeroshell model is
almost constant at C g smaller than 0.1 and decreases steeply around
Cag =0.1~1.0, where the aerodynamic force becomes comparable
to the elastic force.
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Fig. 5 Experimental results and estimated curve about relation
between Cag and drag coefficient.

Fig. 6 Schlieren photographs of hard rubber membrane aeroshell
model in supersonic flow: M, =3.0 and ¢, = 37.7 kPa: o = 0.0 deg (left)
and o =12.0 deg (right).

In Fig. 5, the results at Mach number 4.0 are also shown. A
similar trend was also obtained, although the drag coefficient at
Mach number 4.0 was slightly smaller than at Mach number 3.0.
These results lead us to expect the presence of the Mach num-
ber independence rule, which is generally applied to the aero-
dynamic characteristics of a rigid body at high Mach numbers,
also to be applicable to the membrane aeroshell. For confirmation,
hypersonic wind-tunnel experiments at higher Mach number are
necessary.

Effects of Angle of Attack

Schlieren photographs are shown for the hard-rubber model at
angle of attack of 0.0 and 12.0 deg in Fig. 6. At 12.0-deg angle of
attack, the outer frame inclined against the body axis. This results
shows that the membrane aeroshell tends to be deformed to set the
outer frame to be normal to the freestream direction, even when the
main body is at an attack of angle.

The variation of the drag coefficient with the angle of attack
are shown for rigid-metal, hard-rubber, and soft-rubber aeroshell
models at g, =37.7 kPa in Fig. 7. These results show that drag
coefficients of the membrane aeroshell model are less sensitive to the
angle of attack than the rigid aeroshell model. The drag coefficient of
the membrane aeroshell model hardly depends on the angle of attack
and has an almost constant value. This is because the membrane
aeroshell tends to head in the freestream direction as explained in the
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Fig. 7 Experimental results of drag coefficient as function of angle of
attack for rigid, hard rubber, and soft rubber aeroshell models, g =
37.7 kPa.

preceding paragraph. The lift force and pitching moment acting on
the model with membrane aeroshell is almost negligible compared
to the drag force.

Conclusions

The membrane behavior and aerodynamic characteristics of a
capsule model with an elastic membrane aeroshell were investi-
gated by the supersonic wind-tunnel experiments. The results show
that the deformation of a membrane aeroshell is governed mainly
by the nondimensional aeroelasticity parameter Cag (which is de-
fined as the ratio of the aerodynamic force to the elastic force) in
the supersonic flow regime when the Mach number is given. Also
a capsule-type vehicle with a membrane aeroshell in combination
with a rigid outer frame has some unique characteristics that a rigid
vehicle does not have. When C,g increases, the shape of the av-
eraged slope angle of the frustum becomes smaller due to elastic
deformation of the membrane, and the drag coefficient decreases.
The drag coefficients of the membrane aeroshell model are less sen-
sitive to the angle of attack than the rigid aeroshell model because
the membrane aeroshell tends to incline its outer frame to be normal
to the freestream direction.

When the unique characteristics of the membrane aeroshell are
used properly, it would be possible to design innovative vehi-
cles that have self-adaptive aeroshells, whose shape is automati-
cally deformed to realize a required performance in compliance
to the change in the flow conditions. For example, when the at-
mospheric density abruptly increases, such type of aeroshell can
diminish the increase in the drag force because the aeroshell can
change its shape to have smaller drag coefficient by stretching
its surface to the downstream direction and reducing the averaged
frustum.

Knowledge about a membrane aeroshell obtained in this study
will contribute to the development of a robust inexpensive,
and innovative reentry or planetary-entry capsule using a mem-
brane aeroshell.
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