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Theory of Idealized Two-Dimensional Ballute
in Newtonian Hypersonic Flow

Chul Park*
NASA Ames Research Center, Moffett Field, California

A differential equation governing the geometry of a two-dimensional ballute in hypersonic flow and its
constraining boundary conditions are derived under idealized assumptions. By solving these equations, the shape
of the ballute is determined over a range of conditions. Lift, drag, pitching moment, and the allowed limit of
center-of-gravity location for stability (metacenter) are then calculated using Newtonian hypersonic approxima-
tion. It is shown that the metacenter occurs near the forward end because of compliance of the ballute membrane
to the shock-layer pressures, especially at low freestream densities. In order for the vehicle employing the ballute
to be stable at all densities, the center of gravity must be within approximately the forward 20% of the overall
length of the vehicle. However, typical flight trajectories of an aeroassisted orbital transfer vehicle employing
the ballute for aerobraking show that the vehicle may be able to complete its atmospheric flight without
tumbling provided that the center of gravity is located within the forward 43% of the vehicle length, because of
the relatively short duration of flight through the destabilizing low-density regime.
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Nomenclature
= area of the fuselage, m2

= center of gravity
= center of pressure
= drag coefficient
= lift coefficient
= pitching moment coefficient
= moment of inertia, kg-m2

= length of fuselage (vehicle), m
= distance from leading edge to c.p., m
= distance from leading edge to metacenter, m
= distance from leading edge to e.g., m
= vehicle mass, kg
= pressure, N/m2

= radius of curvature of base region, m
= unstretched length of ballute membrane, m
= tension, N/m
= freestream velocity, m/s
= horizontal and vertical coordinates, normalized by

R (see Fig. 2)
= horizontal and vertical coordinates, m (see Fig. 2)
= distance from centerline to c.p., m
= horizontal drift in flight trajectory, m (see Fig. 3)
= angle of attack of vehicle, rad
= trailing-edge interception angle, rad (see Fig. 2)
= bearing error in flight trajectory, rad (see Fig. 3)
= overpressure parameter, dimensionless [see Eq. (4)]
= body angle, rad (see Fig. 3)
= local angle of attack, rad
= freestream density, kg/m3

= fractional elongation, dimensionless
= elastic constant of membrane, N/m
= pressure-to-elasticity ratio, dimensionless [see Eq.

(16)]
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Subscripts
a - center of pressure
b = metacenter (the farthest downstream e.g. location

allowed)
c = center of gravity
£ = leading edge

Introduction

THE concept of aeroassisted orbital transfer vehicles
(AOTV) has been developing rapidly in recent years.1-2 A

space-based AOTV is believed to be able to carry commercial
satellites from a low Earth orbit to the geosynchronous Earth
orbit (GEO) and return expending less fuel and more reliably
than other alternative vehicles (such as an expendable rocket
vehicle or an orbital transfer vehicle without aeroassist). This
advantage is gained by flying through the upper atmosphere of
the Earth on return from GEO, thereby reducing the vehicle
velocity by air drag, rather than by expending fuel in
retrorocket burn.

Several design schemes have been proposed for the aero-
brake. One of these proposed designs uses a ballute, which is
an elastic bag inflated with internal gas pressure.3"5 According
to the proposal, the rocket engines may be placed either at the
forward or aft end of the ballute. When the engines are placed
at the forward end, drag of the system can be modulated by
bleeding a small amount of fuel (without burning), and thus
varying the flowfield around the ballute. When the engines are
placed at the aft end, drag must be controlled by varying the
internal gas pressure, which, in turn, varies the shape and size
of the ballute. In the upper part of Fig. 1, such a vehicle is
schematically illustrated with an engine located at the aft end
of the ballute. The main body of the vehicle, which contains
fuel tanks, payload, and guidance and control systems, will be
called fuselage in the present work, as indicated in the figure.
The meridian tapes shown in the figure must be elastic for the
case when the rocket engine is located at the aft end, and they
must bear most of the forces generated by the ballute
membrane and transmit them to the fuselage.

The general concept of a ballute for use as a means of
decelerating aerospace vehicles and objects has been studied
by various investigators since the late 1960's.6~13 To the
author's knowledge, in all such studies the ballute is placed
behind the vehicle or the object, i.e., in a towing position. The
ballute is mechanically connected to the main vehicle by a
towing cable, and the drag force produced by the ballute is



218 C. PARK J. SPACECRAFT

transmitted to the vehicle through a swivel placed at the
forward end of the ballute: the ballute is free to rotate around
the swivel in all directions. Flight and wind-tunnel tests at
subsonic, supersonic, and low hypersonic speeds8"10'13 demon-
strated that the ballute in this position develops a small
oscillatory (tail-wagging) motion around the swivel, but since
its amplitude does not diverge, the motion can be considered
aerodynamically stable. That is, the ballute is conditionally
stable around the forward-end point (leading edge).

In the proposed application for AOTV's, however, a ballute
is not in the towing position. Instead, it surrounds the fuselage
of the vehicle as shown in the upper part of Fig. 1. In order for
the system to be aerodynamically stable in this configuration
the first derivative of the pitching moment around the e.g.
with respect to the angle of attack must be negative. The e.g.
is located, in general, between the forward and aft ends of the
fuselage. Alternatively, a vehicle is absolutely stable if the c.p.
is located behind the e.g. (this is a sufficient condition but not
a necessary condition). Nothing is known presently about the
pitching moment characteristics or the location of c.p. for
ballutes at the hypersonic Mach numbers expected of an
AOTV. During a typical expected mission of an AOTV, the
e.g. will shift considerably as the vehicle loads or unloads its
pay load or as fuel is consumed. The vehicle should be
designed to maintain stability with any resulting e.g. location.

To determine the pitching moment of a ballute at a given
angle of attack, one must first know the shape of the ballute
at the angle of attack. To determine the shape theoretically,
one must first derive equations governing the geometry. The
mechanics governing a realistic, axisymmetric ballute are
complicated and virtually beyond our comprehension at
present. In order to satisfy the urgent need to know the
approximate ballute characteristics and to provide the guid-
ance needed for analyzing the axisymmetric case, the present
work proposes a two-dimensional idealized ballute concept, as
shown in the lower part of Fig. 1. It is believed that the
knowledge gained about such a two-dimensional body is
applicable, at least qualitatively, to an axisymmetric case. In
this idealized ballute, the fuselage is assumed to be compressed
to zero thickness as shown. This assumption should be almost
valid, since the frontal area of the fuselage is small when
compared with that of the ballute. Analysis of this ballute is
much simpler than the axisymmetric ballute, as will become
apparent. Other assumptions used are:

1) The ballute membrane has no mass: the entire mass of the
vehicle is possessed by the infinitesimally thin fuselage.

2) The ballute membrane is a perfect elastomer (tension
proportional to elongation) of uniform elastic coefficient and
thickness.

3) The airflow around the vehicle can be described by
Newtonian hypersonic theory with zero friction.

4) The internal presure is the same in both the upper and
lower compartments.

Assumptions 1, 2, and 4 are self-evident; they are reason-
able approximations to the complex, real situations. Assump-
tion 3, Newtonian approximation, was made here for simplic-
ity. The Newtonian approximation is known to be inaccurate
in comparison with other more elaborate methods. The extent
of possible error due to this assumption can be estimated from
Fig. 10 of Ref. 14, which compares Newtonian pitching
moments with those obtained using a more accurate analytical
method (HALIS) and with three sets of wind-tunnel data, for
an AOTV configuration. According to the figure, the Newto-
nian method yields a trim angle of attack that is an
approximate average of those obtained by the four other
methods. The difference in the trim angle of attack between
the Newtonian and HALIS methods is about 2 deg. This
represents a difference in pitching moment coefficient of
0.008, or, equivalently, a discrepancy in c.p. location of 0.8%
of the reference length, between the two methods.

Using these assumptions, the present work derives the
equations governing the shape of the ballute membrane. By
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(a) AXISYMMETRIC BALLUTE

BALLUTE FUSELAGE
(FUEL TANK
AND PAYLOAD,
COMPRESSED TO
ZERO THICKNESS)

(b) IDEALIZED 2-DIMENSIONAL BALLUTE

Fig. 1 Origin of the idealized two-dimensional ballute concept.

solving the equations and by integrating aerodynamic forces
on the membrane surface over the shape so obtained, lift,
drag, moment, and the allowed limit of e.g. location
(metacenter) are determined. The results show that the
metacenter of the vehicle is located relatively close to the
forward-end (leading-edge) point. An explanation for this
behavior is advanced. A flight trajectory calculation is
performed for a hypothetical AOTV employing such a
two-dimensional ballute for aerobraking purposes to demon-
strate the consequence of this behavior. In addition, the
analysis deduces the parameters that control the ballute
geometry and, hence, aerodynamic characteristics. Knowledge
of such parameters should be helpful in studying an axisym-
metric ballute in the future.

Method of Calculation
The fundamental equation governing the geometry of a

two-dimensional elastic membrane separating two regions of
differing pressures can be derived by equating the forces
acting across the membrane, leading to

Curvature x tension = pressure difference (1)

Expressed in a Cartesian coordinate system using x' and y',
and denoting curvature in terms of the first and second
derivatives, dy'/dx' and d2y'/dx'2, tension by T, and
pressure difference by A/?, Eq. (1) becomes

d2y ' Ap T ^
5Pi-Tl' + xbcyr- (2)

The coordinates x' and y' chosen for the present analysis are
illustrated in Fig. 2: the x' axis is parallel to the freestream
flow, and the origin is at the shoulder (the border between the
forebody and the base). Only one (lower) of the two (upper
and lower) compartments of the ballute is analyzed at a time



MAY-JUNE 1988 IDEALIZED TWO-DIMENSIONAL BALLUTE IN HYPERSONIC FLOW 219

as shown. The quantity A/? is the difference between the
internal and external pressures

A/? = Internal pressure — external pressure (3)

For the sake of convenience, the internal pressure will be
expressed in the present work by

Internal pressure = (1 + A)p(72 (4)

The quantity A is a measure of how much higher the internal
pressure is in comparison with the total pressure of the
freestream flow and will be termed here overpressure parame-
ter. It can theoretically vary from — 1 to oo, provided that
other contraints permit. Under the assumption of a Newto-
nian hypersonic flow, the external pressure at any given point
x ' , y ' becomes

/ dv / \ 2 / r /dv'\2lExternal pressure - pU (177) / 1 + (-pr) (5)

In the domain left of the origin, i.e., in the base region, the
external pressure becomes zero under the Newtonian assump-
tion. Since both the internal pressure and tension force remain
constant at every point on the ballute membrane, Eq. (1)
dictates that curvature be constant in this domain. The radius
of curvature in this domain will be designated by R.

Under the assumption of a perfect elastomer, tension T is
expressible as

T = (6)

where o and </> represent, respectively, the fractional elonga-
tion (dimensionless) and elastic constant (in units of Newtons
per meter) for the tension force corresponding to the
elongation. By substituting Eqs. (3-6) into Eq. (2), and
normalizing x' and y ' by

x=x'/R, y=y'/R

one obtains the differential equation governing the shape of
the ballute in the form

1+ A/\dx ^r-Mii i + mi =0
(7)

Denoting the leading-edge point by subscript f, drag and lift
per unit width of the membrane (produced by one compart-
ment) become

Drag = pU2# -£ 1+ ^ (8)

<»
The pitching moments around the origin produced by lift and
drag become

Lift moment =

Drag moment =

dx.

1]"* <">

where p and U are freestream density and velocity, respec-
tively.

The boundary conditions to the differential equation (7) are
obtained from the requirements that 1) the two components
(vertical and horizontal) of forces balance; namely, that the
lift and drag forces that are generated on the ballute surface by
the Newtonian hypersonic pressure forces equal the sum of all
the vertical and horizontal forces acting on the fuselage,
respectively; and 2) that the total length of the membrane is
compatible with the elastic relationship, Eq. (6). The forces
acting on the fuselage consist of the tension T exerted by the
ballute membrane at the leading and trailing edges of the
fuselage and the pressure force acting normal to the fuselage
(Fig. 2). The drag balance relationship leads to

o
+ cos/3 + — sinaR

The lift balance relation becomes

1 + AJolAdx/ II

— sin/3 + ~ cosot

(12)

(13)

where |8 is the angle of interception between the body
centerline (fuselage) and the membrane at the trailing edge
(Fig. 2). Denoting the unstretched length of the membrane by
S0, the normalized total length of the membrane becomes

Or - 0) + f Vl + (d.y/djt)2djt = (1 + a)§ (14)Jo R

The second boundary condition (that the total length of
membrane be consistent with the elastic relationship) is
obtained by substituting the relationship for a

into Eq. (14), leading to

- Vl + (dy/dx)2dx = 0
(15)

Equations (12), (13), and (15) are the required boundary
conditions. They implicitly determine three parameters: 1) the
leading-edge location xg, 2) the ratio L0/R, and 3) the angle /3.

On inspecting these boundary conditions, one finds that two
dimensionless parameters (in addition to a. and A, which are
given) affect the solutions. They are: 1) the ratio of the
unstretched length of ballute membrane to the length of the
fuselage, S0/L0, and 2) the quantity, to be defined as

(16)

which is a measure of the ratio of internal gas pressure to
elastic coefficient of the ballute membrane.

The differential equation [Eq. (7)] is integrated numerically
to determine the ballute profile. A fourth-order fixed-step
Runge-Kutta method was used for the intergration with
integrating step dx of 0.005. The leading-edge point is reached
typically at x ̂  2.5. At each integrating step, a test is made to
see if Eqs. (12), (13), and (15) are satisfied simultaneously.
Integration is stopped when such a point is reached. Once the
geometry is found, integrations (8-11) are performed to
obtain the forces and moments about the origin produced by
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Fig. 2 Geometry and forces acting on a lower-half compartment of
a two-dimensional ballute.
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Fig. 3 Coordinate system used in calculating the trajectories of an
AOTV employing a two-dimensional ballute.

one compartment. The coordinates of the c.p., xa and ya, are
determined from

xa - Lift moment/lift

ya = Drag moment/drag

The moment about an arbitrary given e.g. point is then
calculated using xa, ya, lift, drag, and the moments about the
origin so obtained. The calculation is repeated for the other
compartment. The forces and moment obtained for the two
compartments are added to form the total forces and moment.
The lift coefficient Q, drag coefficient Cd, and pitching
moment coefficient Cm are then calculated from the following
definitions:

C,=
Lift

Cm =

0.5pU2L0

Drag
: 0.5pU2L0

Total moment
0.5pt/2L0

2

The c.p. of the two-compartment combination is then
calculated by adding these forces. The distance from the
leading edge to the combined c.p. is designated by La.

The point of interception of the force line (the vector
representing the combination of the lift and drag forces)
drawn from the c.p. and the body centerline has an important
meaning: if the e.g. is located on the centerline ahead of this
point, then the inertial force developed during atmospheric
braking will produce a negative pitching moment, which tends
to reduce the given angle of attack, which is a stabilizing
phenomenon. Therefore, for maintaining pitching stability,
this point is the farthest downstream location of e.g. that is
allowed. This point closely resembles the metacenter for a
marine vessel, for which the point represents the intersection
between the central plane of symmetry and the vector
representing the force of flotation. Therefore, this point will
be referred to as the metacenter15 and will be designated by the
notation Lb. In order for a vehicle to be statically stable,
therefore, the e.g. location Lc must satisfy the condition

Lc*Lb (17)

The calculation is repeated for various values of angle of
attach a, overpressure parameter A, the ratio of the lengths of
the unstretched membrane to fuselage S0/L0, and the pressure-
to-elasticity ratio x- The pitching moment derivative dCm/da,
which must be negative in order for a vehicle to be stable, is
calculated numerically from the two values of Cm correspond-
ing to two values of a. differing by 0.05 rad.

After such calculation of aerodynamic characteristics, the
present work shows an example of how flight trajectories are
affected by the mechanics of the ballute for a hypothetical
AOTV that employs such a ballute. For this purpose, the yaw
and .accompanying drift motions are calculated as shown
schematically in Fig. 3. The navigational bearing error (the
difference between the local lateral flight-path angle and the
planned trajectory lateral angle) is denoted by 7. The body
angle with respect to the flight-path angle is denoted by e. The
lateral yaw and resulting drift motion are calculated rather
than the vertical pitching motion because pitching motion
causes changes in flight altitude, which is a more complicated
phenomenon. A change in altitude will cause a change in x,
which, in turn, changes all aerodynamic characteristics,
leading to the situation where one cannot isolate the conse-
quence of an initial error in the body attitude angle from other
effects. In calculating the vertical motion of the AOTV, lift
coefficient (in the vertical direction) is assumed to be zero, as
would be appropriate for a flight of a two-dimensional ballute
as shown in Fig. 3. The local yaw angle of attack a is related
to e and 7 by

a. = e — 7

The drift (the lateral deviation of the flight path) is denoted by
Z. The equations governing these quantities can be written
approximately as

/ = 0.5CmPU2AL0

dZ
dt

= U sin(7)

(18)

(19)

(20)

where A is the area of the two-dimensional fuselage, / the
moment of inertia, and M the mass of the vehicle. The values
A , /, and M are based on the assumption that the fuselage is
10 m long and 5 m wide (A = 50 m2), is uniform in density,
and weights 5000 kg leading to / = 5.556 x 104 kg-m2. The last
three differential equations are integrated starting from the
initial conditions e = 0.05, 7 = 0, and Z = 0 at the entry
altitude of 150 km, simultaneously with the equations of
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motion that describe the change in the flight velocity, vertical
flight angle, and flight altitude. The velocity and the vertical
flight angle are chosen to correspond to the case where the
vehicle is returning from GEO in the equatorial plane to reach
a postflight apogee of 666 km altitude when the vehicle flies
with zero yaw angle of attack. The elastic constant </> is chosen
to be 10,000 N/m, whereas S0/LQ is set to 1.2 for the
calculation. At each point on the flight trajectory, the
geometry of the ballute is determined by intergrating Eq. (7)
using the local values of x and a. The ballute solution
produces Cd, Q, and Cm9 which are needed in the calculation
of motion of the vehicle. A sixth-order variable-step Runge-
Kutta method is used for the timewise integration.

Results
Figures 4 and 5 show the ballute shapes at zero angle of

attack for various values of S0/LQ and x- In Fig. 4, one sees the
effects of x and S0/L0 on the profile for a fixed A. For a small
X, which results from a relatively small freestream density in
comparison with the elastic coefficient of the membrane, the
profile is nearly symmetric with respect to the axis that is
perpendicular to the center line. A small value of SQ/L0 also
produces a nearly symmetric profile, probably because the
elongation and tension caused by the elongation are larger
when SQ/LQ is small. Figure 5 shows the effect of A for a fixed
X- A smaller value of A results from a smaller internal
pressure, which causes the forebody region to sweep back
because otherwise it cannot balance a high shock-layer
pressure.

Figure 6 shows the variation in drag coefficient of the
ballute at zero angle of attack as a function of A and x- In

low-density regions, x = 0.01 and 0.1, little change occurs in
drag coefficient when the internal pressure is varied. Only
when x is large, does the drag coefficient vary significantly
with A, a variation of over a factor of 5 is seen for x = 1.
Therefore, in order to vary the drag coefficient during flight
by inflating or deflating the ballute, one sees that x must be
maintained at an order of 1.

In Fig. 7, the shape of the vehicle at an angle of attack of
a = 0.4 rad (22.92 deg) is shown. As seen here, the windward
side is depressed inward because of the increased Newtonian
shock-layer pressure, while the leeside is bulging outward
because of the lowered shock-layer pressure. That is, there is
a significant compliance of the ballute geometry to the
changes in shock-layer pressures caused by a finite angle of
attack. The depression of the windward side is likely to cause
a reduction in drag and increase in positive lift for the
windward side, while the bulging of the leeside would cause an
increase in drag and decrease in negative lift there, leading to
a nose-up pitching moment, which is destabilizing. The c.p. is
located at a point approximately 35% from the leading edge
for this case where La = 0.35L0. The c.p. is not on the
centerline (fuselage) but is offset by a small distance
Ya = - 0.065L0. The metacenter is at Lb = 0.45L0.

In Fig. 8, the lift coefficient Q, the pitching moment
coefficient Cm, and the stability derivative dCm/da around an
assumed e.g. location of LC/LQ = 0.445, and the location of
the metacenter Lb/L0 are plotted against the angle of attack.
The figure shows that Q increases almost linearly with angle
of attack despite the compliance of the shape with the changes
in the shock-layer pressures mentioned earlier. The pitching
moment Cm increases at small a's, reaching a peak at a. = 0.22
rad. As a result, dCm/d<x is positive up to that angle of attack
and becomes negative thereafter. The angle of attack a = 0.22
marks the boundary between the stable and unstable regions.
The metacenter location Lb/L0 is less than 0.445 at a. less than
0.22 and is larger at larger a's, in correspondence with the sign
of dCm/da [see Eq. (17)]. It is interesting to note that the
instability is seen only at small angles of attack. If a vehicle
flies at this particular condition, therefore, an oscillatory
motion will continue over a small range of angles of attack but

Fig. 4 Typical ballute upper-half profiles at a = 0 and A = 0.5.

A = 0.4

-0.4

Fig. 5 Typical ballute upper-half profiles at a = 0 and x = 1.

-.8 -.4 0 .4 .8 1.2
OVERPRESSURE PARAMETER A

Fig. 6 Variation of Cd as a function of A and x at a = 0.

will be stable overall, as has been observed experimentally
with the towed axisymmetric ballutes.8'10

It must be noted here that there is a limit to the angle of
attack for which a solution is possible. At angles of attack
greater than a certain critical value, usually above 0.7 rad, the
solution of Eq. (7) satisfying the constraint equations (12),
(13), and (15) cannot be found. Mathematically, at the critical
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Fig. 7 Ballute geometry for \ = 1, S0/L0 = 1.2, A = 0, and a = 0.4.
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Fig. 8 Variation of Ch Lb/LQ, Cm
L0 = 1.2, and LC/LQ = 0.445.

and dCm/da for A = 0, S»/

angle of attack, a zero curvature occurs on the membrane
surface. Physically, this must mean that the shape of the
ballute begins to collapse at such a large angle of attack.

In Fig. 9, the location of the metacenter is shown as a
function of a, S0/L0t and x for a fixed A value of 0. As seen
here, the metacenter is within the forward half of the vehicle
length: Lb/L0 < 0.46. At x = 1.0, it is between 0.38 and 0.46.
For smaller x values, however, the metacenter is fairly small,
reaching as low as 0.18 for x = 0.01. This means that the
ballute tends to be unstable at high altitudes where the density
is small. For the same x value, a larger S0/L0 yields higher
stability. For cases where there is an overlap and crossover for
X = 0.1 and 0.01, a hysteresis may occur in stability in certain
low-density regions. One notes here that the Lb values for the
ballute are considerably smaller than the typical Lb values are
for a rigid body. In Ref. 14, the metacenter is determined for
sphere cones of half-cone angles in the range of 40-80 deg. For
the same cone angle and body radius, the two-dimensional
ballute under consideration has a considerably smaller Lb

o
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X = 0.01

—— • —— 1.0
— ——1.1
—————1.2

0 .1 .2 .3 .4 .5 .6
ANGLE OF ATTACK a, radian

Fig. 9 Variation of Lb/L0 as a function of a, So/LQ, and x for A = 0.

0 .4 .8 1.2 1.6
OVERPRESSURE PARAMETER A

Fig. 10 Variation of Lb/LQ as a function of A, SQ/LQ, and x for

value than does the sphere cone. One could attribute this
difference to the compliance of the ballute membrane with the
changes in shock-layer pressures.

In Fig. 10, the metacenter location is shown as a function of
A, SQ/LQ, and x- One sees here that the metacenter is relatively
insensitive to the A value. Smaller x values lead consistently to
smaller Lb values, and no crossover phenomenon is seen in this
plot.

Figure 11 shows the results of the trajectory calculations.
The initial entry conditions correspond to those for a mission
in which an AOTV returns from the GEO flying within an
equatorial plane, to attain a postflight apogee altitude of 666
km. The yawing and accompanying drift motions are calcu-
lated as shown schematically in Fig. 3. The yaw angle is
assumed to be 0.05 rad at the time of entry, / = 0. The
calculation thus tests the consequences of a small initial error
in angle of attack on subsequent motions of the vehicle.The
remaining environmental parameters for this calculation were
given in the section entitled "Method of Calculation." The
top part of Fig. 11 shows the changes in altitude and in x for
three different values of LC/L0. As seen in the figure, the
perigee point is at an altitude of approximately 77 km for this
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case. The quantity \ takes the maximum value of approxi-
mately 2 at the perigee. Both the cases of LC/L0 of 0.3 and
0.4375 complete the atmospheric flight successfully, but their
trajectories are slightly different. Although not shown, the
postflight apogee altitude for the 0.4375 case was found to be
268 km lower than the 0.3 case. The case of LC/L0 = 0.4438
fails at t = 105 s, because of the divergence of the angle of
attack visualized in the middle portion of the figure.

In the middle portion of Fig. 11, the case of 0.3 shows a
monotonic decrease of the angle of attack from the initial
given value of 0.05 rad toward zero. The 0.4375 case shows an
initial increase in the angle of attack, reaching a peak at
approximately 95 s and subsequently subsiding to zero. The
initial increase is due to the unstable moment, which is caused
at the low densities mentioned earlier. Fortunately for this
case, a stable moment is produced by the higher densities (Fig.
8), beginning at approximately t = 95 s, to restore the angle of
attack to zero in time. For the case of LC/L0 = 0.4438,
however, the angle of attack increases to a value that causes
the ballute to collapse before reaching the stable high-density
region. The vehicle thus tumbles at around t = 105 s. The
lower part of Fig. 11 shows the lateral drift of the ballute. The
case of LC/L0 = 0.4375 shows a drift of approximately 13 km
at / = 600 s. The 0.4375 case should be considered to be
marginally acceptable for successful atmospheric flight.

Discussion
First, the calculated results show that the drag coefficient of

a two-dimensional ballute can be varied over a large range by
varying the internal pressure: A factor of 5 change in drag
coefficient is possible when \ is unity (Fig. 6). It seems,
therefore, that an elastic ballute can be an effective device for
modulation of drag for use as an aerobrake for an AOTV, as
suggested in Refs. 3 and 5.

The problem of a ballute resides mainly with the difficulty
concerning aerodynamic stability. The present work shows
that the c.p. and the metacenter of a two-dimensional ballute
are located relatively close to the leading edge and, hence, for
the vehicle to be stable the e.g. must also be placed near the
leading edge. This feature is believed to be caused by the
compliance of the elastic membrane in response to the aero-
dynamic forces. As mentioned earlier, at a finite angle of
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attack, the windward side surface is depressed inward and the
leeside surface bulges outward because of the changes in the
shock-layer pressures (Fig. 7). The result is that more lift and
less drag are produced by the windward side, whereas less lift
and more drag are produced by the leeside, all of which
contribute to the destabilizing moment. In order to be stable at
all freestream densities, the e.g. must be within the forward
18% of the length of the vehicle. Placing the e.g. so close to
the leading edge is impractical and almost certainly unachiev-
able for a realistic AOTV. This difficulty is relaxed somewhat
by the fact that the duration over which the AOTV flies
through the destabilizing low-density region is limited; as Fig.
11 shows, a vehicle with the e.g. at the 43.75% point can
survive the flight without tumbling. Thus, one finds that there
is a range, between 18 and 43% in this case, which, if the e.g.
is placed within it, leads to conditional stability.

However, placing the e.g. within the forward 43.75% at all
times may still be difficult to realize. For instance, if the fuel
tanks are placed in the forward position and are empty while
the payload is placed at the rear position, as has been
proposed (see Refs. 2 and 15), then the e.g. will be close to the
rear end of the vehicle. Even if the e.g. could be maintained at
the 43.75% point, the vehicle's stability cannot be guaranteed.
At high altitudes, where the AOTV's are expected to fly, a
large spatial nonuniformity in density is known to occur.16 If
the vehicle encounters such a low-density region, the ballute
will develop a destabilizing moment. Thus, there is a risk in
placing the e.g. so close to the aft end of the conditionally
stable e.g. range.

The present finding about the limits of allowed e.g. should
at least be qualitatively applicable to the case of an axisymmet-
ric body. For an axisymmetric ballute, the pitching moment is
produced mostly by the part of the ballute membrane surface
that is far from the center line, which resembles the two-dimen-
sional ballute considered in the present work. The compliance
phenomenon seen for the two-dimensional ballute will occur
also for the axisymmetric ballute, which leads to a similar
result.

The present analysis identifies three parameters - the ratio
of the internal gas pressure to the total pressure of the
freestream (1 + A), the ratio of the length of unstretched
membrane to the length of the vehicle S0/LQ, and the ratio of
the product of the inside gas pressure and vehicle length to the
elastic coefficient of the membrane x - to be the controlling
parameters of the problem. If one wishes to conduct a
subscale experiment in a laboratory, these parameters must be
reproduced in order to obtain the correct stability characteris-
tics. Since x is proportional to the length of the vehicle and,
therefore, is scale dependent, care must be taken to match this
parameter.

Conclusions
Idealized two-dimensional ballutes proposed for aeroas-

sisted orbital transfer vehicles (AOTV's) show promise of
being able to modulate drag over a large range. However,
difficulty exists in that center of pressure and the allowed limit
of center of gravity (metacenter) are located close to the
leading edge, especially when the freestream density is low.
This phenomenon is believed to be due to the compliance of
the elastic membrane of the ballute in response to the changes
in shock-layer pressures that are caused by the changes in
angle of attack. In order for the ballute to be stable at all
freestream densities, the center of gravity must be located
within the forward 18% of the length of the vehicle. However,
if the trajectory of an AOTV can be tailored so that it passes
through the unstable low-density regime quickly, then the
center of gravity may be placed as far aft as 43.75%.
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