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Variable bent-axis maneuvering vehicles provide a unique type of control for a variety of supersonic and hy-
personic missions. Unfortunately, the large hinge moments often associated with these vehicles have prevented
their application. This study examines the application of both experimental data and computational acrodynam-
ics techniques in the design of such vehicles. A procedure is presented for the efficient design of a bent-axis
geometry given a set of system constraints. In particular, the selection of vehicle parameters to produce mini-
mum hinge moments for trimmed flight is examined in detail. Finally, the overall performance of the bent-axis
geometry is reviewed in terms of static stability, lift-to-drag ratio, and control effectiveness.

Introduction

HE use of a bent-axis geometry is being considered for

many applications because it provides a controlled lateral
acceleration (e.g., a lift vector) with minimum impact on
the thermal protection system of the vehicle. NASA has inves-
tigated the use of a bent-axis geometry for aerocapture mis-
sions as outlined by Walberg! and others.?? These bent-axis,
or “‘off-axis,”” geometries being considered by NASA are pri-
marily intended for planetary entry and have a fixed bend for
structural simplicity. However, a much more interesting
design is one in which the amount of bend or deflection is ad-
justable during flight so as to regulate the magnitude of the lift
vector. A simple variable bend body was considered by Larkin
and Thomas* and Abzug® in a systems study that emphasized
a high-g turning capability. In Larkin and Thomas’ investiga-
tion, the inertia loads experienced in a constant high-g turn
were used to compensate for the large hinge moments charac-
teristic of bent-axis geometries. The current investigation will
analyze the effect of hinge moments for trim and pseudotrim
flight conditions during low-g manecuvers. Such conditions
exist for extended range missions and boost-glide scenarios.
During level flight and maneuvers involving low-g turns, hinge
moments are dominated by aerodynamic forces. Therefore,
inertia effects on the movable aft section will not be con-
sidered in this analysis.

The design of a bent-axis geometry for level flight missions
is governed by the ability of the hinge actuators to overcome
the aerodynamic hinge moments experienced by the movable
aft section (i.e., tail section for this study). To date, this ability
has been the major drawback to the application of variable
bend geometries. This paper will demonstrate that, with the
judicious selection of tail section length, these hinge moments
can be controlled to within acceptable design specifications. In
order to regulate the aerodynamic hinge moments to within
manageable limits, tradeoffs are required between the tail sec-
tion length, the total vehicle center of gravity (c.g.), and the
deflection of the tail section. To minimize hinge moments, it is
desirable to design the vehicle such that the tail deflection re-
quired for trim is close to the natural ‘‘free-floating”’ position
of the tail section. It is this design procedure and the perform-
ance of the resulting geometry that are the subjects of this
paper.
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The design of any maneuvering vehicle requires the analysis
of aerodynamic data for the proposed class of vehicles at
various control surface deflections. In the past, the only
source for obtaining accurate data for control effectiveness
was the wind tunnel. However, with the development of com-
putational aerodynamics (CA) tools, it is now possible to
eliminate much of the experimental design process in the wind
tunnel. To use these CA tools with confidence, however, they
must first be verified with experimental data. Once the de-
signer is assured that the CA tool is predicting the correct
aerodynamic behavior for the class of geometries of interest,
the CA codes can be used to analyze small perturbations in ge-
ometry and flight conditions not available in the wind tunnel.
The particular type of CA tools used in this analysis is based
on an inviscid/boundary-layer formulation.

Computational Approach

Vehicle aerodynamics are predicted using inviscid flowfield
and boundary-layer analysis. The inviscid and boundary-layer
approach has been shown® to provide predictions of sufficient
accuracy for a wide range of freestream conditions with con-
siderably less computational effort than codes solving more
complete forms of the governing equations; e.g., the parabo-
lized Navier-Stokes codes.” Computational efficiency is espe-
cially important when studying parametric variations of vehi-
cle geometry, such as the design study that follows.

The inviscid code used in the current study is the Sandia
Inviscid Afterbody Code (SANDIAC). SANDIAC is an exten-
sion of the GE-3IS-SCM/ACM?-1* code and is documented
elsewhere.!! The method incorporated in SANDIAC solves
the three-dimensional, split coefficient matrix form of the
Euler equations in a cylindrical base-coordinate system for an
arbitrary three-dimensional grid. The use of a parabolic grid
generator permits flowfield solutions for complex maneuver-
ing geometries. This code also features a newly developed
hybrid body boundary condition, which gives high accuracy
and good crossflow shock-capturing capability.

The boundary-layer solutions are obtained by the Hyper-
sonic Integral Boundary Layer Analysis of Reentry Geome-
tries (HIBLARG) code. HIBLARG is a newly developed code
similar in formulation to 3DMEIT!? and applicable to com-
plex geometries.!> HIBLARG is a three-dimensional generali-
zation of an existing two-dimensional technique.!4!* The cur-
rent code will solve spherically capped bodies with
three-dimensional afterbodies subject to the limitations of the
inviscid/boundary-layer formulation.

In the HIBLARG code, the integral forms of the momen-
tum and energy equation are solved along the SANDIAC in-
viscid streamlines. Closure is achieved by specifying various
boundary-layer parameters from correlations. The boundary-
layer edge properties are determined by constructing a mass
balance between the flow in the boundary layer and the local
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Fig. 2 Comparison of experimentally measured axial-force coeffi-
cient with predictions (M=7.9, Re,, =4.9 x 10°).

inviscid flowfield. The current formulation permits the calcu-
lation of either laminar or turbulent flow as determined by
various transition criteria. However, for the current bent-axis
geometry study, only turbulent boundary-layer conditions will
be considered. This new inviscid/boundary-layer formulation
of SANDIAC/HIBLARG has been demonstrated successfully
on the NASA bent-axis configurations proposed for aerocap-
ture missions. 67

Validation

In order to establish an initial database for a bent-axis ge-
ometry, a force and moment wind-tunnel test was conducted
on the geometry shown in Fig. 1. This test was performed in
the Sandia National Laboratories Hypersonic Wind Tunnel at
a Mach number of 7.9 and a unit Reynolds number of
4.9 x 10%/ft. The wind-tunnel model was a 9 deg sphere-cone
geometry with a nose radius of 0.175 in. and a total length of
10.105 in., giving a 10% nose bluntness ratio. The movable
tail section was 20% of the vehicle virtual length. The nose of
the model was gritted to ensure a turbulent flow over the
model. The angle-of-attack range was from ~ 5 to 16 deg with
tail deflections of 0, +2, +6, and +10 deg.

In the force and moment comparisons that follow, the refer-
ence length is the vehicle base diameter and the reference area
is the vehicle base area. Angle of attack as well as the aerody-
namic coefficients for the bent-axis vehicle are referenced to
the axis of symmetry of the forecone. The moment reference
point is also taken along this axis at a location of 57% of the
physical length of the undeflected vehicle.

Figures 2-4 show comparisons of predicted values of axial-
force, normal-force, and pitch-moment coefficients with ex-
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Fig. 3 Comparison of experimentally measured normal-force coeffi-
cient with predictions (M =17.9, Re,, =4.9x 10%).
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Fig. 4 Comparison of experimentally measured pitch-moment coef-
ficient with predictions (M=7.9, Re,, =4.9 X 109, c.g. =57%).

perimental data for the vehicle with 0- to 10-deg tail deflec-
tion. The predicted values of normal-force coefficient and
pitch-moment coefficient agree well with the experimental
data across the angle-of-attack range. At higher bend angles,
the difference between predicted and measured pitching mo-
ment results in a difference in trim angle of attack of about 1
deg. The predicted values of axial-force coefficient agree well
with the experimental data for low angles of attack but fall
somewhat below the data at higher angles of attack. This tend-
ency to underpredict axial force at large angles of attack has
been seen in previous studies!” and possibly results from the
inability of the inviscid/boundary-layer approach to predict
crossflow separation on the leeward side of the vehicle. As the
pitch-moment coefficient is of primary interest, these results
are considered adequate for use in the current study. In order
to cover a wider range of tail deflections than were tested in
the experiment and to consider a vehicle with a different tail
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Fig. 5 Predicted values of axial-force coefficient for the 20% tail ve-
hicle (M =17.9, Re,, =4.9x10%).
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Fig. 6 Predicted values of normal-force coefficient for the 20% tail
vehicle (M =1.9, Re,, =4.9 x 10%).

section length, the computational results will be used in the
studies that follow.

Design Considerations

For design purposes, two vehicles will be considered. The
first vehicle is the 20% tail sphere-cone discussed previously.
The predicted aerodynamics of the vehicle are summarized in
Figs. 5-8, where predicted values of the axial-force, normal-
force, pitch-moment, and hinge-moment coefficients are plot-
ted as a function of both angle of attack and tail deflection.
The pitch-moment coefficient is computed about a center-of-
gravity (c.g.) location that is 57% of the physical length of the
undeflected vehicle, giving a static margin of approximately
11%. Hinge moments are computed about the hinge location
(i.e., the tail rotation point) and are determined by taking the
difference in pitching moment between the baseline vehicle
and a vehicle with no tail.
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Fig. 7 Predicted values of pitch-moment coefficient for the 20% tail
vehicle (M=17.9, Re,, =4.9x 105, c.g. =57%).
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Table 1 Dimensions (in.) of bent-axis vehicles in this study

Nose Total Virtual Tail Base
Tail, radius, length, length, length, diameter,
) R, L L, L, D,
10 0.175 10.105 11.049 2.2098 3.5
20 0.175 10.105 11.049 1.1049 3.5

The second vehicle is identical to the first, except that the
tail length is 10% of the virtual length of the vehicle. The di-
mensions of the two vehicles are shown in Table 1. The pre-
dicted aerodynamics of this vehicle are summarized in Figs.
9-12, where predicted values of axial-force, normal-force,
pitch-moment (about 57% c.g.), and hinge-moment coeffi-
cients are plotted as a function of both angle of attack and tail
deflection.



260 RUTLEDGE, POLANSKY, AND CLARK J. SPACECRAFT
-} o
P T T —T T T s T T T T T
i ; ; i Tail Deflection E : ' i Tail Deflection
H H i | a=0deg : : ; i sx=0deg
: i ' | +=2deg ) SR S A IR L +m=2deg ___|
: : ! | X=4deg ° : : : | x= 4deg
: : ' i o= bdeg 8 i ' t I om bdeg
© 1 ; ' i V= 8deg e | : ' | i V= 8deg
= broeneees berreonoes boonooooes { @=10deg - 3 e foomooooe booeeaes bemmomooe  a=10deg ]
: : : | x= 12 deg 3 ' : : | x =12 deg
H 1 | | o= l4deg 9 ‘ ‘ \ i ¢=14deg
; i ) i1 ©=16deg 8 e NS A Vo 1 em=lbdeg ___|
1 b 1l ) ° r r ,
| ) | ' ' A \ i H
§ : ! ' : : L : '
) ) : ' o '
N S R > P R iy, Ctp s St o p

Axial Force Coefficient
0.10

L . . :

5
[,

, :
t
: .
. !
1 1] 1
13 ] 1
L T S Lmmmmccee G2 [ T -
2 : : : : :
b 1 ] 1 1
1 1 ) ] ]
8 : : ! : :
o 1 1 1 L 1
0.0 2.0 4.0 6.0 8.0 10.0 12,0

.Angle of A;'ack (deg).

Fig. 9 Predicted values of axial-force coefficient for the 10% tail ve-
hicle (M =17.9, Re,, =4.9x10%).

8
s T T
! Tail Deflection
1 o= 0deg
1 +m=2deg
! X=4deg
! o= 6deg
| V= 8deg
v ®@=10deg -
1 X= 12 deg
1 ¢=l4deg

0.50

o = 16 de

Fem=mmemmmccceopecccccnnamaaa]
| it L L L L |

Normal Force Coefficient
0.25

Fremmcm e

0.00

-0.25

S femmme e

o

0.0 2.0 4.0 6.0 8.0
Angle of Attack (deg)

Fig. 10 Predicted values of normal-force coefficient for the 10% tail
vehicle (M=17.9, Re,, =4.9 x10°).

12.0

As stated previously, hinge moments at trim conditions are
often the driving consideration in the design of a variable
bent-axis vehicle. The characteristics of the hinge-moment
plots in Figs. 8 and 12 indicate that, for each value of angle of
attack, there is a corresponding tail deflection that gives zero
hinge moment. This is the ‘‘free-floating’’ position of the ve-
hicle tail. If the vehicle trims at a specified angle of attack with
the tail in the ‘“free-floating” position, then this angle of at-
tack can be maintained with zero hinge moment. The goal of
the designer is to achieve this condition for a wide range of
flight conditions.

The tail deflections required for trim angle of attack for
57% c.g. are shown in Fig. 13 for both the 10 and 20% tail ve-
hicles. As would be expected, significantly larger tail deflec-
tions are required to trim the vehicle with the smaller tail.
Figure 14 shows the corresponding hinge moments required to
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maintain trim conditions, As can be seen, the 20% tail vehicle
is nearly optimum in the sense that hinge moments at trim are
nearly zero across the angle-of-attack range. At 10-deg angle
of attack, the hinge-moment coefficient required to trim the
10% tail vehicle is approximately 0.03. For flight conditions
of Mach 20 at a 50,000-ft altitude (i.e., a freestream dynamic
pressure of 68,200 psf) on a full-scale vehicle with a 24-in. base
diam, the hinge moment would be over 150,000 in.-1b. At the
same flight conditions, the hinge-moment coefficient required
to trim the 20% tail vehicle is only - 0.005, which gives a
hinge moment of approximately 25,000 in.-lIb. Clearly, there
are tremendous gains in performance to be achieved through
vehicle optimization.

As an indicator of the performance of the vehicles, Fig. 15
shows the lift-to-drag ratio at a trim angle of attack for the 10
and 20% tail vehicles. The lift-to-drag performance of the on-
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axis vehicle is included for comparison. The performance of
the two bent-axis vehicles is nearly identical and considered
good for a maneuvering re-entry vehicle.

We will now consider the effect of shifting the vehicle c.g. to
60% of the vehicle length (8% static margin). This produces
an upward shift in the pitching-moment coefficient curves
shown previously in Figs. 7 and 11. The deflections required to
produce trim angle of attack at this c.g. are shown in Fig. 13,
and the corresponding hinge-moment coefficients in Fig. 14.
As expected, smaller tail deflections are required to produce
an angle of attack for this lower static margin. The corre-
sponding hinge moments for the 10% tail vehicle have de-
creased somewhat as compared to the previous case. However,
the magnitude of the hinge moment has increased dramatically
for the 20% tail case although the deflections are smaller. This
is due to shifting the trim tail deflections from the optimum
““free-floating’” position.
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We will now consider another shift in the vehicle c.g. to
63% of the vehicle length (5% static margin). This produces a
further upward shift in the pitching-moment coefficient curves
shown previously in Figs. 7 and 11. The deflections required to
produce trim angle of attack at this c.g. are shown in Fig. 13,
and the corresponding hinge-moment coefficients in Fig. 14.
Again, smaller tail deflections are required to produce angle of
attack for this lower static margin. The corresponding hinge
moments for the 10% tail vehicle are now nearly zero. This is
the optimum c.g. for the 10% tail vehicle. Again, the magni-
tude of the hinge moment is increased for the 20% tail case
although the deflections are smaller.

To achieve low hinge moments, the designer must be free to
shift the vehicle c.g. for a fixed vehicle geometry or change the
vehicle tail length if the c.g. is fixed. The vehicle can then be
designed to trim with the tail near the ‘‘free-floating position”
and the hinge moments reduced to very small values. Clearly,
these designs can be optimized only for a single Mach number.
Typically, the trim angle of attack is not a strong function of
Mach number for bent-axis vehicles, therefore, these designs
should give good performance over a reasonable range of
flight conditions. In addition, it may be beneficial to select
shorter-tail-length vehicles as the hinge-moment coefficient
curves cross the zero value with a lower slope and should give
better performance at off-design conditions.

Conclusions

A technique for minimizing the aerodynamic hinge mo-
ments associated with variable bent-axis geometry vehicles is
described. To achieve this optimum, the designer must be free
to shift the vehicle c.g. for a fixed vehicle geometry or change
the vehicle tail length if the c.g. is fixed. The vehicle can then
be designed to trim with the tail near the ‘‘free-floating posi-
tion’’ and the hinge moments reduced to very small values.
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