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Abstract

The X-31A is an experimental demon-
strator aircraft developed to explore con-
trolled flight beyond stall. It was desi-
gned, manufactured, and tested in a joint
effort between U.S. and German agencies
and companies.

This paper describes the aeroelastic
aspects of the program during all phases,
starting with preliminary design conside-
rations, constraints with respect to budget
and time schedules, design analysis me-
thods and models, ground tests, and the
flight test evaluation.

Background

The X-31A (Fig. 1) is an experimental
demonstrator aircraft developed to ex-
plore the maneuverability and flying
qualities at high angles of attack and
beyond stall limits. Thrust vectoring for
pitch and yaw control is accomplished by
deflecting three vanes at the aft fuselage
into the engine exhaust plume.

Copyright © 1994 by ICAS and AIAA. All rights reserved.

In the tradition of famous X-planes ¥ in
over four decades, the X-31A is the first
one that was developed and tested within
an international cooperation. The funding
for the program was split between the
United States and German Government,
the industrial partners are Rockwell In-
ternational (RI) in Ei Segundo and Deut-
sche Aerospace AG (DASA) in Munich.
Full scale design started in 1987, first
flight was in 1990 and the flight test
program was successfully completed in
1993. An extension of the program is
currently being negotiated between both
countries. A program overview is given
in ref. @,

Introduction

Main objectives of the X-31A program
were the demonstration of maneuverabili-
ty in post-stall flight and enhanced agility
in the coventional flight regime. It was
an additional goal to demonstrate that
such an experimental aircraft can be
designed and built in a short time for a
small amount of money. These con-
straints as well as the shared design
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resposibilities required some new and
unconventional approaches to achieve all
objectives.

With respect to aeroelasticity, it was a
very short time between the start of the
full-scale development in 1987 and first
flight in 1990 to cover all required design
analysis aspects, perform the necessary
ground tests and demonstrate aeroelastic
integrity for the certification prior to first
flight.

Work Share

While Rockwell International was re-
sponsible for the design and manufactu-
ring of the fuselage, canards, and vertical
tail structure, DASA designed and built
the wings and thrust vectoring vanes.

Structural dynamic and aeroelastic analy-
sis and test activities for the complete
airplane were performed by RI with
contributions from DASA for the wings
and vanes as well as for the flight control
system, which was developed under
DASA responsibility.

To exchange analysis models and data
between both companies, satellite data
transmission was used to a vast extend.
This approach required detailed specifica-
tions for the analysis program codes, data
formats, and interfaces between compo-
nent models and the complete aircraft
model.

Because of the 9 hours time difference
between California and Germany, direct
telecommunication between the two
partner companies was limited to a very
short time every day. After this handicap
was partially resolved by the exchange of
information by telefax and computer data
through satellite link, the disadvantage
could sometimes even be tumed into an
advantage: the time difference could be

used to save time by working on the
same topic in two shifts.

Approach for the Aeroelastic Design

A detailed description of all aeroelastic
design activities is presented in ref. ©.

Because of the limited time and in order
to keep the costs low, no flutter wind
tunnel model could be built and tested
for the verification of analytical models
and methods. Instead of this, the airplane
was designed for high margins of safety
in flutter speed. Instead of the usual 32
percent margin in dynamic pressure, 44
percent were chosen. In a first step, a
coarse finite element model of the com-
plete airplane was used during the pre-
design phase by RI for the sizing of the
structural components by means of ma-
thematical optimization, using the RI
program RSOP (Rapid Structural Opti-
mization). Based on these results, a refi-
ned NASTRAN finite element model, fig.
2, was created for the detailed design and
analysis of the individual components.

Steady and unsteady aerodynamic loads
as well as mass distributions for the
airplane were based on the RI Unified
Panel Method with one common model,
depicted in fig. 3. Based on this model
and on structural influence coefficients
(SIC’s) from the NASTRAN structural
model, static load cases, including static
aeroelastic effects were created for the
different design phases, based on flight
conditions from the flight simulator. This
approach made it possible to include
static aero-elastic effects on the aerody-
namic pressure distribution simultaneous-
ly while the critical load case were iden-
tified, rather than correcting rigid aerody-
namic loads in an additional analysis
loop, as it used to be done in the past.

The major components could then be
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designed and analysed independently by
applying the correct boundary conditions
at the interfaces from the complete mo-

del.

For the structural analaysis and design
optimization of the wing at DASA, the
common NASTRAN model was used.
Based on the actual design concept, this
model was updated to reflect changes
like the addition of internal spars or their
relocation.

The DASA structural optimization and
analysis program LAGRANGE ® was

used for the strength and static stability
(buckling) design, for static aeroelastic

analysis, and for flutter investigation. Fig.

4 shows the final wing model.

Aeroelastic Design Requirements

Flutter Requirements

Althoug a supersonic capability up to
Mach 1.3 was desired as a fall-out, the
basic requirements for flutter were Mach
0.9 and a maximum dynamic pressure of
485 kts at sea level (38 kPa).

Because no dedicated transonic flutter
investigations were possible, the known
transonic dip in flutter speed was predic-
ted with existing data from other airpla-
nes. Fig. 5 shows these values. A reduc-
tion factor of 0.79 in dynamic pressure
was finally chosen for the X-31A at
Mach 0.9.

For the free-play of control surfaces, the
requirements from MIL-8870 were ap-

plied.

Control Surface Buzz Criteria

This single-degree-of-freedom flutter
phenomenon usually establishes mini-
mum stiffness requirements for control

surface actuators. Because off-the-shelf
equipment should be used as much as
possible for the X-31A, it was agreed to
investigate the probability of buzz for the
control surfaces and the selected actua-
tors, and, in case of a risk, include provi-
sions for buzz dampers in the design.

Fig. 6 summarizes buzz criteria from
different agencies and companies and
shows the occurence of buzz from se-
veral airplanes.

Static Aeroelastic Requirements

Because of the direct approach to include
static aeroelastic effects in the calculation
of pressure distribution and in the simula-
tion of the aircraft’s flying qualities and
performances, the impacts from static
aeroelastic deformations on loads and
performances could directly be observed
during the structural design. In addition,
static aeroelastic effectiveness data was
also checked for the clamped component
models. Table 1 summarizes wing effec-
tiveness values.

Structural amic Analysis

As mentioned above, a coarse finite
element model for the complete airplane
was used during preliminary design stu-
dies. The main purpose of this model was
the sizing of the structure for static load
cases.

For dynamic analysis of the complete
airplane and for clamped component
analysis for canard and vertical tail,
Rockwell used the aerodynamic model as
the basic system. The stiffness of the
structural models was transformed into
this system by means of structural in-
fluence coefficients (SICs). The coeffi-
cients for these flexibility matrices were
generated with NASTRAN by means of
multi-point-contraint (MPC) equations.
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The mass distributions for these models
were also generated for the basic aerody-
namic system by the weight groups from
both companies, using a special Rockwell
program system. The approach to derive
the mass matrix coefficients is also des-
cribed in ref. @ in details.

This approach was also used for the more
refined structrual models during the com-
plete design phase.

At DASA the same approach was used to
provide SICs and mass data from the
wing for the complete airplane analysis.
In parallel, the dynamic analysis for the
wing component at DASA was also per-
formed with the structural model directly,
using NASTRAN and LAGRANGE. To
generate the proper mass distribution for
this model, the masses of the structural
components were used directly. Additio-
nal masses for the structure, not covered
by the elements, were distributed to the
grid points by concentrated (lumped)
masses, adjusted to match the calculated
masses of all structural components. For
non-structural masses, different sets of
concentrated masses were also added to
this model. These sets were based on the
actual weights group’s data, and were
subdivided into groups like electrical or
hydraulic installations.

In addition, the ’official’ mass data sets
were also used for the wing to investigate
the origin of differences between the two
approaches, between the stiffness and
mass data sets being used, or between
analysis methods.

After the ground vibration test (GVT),
the dynamic model was updated to match
test results. This process is also described
in details in ref. (3).

Flutter Analysis

Complete Airplan Analysis at Rockwell

With mass and flexibility data derived for
the aerodynamic system as described
above, and unsteady aerodynamic genera-
lized forces calculated by the doublet
lattice method, the flutter analysis were
performed with a Rockwell modal, "k"-
method prgoram. This program contains
root tracking and automatic match point-
location subroutines and it automatically
interpolates generalized aerdynamic for-
ces for reduced frequencies k between
input values. This process is repeated
until the calculated flutter speed is con-
sistent with the selected Match number.
The "match point” corresponds with an
altitude for the proper air density.

Wing Component Analysis at DASA

Different models and methods were used
at DASA for the clamped wing flutter
analysis. Based on the structural grid
from the FEM and an aerodynamic dou-
blet lattice model similar to the basic RI
model, the NASTRAN p-k-method was
used at DASA. in addition, the new LA-
GRANGE flutter method, developed by
Hr. Godel ® was tested. For a set of
aerodynamic influence coefficient matri-
ces (AICs) at different Mach numbers
and reduced frequencies, this method
automatically interpolates between Mach
numbers and reduced frequencies. By this
approach, "match-point” flutter speeds are
obtained at selected altitudes.

Flutter Analysis Results

In general, high margins of safety in
flutter speed were predicted by the dif-
ferent models and methods. The correla-
tion between the two methods as well as
between free-free airplane and clamped
component analysis was also good if the
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same input data were used. Only for one
set of preliminary mass data, considerable
differences in flutter stability were found
for the wing. Table 2 summarized results
from this study.
The following sensitivities were investi-
gated during the design phase:
control surface attachment stiff-
ness
- control surface mass moment of
inertia
- control surface aerodynamic hinge
moment coefficient
- fuselage flexibility due to buckled
skins.

After the GVT, flutter analyses were per-
formed with measured modes and fre-
quencies after applying a smoothing
process and updating the mass matrix.

Free - Play Flutter Analysis

Since the canard free-play requirement
could not be met with one of the two
actuators disconnected, a flutter analysis
based on measured free-play was perfor-
med. For this condition, the effective
attachment stiffness was calculated as a
function of pitch amplitude, basic stiff-
ness and free-play angle. Flutter analyses
were then perfomed for a variation of the
attachment stiffness down to the mini-
mum flutter dynamic pressure require-
ment. For this condition, the maximum
rotational amplitude ws calculated. For
this amplitude, the maximum canard
displacement were obtained by the gene-
ralized flutter vector, transformed into the
vibration degrees of freedom. For these
displacements, the canard and support
structure stresses and fatigue life were
calculated. The results showed more than
adequate flutter, strength, and fatigue
margins of safety.

Buffet Response Design

Because the X-31A was designed for
high angle of attack manoeuvers where
vortical and separated flow conditions
can excite the structure, especially the

- wing and vertical tail were examined

carefully.

Wing Buffet

Although the wing response to buffet is
alleviated by the wing leading edge flap
deflection schedule - they are always
deflected by the negative angle of attack
up to a maximum of 40 degrees - an
other potential buffet problem was disco-
vered during the ground vibration test.
Fig. 7 shows the first symmetric wing
bending mode at 14.8 Hz, where the
engine responds in pitch, and the engine
pitch mode at 18.0 Hz where the wing
responds in bending.

For this reason, a buffet response analysis
was performed to determine especially
the dynamic loads at the upper engine
mount.

Valuable data for this analysis came from
unsteady buffet measurements on a rigid
wind tunnel model for a wing with a
similar planform performed at DASA in
1981.

Based on this analysis, the initial engine
mount design with thin aluminium plates
was replaced by thicker gage steel parts.

Fin Buffet

Although wind tunnel streeamline oil
flow studies did not indicate the existen-
ce of forebody vortices or separated flow
fields in the centerplane of the vertical
tail that might induce fin buffet, the
vertical tail to fuselage attachment
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strength capability was increased above
static strength requirements. This impro-
vement resulted in a fail-safe design for
the event that flight tests might reveal
significant buffet excitations. In fact,
initial flight with wing leading edge flaps
not yet operating at the above described
schedule, showed high acceleration levels
at the fin tip.

Ground Tests

Control Surface Free-Play Tests

To demonstrate that the required free-
play limits from MIL-8870 are not excee-
ded, all control surfaces were tested
under two different conditions: with both
hydraulic systems operating and with
only one hydraulic system active. These
tests were performed by applying exter-
nal loads in incremental step and in both
directions to the control surafces. The
specified limits were met for all surfaces
except for one condition: the tight requi-
rement of 0.034 degrees for all-moving
surfaces could not be met for the canard
with one hydraulic system off. For this
condition, the previously mentioned free-
play flutter analysis was performed.

Ground Vibration Test

To verify and update the analytical dy-
namic model, a multiple shaker ground
vibration test (GVT) was performed in
late 1989. Table 3 summarizes the eigen-
mode frequencies for pre-GVT analysis,
test results, and adjusted analysis values
aftér the GVT.

The test was performed on soft tires
instead of platform-type soft suspension
system after analysis had indicated unde-
sirable low-frequent platform modes due
to the mass of the platforms.

Structural Coupling Tests

To demonstrate the required stability
margins for the digital flight control
system (FCS) in the pressence of the fle-
xible structure, a structural coupling test
(SCT), sometimes also called FCS-GVT,
was performed for different conditions:

- open flight control loops
- closed control loops
- during taxi.

During these tests, the structure is not
excited by external shakers. Frequency
sweep inputs are generated by the flutter
test box for the control surfaces. The
response signals are then measured at the
flight test accelerometers, at the inertia
measurement unit, and at the feed-back
signals to the control surfaces.

Flutter Flight Test

Excitation System

To demonstrate flutter stability in flight,
adequate excitation of all important struc-
tural modes is required. For the X-31A,
the digital fly-by-wire flight control sy-
stem provided an efficient oppertunity
low costs without changing the aircraft
flutter characteristics. The only added
hardware is the control box to command
the desired oscillations or pulses through
the flight control computer to the primary
control surfaces. The possible control
surface modes are:

- symmetric canard,

- rudder,

- wing trailing edge outboard flaps,
symmetric and antisymmetric.

At all flight envelope test points, frequen-

cy sweeps between 0.land 100 Hz were

generated . In addition, the pulse mode

was also used for the canards to excited

high frequent modes.
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Test Points

The test points plotted in fig. 8 were
established to clear the flight envelope by
incremental dynamic pressure lines with
increasing Mach number and altitude
steps. In the meantime, supersonic test
points up to Mach 1.3 at high altitudes
have been added and flutter stability
could be demonstrated.

Data Acquisition and Survey

The accelerometers depicted in fig. 9
were used to record the response signals
during the tests. These signals were trans-
mitted by telemetry to the ground station
for on-line survey on multi-channel oscil-
lographs and oscilloscopes. After chek-
king these signals, the next point of flight
test program could be cleared. Usually,
between three and five test points on one
dynamic pressure line could be test tested
during each dedicated flutter flight.

Test Data Analysis

The on-board tape accelerometer data
were used after each flight for the eva-
luation of frequency and damping of the
structural modes. A typical example of
these results in presented in fig. 10.
Three different methods were used to
determine the results. An everage value
for the damping from these three me-
thods was then used to determine the
safety to proceed to the next higher g-
line.

All results showed more than adequate
flutter stability margins, within the flight
envelop as well as for the extrapolation
to the chosen margin in speed.

Conclusions

All objectives of the X-31A program
could be met with great success. For this
reason, an extension of the program is
planned to test additional demanding fea-

tures like lateral stability without a ver-
tical tail surface. The chosen approach
with respect to aeroelasticity, for pre-
design, design, ground-tests and the flight
test program was also very successful.
Sufficient aeroelastic stability as well as
aeroelastic effectiveness were provided
by a minimum effort in time and costs
during all project phases.

In spite of the tight time schedule and the
basic differences in analysis models and
methods between the two partner compa-
nies, this program showed that a high-
risk demonstrator project can successfully
be completed - in spite of budgetary
constraints -if appropriate assumptions
are made at the beginning, if the data ex-
change between the partner companies is
carefully planned, and if the flight test
evaluation can be performed by efficient
data acquisition, survey, and data analysis
methods.
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MODE - ID GVT PREDIC- ADJUS-
TED TED
MODE - ID GVT PREDIC- ADJUS- Symmetrict
TED TED Pirch 187 131 1.86
Plunge 4.00 270 391
Boom 12.89 558 12.93
Antisymmetric: Wing 1 bending 14.17 17.02 14.37
yaw 1.26 149 128 Engine pitch 17.93 - 18.01
lateral 2.08 167 176 Fusclage 1" bending 24.70 14.68 2384
roll 602 419 6.23 Trailing edge inboard 38.90 3599 3789
engine 10.9 . 10.86 Fuselage 2™ bending - 28.76 40.13
boom 13.7 5.38 13.61 wing 2* bending 45.80 42,08 42.19
wing [ bending 17.16 19,98 1114 2% boom 55.80 40.01 5289
fuselage 1" bending 23 1820 2143 fusciagejengine - .72 .
vertical . 1" bending 255 25,10 261 wing torsion 61.30 57.53 57.56
fuselage 2 bending 3123 37.68 3281 canae I beocing oo ol s
trailing edge outboard 66.90 61.64 70.99
wing 2nd bending 47.68 4391 39.36 fusciage 3* boreing €920 675 1149
fuselage torsion 4.0 35.17 43.63 wing 3" bending 99.50 73.00 104.85
trailing edge inboard 411 36.0 38.24 canand torison 110,40 773 107.30
2% boom . - 49.67 leading edge outboard 125.80 82.14 125.70
canard 1" bending 64.0 5139 63.49 leading edge inboard 139.50 79.00 136.20
1* rudder 60.0 53,18 54,25 canard 2 bending 144.80 140.38 148.70
wing 1" torsion 63.7 55.09 59.07
trailing edge outboard 67.0 59.55 70.48
2* rudder 106.9 106.12 72,70
. . ” .
::::.::;..wmg o - gl Table 3 : Comparison of pre- and post GVT
leading edge outboard 128.8 7864 127.64 frequencies (symmetric)
icading edge inboard 144.9 78.46 138.00
canard 2* bending 150.0 133.41 152.00
vertical t. torsion 134.2 162.06 153.98

Table 3 : Comparison of pre- and post GVT
frequencies (antisymmetric)
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