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Effects of Modal Symmetry on
Transonic Aeroelastic Characteristics of
Wing-Body Configurations

Guru P. Guruswamy* and Eugene L. Tut
NASA Ames Research Center, Moffett Field, California

To study accurately the transonic aeroelastic characten’sticé, it is important to model the full aircraft
configuration, including asymmetry. Recently, an accurate method of computing unsteady transonic flows on
full-span wing-body configurations was developed using the transonic potential flow theory. In this work, the method
is further developed to account for the aeroelasticity of full-span wing-body configurations. This is accomplished by
simultaneously integrating the unsteady aerodynamic forces and modal structural equations of the wmg-body
configurations. To validate the method, aeroelastic computations are made for a wing-body conﬁguratlon with a
rectangular wing. The aeroelastic responses of this configuration are correlated with the responses of a similar
isolated wing. The comparisons are favorable. Acroelastic computations associated with symmetric and antisym-
metric modes are also made to study the influence of modal asymmetry on responses. This. new developmenit is
further illustrated by computing the aeroelastic characteristics of a typical fighter aircraft. The results from this
study will be useful in accurately computing thie transonic flutter boundaries of aircraft, including those associated

with asymmetric modes.

Introduction

. CCURATE compuitations of unsteady forces on full
aircraft configurations are required to predict acroelastic
characteristics of aircraft, especially in the transonic regime
where unsteady aerodynamics are characterized by moving
shock waves over aerodynamic bodies, such as wings or
fuselage. Aerodynamic forces are nonlinear and are very
sensitive to changes in configurations caused by additional
components and by changes in flow parameters. For example,
recent studies! have shown that the addition of tip missile
aerodynamics significantly influences the aeroelastic stability
of wings, and in the transonic regime, rapid variations in the
pressure distributions with increasing Mach number result in
an unsafe aeroelastlc phenomenon known as the “transonic
dip.””?

Asymmetry can be encountered for an aircraft cither by
configuration or by flow conditions. Configuration asymmetry
can be caused by asymmetric static loads, such as on aircraft
carrying stores, or it may be inherently present, as is the case
for the oblique-wing aircraft. Effects of asymmetry on aero-
elasticity can be more intense in the transonic regime, where
the flow is nonlinear and contains moving shock waves.
Experimental investigations® have shown that in some cases,
the flutter speeds associated with antisymmetric modes are
different than, and sometimes less than, those associated with
the symmetric modes for the same wing. Therefore, to accu-
rately compute the flutter speeds, it is important to model the
full aircraft configuration, including asymmetry.

To accomplish the presented requirements for accurate
aeroelastic analysis, a theoretical modeling of transonic flows
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requires the solution of time-dependent, nonlinear, partial
differential equations that should be solved by a robust,
time-accurate method. Recently, an accurate method of com-
puting unsteady transonic flows on full-span wing-body
configurations was developed using the transonic small-per-
turbation (TSP) theory.* This new capability was demon-
strated by computing unsteady transonic flows over full-span
wing-body configurations undergoing both symmetric and
antisymmetric modal motions. Significant ‘ differences were
found in the aerodynamic results between symmetric and
antisymmetric modes. This new capability was incorporated
into the code ATRAN3S, the NASA Ames version of the Air
Force/NASA code XTRAN3S.® ATRAN3S, also known as
XTRAN3S-Ames, is the most advanced code in use for both
aerodynamic and aeroelastic analyses in the transonic regime.
This code is currently being used for routine aeroelastic
applications® of wings and to validate the development of
unsteady codes based on the Euler/Navier-Stokes equations.
The purpose of the present study is to further extend the
capability of the ATRAN3S code to handle the aeroelasticity
of full aircraft.

In this work, the technique’ of simultancously integrating
the unsteady aerodynamic forces and modal structural equa-
tions is extended for full-span wing-body configurations. This
is accomplished by accurately modeling both the aerodynam-
ics*-and the structural properties of the full-span wing-body
configuration. To validate the method, aeroelastic computa-
tions were made for a wing-body configurdtion with a rectan-
gular wing. The aeroelastic responses of this configuration are
correlated with the responses of a similar isolated wing case.
Aeroelastic computations associated with symmetric and anti-
symmetric modes are also made to study the influence of -
modal asymmetry on responses. This new development . is
further illustrated by computing the aeroelastic characteristics
of a typical fighter aircraft configuration.

The present work is done in conjunction with the further
development of ATRANS3S, which is being developed for
general purpose computations of transonic unsteady aerody-
namics and aeroelasticity of full aircraft. At present, this code
is capable of computing flows over wings with tip missiles and
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active control surfaces. With the development presented in
this paper, the capability of the code will be close to comput-
ing flows on almost complete aircraft configurations. Since the
present study models the full span of the wing, aeroelasticity
associated with asymmetric modes of aircraft carrying stores
and asymmetric configurations such as the oblique wing can
be successfully simulated. Because of the use of the TSP
equation, the computational time is practical for computa-
tionally intensive aeroelastic calculations.

Formulation of Unsteady Transonic Flow Equations

The coordinate system used in this analysis is shown in Fig.
1. The three-dimensional, unsteady, transonic small-perturba-
tion equation of motion used in this analysis is given by®

A¢y + B, = [Ed, + Fp% + G,
+ 14, + Hoso,], + 19k ()
where
A=M2

B=2M2 E=(1—-M2)

1 1 o
F=—|3)0+DM, =~z )y -3M2
2 2
H=—(—HM%,
arid ¢ is the disturbance velocity potential, M, is the
freestream Mach number, and y is the ratio of specific heats.
The flowfield boundary conditions used are
Far downstream:
¢r+kp, =0 (2a)
Far upstream:

=0 (2b)

Far above and below:

6. =0 (20)
Far spanwise:
¢y =0 (2d)
Trailing vortex wake:
[6] =0 (2¢)
[ + k] =0 (2f)

where [ ] denotes the jump in the quantity across the vortex
sheet.

The thin wing-surface-flow tangency condition satisfied at
the mean chord plane is given by

¢, =1 +Kf, ©)

where f(x) denotes the airfoil surface function and £ = wc/U,,
is the reduced frequency based on the full chord. Variable @
is the frequency in rad/s, ¢ is a reference chord length, and U,
is the freestream velocity.

The preceding equations are transformed so that a swept,
tapered wing can be analyzed by using a finite-difference mesh
aligned with the leading and trailing edges of the wing. The
transformed equation is solved by the time-accurate alternat-
ing-direction implicit finite-difference scheme. Details are
given in Ref. 4.
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_ Aerodynamic Modeling of Fuselage
. The fuselage is modeled as a body based on the small-per-
turbation theory by following the procedure described in Sec.
1.3 of Ref. 9. For a body described by the equation
g(x,y,z,t) =0, the small-perturbation flow tangency boundary
condition on the surface of the body becomes®

kg, +(1+¢)g, + 8, + b8, =0 (42)

To the first order, this equation becomes

kg, +8x+ .8, +d.8. =0 (4b)

In the present method, the fuselage is treated in a rectangu-
lar mesh system as shown in Fig. 2. The mesh is constructed
so that poirnts lie reasonably close to the fuselage surface.
Depending on the mesh fineness, the grid points may lie either
inside or outside of the fuselage surface. The boundary condi-
tion [Eq. (4)] is treated implicitly to give accurate and fast
solutions as follows. :

The aerodynamic equation of motion [Eq. (1)] is solved by
the alternating-direction implicit scheme using three sweeps.
In the x sweep, the boundary condition [Eq. (4)] is imposed
explicitly since it does not involve any derivatives of the
potential in the x direction. In the y sweep, the ¢; term is
implicitly treated and the ¢, term is explicitly treated. In the
z sweep, the ¢, term is implicitly treated and the ¢, term is
explicitly treated. The two-point extrapolated.differences are -
substituted for ¢, and ¢, at the boundary points.
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This approach requires an efficient grid-generation and
body-boundary-point identification scheme. In this work, a
numerical scheme that generates a grid for accurate modelxng
of a given wing-body configuration was developed and incor-
porated in ATRAN3S (XTRAN3S-Ames): This scheme gives
a grid that is fine around the wing-body and stretches
smoothly far enough in the flowfield to reduce the effect of
far-field boundary reflections. It clusters grid lines along the
leading and trailing edges of the wing and gives adequate grid
lines on the wing and the body. Figure 3 shows the grid in the
x —y plane obtained by the present grid-generation scheme
for the RAE wing-body configuration. The boundary grid
points on the body (Fig. 2) are automatically identified by the
scheme without any user interface. In order to impose the
boundary condition [Eq. (4)], which is in the Cartesian coor-
dinate system, the grid-generation scheme generates a Carte-
sian physical grid near the body, as shown in Fig. 3 for the
RAE wing-body configuration. Thus, the metric term &, is
zero for all grid points on the body.

Aeroelastic Equations of Motion

The governing aeroelastic equations of motion of a ﬂex1ble
wing are obtained by using the Rayleigh-Ritz method (Ref.
10, Chap. 3). In this method the resulting aeroelastic displace-
ments at any time are expressed as a function of a finite set of
selected modes. The contribution of each selected mode to the
total motion is derived by Lagrange’s equation. Furthermore,
it is assumed that the deformation of the continuous-wing
structure can be represented by deflections at a set of discrete
points. This assumption facilitates the use of discrete strue-
tural data, such as the modal vector, the modal stiffness
matrix; and the modal mass matrix. In this study, the finite-el-

ement method is employed to obtain the modal data. The

stiffness and mass of both the right and left wings are included
in the analysis, and it is assumed that the body is rigid.

It is assumed that the deformed shape of the wing can be
represented by a set of discrete displacements at selected
nodes. From the modal analysis, the displacement vector {d}
can be expressed as

{d} = Wl{q} (5

where [] is the modal matrix and {g} is the generalized
displacement vector. The findl matrix form of the aeroelastic
equations of motion is

IM){d} +[Gl{g} + K]ig} = {F} (6)

where [M], [G], and [K] are modal mass, damping, and
_stiffness matrices, respectlvely The aerodynamic force vector
{F} is defined as (z)pr,o[z//] TAJ{AC,}, where p is the free-
stream den31ty, U, is the freestream velocity, AC, is the
pressure jump at the aerodynamic control points, and [4] is
the diagonal area matrix of the aerodynamic control points.

These equations of motion are solved by numerical inte-
grating Eq. (6) in time by the linear acceleration method.” The
step-by-step 1ntegrat10n procedure for obtaining the aeroelas-
tic response is performed as follows. Assuming that freestream
conditions and wing surface boundary conditions were ob-
tained from a set of selected starting values of the generalized
displacement, velocity, and acceleration vectors, the general-
ized aerodynamic force vector F(t) at time ¢ + At was com-
puted by solving Eq. (1). Using this acrodynamic vector, the
generalized displacement, velocity, and acceleration vectors
for the time level ¢ + At are calculated by numerically inte-
grating Eq. (6). From the generalized coordinates computed
at the time level 7 + Az, the new boundary conditions on the
sarface of the wing are computed. With these new boundary
conditions, F(f) at the next time level is computed by using
Eq. (1). This process is repeated every time-step to solve the
aerodynamic and structural equations of motion forward in
time umntil the required response is obtained.
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Fig. 3 Grid in x-y plane for the RAE wmg—body conﬁguratlon
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Fig. 4 Steady pressure distributions on the bbdy of the RAE wing-
body configuration.

Results
Validation of Aerodynamic Modeling

Accurate computations of - unsteady transomc loads are
essential to obtain accurate aeroelastic responses of the full
aircraft.. Steady and unsteady. aerodynamic results from the
present modeling compare well with other theories and exper-
iments. These results are shown in detail in-Ref. 4. Figure 4
illustrates the good comparison between computed and mea-

sured steady aerodynamic pressures on the fuselage of the
RAE wing-body conﬁguratlon Results of unsteady calcula-
tions of a rectangular wing-cylinder configuration compare
reasonably well with both the theoretical and experimental
data for a wall-mounted wing-alone configuration, as shown
in Fig. 5.
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Fig. 5 Compafison of unsteady pressures in computation (wing-cylin-
der and wing-alone) and experiment (wing-alone).
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Fig. 6 The rectangular RAE wing-body configuration.

Unsteady Computations

Aeroelastic response analyses are conducted for a uniform
rectangular wing-body configuration shown in Fig. 6. The
rectangular wing used in these analyses has an aspect ratio of
5.0 and a parabolic-arc airfoil section with a 6% thickness.
The body used in this configuration is the same as the body
for the RAE wing-body conﬁguration.\4 The mode shapes and
frequencies required for the modal equations of motion Eq.
(5) were obtained from a 16-degree-of-freedom rectangular
finite element.'! In computing the mode shapes, it is assumed
that the body is rigid. The symmetric and antisymmetric mode
shapes and frequencies of the rectangtilar wingbody configu-
ration are shown in Figs. 7 and 8, respectively. These modes
were constructed using the five fundamental modes of a
rectangular wing that has the same structural properties of
either the right or left wing of the wing-body configuration.

In order to understand the differences in aerodynamics
between the symmetric and antisymmetric mode shapes, a
detailed unsteady aerodynamic analysis is performed on the
rectangular wing-body configuration. Previous studies'? have
shown that for this particular rectangular wing, the twisting
mode plays a predominant role in determining the flutter
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Fig. 7 Symmetric mode shapes of the rectangular wing-body conﬁgu-
ration.
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Fig.. 8 Antisymmetric mode shapes of the rectangular wing-body
configuration.

characteristics of the wing. Therefore, for this analysis, the
magnitude and phase of the lift and moment are computed for
the first symmetric and antisymmetric twisting modes. Com-
putations were made at three Mach numbers (0.795, 0.875,
and 0.905). For all Mach numbers, a reduced frequency of
0.20 was selected based upon the measured flutter frequencies
given in Ref. 13.

The unsteady sectional lift and moment results for three
Mach numbers (0.795, 0.875, and 0.905) are shown for the
full span of the wing in Figs. 9 and 10, respectively. The
results in Figs. 9 and 10 show slight asymmetries near the
body, though pure symmetric and antisymmetric modes were
used in the analyses. It is noted that 2 moderately fine grid of
size 82 x 50 x 40 was used in the present computations. A
finer grid is required to remove discrepancies near the body.

From Figs. 9 and 10, it is noted that small chariges occur
between the symmetric and antisymmetric modes when the
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Fig. 9 Comparison of unsteady lift coefficients betwgen symmetric and antisymmetric twisting modes for the rectangular wing-body configuration

at three Mach numbers.

Mach number is increased from M = 0.795 to 0.875. Further
results of unsteady analyses conducted at the additional Mach
numbers of 0.836 and 0.851 indicate that the relative changes
in the lifts and moments are small throughout the subsonic to
transonic Mach number range of 0.795-0.875. However, dra-
matic differences between the symmetric and antisymmetric
unsteady lifts and moments occur when the Mach number is
increased from 0.875 to 0.905. At M = 0.875, magnitudes of
lifts and moments are higher for the symmetric cases than for
the antisymmetric cases for almost 100% of the wing span.

However, at M =0.905, the magnitudes of lift and moment
for the symmetric cases are higher for only approximately 50
and 20% of the span, respectively. These trends have an
important influence on the aeroelastic responses, which will be
illustrated in the following section.

Aeroelastic Computations of the Rectangular Wing-Body

Using the modal data shown in Figs. 7 and 8, aeroelastic
responses associated with symmetric and antisymmetric
modes were computed at various Mach numbers and dynamic
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Fig. 10 Comparison of unsteady moment coefficients between symmetric and antisymmetric twisting modes for the rectangular wing-body

configuration at three Mach numbers.

pressures. All responses were started with modally displaced
initial conditions obtained by giving unit values to the first
two generalized coordinates. All computations were made at
dynamic pressures close to the fluttering speed. Results from
aeroelastic analyses presented in this paper compare well with
other computed! and experimental'® aeroelastic results for
wing-alone configurations. The flutter speeds associated with
wing-body symmetric modes computed in this work and
experimental results for a wing-alone configuration given in
Ref. 13 differ by less than 10%. The modal data required for
computations were computed accurately using the structural
properties of the model. For example, the computed fre-
quency of the first bending mode is about 7.5% less than the
measured frequency. The favorable comparisons between
computed and measured steady, unsteady, and aeroelastic
results verifies the correct modeling of the fuselage.

Figures 11-13 illustrate the aeroelastic responses of the first
three normal modes associated with both symmetric and
antisymmetric modes at Mach numbers of 0.795, 0.875, and
0.905, respectively. As shown in Fig. 11, at M =0.795 and a
dynamic pressure of 1.28 psi, aeroelastic responses associated
with the antisymmetric modes have significantly less damping
than the corresponding response associated with the symmet-
ric modes. For this particular configuration and flow condi-
tion, results shown in Fig. 11 indicate that the flutter speed is
lower for the antisymmetric case than for the symmetric case.

Other experimental studies® have shown that in some cases the
flutter speeds associated with antisymmetric modes are less
than those associated with the symmetric modes for the same
wing. A detailed flutter analysis similar to the one performed
in Ref. 12 shows that for this case, the antisymmetric flutter
speed is lower than the symmetric flutter speed by 4.8%. Both
the present theoretical results and the experimental results®
emphasize the need to model full aircraft configurations,
including asymmetry, to accurately compute flutter speeds.

Figure 12 shows response results at M =0.875 and a
dynamic pressure of 1.40 psi. From Fig. 12, it can be seen that
the difference in the amount of damping between the symmet-
ric and antisymmetric modal responses is significantly reduced
when compared to those shown in Fig. 11 for M = 0.795. The
flutter speeds associated with the symmetric and antisymmet-
ric modes for this condition are almost equal. A detailed
flutter analysis shows that for this case, the antisymmetric
flutter speed is lower than the symmetric flutter speed by less
than 2.0%.

Figure 13 shows response results at the high transonic
Mach number of 0.905 and a dynamic pressure of 1.1 psi. In
this case, there is a noticeable switch between the symmetric
and antisymmetric modal response when compared to the
previous two Mach numbers. The antisymmetric case has
significantly more damping in both the first and second modal
responses than does the symmetric case. For this case, it
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Fig. 11 Aeroelastic responses associated with symmetric and antisym-
metric modes of the rectangular wing-body configuration at M = 0.795.

appears that the antisymmetric modes give a flutter-free con-
dition, whereas the results for the corresponding symmetric
modes are close to fluttering.

The comparisons between the aeroelastic responses associ-
ated with the symmetric and antisymmetric modes are sum-
marized in Fig. 14. Figure 14 shows the second modal
response (predominantly twisting mode) for five Mach num-
bers ranging from 0.795 to 0.905. For all Mach numbers,
computations are made at dynamic pressures, close to the
fluttering speed of either the symmetric or antisymmetric
modes. At M =0.795, the antisymmetric case has less damp-
ing than the corresponding symmetric case. As the Mach
number is increased, the difference in the amount of damping
between the symmetric and antisymmetric cases decrcases
until a switch takes place at M = 0.905. This switch is a direct
result of the senmsitivity of transonic unsteady pressures to
mode shapes. For example, significant changes took place in
unsteady lifts and moments between M =0.875 and 0.905
when the mode shape was changed from symmetric to anti-
symmetric.
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Fig. 12 Aeroelastic responses associated with symmetric and antisym-
metric modes of the rectangular wing-body configuration at M = 0.875.

In the present analyses, aeroelastic stabilities were studied
by directly using the responses of the coupled modal displace-
ments. Further conclusions can be made by postprocessing
the responses to determine the damping using the other
methods such as the logarithmic decrement technique. Results
in this section illustrate the strong sensitivity of unsteady
transonic forces and corresponding aeroelastic responses to
mode shape symmetry.

Aeroelastic Computations of Typical Fighter Wing-Body

The development in this paper is demonstrated for a typical
fighter configuration. The planform of the fighter aircraft
configuration selected is given in Fig. 15. The wings of the
fighter are based on acrodynamic and aeroelastic data avail-
able for the YF-17 aircraft.!* Similar to the rectangular
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wing-body configuration, the symmetric and antisymmetric
mode shapes and frequencies are generated based on the wing
mode shapes and frequencies given in Fig. 16. By using the
modal -data, aeroelastic response analysis was conducted at
the transonic Mach number of 0.90 and an altitude of
30,000 ft. Symmetric and antisymmetric aeroelastic response
results are shown in Fig. 17. For this configuration and flow
condition, it is observed that the symmetric response has less
damping than the antisymmetric response, indicating a lower
flutter speed for the symmetric modes.

Conclusions
A procedure has been developed to conduct transonic
aeroelastic analyses of full-span wing-body configurations.
Both aerodynamic and structural properties of the full
configuration are accurately modeled. Keeping the practical
aeroelastic applications in view, the flow is modeled by using
the transonic small-perturbation theory. Computed aerody-
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Fig. 13 Aeroelastic responses associated with symmetric and antisym-
metric modes of the rectangular wing-body configuration at M = 0.905.
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Fig. 17 Aeroefastic responses of first mode associated with symmetric
and antisymimetric modes of the fighter wing-body configuration at
M =0.90.

namic and aeroelastic results compare well with the experi-
mental results. Coniputations for a rectangular wing-body
configuration show that the present procedure of coupling the
aerodynamics and structures of full aircraft works success-
fully. Results show that, in some cases, the flutter speed
associated with antisymmetric modes is less than that associ-
ated with symmetric modes. Furthermore, a correlation be-
tween the unsteady loads and the acroelastic response of a
wing is demonstrated. Results are also illustrated for a typical
fighter wing-body configuration to demonstrate the practical
application of this development in accurat¢ flutter analysis of
future advanced fighter aircraft. In this study, the full span of
the wing is modeéled by treating the left and right wings
independently. As a result, aeroelastlclty associated with
asymmetric modes of aircraft car be successfully simulated.

J. AIRCRAFT

Since the present study is in the time domain, it can comple-
ment the wind-tunnel and flight tests as a “numerical flight
simulator” and reduce the de51gn cost considerably.
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