VOL. 28, NO. 10, OCTOBER 1991

J. AIRCRAFT 657

Application of XTRAN3S and CAP-TSD to Fighter Aircraft

D. M. Pitt,* D. F. Fuglsang,i and D. V. Drouin}
McDonnell Douglas Corporation, St, Louis, Missouri 63166

Two unsteady transonic small-disturbance (TSD) codes, XTRAN3S and CAP-TSD, were used to perform
aeroelastic analyses of four fighter aircraft configurations. The XTRAN3S code was used for a wing-alone anal-
ysis of the F-15 and F/A-18 aircraft, whereas the CAP-TSD code, with its more flexible geometric modeling
capability, was used to analyze a canard, wing, and tail arrangement of the ¥-15 S/MTD and a wing, launcher,
and tip missile arrangement of the F/A-18. Static and dynamic aeroelastic calculations were performed using
both the linear and nonlinear forms of the small-disturbance equation. Comparisons are made between the F-15
and F/A-18 wing-alone flutter results and those from a linear flutter analysis computed using doublet lattice
aerodynamics. These comparisons show good agreement for the linear aeﬁ)dynamic TSD solutions but signifi-
cant changes in the flutter speed for the nonlinear aerodynamic TSD solutions. Comparisons were also made for
the canard/wing/tail and the wing/launcher/tip missile configurations with the corresponding wing-alone con-
figurations to assess the effects of multiple lifting surfaces and tip stores on flutter.

Nomenclature
C, =total lift coefficient
C, = section lift coefficient
C, = pressure coefficient
Cu/gm =section moment coefficient about 1/4 chord
g =structural damping coefficient
M, = freestream Mach number
q; =generalized coordinate of motion for mode i
G = freestream dynamic pressure
t =nondimensional time
Ve = freestream velocity
wt =nondimensional time step size
o =angle of attack, deg
oy =mean angle of attack, deg
7 =fractional semispan along planform
W,W, =natural circular frequency
Wy =damped circular frequency
Introduction

HE purpose of this research was to study the effects
of nonlinear aerodynamics on the transonic aeroelasticity
of realistic fighter geometries. Because of the complex
nature of the aeroelastic problem, the highly coupled interac-
tion between the aerodynamic forces and the flexible struc-
ture, traditional methods of numerical analysis have been re-
stricted to linear mathematical models. However, within the
transonic speed range, the assumption of linear aerodynamics
can introduce large errors into the aeroelastic calculations.
Two unsteady transonic small-disturbance (TSD) codes,
XTRAN3S and CAP-TSD,'? were used to perform an
aeroelastic analysis of four fighter aircraft configurations.
The XTRANS3S code was used for the wing-alone analysis of
the F-15 and F/A-18 aircraft, whereas the CAP-TSD code
with its more flexible geometric modeling capability was used
to analyze the canard, wing, and tail arrangement of the F-15
S/MTD and the wing, launcher, and tip missile arrangement
of the F/A-18. Both static and dynamic aeroelastic calcula-
tions were performed using the linear and nonlinear forms of
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the small-disturbance equation. The F-15 and F/A-18 wing-
alone flutter results were compared with those from a tradi-
tional linear flutter analysis computed using doublet lattice?
aerodynamics. Comparisons were also made for the canard/
wing/tail and the wing/launcher/tip missile configurations
with the corresponding wing-alone configurations to deter-
mine the effects of multiple lifting surfaces and tip stores on
transonic flutter. The work reported here constitutes a portion
of the more extensive research study of Ref. 4.

Time-Marching Aeroelastic Analysis

The XTRANS3S and CAP-TSD codes perform an aeroelastic
analysis by coupling a finite difference formulation for the
aerodynamics to the aircraft structural equations of motion.

Fig. 1 Planform view of the F-15 aircraft.

Fig. 2 Planform view of the F-15 S/MTD aircraft.
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Fig. 3 Planform view of the F/A-18 aircraft.

v ]
7

£
2

i

/) 1l
W
I

Jni
T,
Vi //J I

| | |

Fig. 4 F-15 XTRANS3S wing with computational grid.
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The equations of motion are formulated in the time domain
and are based on the aircraft natural vibration modes. The
XTRAN3S code solves the unsteady transonic small-
disturbance equation using an alternating-direction implicit
(ADI) finite difference algorithm,! whereas the CAP-TSD
code uses a time-accurate approximate factorization (AF)
algorithm? applied to the TSD equation. The aeroelastic equa-
tions of motion are integrated in time within the XTRAN3S
code using an Adams-Moulton predictor-corrector method as
described in Ref. 5, whereas the CAP-TSD code uses a modi-
fied state transition matrix structural integrator implemented
as a predictor-corrector procedure described in Ref. 6.

XTRAN3S and CAP-TSD Code Application Results

Results are presented for four aircraft configurations as ap-
plications of the XTRAN3S and CAP-TSD aeroelastic codes.
The four configurations are 1) the F-15 wing; 2) the F-15
S/MTD wing, canard, and tail; 3) the F/A-18 wing; and 4) the
F/A-18 wing with tip missile. The XTRANS3S code was used to
analyze the F-15 and F/A-18 wings, whereas the CAP-TSD
code was used to analyze the F-15 S/MTD and F/A-18 wing
with tip missile. Planform views of the aircraft are shown in
Figs. 1-3.

XTRANS3S Calculations for the F-15

The F-15 wing with unclipped tip, trailing-edge flap, and
aileron has an aspect ratio of 3.01, a leading-edge sweep of 45
deg, and a taper ratio of 0.25. The airfoil section of the F-15
wing is a modified NACAG64A series that varies in thickness
from 5.9% at the root to 3% at the wingtip. The wing plan-
form as modeled for the analysis is shown in Fig. 4 along with
XTRAN3S grid point distribution on the surface.
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A modal reduction study* was performed using doublet lat-
tice aerodynamics to reduce the number of wing vibratory
modes from 25 to 3. These modes, calculated from a finite ele-
ment model that was correlated with measured ground vibra-
tion test data, predict the basic flutter mechanism for the F-15
wing.

A static aeroelastic analysis was performed using both linear
and nonlinear XTRAN3S aerodynamics coupled with the
three-mode vibration model of the structure. The conditions
used in the analysis were M, =0.9, «,,=0.08 deg, and
g =25.9 psi. (This is the linear doublet lattice flutter dynamic
pressure.) Perspective views of the deformed wing for both the
linear and nonlinear static aeroelastic solutions are shown in
Figs. 5 and 6, respectively. The deformed shape for the
nonlinear case has a larger amount of wing bending and wing
torsion than the linear case. The tip rotation angle for the
linear case was computed to be approximately 6.3 deg (leading
edge down), whereas in the nonlinear case, it was computed to
be 8.6 deg.

For the dynamic aeroelastic analysis of the F-15 XTRAN3S
model, solutions were computed using both the linear and full
nonlinear formulation of the small-disturbance equation. All
calculations were performed at a freestream Mach number of
M, =0.9 and a mean wing angle of attack of «,, =0.08 deg.
Only the freestream velocity V., and dynamic pressure q.,
were varied between cases. The time step size and the number
of iterations were selected to allow at least three cycles of the
lowest frequency mode to be computed while maintaining a
minimum of 200 steps per cycle of the highest frequency
mode. Each of the dynamic aeroelastic solutions produced
three transient responses, one for the generalized displacement
of each modal motion. These responses were curve fit using a
damped sine wave modal decomposition method to determine
their damping and frequency. The component damping is used
to indicate whether the dynamic pressure for the given case
was above or below the flutter point.
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Fig. 5 Perspective view of the F-15 XTRAN3S static aeroelastic
solution computed using the linear TSD equation.
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Fig. 6 Perspective view of the F-15 XTRAN3S static aeroelastic
solution computed using the nonlinear TSD equation.
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Results from a sample dynamic aeroelastic solution com-
puted using linear XTRANS3S aerodynamics are shown in Fig.
7. The conditions used for the calculation were V_, =950 kt
and ¢, =21.2 psi. The figure contains the time histories for
the three generalized displacements and clearly shows converg-
ing transients, indicating a stable solution below the flutter
point. Alternately, the solution computed using nonlinear aero-
dynamics for the same flight conditions is shown in Fig. 8. The
generalized displacement time histories show diverging (grow-
ing) response for mode 1, indicating an unstable response
above the flutter point.

The stability of the system can also be examined through a
phase plane representation of the response. Figure 9 shows a
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Fig. 7 F-15 XTRAN3S time history responses for the generalized
displacements computed using the linear TSD equation.
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Fig. 8 F-15 XTRANS3S time history responses for the generalized
displacements computed using the nonlinear TSD equation.

Linear Starting Point
-0.3I
0.6
Generalized
Displacement 0.9
2
-1.2
-1.5
1.8 1 1 1 1 1 1 1 ! {
-30-24-18-12-06 0 06 12 18 24 30
-0.84
Starti -
Nonlinear arting Point
-0.90
-0.96 1
Generalized
Displacement —1.021
2
-1.08-
-1.141
~1.20 1 1 i i 1 1 1

1 1
-21-18 -1.5 -1.2 09 06 -03 0 03 06 09
Generalized Displacement 1

Fig. 9 F-15 XTRAN3S phase plane plots for the first and second
generalized displacements computed using the linear and nonlinear
TSD equation.
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Fig. 10 V-g comparison plot between linear theory computed using
doublet lattice aerodynamics and the F-15 XTRAN3S values com-
puted using the linear TSD equation.
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Fig. 11 V-g comparison plot between linear theory computed using
doublet lattice aerodynamics and the F-15 XTRAN3S values com-
puted using the nonlinear TSD equation.

plot of the first generalized displacement vs the second gener-

- alized displacement for the transients of Figs. 7 and 8. As dis-

cussed earlier, the linear aerodynamic solution is stable,
which, in the phase plane plot, is indicated by the inward
spiraling curve. The instability of the nonlinear aerodynamic
solution is indicated by the outward spiraling curve.

The dynamic aeroelastic behavior of this configuration (for
the stated Mach number and angle of attack) is summarized by
the damping vs velocity plots in Figs. 10 and 11. The modal
damping values extracted from the transients of the general-
ized displacements are plotted in the figures along with base-
line results computed from a P-k linear flutter analysis using
doublet lattice® aerodynamics. In comparing the XTRAN3S
damping values and those from the P-k analysis, reasonable
quantitative agreement can only be seen when the modes are
not heavily damped. Heavily damped modes are difficult to
curve fit and are easily contaminated by numerical and/or in-
itial condition transients introduced into the calculations.
Qualitatively, however, both the P-k and XTRANS3S results
show similar modal trends as mode 1 flutters and modes 2 and
3 become more heavily damped with increasing velocity. The
figures indicate a linear flutter speed of approximately 1040 kt
and a nonlinear flutter speed of approximately 945 kt obtained
by interpolating between the XTRAN3S solutions. This is
compared to a flutter speed of 1050 kt obtained using doublet
lattice aerodynamics.

CAP-TSD Calculations for the F-15 S/MTD
The second configuration is the wing, canard, and tail ar-
rangement for the F-15 S/MTD. The configuration was
modeled in CAP-TSD with three lifting surfaces and included
the trailing-edge flap and aileron of the wing. A planform
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Fig. 12 CAP-TSD F-15 S/MTD canard, wing, and tail arrangement
with computational grid.
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Fig. 13 CAP-TSD and XTRANS3S time history responses for the
first generalized displacement computed using the nonlinear TSD
equation.

view of the simplified model as used for the calculations is
shown in Fig. 12, The grid point distributions on thc lifting
surfaces are as shown in the figure.

To study how the aerodynamic effects of multiple lifting
surfaces influence aeroelastic response, only the wing in this
configuration was modeled as a flexible structure. The canard
and tail were treated as rigid structures to provide only aerody-
namic interference effects. To further simplify the analysis,
the same structural representation that was used for the F-15
XTRAN3S calculations was also used for the S/MTD.

A sample dynamic aeroelastic solution computed using
nonlinear aerodynamics is presented in Fig. 13. The free-
stream conditions were M, =0.9, «,,=0.08 deg, g,,=21.2
psi, and V,, =950 kt. These conditions were chosen because
they produced the unstable response in the F-15 XTRAN3S
calculations. Within the figure are plotted the time histories of
the first generalized displacement for both the three-lifting-
surface S/MTD configuration and the F-15 wing-alone config-
uration (see Fig. 8). The effect of the canard and tail is to in-
duce a higher amplitude response that diverges at a slightly
faster rate. This flutter trend is contrary to what was predicted
using linear doublet lattice acrodynamics. It is also seen that
the mean value about which the responses oscillate changes
considerably between the wing-alone and -wing, canard, and
tail configurations. This mean value represents the contribu-
tion of the first vibratory mode to the static aeroelastic solu-
tion if no oscillations were present.

XTRAN3S Calculations for the F/A-18

The third configuration is the F/A-18 wing with leading-
and trailing-edge control surfaces. The wing has an aspect
ratio of 3.5, a leading-edge sweep of 26.7 deg, and a taper
ratio of 0.348. The airfoil section of the F/A-18 wing is a
modified NACAG65A series that varies in thickness from 5% at
the root to 3.5% at the wingtip. In addition, the wing has a
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negative 4-deg linear twist starting at the wing fold
mechanism, at a semispan location of y=65% to the wingtip
at n=100%. The XTRAN3S wing grid used in the analysis is
shown in Fig. 14.

The wing was modeled structurally using five vibration
modes. The modes were chosen to simulate an observed
wing/store/tip missile limit cycle oscillation mechanism for
the F/A-18 wing. It is noted that the vibratory modes contain
the effects of the mass of a tip missile and under wing stores
even though their aerodynamic influence could not be in-
cluded in the aeroelastic analysis.

Results from a dynamic aeroelastic analysis for the F/A-18
wing computed using nonlinear acrodynamics are presented in
Fig. 15. The calculations were performed at M_, =0.8986 and
a,, =0.44 deg, with the results shown for two different velo-
cities, V, =748.6 and 1122.9 kt. Within the figure are time
history plots of the third generalized displacement along with
the associated component plots computed from the damped
sine wave decomposition of the generalized displacements.
The results show that as freestream velocity is increased an
unstable response is obtained. Based on these and other
aeroelastic calculations, the nonlinear flutter speed of 1085 kt
was obtained. This is compared with a flutter speed of 970 kt
computed when using linear XTRAN3S aerodynamics or a
flutter speed of 940 kt computed when using doublet lattice
aerodynamics.

The F/A-18 wing total lift coefficient time history for the
nonlinear flutter point at ¥, =1122.9 kt is presented in Fig.
16. The lift is a divergent sinusoidal oscillation about a mean
lift coefficient of 0.015. Two specific iterations are labeled as
minimum and maximum lift on the time history. Within Fig.
16 are comparison plots of the wing upper and lower surface
C, distribution at the time of minimum and maximum lift at
an inboard, midspan, and wingtip span location. An impor-
tant feature within the figure is the increasing variation be-
tween the minimum and maximum lift pressure distributions
when proceeding from root to tip span locations. This is to be
expected since the largest wing deformation occurs at the
wingtip. Also seen in the figure is a weakening of an upper sur-
face shock and the emergence of a strong lower surface shock
when proceeding from the root to the wingtip.

CAP-TSD Calculations for the

F/A-18 Wing with Tip Missile
The fourth configuration is the F/A-18 wing with launcher
and tip missile. For the CAP-TSD analysis, certain geometric
simplifications had to be made to the aerodynamic model of
the missile. First, the tip missile body was modeled as a lifting
surface with airfoil ordinates representing the missile cross-
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Fig. 14 F/A-18 XTRAN3S wing with computational grid.
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Fig. 15 XTRANS3S time history response and modal components for the third generalized displacement computed using the nonlinear TSD equa-
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Fig. 16 F/A-18 XTRANSS total wing C; time history and chordwise C,, distribution computed using the nonlinear TSD equation.

sectional shape. This was necessary so that the unsteady body -

pressures would be integrated for generalized force calcula-
tions. Also, it was not possible to model the missile’s forward
and aft fins at their normal 45-deg inclination, and so they
were rotated to appear in the vertical and horizontal plane.
This resulted in four rectangular vertical fins and two horizon-
tal fins on the missile. Slight compromises were made to fin
planform shape. A planform view of the F/A-18 wing and tip
missile grid is presented in Fig. 17.

For the structural model of this configuration,.the same five
vibrational modes used for the F/A-18 wing XTRAN3S
calculations were used for the wing/launcher/tip missile
calculations in CAP-TSD except that now the contribution of
the launcher, missile body, and fins is included in the evalua-
tion of the generalized aerodynamic forces. By retaining the
same structural model, the effects of the tip missile on the
aeroelastic response of the wing can be more closely examined.

CAP-TSD rigid static aerodynamic calculations were per-
formed for both the wing-alone and wing/launcher/tip missile
configurations. The conditions were M, =0.8986 and
a,, =0.4397 deg. Figure 18 contains plots of computed section
C, and C(y,4y,, (the spanwise locations have been nondimen-
sionalized by the reference chord). In the figure, the full (wing,
launcher, and tip missile) configuration predicts a lower sec-
tion C; than the wing-alone case. Also, the section pitching
moment C,y, for the full configuration results in lower
values inboard and larger (more negative) values at the tip.
The changes in the spanwise loads and moments are due to the

“fact that the tip missile and launcher are twisted down 4 deg to

match the geometric twist of the wingtip.

The static aeroelastic solutions computed for the two con-
figurations just mentioned are shown in Fig. 19. The condi-
tions were M, =0.8996 and «,, =0.4397 deg. The figure con-
tains plots of section C, and C(y,4),, for these aeroelastic
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Fig. 17 F/A-18 CAP-TSD wing and tip missile with computational
grid.
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Fig. 18 Comparison of XTRAN3S and CAP-TSD spanwise C; and
C/4m distributions for wing-alone and wing with tip missile com-
puted using the nonlinear TSD equation and a rigid representation of
the structure.
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Fig. 19 Comparison of XTRAN3S and CAP-TSD spanwise C; and
C/4ym distributions for wing-alone and wing with tip missile com-
puted using the nonlinear TSD equation and a flexible representation
of the structure.

solutions. The lift distributions display similar trends as ob-
tained from the data when modeling the rigid structure (Fig.
18). However, the spanwise flexible Cy,4,, is different from
the data for the rigid structure in that the tip missile flexible
Ci/nm goes to zero at 9=0.8 and has a larger maximum
negative value —0.018 at n=1.15. Also, it can be seen that
flexibility effects change the shape of the C, 4, curve for the
full configuration case. The differences are due to the aerody-
namics of the launcher, tip missile, and missile fins.

Linear and nonlinear dynamic aeroelastic analyses were per-
formed for the F/A-18 tip missile case for the conditions
M, =0.8986, e, = 0.4396 deg, g, =29.7 psi, and ¥V, =1122.9
kt. The addition of the tip missile and launcher resulted in a
larger amplitude oscillation when compared to the wing-alone
results. A more extensive narration of the F/A-18 nonlinear
dynamic aeroelastic results is presented in Ref. 4.

Conclusions

The application of two unsteady transonic small-distur-
bance codes, XTRAN3S and CAP-TSD, for aeroelastic analy-
sis of realistic fighter geometries was presented and discussed.
The XTRAN3S code was used to investigate the wing-alone
flutter speeds of the F-15 and F/A-18 aircraft, whereas the
CAP-TSD code was used to calculate the flutter characteristics
of the F-15 S/MTD and the F/A-18 wing with tip missile.

The calculations performed using the linearized TSD equa-
tion agreed well with the traditional aeroelastic analysis tech-
niques using doublet lattice aerodynamics. However, when
compared to the results computed using the nonlinear TSD
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equation, significant changes to both flutter speeds and the
amount of wing deformation were shown. In the case of the
F-15 wing, roughly a 100-kt decrease in the flutter speed was
computed, whereas the results for the F/A-18 wing indicated
over a 100-kt increase in the flutter speed. These changes em-
phasize the importance of nonlinear aerodynamics to a tran-
sonic aeroelastic analysis. It was also shown that modeling
multiple lifting surfaces or wingtip stores in the analyses pro-
duced significantly larger flutter responses than the compara-
ble wing-alone solutions when using either linear or nonlinear
aerodynamics.

Transonic small-disturbance theory is well suited for the
analysis of the thin-winged F-15 and F/A-18 aircraft due to
the moderate angles of attack and minimal viscous effects in
the cases previously discussed. The XTRANS3S and the CAP-
TSD codes provide an efficient means of performing a
nonlinear aeroelastic study because of their relatively low
computational cost and simplicity of the gridding. These are
distinct advantages over using other fluid dynamic methods
based on higher-order aerodynamic theories. For general ap-
plicability, the CAP-TSD code is perferred over the
XTRANS3S code because of its ability to treat complex config-
urations and its flexible input data structure.

The time-marching aeroelastic analysis procedure used
within each code results in a series of generalized displacement
time histories—one for each structural mode. To interpret
these results, some type of parametric identification technique
must be used, i.e., phase plane plotting in conjunction with
curve fitting of the time histories using complex exponential
functions. Currently, these techniques are time consuming and
user intensive; therefore, future work must involve automat-
ing these procedures.

The aeroelastic calculations performed for this research in-
volve simple three or five mode idealizations of the wing struc-
tural dynamics that, for fighter applications, are not adequate
for an aircraft flutter analysis. More representative structural
models consist of a range from 10 to 40 vibratory modes.
However, routinely performing a stability analysis of a 40-
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mode coupled system by curve fitting each generalized dis-
placement time history is impractical due to the enormous
work required. Additionally, there is a significant preprocess-
ing effort associated with spline fitting each vibratory mode
shape for the input data. Therefore, a great deal of work is
needed to integrate the TSD codes into a cost/time efficient
engineering environment.
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