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The presence of a body influences both the aerodynamic and aeroelastic performance of wings. Such effects are
more pronounced in the transonic regime. To account accurately for the effect of the body, particularly when the
wings are experiencing asymmetric modal motions, it is necessary to model the full configuration in the nonlinear
transonic regime. In this study, full-span-wing-body configurations are simulated for the first time by a theoretical
method that uses the unsteady potential equations based on the small-disturbance theory. The body geometry is
modeled exactly as the physical shape, instead of as a rectangular box, which has been done in the past. Steady
pressure computations for wing-body configurations compare well with the available experimental data. Unsteady
pressure computations when the wings are oscillating in asymmetric modes show significant influence of the body.

Introduction

THE computation of aerodynamic flow on full configura-
tions is important for the efficient design of aircraft. To

date the most advanced theoretical developments are for
steady flows,1'2 using the potential equations. Methods based
on the more exact Euler/Navier-Stokes equations are still
under development for computing steady flows about full
aircraft.3 Methods for unsteady computations are lagging in
development relative to methods for steady computations,
particularly for the transonic regime.

Accurate computations of unsteady forces on full aircraft
configurations are required to predict aeroelastic characteris-
tics of aircraft, especially in the transonic regime. In the
transonic regime, unsteady aerodynamics are characterized by
moving shock waves over aerodynamic bodies, such as a wing
or fuselage. Aerodynamic forces are nonlinear, and they are
very sensitive to changes in configurations that result from
additional components and changes in flow parameters. For
example, in the transonic regime, rapid variations in the
pressure distributions with increasing Mach number result in
an unsafe aeroelastic phenomenon called transonic dip,4 and
recent studies have shown that the aerodynamics of tip missiles
can significantly influence the aeroelastic stability of wings.5
Theoretical modeling for transonic flows requires the solution
of time-dependent, nonlinear partial-differential equations that
should be solved by a robust time-accurate method.

At the present time, the most advanced codes for transonic
unsteady aerodynamics of wings are based on potential equa-
tions. One such unique code in use for both aerodynamic and
aeroelastic analyses is the official Air Force/NASA XTRAN3S
code, which uses the transonic small-disturbance (TSD) equa-
tion.6'7 This code has the capability of modeling viscous
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boundary-layer interaction by using either the viscous wedge
method or the lag en trainmen! method;8 XTRAN3S is being
used for routine aeroelastic applications for wings9 and also to
validate the development of unsteady codes based on the
Euler/Navier-Stokes equations. The purpose of the present
study is to extend further the capability of the XTRAN3S code
to handle full aircraft with multiple components.5

Reference 10 presents an accurate method for computing
steady transonic flows over wing-body configurations by using
the modified TSD equation. In their method, the authors of
Ref. 10 modeled the wing-fuselage configuration in a Carte-
sian grid system by constructing a grid so that points lay
reasonably close to the fuselage. Because of the memory and
speed limitations of computers available a decade ago, others
resorted to a simplified approach that represented the fuselage
as a box by using a slender-body theory.11 Recently, a similar
simplified approach was extended for unsteady flow computa-
tions of semispan wing-body configurations.12 Since the sim-
plifications are based on the subsonic slender-body theory,
they can introduce inaccuracies for transonic flow computa-
tions. With present day computer resources that are about
two orders of magnitude greater in memory and speed than
computers available a decade ago, it is now practical to use
the more accurate method of Ref. 10.

In the present study, the method of Ref. 10 is extended to
compute unsteady flows over wing-fuselage configurations
that model the actual shape of the fuselage and full wing span.
In the present approach, pressures can be accurately com-
puted at all points on the fuselage. Because of the full-span
modeling of the wing in the present method, for the first time
the unsteady transonic loads associated with asymmetric
modes of aircraft and asymmetric configurations such as the
oblique wing aircraft can be computed. Such computations
are essential for accurate aeroelastic calculations.

The present work is done in conjunction with the further
development of the official Air Force/NASA code XTRAN3S
(Ref. 6), which is a general purpose code for computing
unsteady transonics and the aeroelasticity of full aircraft. At
present, this code can be used to compute flows over wings
with tip-mounted missiles and with control surfaces. With the
development presented in this paper, the code capability is
close to computing flows on almost complete aircraft configu-
rations. Because of the use of the TSD equation, the computa-
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tional time is practical for computationally intensive aero-
elastic calculations.

Steady and unsteady results for a full-span-wing cylinder
configuration are presented for transonic Mach numbers.
Present results are compared with earlier steady computations
and experimental measurements. Results are also presented
for wings oscillating with antisymmetric modes. Steady and
unsteady pressures are computed for the RAE finite-wing-
body configuration and steady pressures are compared with
the available experimental data.13 The effect of antisymmetric
modes on the unsteady aerodynamics is illustrated for the
RAE wing-body configuration. Although for the purposes of
validation antisymmetric modes were used, the present devel-
opment is valid for arbitrary asymmetric modes.

Formulation of Unsteady Transonic Flow Equations
The coordinate system used in this analysis is shown in Fig.

1. The three-dimensional, modified, small-disturbance, un-
steady transonic equation of motion used in this analysis is
given by14

A(f>tt + B<j>xt

where

A =

F<f>2
x + (<t>y
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The flowfield boundary conditions used are
Far downstream:

Far upstream:

Far above and below:

Far span wise:

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

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

=/,+*/; (3)

where f(x) denotes the airfoil surface function and k ~ coc/U^
is the reduced frequency based on the full chord (o> is the
frequency in rad/s, c is a reference chord length, and U^ is the
freestream velocity).

The above equations are transformed so that a swept-
tapered wing can be analyzed by using a finite-difference mesh
that is aligned with the leading and trailing edges of the wing.
The transformed equation is obtained by the Ames modified
shearing transformation7 solved by the time-accurate alterriat-

Fig. 2 Body boundary points.

Fig. 3 Grid in x-y plane for the RAE wing-body configuration.

Fig. 1 Coordinate system.
Fig. 4 Wing-infinite-cylinder configuration; aspect ratio
NACA 65A006 airfoil.

3.56,
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WING-CYLINDER-CONFIGURATION
ASPECT RATIO = 3.56, M = 0.90, a = 2.0

Fig. 5 Computational grid system.

WING-CY UNDER
ASPECT RATIO = 3.56

NACA65A006
M = 0.90, a = 2.0°

TRANSOM 1C CASE

Fig. 6 Steady pressure distributions on the body of the wing-cylinder
configuration.

ing direction implicit finite-difference scheme. The transforma-
tions that map a swept-tapered wing to a rectangular plan-
form is given by

r\ =

(4a)

(4b)

(4c)

——— XTRAN3S - Ames
— —— REF 15

90%SEMISPAN

Fig. 7 Upper surface steady pressure distributions on the wing of the
wing-cylinder configuration.

is given by

^

(5)

The differencing procedure for Eq. (5) is an extension of the
Murman-Cole type-dependent difference procedure applied to
an arbitrary coordinate system. Type-dependent differences
are used only to approximate derivatives in the stream wise
direction corresponding to the x direction, and all other
derivatives are approximated by central differences. This
equation is solved by a time-accurate alternating direction
implicit scheme.7

Aerodynamic Modeling of Fuselage
The fuselage is modeled as a body based on the small-

disturbance theory. For a body described by the equation
g(jtj>,z,/) ••= 0, the small-disturbance-flow tangency boundary
condition on the surface of the body becomes

+ 4>ygy = 0 (6)

where Eq. (4a) is obtained by using the Ames modified
shearing transformation.7 The resulting transformed equation

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 points 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. (6)] is treated implicitly to give accurate and fast
solutions as follows.
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WING-CYLINDER-OONFIGURATiON UNSTEADY PRESSURES ON WINGS FOR ASYMMETRIC BENDING MODE
WING-INFINITE-CYLINDER CONFIGURATION

b)

Fig. 8 Bending modes of wing-cylinder configuration: a) symmetric;
and b) antisymmetric.

———- XTRAN3S - Ames WING-BODY
——— XTRAN3S - Ames WING-ALONE
D A EXPERIMENT, WING-ALONE

M = 0.90, k= 0.26

300 i

1.0 .2 .6 1.0
x/c

Fig. 9 Comparison of unsteady pressure jumps between theory and
experiment.

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. (6)] is imposed
explicitly since it does not involve any derivatives of the
potential in the x direction. In the y sweep, the (/>y term is
implicitly treated, and the 0Z term is explicitly treated. In the
z sweep, the (j)z term is implicitly treated, and the 4>y term is
explicity treated. The two-point extrapolated differences are
substituted for (j>y and <j)z at the boundary points.

The above approach needs an efficient grid-generation and
body-boundary-point identification scheme. In this work, a
numerical scheme that generates a grid for accurate modeling
of a given wing-body configuration was developed and incor-
porated in XTRAN3S. 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 reflec-
tions. 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

Fig. 10 Unsteady pressure jumps for antisymmetric modes at Mach
number = 0.90.

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.'
(6)], which is in the Cartesian coordinate system, the grid-
generation scheme generates a Cartesian physical grid near
the body as shown in Fig. 3 for the RAE wing-body configu-
ration. Thus, the metric term £v is zero for all grid points on
the body.

Results
Wing-Infinite-Cylinder Configuration

Steady and unsteady pressures were computed for a full-
span-wing-infinite-cylinder configuration shown in Fig. 4. A
Cartesian grid with 64 points in the x direction, 55 points in
the y direction, and 40 points in the z direction was used in
the analysis (Fig. 5). All computations were made for tran-
sonic flows with shock waves.

First, steady computations are shown for a wing-cylinder
configuration at the transonic Mach number of 0.9. This
configuration has a NACA65A006 wing cross section, an
aspect ratio of 3.56, and a body of radius 1/10 of semispan. In
Fig. 6, pressure distributions on the body are shown for four
median angles. At 90 deg median angle (body symmetry line),
the present results are compared with computations based on
the classical steady TSD equation.15 The comparisons are
favorable. In Fig. 7, steady pressure distributions are shown
for four span stations on the wing, and results are compared
near the root and tip with those given in Ref, 15; again, the
comparisons are favorable. Some discrepancies near the root
could be due to differences in the TSD equations between Eq.
(1) used in the present work and that used in Ref. 15.
Reference 15 uses the classical TSD equation* whereas in the
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present approach the more-accurate, modified TSD equation
is used, which includes crossflow coupling terms in the non-
linear terms of Eq. (I).

Next, unsteady computations are made for a wing-cylinder
configuration. All computations are made at a transonic
Mach number of 0.9 and at a reduced frequency k = 0.26.
This configuration has a wing with a 6%-thick parabolic arc
section, an aspect ratio of 3.28, and a body radius of 1/10 of
semispan. The aspect ratio of the wing without the body is 3.
This configuration was selected to compare the present un-

WING-CYLINDER CONFIGURATION
M = 0.90, a = 0.0, k = 0.26

———— SYMMETRIC MODE
——— ANTI-SYMMETRIC MODE

90% SEMISPAN

Fig. 11 Comparisons of unsteady pressure jumps between symmetric
and antisymmetric modes.

steady results with the unsteady wind-tunnel pressure mea-
surements on an isolated wing of aspect ratio 3 oscillating in
its first bending mode.16

Figures 8a and 8b show the symmetric and antisymmetric
first-bending modes of the wing, respectively. The magnitude
and corresponding phase angle of the unsteady pressure
jumps at the 50% semispan station are shown for this wing-
body configuration in Fig. 9. In the same figure, since there is
no experimental unsteady pressure data for the wing-cylinder
configuration, experimental results from Ref. 16 for the equiv-
alent isolated wing mounted on a wall are shown. The pres-
ence of the body shifts the magnitude and phase curves
without changing the general trend. For comparisons, results
from XTRAN3S for the wing without the body are also
shown in Fig. 9.

In Fig. 10, the unsteady pressure results are shown for the
right and left wings when the wings are undergoing antisym-
metric modal motions. Because of antisymmetry, the phase
angle of the left wing is shifted by 180deg from that of the
right wing. However, the magnitudes remain the same for
both wings. This verifies the accuracy of the present modeling.
The unsteady pressure results for four span stations on the
right wing are shown in Fig. 11 for the symmetric and
antisymmetric bending modes. The antisymmetric mode has
smaller pressure magnitudes and greater phase-angle shifts
than the symmetric mode. Such differences can significantly
influence the aeroelastic characteristics of aircraft.

Finite-Wing-Body Configuration
Steady and unsteady pressures are computed for the RAE

wing-body configuration shown in Fig. 12. This configuration
has a wing that is a 9%-thick RAE 101 airfoil in cross section,
an aspect ratio of 6, and a wing leading-edge sweep angle of
36.65 deg. A grid with 82 points in the x direction, 55 points
in the• y direction, and 40 points in the z direction (Fig. 3) is
used in the analysis. All computations are made at the tran-
sonic Mach number of 0.9 with shock waves.

In Fig. 13, pressure distributions on the body are shown for
four median angles from both XTRAN3S and the experi-
ment.13 The comparisons are favorable. In Fig. 14, pressure
distributions on the wing are shown for four span stations
from both XTRAN3S and the experiment;13 again, the com-
parisons are favorable, particularly for the 25% semispan
station, which is very close to the body.

Unsteady pressure computations were made for the wings
oscillating in symmetric and antisymmetric modes. Both first-

(dimensions in mm)
ASPECT RATIO = 6.0, TAPER RATIO = 0.3

Fig. 12 The RAE wing-body configuration. 76.20
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RAE WING-BODY
M = 0.90, a = 0.0°
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Fig. 13 Steady pressure distributions on the body of the RAE wing-
body configuration.

b)

RAE-WING-BODY-CONFIGURATION
FIRST TORSIONAL MODE

Fig. 15 Twisting modes of the RAE wing-body configuration: a)
symmetric; and b) antisymmetric.

RAE WING BODY
M = 0.90, a = 0.0°

-.61

— XTRAN3S

D EXPERIMENT

95%SEMISPAN

Fig. 14 Steady pressure distributions on the wing of the RAE wing-
body configuration.
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RAE WING-BODY
M = 0.90, a = 0.0, k = 0.5
FIRST BENDING MODE

——— WING-BODY
——— WING ALONE

40 60
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Fig. 16 Comparison of unsteady h*ft coefficients between wing-body
and wing-alone configurations.
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Fig. 17 Comparison of unsteady lift coefficients between symmetric
and antisymmetric twisting modes for the RAE wing-body configura-
tion.

bending and first-torsional modes were considered. Figure 15
shows first-torsional symmetric and antisymmetric modes of
the RAE wing-body configuration. Figure 16 shows the sym-
metric and antisymmetric first-torsional modes. All computa-
tions were made at a Mach number of 0.90 for wings oscil-
lating at a reduced frequency of 0.5. Figure 16 shows the
unsteady lift coefficients for the RAE wing-body configuration
and an equivalent RAE wing mounted on a wall. The pres-
ence of the body shifts both the lift magnitude and the
phase-angle curve significantly enough to affect the aeroelastic
computations.

Figure 17 shows unsteady lift coefficients for symmetric and
antisymmetric twisting modes. The antisymmetric rnode in-
creases the magnitude and decreases the phase angle of the lift
coefficient. The influence of the antisymmetric twisting mode
on the unsteady lift coefficient is present throughout the wing
span, particularly in magnitudes. When compared to the
bending mode (results not shown here), the twisting mode has
more influence on the unsteady pressures, a result of the
antisymmetry. Such differences owing to antisymmetry can
significantly influence the aeroelastic characteristics of an
aircraft.

Conclusions
A procedure has been developed for computing unsteady,

transonic aerodynamic loads on full-span-wing-body configu-
rations. Keeping practical aeroelastic applications in view,
which require computational times that are about two orders
of magnitude greater than those required for unsteady com-
putations for the same configuration, the transonic small-
disturbance equations are used to model the flow. Steady
computations on a wing-cylinder configuration compare well
with other computations. Steady computations for a wing-
finite-body configuration compare well with experimental re-
sults. Unsteady computations for symmetric modes compare
favorably in trend with the available experimental data on the

same wing without the body. Significant differences that can
affect aeroelastic computations were found in the unsteady
pressures between symmetric and antisymmetric modes. Al-
though for the purposes of validation antisymmetric modes
were used, the present development is valid for arbitrary
asymmetric modes. Since the present study models the full
span of the wing, unsteady transonic flows associated with
asymmetric modes of aircraft carrying stores and asymmetric
configurations such as the oblique wing can be simulated
successfully.
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