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Jonathan D. Bohlmann*
Purdue University, West Lafayette, Indiana
Clinton V. Eckstromf
NASA Langley Research Center, Hampton, Virginia
and
Terrence A. Weisshaari
Purdue University, West Lafayette, Indiana

Due to its asymmetrical configuration, an oblique wing aircraft may exhibit a roll-trim imbalance. To correct
this imbalance, control surfaces, such as ailerons, might be deflected or built-in twists might be added. This
paper explores an alternative method of achieving oblique wing roll trim. This is the concept of applying com-
posite tailoring to the oblique wing for lateral trim. The practical use of this concept to trim an oblique wing is
demonstrated through analysis of a realistic wing by a static aeroelastic computational procedure. The computa-
tional method includes the full-potential transonic aerodynamic code FLO22 and a Ritz structural plate program
that is used to model the stiffness created by symmetrical, but unbalanced, advanced ‘composite wing skins.
Analysis results indicate that asymmetric composite tailoring reduces the aileron deflection needed for roll equi-
librium of the oblique wing. Furthermore, the use of aeroelastic tailoring for lateral trim can reduce control sur-
face hinge moments and drag, resulting in performance benefits when compared to an untailored wing. At the
same time, however, wing-skin stresses are greater when tailoring is used, leading to potential design tradeoffs.
As such, an integrated design approach would be required to evaluate the true impact of aeroelastic tailoring on
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the overall performance of an oblique wing.

Introduction

HE oblique wing aircraft concept, as introduced by

R. T. Jones, appears well suited to transport aircraft use
as well as having air combat potential.> Two features of
an oblique wing aircraft, such as that sketched in Fig. 1, are
appealing. The first is a variable sweep feature that allows the
plane to take off with the wing unswept. This allows for a
shorter takeoff distance and more rapid climbout than that of
a similar symmetrically swept-wing aircraft. In addition, piv-
oting the wing as a unit allows the aircraft to adjust to com-
pressibility effects as speed increases. In particular, the low
wave drag of the oblique wing at supersonic speeds makes it a
candidate for an interceptor fighter or a long-range strike air-
craft.

The oblique wing configuration has more than a few
similarities with the X-29 forward swept-wing demonstrator
aircraft. Both are unconventional attempts to achieve effi-
cient, high-performance flight, taking maximum advantage of
new technology.

Such unconventional solutions rarely come without a cost.
In the case of the oblique wing, asymmetry creates a number
of interesting but potentially troublesome problems. Among
these problems are pitch-yaw-roll aerodynamic coupling,
spanwise boundary-layer flow, and asymmetrical aeroelas-
ticity. This paper specifically addresses the issue of the swept
oblique wing aeroelasticity that creates some degree of roll im-
balance.
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Two previous studies have examined the effects of static
aeroelasticity upon roll equilibrium of the oblique wing air-
craft.’* Whereas neither study considered the effect of ad-
vanced composite materials, they indicated that at high speeds
some combination of asymmetrical aileron displacement and
jig shape is necessary to preserve lateral trim at high dynamic
pressure. The study presented here examines the use of
aeroeclastic tailoring, in conjunction with ailerons, for oblique
wing lateral trim. ‘

Cause of Oblique Wing Roll Imbalance
Figure 2 presents results from two analyses for subsonic
flow conditions that illustrate why a swept oblique wing expe-
riences a roll imbalance. The results are for a 30-deg swept

Fig. 1 Hypothetical oblique wing research aircraft.
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Fig. 2 Representative spanwise lift distributions for a 30-deg swept,
uniform planform, oblique wing, including and excluding wing flexi-
bility.

oblique wing (no fuselage effects) restrained in roll, pitch, and
plunge by clamping its root to a fixed support. In one case, the
wing is assumed to be rigid, whereas in the other the analysis
includes the aeroelastic effects of bending and torsional flexi-
bility. In both cases, the initial streamwise angle of attack is
the same.

The curve labeled Rigid Wing is obtained from an analysis
that ignores flexibility. This curve illustrates the presence of
spanwise lift asymmetry caused by spanwise inflow from the
tip of the swept-forward portion toward the aft-swept wing.
The result is that lift builds on the aft-swept region. This lift
imbalance means that the position of the spanwise center of
lift of the swept-back portion lies further outboard than the
forward-swept half. Left alone, the rigid wing would thus pre-
fer to roll with its swept-back tip moving upward while the
forward-swept tip moves down. To maintain straight and level
flight, a trimming roll moment must be added.

One way to reshape the spanwise lift asymmetry of the rigid
wing is to alter the local streamwise angles of attack by build-
ing the wing in an initially (streamwise) distorted form. This
so-called jig twist can be tailored for a specific flight condi-
tion. A second method of altering the spanwise lift distribu-
tion is to employ ailerons in such a way as to decrease out-
board lift on one wing and increase it on the other. Both
means have been explored in Ref. 4.

When flexibility is included, the situation is changed con-
siderably, as Fig. 2 illustrates. Wing flexibility causes a distor-
tion of spanwise lift that is opposite. to that present for the
rigid wing. The source and amount of distortion result from
the phenomenon of swept-wing wash-out and wash-in due to
bending.

Wash-out bending refers to the upward bending of a swept-
back wing producing a reduced angle of attack when viewed
from a streamwise perspective. This is depicted in Fig. 3. For a
pure bending displacement, line AB on the aft-swept wing will
have equal deflections. Because point C is further inboard
than point B, it will have less bending displacement. This
results in a decreased angle of twist due to bending, or wash-
out, when viewing the wing streamwise along line CB.
Similarly, bending of the forward-swept portion of the wing
produces an increased streamwise angle of attack, or wash-in
twist due to bending. This fundamental difference between the
aerodynamic effects of bending of fore/aft-swept wings
creates lift and lateral moment imbalance on oblique wings.

Aeroelastic Tailoring

Aeroelastic tailoring has been defined as ‘‘the embodiment
of directional stiffness into an aircraft structural design to
control aeroelastic deformation, static or dynamic, in such a
fashion as to affect the aerodynamic and structural perfor-
mance of the aircraft in a beneficial way.”’® The key element
of this definition and the item that propels aeroelastic tailoring
into prominence is the fact that lifting-surface flexibility can
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Fig. 3 Oblique wing twist due to bending.

have a very pronounced effect on the design and success of a
high-speed aircraft. In this case, distortion is both the problem
and a solution to be considered in addition to jig twist and ail-
eron actuation. '

The benefits of aeroelastic tailoring may take such forms as
reduced weight, increased flutter speed, greater control effec-
tiveness, and other considerations that lead to an efficient
design. Through the use of composite materials, the designer
has a great deal of freedom in utilizing their high-stiffness and
light-weight characteristics to tailor aeroelastic surfaces ac-
cording to design goals.

The sections that follow examine the effects of aeroelastic
tailoring on the lateral trim behavior of an oblique wing. A
realistic oblique wing with composite wing skins is analyzed by
a static aeroelastic computational procedure using F1.O22 full-
potential aerodynamics and a Ritz solution technique plate
procedure. The performance of the tailored wing is deter-
mined by evaluating certain aerodynamic, control, and struc-
tural parameters, namely, pressure (induced) drag, required
aileron deflection needed for roll trim, aileron hinge moments,

" and stress levels in the composite skin.

Oblique Wing Static Aeroelastic Computational
Procedure

A static aeroelastic computational procedure was developed
for the analysis of oblique-wing configurations.® This compu-
tational procedure makes use of the full-potential code
FLO227*® to calculate aerodynamic pressure loads and an
equivalent laminated plate analysis developed by Gary Giles of
NASA Langley Research Center!®!! to calculate deflections
under load for a flexible wing. FLO22 is a three-dimensional,
transonic code capable of analyzing the aerodynamics of an
oblique-wing configuration with no fuselage. The isentropic,
steady, inviscid flow is characterized by the full-potential
equation

(a2 - u2)¢xx + (a2 - U2)¢yy + (a2 - W2)¢zz
= 2uvd,, —2uwe,, —2owo,, =0

where ¢ is the velocity potential. The velocity is simply the de-
rivative of the potential, its components, normalized with re-
spect to the freestream speed, being
u=g,, v=9,, w=a,

The three-dimensional wing is input into FLO22 by specifying
the geometry at a number of chordwise stations. The geometry
undergoes a series of conformal mappings and shearing
transformations to define the computational domain. The
reader is referred to the references cited for a detailed discus-
sion of FLO22.

FLO22 has been previously used as part of a static
aeroelastic computational procedure similar to the one devel-
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oped here.!2 However, it is felt that the structural analysis pro-
cedure discussed below is an improvement over that in Ref. 12
because of its ease and effectiveness in incorporating compos-
ite materials.

The plate analysis procedure incorporates the Ritz solution
technique, where the vertical deformation of the wing W(x,y)
is assumed to be a combination of known polynomial dis-
placement functions W;(x,y) with unknown coefficients C;:

W=C W, +CyW,+CsWy+ ...+ CyWy

For this study, 30 displacement functions are used, corre-
sponding to the polynomials x™y"; m =0-4, n=2-7. Deleting
the J° and y! terms gives zero deflection and slope at the wing
root.

The plate-static analysis solves the set of linear equations

K] [Ci] = [P i}

where [K] is the equivalent stiffness matrix, C; the displace-
ment function coefficients, and P; the equivalent loads,
defined as

PiquSareaCP(x:y) W;(x,y) d Area

where Cp(x,y) is the pressure coefficient over the planform of
the wing and g the dynamic pressure. Because the pressure dis-
tribution as output by FLO22 is dependent on the wing shape
and deformation in a nonlinear fashion, an iterative solution
technique is required to arrive at a wing deformation that is
consistent with the aerodynamic pressure loads.

Figure 4 diagrams the procedure to reach a converged shape
for the flexible oblique wing under aerodynamic loads. First
the FLO22 input file, which includes the three-dimensional
geometric definition of the oblique wing, is developed. This
geometry is then modified for the particular locations and
deflections of the control surfaces given by the user. This is ac-
complished by a short utility program that modifies the
FLO22 input file to reflect the control surfaces. The control-
surface deflection does not change during an aeroelastic run.
The static aeroelastic loop is then begun by the aerodynamic
analysis of the wing by FLO22.
~‘The resulting pressure distribution, which may not
necessarily reflect a converged aerodynamic solution, is then
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Fig. 4 Static aeroelastic computational procedure.
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converted to the equivalent loads needed by the equivalent
plate program. As the wing will be treated as rigid at the
midspan, and because the forward- and aft-swept halves could
be structurally unsymmetric in the analysis (e.g., the forward
wing given wash-out tailoring and the aft wing given wash-in
tailoring), the oblique wing is split in half for the structural
analysis. Thus, two sets of input are required for the plate pro-
gram, as are two equivalent load vectors, one for each half of
the wing. Because the pressure load is output from FLO22 as
values of pressure coefficient at specific points over the wing,
the equivalent loads are approximated as a finite sum, given as

Pe=q ) ¥ Clxi.y))Wilxi,y)Area;
i

With the equivalent loads now known for each wing half,
the equivalent plate program is invoked twice to find a sepa-
rate coefficient vector {C;} for the fore and aft wings to define
the displacement. These coefficients are input into a routine
that takes the undeformed FLO22 input file and deflects the
geometry for the calculated definition of the displacement.
The routine determines which half of the wing it is updating
and uses the appropriate set of coefficients for the displace-
ment polynomial. The result is a FLO22 input file that reflects
the deformation of the entire flexible oblique wing due to the
air loads calculated from the prev1ous shape. Note that only
one FLO22 input file exists; the wing is not treated as two
halves for the FLO22 analysis.

A check is now made ‘to determine whether the deformed
shape is consistent with the pressure loads used to arrive at
that shape. For simplicity the convergence criterion used in-
volves the twist of the two tips of the oblique wing structural
box. If the box tip twist differs from the box tip twist of the
previous iteration by a small percentage (2% is used for this
analysis) for both tips, the solution is considered converged.

If convergence does not yet exist, the deformed FLO22 in-
put file is submitted to FLO22 for aerodynamic analysis, and
the aeroelastic loop is repeated until convergence is reached. A
converged, deformed shape is usually achieved after three or
four aeroelastic iterations. Once convergence occurs, FLO22
is entered one last time to insure that the aerodynamic
pressures represent converged aerodynamic data.

Oblique-Wing Model and Analysis Procedure

The oblique-wing model used for analysis is shown in Fig. 5.
An aspect ratio of 10 was chosen with a taper ratio of 0.4 and
aroot chord of 7.5 ft. The corresponding wing area is 275.625
ft2. A dihedral angle of 1.25 deg is built into the wing, which
helps to alleviate the load imbalance between the forward- and
aft-swept sections of the wing when sweep is introduced. The
airfoil section used is the supercritical airfoil OW 70-10-12,
which has a 12% maximum thickness-to-chord ratio.!3

Two outboard ailerons between the 55 ‘and 85% semispan
stations are incorporated for roll control. The hinge line is at
the 70% chord line. The left and right ailerons have equal and
opposite deflections & (value of which is input and held con-
stant for each computational run); a positive aileron deflec-
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Fig. 5 Oblique wing geometry for computational model.
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tion being defined as right aileron down.

The wing structural box was chosen to extend from the 10 to
70% chord lines and from midspan to 90% semispan for both
halves of the wing. The depth and camber of the box are taken
to be the airfoil depth and camber. ‘

A typical graphite/epoxy material was selected for the com-
posite material of the wing box skin, and a 0/+45/90-deg
stacking sequence was used for the skin laminate (0-deg direc-
tion is parallel to the wing’s leading edge). The distribution of
the laminate is taken to be 60% of the skin thickness in the 0-
deg direction, 15% each in the +45- and — 45-deg directions,
and the remaining 10% in the 90-deg orientation. This gives
the predominate stiffness in the spanwise direction for this
relatively high aspect ratio wing. A total skin thickness of 0.2
in. at the wing midspan was chosen with the skin thickness ta-
pering with the airfoil thickness.

The wing was analyzed for two load conditions. Both have a
wing sweep of 30 deg and a Mach number of 0.75. The ‘“cruise
condition> has a fairly typical wing loading of near 95 1b/ft?
and corresponds to a lift coefficient of 0.44 (—0.25-deg angle
of attack) and a dynamic pressure of 215 lb/ft2. The “‘maneu-
ver condition” is a 2.25 g loading condition (considering
cruise as 1 g) with a lift coefficient of 0.76 (3-deg angle of at-
tack) and a dynamic pressure of 280 lb/ft2. The maneuver
condition pressure profiles have significantly more transonic
effects (stronger shock) than those for the lower angle of at-
tack cruise condition.

The main thrust of the analysis is to examine results ob-
tained from using various combinations of ailerons and struc-
tural tailoring to trim the oblique wing in roll. Closed-form
aeroelastic solutions for the deformation of an asymmetrically
swept wing have shown that structurally tailoring the wing to
give a bend-up/twist-down deformation coupling (wash-out)
for the forward-swept portion of the oblique wing and a bend-
up/twist-up coupling (wash-in) for the aft-wing results in an
aeroelastic desweeping of the wing.® The forward wing’s
wash-out tailoring alleviates, to a certain degree, its wash-in
twist due to bending (discussed above), whereas the aft wing’s
wash-in tailoring alleviates its wash-out twist due to bending.
Thus, the oblique wing with this wash-out/wash-in asymmet-
ric tailoring behaves aeroelastically as if it had less sweep,
which reduces the roll imbalance. =

Adding wash-out/wash-in composite tailoring to the
oblique wing is accomplished by rotating the entire skin lami-
nate clockwise (when viewed from above). Figure 6 defines ¢
as the orientation angle for the rotated laminate. The fiber di-
rection of the main composite layer is shown in the 0-deg di-
rection for the base case of =0 deg.

"To give the oblique wing wash-out/wash-in behavior, the
laminate is rotated by the angle 8 keeping the laminate con-
tinuous across the midspan. The rotation gives the forward
(left) wing more directional stiffness toward the leading edge
giving the desired wash-out tailoring. The aft (right) portion
of the wing receives wash-in tailoring from the laminate rota-
tion. Only oné § angle can be used per computational run.

To calculate the roll moment of the swept oblique wing
about an aircraft longitudinal axis, the wing’s pitching mo-
ment and rolling moment must be transformed to aircraft
coordinates. This involves taking the cosine of the wing sweep
times the wing’s rolling moment and adding a sine contribu-
tion of the wing’s pitching moment about the wing pivot.
Hence, the pivot location influences the rolling moment and
has a potentially large influence on the roll behavior of the
wing. The pivot location of this oblique wing model is at the
22% chord point on the midspan. Combinations of aileron
deflection and laminate orientation angle that give roll trim
(zero rolling moment) may be determined from plots of air-
craft rolling moment as functions of those two variables.

To determine advantages and disadvantages to tailoring the
structure, four parameters are used as primary indicators of
performance. Aerodynamic performance is measured by the
pressure (induced) drag as output by FLO22. Control perfor-
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mance is measured by the aileron deflection needed for roll
trim (less trim aileron is viewed as an advantage) and the aile-
ron hinge moment. The hinge-moment coefficient Cy is the ai-
leron hinge moment divided by the dynamic pressure, aileron
area, and aileron mean chord. A reduced hinge moment
allows reduced actuator size and less power requirements to
deflect the control surface.

The wing is examined structurally to determine how tailor-
ing affects the stresses in the wing skin. This is measured by
analyzing how close the composite skin is to failing under the
load. One way to determine this is by the modified Tsai-Hill
criterion, given as'*

F2=(0/X)2 +(0/ Y)? — (04, / XN 03/ X) + (712/8)?

where 0,,, 0,,, and 7, are the longitudinal, transverse, and
shear stresses in the composite layer; X, Y, and S the material
constants; and f the measure of the stress level in the layer.
The composite layer is considered to have failed when f2=1.

These four parameters—pressure drag, aileron deflection
for roll trim, aileron hinge moment, and stress level—provide
an indication of the performance tradeoffs of asymmetrically
tailoring an oblique wing. ‘

Results

Figure 7 shows combinations of aileron deflection 6 and
laminate orientation angle 6 required to trim the oblique wing
in roll. A curve of zero aircraft rolling moment is shown for
both the cruise and maneuver conditions. The figure confirms
that rotating the composite skin laminate to structurally wash-
out the forward wing and wash-in the aft wing decreases the
aileron deflection needed for lateral trim. For the cruise condi-
tion, there even exists conditions (f = 13 and 21 deg) where no
aileron deflection is required to roll trim the 30-deg swept
wing.

Curiously, both curves tend to flatten out and turn upward
after #=15 deg or so. This can be explained by the interplay
between the wash-in and wash-out twist due to bending of the
forward- and aft-swept portions of the wing, respectively, and
the counteracting asymmetric tailoring being applied by the
composite structure. As the composite laminate is rotated, the
dominant fiber direction originally pointing out the span is
moved, giving less bending stiffness. '

Although this laminate rotation gives, for example, the for-
ward wing more wash-out tailoring, the resulting decreased
bending stiffness also gives the forward wing meore wash-in
twist due to bending. Such tradeoffs between structural tailor-
ing and twist due to bending lead to the “*bucket’’ phenome-
non of Fig. 7. Hence, practical limits exist for the amount of
asymmetric tailoring that can bé effectively applied.

Figure 8 plots the pressure drag coefficient Cp, vs the lami-
nate orientation angle for the oblique wing in roll trim. An ai-
leron deflection angle is associated with each laminate orienta-
tion angle for cruise and maneuver according to Fig. 7. For
both cruise and maneuver, the pressure drag remains relatively
constant as the skin laminate is rotated. This occurs because
the twist distribution across the wing is basically the same for
the roll-trimmed oblique wing regardless of what 6-6 combina-
tion is used to achieve that roll equilibrium. Consequently, the
lift-induced drag will also change very little. It must be noted
that the pressure drag as calculated by FLO22 does not include
boundary-layer effects or drag from flow separation.

Referring to Fig. 7 again, a fair amount of aileron deflec-
tion is required for small laminate orientation angles, espe-
cially for the maneuver case. It is suspected that higher aileron
deflections would result in a larger boundary layer and a
greater likelihood of flow separation, which would result in an
increase in drag not accounted for in the aerodynamic analysis
of FLO22. Asymmetric tailoring could thus reduce the drag of
the oblique wing because of the reduction in aileron deflection
needed for roll trim. :
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Fig. 6 Application of asymmetric tailoring to obliqgune wing model.
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Fig. 8 Pressure drag vs laminate orientation angle for oblique wing
model in roll trim.

The aileron hinge moment coefficient is plotted vs laminate
orientation angle in Fig. 9 for the oblique wing in roll trim.
Note that considerable hinge moment exists even when the ai-
leron is deflected less than 1 deg (6 = 15 deg). This is due to the
supercritical airfoil’s large pressure toward the aft section.
The hinge moment determines to a certain degree the actuator
system needed for the control surfaces. Because the actuator
would be the same for each aileron, consider the higher loaded
aileron, which is on the aft wing. Figure 9 illustrates that for
both cruise and maneuver the hinge moment is reduced due to
the reduction in aileron deflection as the composite laminate is
rotated.

Because of the reduced hinge moment, a smaller, lighter ac-
tuator could be used giving a weight savings. In addition, less
power would be required to drive the ailerons. Aeroelastic
tailoring can thus give a performance advantage by not only
reduced aileron deflections but also a weight/power reduction
by the resulting decrease in hinge moments.

The effect on the stress level in the composite skins due to
changing the laminate orientation angle is shown in Fig. 10 for
the oblique wing in roll trim. The figure depicts the maximum
stress level in the composite laminate for the oblique wing. It is
seen from the figure that the maximum stress level increases as
the composite laminate is rotated. This is due to the laminate
rotation putting the dominant fiber layer out of the spanwise
direction to carry the primary bending loads. Hence, the
other, less dominant layers must carry an additional load
resulting in a higher stress level. This stress level increase is
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Fig. 9 Hinge moment coefficient vs laminate orientation angle for
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viewed as a disadvantage, since this would imply that the skin
thickness must be increased to obtain the desired strength and
factor of safety. The increase in skin thickness would cause
additional weight, resulting in decreased performance.

Conclusions

Applying structural wash-out to the forward-swept portion
of an oblique wing and structural wash-in to the aft-swept por-
tion of the oblique wing has been shown, in conjunction with
conventional ailerons, to provide lateral trim. The application
of this asymmetric composite tailoring to a computational
oblique-wing model indeed showed that less aileron deflection
is needed to laterally trim such an asymmetrically tailored
wing. This is due to an aeroelastic desweeping associated with
the asymmetric tailoring of the wing, which counteracts the
wing’s inherent twist due to bending behavior. Such tailoring
allows the oblique wing to maintain the aerodynamic advan-
tages of wing sweep, while at the same time to suffer less per-
formance penalties to trim the wing roll. This leads to a more
efficient design.

The aeroelastic computational results also indicated that
performance tradeoffs do exist in the application of asymmet-
ric tailoring to the oblique wing. The decrease in the aileron re-
quirements for roll trim leads to a reduction in aileron hinge
moments. This implies a weight and power reduction since a
smaller actuator could be used. The decreased aileron deflec-
tion also means that aeroelastic tailoring gives a drag reduc-
tion because of the smaller boundary layer and less likelihood
of flow separation associated with less aileron deflection.
However, asymmetric tailoring (at least as it was applied here)
also results in an increase in the stress level in the composite
wing skins. This would result in a weight increase, and hence a
performance decrease, to maintain the desired strength.

Overall, it appears that a performance increase is obtained
by asymmetric tailoring of an oblique wing, which leads to a
more efficient and cost-effective design. Since tradeoffs exist,
the use of an integrated design approach incorporating aero-
dynamic, structural, and control considerations would be
beneficial (or necessary) for designs with aeroelastic tailoring.
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