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Induced drag on flexible wings is reduced at off-design cruise conditions with simulated active conformal control
surface deflections. An inverse optimization technique is used to manipulate the spanwise distribution of load. The
method is demonstrated on two cases, a simple rectangular wing with a beam model and a fighter wing with a fully
built-up finite element structural model. The control surfaces are deflected to redistribute the lift on the wing while
maintaining a two degrees of freedom (lift and pitch) flexible trimmed flight condition. Iteratively optimizing an
approximate problem eliminates the need for the trimmed angle of attack and the elevator deflections to participate
in the design optimization as free variables. Only the control surface deflections are used to match the desired elliptic
load distribution, which in turn is shown to produce the minimum induced drag according to calculations by a
Trefftz-plane technique. The automated structural optimization system program is used for creating a complex
structural model, a realistic linear aerodynamic prediction technique, and a free flying trim analysis.

Nomenclature

a = semiminor axis of desired elliptical lift
distribution

b = semimajor axis of desired elliptical lift
distribution

Cpr = coefficient of induced drag

F(B;,2,8,) = objective Function

Fdesired = desired force-per-unit span at the nth span

location
calculated force-per-unit span at the nth, ith
spanwise strip

calculated
F , F;

g(Bi,a,8,) = constraint

g = constraint allowable

M = Mach number

ns = number of spanwise strips on the wing planform

q = dynamic pressure

Stotal = total planform area

Vo = freestream velocity

w; = total downwash at y; produced by all trailing
vortices

Vis Y = spanwise coordinate at the midpoint of the ith/n
th strip

Vi = spanwise coordinate of the right edge of the k
strip

o = angle of attack of wing

induced = induced angle of attack for a given spanwise
strip/panel

Ctrim = trimmed angle of attack of wing
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Bi = ith design variable: control surface deflection
angle for the ith control surface

BE, BY = upper and lower bounds on the design variables

Aw; = incremental downwash at a point y; produced by
a single trailing vortex at y;

Ay; = span width of the ith strip

Serim = trimmed elevator/horizontal tail deflection

3, = angle of attack of elevator/horizontal tail

Poo = free steam density of air

I'(y) = span circulation distribution

Iy = circulation at the kth spanwise strip = F;/p. V)

Introduction

HE wing of a flight vehicle is generally tapered and twisted (jig

shape) in the spanwise direction to approximate an elliptic
aerodynamic lift distribution at a given flight condition, typically a
cruise condition. This results in a reduction of the induced drag at that
given design condition. Unfortunately, flexibility and operating at
other flight conditions causes deviation from the elliptic spanwise lift
distribution and results in an increase of induced drag. To return to
the desired lift distribution at any flight condition including structural
flexibility effects, trailing-edge control surfaces are deflected in a
manner to obtain the elliptic spanwise lift distribution resulting in a
reduction of induced drag.

Two approaches have emerged in the literature concerning the
design of lifting surfaces while considering induced drag. The first
approach computes the induced drag directly and minimizes this,
whereas the second method assumes that an elliptical spanwise
distribution produces a configuration that has minimum induced
drag. Weisshaar et el. [1] give a comprehensible historical review of
the design of lifting surfaces considering the reduction of induced
drag as an objective. In addition, they proceed to develop an
optimization technique that obtains the optimal structural planform
configuration along with wing laminate designs and control surface
deflections that minimize induced drag by producing a spanwise
elliptic load distribution. This technique employs a cantilevered
coupled beam model that represents the structural behavior and strip
theory for the aerodynamics. Weisshaar et al. [1] conclude that wing
induced drag could be reduced with either passive wing aeroelastic
tailoring, control surface settings, or a combination of both. As an
example of computing the induced drag approach, Raveh and Levy
[2] use trailing-edge control surfaces to minimize induced drag while


http://dx.doi.org/10.2514/1.14604

1656 KOLONAY AND EASTEP

using angle of attack to maintain trimmed flight. They formulate the
problem as a linear programming problem and compute the
necessary sensitivities by finite differences. Raveh and Levy [2]
compute the aerodynamic surface pressures using an Euler solver
whereas the structural model is represented by generalized
coordinates (generalized mass, generalized stiffness, and mode
shapes). The goal of their work is to develop an efficient CFD-based
algorithm for the determination of the aeroelastic response of a wing
with multiple deflected control surfaces that could be used in the
design of highly flexible wings. Raveh and Levy [2] calculated that
the minimization of the computed induced drag by deflecting
multiple control surfaces results in an elliptic spanwise lift
distribution. Kuzmina et al. [3] also compute the induced drag and
minimize it by deflecting trailing-edge control surfaces while
maintaining a trimmed flight condition for lift and pitch degrees of
freedom. Kuzmina et al. [3] use a doublet lattice method for
representation of the aerodynamics and a set of generalized
coordinates and appropriate mode shapes to represent the structural
characteristics of the flight vehicle. They compute induced drag as a
function of circulation on the wing and the downwashes governed by
a vortex sheet exiting from the trailing edge of the wing. With the
computed circulation and downwashes, the coefficient of drag can be
found as a quadratic function of the generalized coordinates and can
be reduced by selecting the appropriate control surface settings.
Finally, Eller and Heinze [4] computed induced drag associated with
control surface deflections and compared the calculated values to
experimental results.

In the current study, the aircraft wing structure is assumed to be a
complex assemblage of interconnected elements composed of both
metallic and composite materials. To capture the physics of the
structural response at an appropriate level of accuracy the finite
element method is employed to model the aircraft structure. The
external aerodynamic loads distribution in both the chord and span
direction are predicted using the USSAERO [3] paneling method. In
this research, both the structural and aerodynamic representations
remain in physical coordinates. Generalized coordinates are not
employed. The automated structural optimization system (ASTROS)
[5]is used for modeling the structure, the steady aerodynamic loads,
and carrying out the lift and pitch trim analysis of a free flying flexible
air vehicle.

Two wing models are selected for this investigation. The first
model, referred to as the Goland wing [6], has a “beam-rod”
structural model. The second model considered is a built-up model
typical of a fighter-type aircraft [7]. Both models have 20 discrete
control surfaces along the trailing edge of each aerodynamic model.
The aerodynamic effects of gaps between each of the discrete
surfaces are ignored to simulate conformal control surfaces to ensure
profile drag is minimal by eliminating edge effects [8].

R. T. Jones [9] has demonstrated that wings having an elliptical
spanwise lift distribution ensures minimum induced drag. Therefore,
in the present study, the control surfaces are scheduled to obtain an
elliptical spanwise load distribution. It is worth noting that the
methodology developed in this work is general and can be used to
obtain any desired distribution, not just elliptical. In addition, as
demonstrated by Munk [10], induced drag is independent of the
distribution of lift in the chordwise direction. For the current study,
induced drag calculations are carried out considering the “Trefftz-
plane” [11] downstream from the trailing edge. The wing is held at a
trimmed (for lift and pitch) level flight condition using the angle of
attack and elevator, whereas the control surfaces are used only to
obtain the desired elliptical spanwise pressure distribution.

Optimization Problem Statement

The problem is posed as an inverse optimization problem similar
to the development in [12]. Given a desired response (load
distribution), a set of design variables (control surfaces) are modified
to obtain the desired response. The objective is to minimize the error
between the desired response and the actual response. The inverse
problem can be stated in the following optimization form:

Minimize : F(8;,,3,)
subject to constraints
g(ﬁi’aﬁse):g :8L<:3i<ﬂu (1)

The objective is defined as the sum of the square of the errors
between the desired response at each spanwise strip on the wing and
the actual response. This can be written as

F(’B o, 8 ) — i(Fdesired _ Fcalculated)Z (2)

n=1

The F, depend on the control surface deflections, the angle of
attack, and the elevator deflection. The equality constraint
g(B,,68,) = g represents the fact that the lifting surface must
remain in a trim state. For the current work, symmetric trim for lift
and pitch is considered.

Solution of the Optimization Problem

A gradient-based optimization solution of Eq. (1) is used. In
addition, an approximate problem technique is employed. This
entails the construction of approximate functions for the objective,
constraints, and their respective gradients before passing the problem
to the optimization routine. This creates the need for an outer loop
iteration which is required to determine convergence of the exact
problem. This approach reduces the number of exact engineering
analyses that need to be made. With this approach, the constraint in
Eq. (1) that represents maintaining trimmed flight are not submitted
to the optimization routine. Instead, & and §, are assumed constant
during a given approximate problem and are only varied when an
exact analysis is performed. That is, only « and §, are used to trim the
configuration. The §; are varied during the approximate optimization
to obtain the desired load distribution but are assumed constant
during the trim analysis. With these assumptions, Eq. (1) is written as

Minimize : F(8;)
subject to constraints
Bt <Bi<pY 3

Equation (3) indicates that the objective function is now only a
function of the B; and the constraint g(8;, o, §,) no longer appears in
the approximate problem submitted to the optimization routine even
though it depends on f;. This is justified by the fact that the
sensitivity of g(B;, «, 8,) to B, for the cases studied are one to two
orders of magnitude smaller than the sensitivities due to o and §, (see
Tables 1 and 2). Hence, for this work, the constraint is not explicitly
supplied to the optimization routine; it is enforced by performing a
trim analysis after an optimum of the approximate problem is
reached. Therefore, the only constraints supplied to the optimization
routine are the side constraints (8- < 8; < BY).

Specification of the Objective Function

The desired response FU*™d is represented by any analytical
function. For this work an elliptical shape of the form (a)(1 —
y2/b*)'/? is chosen for the desired load distribution. The wing
semispan is selected as b, and a is F$¥!4ted (gotal force at strip 1, that
is the strip at the wing root) for the given trim condition. Figure 1
illustrates the calculated and desired F, along with the definitions of
aand b.

The definition of a implies it is dependent on both §, o, and §,,, and
varies between approximate optimization problems, but is
considered constant during an approximate optimization. With this
assumption for F4ied Eq. (2) becomes

= y2\ 12 2
F(ﬂ) = Z |:(a) (1 — b_’z) _ anlculated] )

n=1
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Table 1 Goland wing flexible stability derivatives M = 0.7, g = 322 psf

Parameter Label Units Lift Pitching moment
Angle of attack ALPHA 1/rad 7.4909 —2.4657
Control surface ELEV 1/rad 1.7096 —1.7215
Pitch rate QRATE S/rad 16.2688 —10.7745
Control surface CS1 1/rad —0.0026 0.1026
Control surface CS2 1/RAD —0.0032 0.0992
Control surface CS3 1/rad —0.0014 0.0922
Control surface CS4 1/rad 0.006 0.0795
Control surface CS5 1/rad 0.0255 0.0546
Control surface CS6 1/rad 0.0757 —0.0007
Control surface CS7 1/rad 0.2253 —0.1547
Control surface CS8 1/rad 0.2089 —0.143
Control surface CS9 1/rad 0.1903 —0.1287
Control surface CS10 1/rad 0.1755 —0.118
Control surface CS11 1/rad 0.1634 —0.1099
Control surface CS12 1/rad 0.1532 —0.1035
Control surface CS13 1/rad 0.1439 —0.098
Control surface CS14 1/rad 0.1353 —0.0932
Control surface CS15 1/rad 0.1266 —0.0886
Control surface CS16 1/rad 0.1175 —0.0838
Control surface CS17 1/rad 0.1072 —0.0784
Control surface CS18 1/rad 0.0947 —0.0715
Control surface CS19 1/rad 0.0781 —0.0615
Control surface CS20 1/rad 0.0509 —0.0423

Table 2 Fighter wing flexible stability derivatives M = 0.7, g = 8.5 psi

PARAMETER Label Units Lift Pitching moment
Angle of attack ALPHA 1/rad 9.7215 —2.5381
Control surface ELEV 1/rad 1.5285 —1.2559
Pitch rate QRATE S/rad 7.6747 —3.4782
Control surface CS1 1/rad 0.0563 —0.0198
Control surface CS2 1/rad 0.4021 —0.3066
Control surface CS3 1/rad —0.103 0.084
Control surface CS4 1/rad —0.1676 0.1352
Control surface CS5 1/rad —0.1747 0.1232
Control surface CS6 1/rad —0.5126 0.3694
Control surface CS7 1/rad —0.2719 0.1662
Control surface CS8 1/rad —0.1952 0.0617
Control surface CS9 1/rad 0.0481 —0.1387
Control surface CS10 1/rad —0.1082 —0.043
Control surface CS11 1/rad —0.17 —0.0101
Control surface CS12 1/rad —0.2201 0.0235
Control surface CS13 1/rad —0.1891 0.0124
Control surface CS14 1/rad —0.1827 0.0322
Control surface CS15 1/rad —0.3738 0.093
Control surface CS16 1/rad —0.0912 0.0161
Control surface CS17 1/rad —0.3452 0.1063
Control surface CS18 1/rad —0.2236 0.0731
Control surface CS19 1/rad —0.0379 0.0348
Control surface CS20 1/rad —0.2092 0.0758
It is important to note that the elliptical shape was chosen as an OF & 2
example. The method is general and any shape or desired distribution Y Z 2 |:a (1 - —2) - F ﬁalcumd]
. ; L . B £ b

can be specified. With the elliptical shape chosen for the desired b=l

shape, the. gradit.tnt of the objective function with respect to the " i preatutaed [ | _ ﬁ 1/2 3 i Faleuled ©

design variables is computed as follows: g, ! b2 ap, "

OF ns y2
— = 2 1 — 2% ) — frealculated
i~ 22013 -
da y2 1/2 9
— 1= _ __ pealculated 5
- [8/3,- ( bz) " ] )

Inspection of Eq. (3) reveals that the calculation of da/df; and
(da/0B;)Fe¥evated gre required. The change in the minor axis of the
ellipse with respect to §; is da/dp;. As described, a is assumed to be
Fseulaed and thus da/0f; = (da/0B;) Fs'Waed Equation (3) is now
restated as

For this work only, linear aerodynamics are used. This results in
(da/0B;)Feevated being constants throughout the optimization
process and are required to be calculated only once for a given Mach
number, dynamic pressure, and set of structural parameters. For the
present study, (da/dB;) Fc!d are determined by finite difference
making the sensitivities semi-analytic.

Trefftz-Plane Induced Drag Calculations

The preceding section describes an optimization procedure to
determine trailing-edge control surface settings to insure the span
aerodynamics force distribution is a specified shape (elliptical in this
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case) while the aircraft is in a trimmed flight condition. The
aerodynamic pressure distribution in both the chord and span
directions are calculated with the USSAERO [5] paneling method.
The aerodynamic force-per-unit span is determined by summing the
chord aerodynamic forces over each aerodynamic strip (see Fig. 3).
To track the induced drag for each iteration shown in Fig. 4, the
following calculation procedure for induced drag is used.

Munk [10] proved from his displacement theorem that it is
immaterial for determining the magnitude of induced drag whether
the circulation distribution in the chord direction is caused by wing
planform, wing twist, or by camber of the wing. That is, the entire
induced drag may be calculated without taking into consideration the
transverse vortices, thus the calculation method is greatly simplified
by using only the longitudinal vortices. With the Munk displacement
theorem, one can calculate induced drag by using a Trefftz-plane
located far downstream from the lifting surface. Figure 2 illustrates
the span circulation distribution and the trailing vortices as viewed
from the Trefftz-plane. The strength of the trailing vortices I'y —
T'y | can be determined from the Kutta—Joukowski equation relating
the span aerodynamic force to the strength of the bound or transverse
vortex as F; = poVoI';.

The trailing vortices appear to be line vortices of strength
I’y — I'tyy. The span loading is assumed to be symmetric and only
span points on the right wing need be considered. The increment of
downwash at a point at the center of a strip caused by a trailing line
vortex of strength I', — I';,; located at the right point of a different
strip is

Awi=(rk_rk+‘)[ 11 ] i=1,....N
4w Yi—= Y Yit Y

k=1,....N (7

where N is the total number of strips on the right wing. The total
downwash produced by all the trailing vortices is then:

calculated
F"de sired
FVZ i
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F,, Tos/ft
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1 1 1
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v, ft

Fig. 1 Calculated and desired force-per-unit span vs span.
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Fig. 2 Wing circulation distribution and trailing vortices viewed from
Trefftz-plane.

(@t
\dr) = T = it @)

i=1,...,N Vi # i
It is important to note that in Eq. (8) when k=N,
I'yv — I'yy1 = I'y. Expressed in matrix form, Eq. (8) becomes

1 -
w} = AIC)TY ©
54
and the induced angle of attack is
1
) =—— 10
{amduced} V() {U)} ( )

with V,, representing the freestream velocity. The total induced drag
Diyauceq and the coefficient of drag can now be expressed as

D.
CDI — induced (1 1)

Dinduced = LFAyJ {ainduced}
qS total

Hence, D;,quceq 18 €xpressed solely in terms of F; and the spanwise
coordinates. The linear aerodynamic prediction technique within
ASTROS is used to determine the respective F;.

Results

Two cases were considered to demonstrate the method. The
planforms used are the Goland wing and a fighter wing. Both cases
are evaluated for trimmed level flight at M = 0.7.

Goland Wing

Figure 3 shows the planform and box pattern for the Goland wing
developed in [2], along with an additional horizontal tail. The
structural model is a simple beam located 1.98 ft from the leading
edge of the wing. It is important to note that the horizontal tail has no
structural model associated with it. It is only modeled aerodynami-
cally and its resultant loads are applied to the support point via arigid
transformation of the resulting forces and moments.

Twenty equally sized (20% chord length, 12 in. width) control
surfaces are located at the trailing edge of the planform. For a Mach

A Control Surface # 20
20°
3
10 ¢ ’
6
' Control Surface # 1
log | |
4—»\
6’ Location of Structural
Beam Model

Fig. 3 Goland wing aerodynamic and structural model.
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Flow ]
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B; degrees

flight at a load factor of one times gravity, the scheduling of the
control surfaces are determined to create a spanwise elliptical load
distribution. Table ] is a listing of the flexible stability derivatives for
the configuration at the specified flight conditions. This table
indicates that the sensitivities of trim conditions of lift and pitch with
respect to the control surface deflections are small (one to two orders
of magnitude smaller) compared with the senstivities of ALPHA,
ELEV, and QRATE. This information is used to justify not explicitly
supplying the trim constraint g to optimizer. The trim constraint is
enforced by performing a trim analysis after an optimum of the
approximate problem is reached. Figure 4 contains the objective
function, trimmed angle of attack, trimmed elevator deflection, and
the coefficient of induced drag vs the iteration history of the exact
optimization problem (as opposed to the approximate problem
submitted to the optimizer). This figure shows several things. First,
the objective function exhibits convergence. Second, the induced
drag decreases as the objective decreases. This indicates that
movement toward an elliptical spanwise distribution does reduce the
induced drag computed by the Trefftz-plane [11] theory. Finally,
Fig. 4 shows the variation of the angle of attack and elevator setting
required to maintain a trimmed flight condition throughout the exact
or outer loop optimization problem. Figure 5 depicts the initial and
final stripwise forces F, vs span. Both the desired values and the
actual calculated values are represented. Here, one can see that the
initial Fedlevlaed g quite different from the desired elliptical
distribution. After the optimization, the Fdesied gnd fealeulated gre
essentially identical. Also, it can be observed that the trimmed angle
of attack and trimmed angle of the elevator are changing as the
optimization is progressing. This is seen in Fig. 4 but also shows up in
Fig. 5 by the fact that Fitiial and Ffinl have different values. Figure 6
illustrates the final pressure distribution and the final control surface
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350.0 o e85 000

300.0

250.0
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Fig. 5 Goland wing F, vs span, M = 0.7, g = 322 psf.

Fig. 6 Goland wing pressure and f; for final design, M = 0.7,
q = 322 psf.

deflection values Bz, - This figure shows the impact of the control
surface deflections on the wing pressures. It can also been seen in
Fig. 6 that the control surface deflection pattern is relatively smooth
when moving from inboard span locations to outboard span
locations, and the Bjs,y crossover from a positive deflection
(downward) to a negative deflection (upward) near the midspan.

Fighter Wing

The fighter wing model used is a modified version found in [7].
Here, the wing structure is terminated at the wing root (no carry-
through attachment). In addition, 20 trailing-edge control surfaces
are added to the aerodynamic model along with the horizontal tail.
Once again, as with the previous case, there is no structural
representation for the horizontal tail but it is included to trim the
vehicle. The wing structural model uses isoparametric quadrilateral/
triangular membranes for the skins, rod elements for the post and spar
caps, along with shear elements for the ribs and spars. Figure 7 shows
the structural and aerodynamic model used for the current study. For
a Mach number of 0.7 and a dynamic pressure of 8.5 psi, a baseline
aeroelastic trim analysis (1 g level flight) is performed using the
wing angle of attack and the horizontal tail to trim the aircraft for lift
and pitch. The unrealistically high dynamic pressure is chosen to
exaggerate the differences between the flexible spanwise loads and
the desired elliptical distribution. Table 2 is a listing of the flexible
stability derivatives for the configuration at the specified flight
conditions. As for the Goland wing example, this table indicates that
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Fig. 7 Fighter wing aerodynamic and structural model.
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Fig. 9 Fighter wing F,, vs span, M = 0.7, ¢ = 8.5 psi.

the sensitivities of trim conditions of lift and pitch with respect to the
control surface deflections are small (one to two orders of magnitude
smaller) compared with the sensitivities of ALPHA, ELEV, and
QRATE. Once again, to reduce computational cost, the trim
constraint is not explicitly supplied to the optimizer. Figure 8 is a plot
of the objective function vs iteration of the exact optimization
problem and indicates convergence to an optimal solution. Figure 9
shows a plot of F, vs span for the baseline case and the final
optimized solution. The open square symbols represent the initial
desired elliptical distribution (Fé¢ initial) and the closed square
symbols indicate the initial calculated distribution (Fe¥°*ad jnitial).
Figure 9 also contains the final optimized solution, both the desired
distribution final and actual calculated distribution final. A few
observations are made concerning Fig. 9: first, the optimization does
well at matching the calculated values with the desired elliptical
shape. Second, it can be seen that the root value F; of the desired
distribution changes during the optimization process. For this case, it
moves from approximately 230 1b/in to about 250 1b/in. This is due
to the fact that the vehicle must remain trimmed throughout the
process. Recall that only « and §, are being used to trim the aircraft.
The control surfaces are used only to obtain the appropriate shape of
the spanwise load. In obtaining the desired shape, the control
surfaces obviously have an impact on the lift generated on the wing.
The surfaces may increase or decrease the lift overall depending on
their deflections. In this case, they decrease the lift which requires
Qi to increase and 8, to increase to maintain a trimmed condition.
This results in a larger F; value. Finally, Fig. 10 contains a contour
plot of the final aeroelastic trimmed pressures (optimized control
surface deflections) along with the final control surface deflections
for all 20 control surfaces. This figure illustrates that the first 15

Pressure, psi .
.
. 205 .
187

16.8
15.0 -
13.2
11.4

B

B deg
Fig. 10 Fighter wing pressure and B; for final design, M = 0.7,
q = 8.5 psi.

control surfaces have a positive angle of deflection whereas the
outboard have a negative value. These results are as expected when
inspecting the Fd*id initial and F¢¥Waed desired in Fig. 7. To
“move” the FUelaed jpitia]l curve toward the desired curve, the
inboard portion of the curve needs to be “pulled up” (increase load,
positive ;) whereas the outboard portion of the curve needs to be
“pulled down” (decrease load, negative B;). This increase and
decrease in load on the inboard and outboard portions of the wing by
the control surfaces is indicated on the pressure contour plot as well.

Conclusions

Induced drag on flexible wings is reduced at off-design cruise
conditions with simulated active conformal control surface
deflections. The method to manipulate the spanwise distribution of
load is demonstrated on two cases, a simple rectangular wing with a
beam model and a fighter wing with a fully built-up finite element
structural model. Conformal control surfaces are envisioned to
eliminate the edge effects of conventional control surfaces, which
increases profile drag. The control surfaces are deflected to
redistribute the lift on the wing while maintaining a flexible trimmed
(lift and pitch) flight condition. Iteratively optimizing an
approximate problem eliminates the need for the trimmed angle of
attack and the elevator deflections to participate in the design
optimization as free variables. Only the control surface deflections
are used to match the desired elliptic load distribution, which in turn
is shown to produce the minimum induced drag according to
calculations by a Trefftz-plane technique. The ASTROS program is
used for creating a complex structural model, a realistic linear
aerodynamic prediction technique, and a free flying trim analysis.
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