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Variable-Complexity Aerodynamic Optimization of a
High-Speed Civil Transport Wing

M. G. Hutchison,* E. R. Unger, W. H. Mason,{ B. Grossman,§ and R. T. Haftka¥
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

A new approach for combining conceptual and preliminary design techniques for wing optimization is pre-
sented for the high-speed civil transport (HSCT). A wing-shape parametrization procedure is developed which
allows the linking of planform and airfoil design variables. Variable-complexity design strategies are used to
combine conceptual and preliminary-design approaches, both to preserve interdisciplinary design influences
and to reduce computational expense. In the study, conceptual-design-level algebraic equations are used to
estimate aircraft weight, supersonic wave drag, friction drag, and drag due to lift. The drag due to lift and
wave drag are also evaluated using more detailed, preliminary-design-level techniques. The methodology is
applied to the minimization of the gross weight of an HSCT that flies at Mach 3 with a range of 6500 mi.

Introduction

HE design of an advanced aircraft requires the prediction

of the system response and performance in three distinct
phases: 1) conceptual, 2) preliminary, and 3) detailed design.
As the aircraft design progresses through these stages the
analysis methodology becomes increasingly sophisticated.
Typically, the conceptual design of the system is performed
using simple experienced-based algebraic expressions (often
in the form of statistical analyses), based on experience and
on elementary models of the system. These expressions are
implemented in conceptual design sizing programs such as
FLOPS' or ACSYNT:.? In the preliminary design phase, sys-
tem performance is predicted by more complex numerical
simulations such as aerodynamic panel methods or structural
plate model approximations. Computational constraints often
dictate that the models used at this stage are basic and may
not include all the complicating factors such as nonlinearities.
Finally, at the detailed design level, the full force of state-of-
the-art computation is brought to bear for all analyses.

In the second and third design stages, the multidisciplinary
aspects of the system are often expressly neglected. At the
conceptual level, the tradeoffs between the requirements of
different disciplines are easily addressed due to the simplicity
of the modeling of the system. However, as soon as detailed
numerical simulations begin, it is very difficult to preserve
interdisciplinary communications, partly because of compu-
tational cost, and partly because of the compartmentalization
of expertise.

The principal goal of multidisciplinary design optimization
is to address this lack of communication at the higher design
levels in order to design better aircraft. Unfortunately, direct
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integrated design remains prohibitively expensive computa-
tionally for two reasons. First, intuitive shortcuts that are
available in single-discipline design are not applicable for mul-
tidisciplinary design. Second, integrated design requires the
costly calculation of interdisciplinary sensitivities, such as the
derivatives of acrodynamic performance with respect to changes
in aircraft structural components. Previous work by our group
at Virginia Tech in the area of multidisciplinary design, has
centered on the development of more efficient computational
methods for evaluating the interdisciplinary sensitivities and
on the implementation of sequential approximate optimiza-
tion techniques.>* Related work in other areas of multidis-
ciplinary optimization is presented in Refs. 5-8.

In this article we demonstrate a variable-complexity mod-
eling approach?® to the design of a high-speed civil transport
(HSCT) wing. We design the wing to minimize takeoff gross
weight of a Mach 3 configuration with a range of 6500 mi.
We have investigated two aspects of this technique. First,
we address the difficulty of retaining cross-disciplinary in-
fluences by coupling a detailed analysis model for one dis-
cipline with a simple model for another. Specifically, we
show results for preliminary aerodynamic design which in-
cludes structural considerations through the use of a con-
ceptual design (algebraic) structures model. Secondly, we
show that the computational expense associated with re-
petitive calculations in a numerical optimization may be
significantly reduced by combining a preliminary-design-
level analyses with simpler conceptual-design-level models.
In the context of the wing designs, we employed two levels
of modeling in the evaluation of both aircraft wave drag
and drag due to lift.

We use the NASA AST3I concept!® as a baseline for the
design optimization. This concept was developed at the Lang-
ley Research Center and reflects the best aspects of current
advanced configuration design practice. The aircraft is a Mach
3, 6500-mi. range design with details of the geometry and
weights described by Robins et al.’® In addition, a wind-tunnel
model of the AST3I was tested,!! establishing a basis for
evaluating aerodynamic estimation methods.

Previous interdisciplinary wing design studies have concen-
trated on planform design with given airfoils. In the present
work we venture into simultaneous design of the planform
and the airfoil. To keep the number of design variables man-
ageable, we utilize features of the AST3I design to define the
connection between the planform and airfoil variables.

In the following sections, we describe the method used to
define the wing shape for optimization, define the design
problem, outline the methods utilized, and describe the op-
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timization method and strategy. Finally, optimization results
and our conclusions are presented.

Wing Shape Representation

Successful optimization requires a simple, yet meaningful
characterization of the geometry to be optimized. Our analytic
wing definition provides a general, yet practical geometry
using a small number of design variables. The wing is defined
in terms of planform and airfoil thickness definitions. The
airfoil sections are related to the planform based on current
aerodynamic design practice. The actual cambering of the
wing, once the thickness distribution and planform have been
determined, should only have a minor effect on the wing
weight. Therefore, for the acrodynamic design of the wing,
we emphasize the planform and the thickness distribution and
assume that the wing can be cambered as required.

We distinguish between the parametric model and the nu-
merical description of the wing. As described below, the par-
ametric model utilizes a small set of design variables to define
the wing shape, but the aircraft geometry is actually described
numerically in the Craidon geometry format.'? This approach
allows the use of analysis methods that utilize this discrete
description directly. In this article, we address only the design
of the aircraft wing, and use the fuselage, fin, and nacelles
directly from the AST3I geometry description.

Planform Description

The planform is specified by defining the leading and trail-
ing edges using a blending of linear segments. The exponential
blending was apparently first used by Barnwell,"® and was
later employed in the development of the SC3 wing concept.**
The leading- and trailing-edge equations are defined by the
projected intersection points (i.e., the planform break points),
the axial location of the wing tip, the wing semispan, and the
wing-tip chord.

Exponential blending is used to provide a smooth transition
between the straight-line segments. The blending is controlled
by a parameter A, determined by the degree of blending
desired, with large values corresponding to increased blend-
ing. For the cases presented, the values of A, were not varied.
The details of the equation definitions are given in Ref. 15.
For this work, we utilized three blended linear segments for
both the leading and trailing edges with the wing planform
described by 11 variables, x; — x,,, as illustrated in Fig. 1.
As we utilize the fuselage from the baseline configuration,
the locations of the leading and trailing edges at the root are
fixed. Reference 15 showed that the difference between the
parametric description of the AST3I and the data is minimal.

Airfoil Description

Using the AST3I as a basis, airfoils with both sharp and
round leading edges are used in the definition of the wing.
Although the AST3I concept uses 6A-series airfoils, the re-
quirement for simplicity led to the use of airfoil definitions
based on (but not the same as) the classical NACA 4-digit
modified airfoil definition. Specifically, the thickness distri-
bution for the round-nosed airfoils has been modified to re-
duce the curvature on the aft portion of the airfoil in com-
parison to the usual NACA 4-digit and modified 4-digit airfoils
(bringing it into much closer agreement with the 6A series).
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Fig. 1 Planform description parameters.
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Fig. 2 Airfoil definition parameters: a) round leading edge and b)
sharp leading edge.

For sharp-nosed airfoils a straight-line segment is defined at
the leading edge. The complete details are given in Ref. 15.
The five parameters required to define an airfoil thickness
distribution are the leading-edge radius size parameter [ [as
in the NACA modified 4-digit airfoil definition, the leading-
edge radius to chord ratio r, is defined by r, = 1.1019(¢//6¢)?];
or the leading-edge half-angle 7, ;; the trailing-edge half-angle
7re; the thickness-to-chord ratio #/c; the chordwise location
of the end of the linear segment on sharp-nosed airfoils /; and
the location of the maximum thickness m (Fig. 2). In practice,
we found that a fixed value of / = 5% of chord worked well
over a broad range of airfoils. With these models, the errors

in the airfoil representation were under 2%, compared to
AST3I data.

Planform/Airfoil Integration

To limit the number of design variables, the airfoil used at
a particular spanwise station is related to the planform at that
station by a set of rules based on the design of the baseline
configuration. Thus, in this article, the wing geometry is de-
fined by the following:

1) The wing #/c is specified at four control stations on the
wing semispan, and the thickness, not #c, is varied linearly
between these control points.

2) The chordwise location of maximum thickness m is con-
stant across the span.

3) The airfoil shape is sharp or round locally, depending
upon whether the local leading edge is supersonic or subsonic.

4) The leading-edge half-angle 7, ; varies linearly with the
thickness-to-chord ratio.

5) The leading-edge radius size parameter is a constant for
all round leading edges.

6) The trailing-edge half-angle 7.y varies linearly with the
thickness-to-chord ratio.

Design Problem

The design problem is the optimization of an HSCT wing
to minimize takeoff gross weight for a specified range, pay-
load, and cruise Mach number. For this work, we have con-
sidered a Mach 3 vehicle with a range of 6500 mi. The choice
of gross weight as the figure of merit (objective function)
directly incorporates both aerodynamic and structural con-
siderations, in that the wing structural weight directly affects
aircraft empty weight, while aerodynamic performance dic-
tates the required mission fuel. The optimization is performed
with a fixed fuselage and nacelle geometry.

The engine size and specific fuel consumption were fixed
in the design optimization at 50,000-1b maximum sea-level
static thrust per engine, and cruise specific fuel consumption
constant at 1.3 1b/(lb-h). This simple approach is based on
the consideration that the engine size is determined by the
takeoff requirement.' A more sophisticated propulsion model
could be included in the analysis without a fundamental change
in the approach.
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Design Variables

Table 1 shows the 21 design variables used to describe the
wing and flight mission. They fall into three categories: 1)
wing planform, 2) airfoil, and 3) mission definition variables.

The 11 planform design variables are based directly on the
blended linear equation approach described earlier. As may
be seen in Table 1 and Fig. 1, we define the (x, y) location
of the leading and trailing-edge break points, the axial location
of the wing tip, the wing semispan and the tip chord. The
root locations of the leading and trailing edges are fixed by
the baseline configuration.

The seven airfoil thickness definition variables are used to
quantify the previously described rules linking the airfoil to
the wing planform. The constants in these definitions were
chosen based on the AST3I geometry.

Finally, we utilize three variables to define an idealized
cruise mission. We do not take account of takeoff and climb
to altitude, and the aircraft is assumed to begin cruise at its
gross weight. The aircraft range is determined by the distance
flown in cruise that consumes 85% of the mission fuel. The
remaining 15% is assumed to be reserve fuel, a value based
on the AST3I configuration. We use two design variables to
define the initial cruise altitude and a constant climb rate.
The latter allows the optimizer to define an approximate cruise-
climb followed by constant altitude flight at the specified al-
titude limit.

Constraints

As summarized in Table 2, we employ 37 constraints which
may be divided into two categories: 1) geometric and 2) per-
formance constraints. The geometric constraints prevent
physically unrealistic or impossible designs. Specifically, the
wing chords at all locations were required to be greater than
7 ft, the width of the wing normal to the leading edge was
required to be greater than 3 ft, and the wing t/c ratios were
not allowed to be less than 1.5% at the four wing thickness
definition locations. The wing break point locations were forced
to be arranged sequentially on the wing and to be less than
the wing semispan. In an effort to prevent unrealistic ge-
ometries, we required that the sweep angle of the trailing
edge be positive (i.e., rearward sweep). In one of the designs
presented in Ref. 15, we examined the effect of relaxing this
constraint during the design process.

The performance constraints include a required range of at
least 6500 mi. To prevent tail-scrape, the landing angle of
attack was not allowed to exceed 12 deg. We assumed that
the mission fuel for the aircraft was carried entirely in the
wing and required that 50% of the wing volume was sufficient
for storing the fuel. The lift coefficient at an emergency land-
ing (145 kt at 5000 ft with 50% fuel load on a 90°F day) was

Table 1 Design variables

(7) Atrfoil

(11) Planform (3) Performance

x At LE breaks 1, 2 tic At root Flight fuel

y At LE breaks 1, 2 LE Breaks 1, 2 Climb rate

x At TE breaks 1, 2 and tip Initial cruise al-
y At TE breaks 1, 2 max t/c Location titude

x Of LE wing tip LE Radius and

Tip chord half-angle

Wing semispan

Table 2 Design constraints

(21) Geometric (16) Performance

Eleven wing chords Range

Four wing thicknesses Landing «
Four break points Fuel volume
Wing minimum width Landing C,

Root trailing-edge angle Landing section C;

Maximum altitude

required to be no more than 1. The section lift coefficients
at the same conditions, assuming an elliptic lift distribution,
were not allowed to exceed 2. Finally, the altitude is limited
to 70,000 ft for cabin depressurization safety considerations.
This constraint is enforced by keeping the altitude constant
once the aircraft has reached this altitude, so that it does not
appear as an explicit constraint in the optimization procedure.

Analysis Methodology

The analysis techniques utilized include a conceptual-level
model for the structural influence on the aircraft weight, sev-
eral models and levels of approximation for the aerodynamic
drag, calculation of the aircraft range, and the estimation of
landing angle of attack. '

Structures

To include the influence of structural considerations on the
wing design, we have adopted the weight equations developed
by McCullers.! These are traditional weight-estimating rela-
tions consistent with modern conceptual-level aircraft sizing
programs. These equations enable us to incorporate weight
penalties for wing designs that are more structurally de-
manding. Details of the wing-weight equation and the cal-
culation of aircraft gross weight are presented in Ref. 15.

We note here that the original version'* of this article con-
tained results which utilized an erroneous weight estimation
program. The weight estimation equations in Ref. 15, equa-
tions B.1-B.13, were programmed incorrectly. The design
results and conclusions in this article reflect the corrected
program.

Aerodynamics

The key analysis is the calculation of drag, consisting of the
contributions from volumetric wave drag, drag due to lift, and
friction drag. In keeping with the philosophy of variable-com-
plexity modeling, we have used detailed and approximate
models for both the wave drag and the drag-due-to-lift cal-
culations. The approximate models, methods typically used
in the conceptual design phase, are algebraic or require simple
quadrature integrations. The detailed models utilized more
exact methods requiring computer codes and represent the
types of analyses required at the preliminary design stage.
We describe the implementation of the different models in
the optimization process later.

Volumetric Wave Drag: Detailed Model

Wave-drag estimates are calculated using the classic Harris
wave-drag program.!” This program computes the value of
the far-field integral arising from slender-body theory, and
has been found to adequately predict the wave drag of super-
sonic transport class aircraft.

Volumetric Wave Drag: Algebraic Model

An approximate estimation of wave drag is obtained using
a semiempirical algebraic model developed in Ref. 18 for
trapezoidal planforms. The approximate model depends on
wing t/c ratio; the chordwise location of maximum airfoil
thickness m; the airfoil leading-edge radius to chord ratio r,;
wing leading and trailing-edge sweep angles A, . and A,
respectively; the wing taper ratio A; the wing aspect ratio;
and the flight Mach number.

To use the approximate model, a trapezoidal wing that is
approximately equivalent in terms of wave drag to the actual
wing is needed. This wing will be referred to as the equivalent
wave-drag wing. The #/c ratio is obtained by averaging the
values in the numerical description of the wing, the parameter
m is defined directly in the design variables, and the subsonic
value of leading-edge radius (also a design variable) is used
to define r,. We use a wing taper ratio of A = 0.1 for all the
data presented. This value was found to produce good results
over a broad range of wing designs. The leading-edge sweep
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angle is defined using a weighted-average value determined
from the discrete numerical description of the actual wing.
The trailing-edge sweep angle is defined from the trapezoidal
wing geometry.

The wave drag of this equivalent wing is calculated using
the relations in Ref. 18. An estimate of the contributions due
to the remainder of the aircraft, obtained using the Harris
code, is subsequently added. This contribution is held con-
stant for a given flight Mach number, and the approximate
model analysis, for any wing design, is therefore independent
of the detailed analysis.

Figure 3 compares the wave drag estimated by the two
methods for a number of different wing designs. Using the
parametric model, a wing geometry is defined using a vector
of design variables x. The wave drag data was calculated at
different values of x, varied between two points x, and x, in
the design space (described in a later section, x, and x, define
the initial and final designs, respectively), as a function of the
relative design-change parameter £ in the expression

x =x, + &x — xo) (1)

where 0 < £ = 1.

The algebraic model wave drag is within 6% of the Harris
wave drag, and it displays similar trends over a range of wing
designs. Note that the Harris code results are not smooth.
While of little concern in the estimation of the drag, this
behavior makes the calculation of derivatives of the wave drag
with respect to design variables inaccurate. By contrast, the
algebraic model produced very smooth results that allow for
consistent derivative evaluation. These features are of par-
ticular importance in our later discussion of drag approxi-
mations used in the optimization problem. Computationally,
the time required to calculate the drag using the algebraic
model is more than two orders of magnitude smaller than that
required for the Harris model.

Drag Due to Lift: Detailed Model

The estimation of drag due to lift from linear theory may
be reduced to the calculation of the drag polar shape param-
eter 1/C,, — C,/C2, where C,_ is the wing lift-curve slope,
and Cy is the thrust coéfficient. The component of drag due
to lift is then given by

Cp, = (UC,, — CHC3)CE 2

For this analysis, we adopt the methods developed by Carl-
son et al.!*?° which use the integral solution to the linearized
supersonic potential equation for wings of arbitrary planform.

0.0025 l | ]

—@— Wave Drag, Harris Code
—0— Wave Drag, Approx.
—&— Drag due to Lift, Panel Code

T T T T T
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Fig. 3 Algebraic and detailed drag calculations.

The panel method implementation provides a prediction of
the drag due to lift. The value of C; obtained from linear
theory can be reduced to levels found experimentally using
Carlson’s “attainable thrust” concept.?”

Drag Due to Lift: Algebraic Model

To approximate the drag due to lift, the wing is replaced
by an equivalent arrow wing. Assuming that the flow can be
described by linearized supersonic thin-wing theory, algebraic
analytic solutions are available for arrow wings.?! The first
step is to define a correspondence between a general wing
planform and an arrow wing.

The aerodynamic characteristics of an arrow wing are de-
termined by two geometric parameters: 1) the leading- and
2) trailing-edge sweep angles. Using a discrete numerical de-
scription of an arbitrary planform, we defined an aerody-
namically equivalent arrow wing. The leading-edge sweep is
defined using the root value of the planform sweep. The trail-
ing-edge angle is defined using a weighted-average sweep value
over the trailing-edge data points.

Drag due to lift reductions achieved through camber and
twist are simulated by reducing the zero leading-edge suction
(LES) polar, C%/C,_, by a fraction of the full value of leading-
edge suction, C, predicted by linear theory. The fraction of
Cy included is chosen using Carlson’s experimentally based
estimates for the percentage of LES achievable.

Figure 3 also shows the drag due to lift (at C, = 0.05) over
a range of wing designs. The panel code also produces un-
smooth results presenting difficulties in the evaluation of drag-
due-to-lift derivatives. In contrast, the algebraic model yields
smooth results. Computationally, the time required to cal-
culate the drag using the algebraic model is more than two
orders of magnitude smaller than that required for the panel
code.

Friction Drag

Skin friction is computed using standard algebraic esti-
mates. The boundary layer is assumed to be turbulent. The
van Driest II method, as discussed by Hopkins and Inouye,?
has been utilized and form-factor corrections have been ap-
plied to account for the effect of surface curvature.

The accuracy of the methods employed was assessed in Ref.
15, where the drag polar computed using the detailed methods
described above was compared to the AST3I wind-tunnel
data. The aircraft geometry used in the calculation was the
initial set of design variables, selected to match the AST3I
geometry. The result showed that the detailed models provide
a good estimate of the aerodynamic performance for this class
of configurations, and that the design variables are adequate
to represent the AST3I geometry.

Range Calculation

The aircraft range is calculated at a constant cruise Mach
number of 3 until the available fuel is exhausted. As described
earlier, we assume that 85% of the mission fuel is used in
cruise, with the remaining 15% held as reserve. The range is
determined by a time integration of the velocity. The amount
of fuel spent is found from a time integration of the product
of the specific fuel consumption and the drag during cruise.
The first portion of the cruise is a cruise-climb profile with
the initial altitude and climb rate determined from the design
variables. The latter portion of the cruise begins when the
aircraft reaches its maximum allowable altitude, at which time
the altitude is held constant at this value.

Landing Angle of Attack

For the low-aspect ratio configurations in this class, the
angle of attack at landing must be limited to avoid problems
with tail-scrape. To find the attainable lift coefficient at the
prescribed landing angle, potential-flow lift, nonlinear vortex
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lift, and ground effects were considered. We employ a vari-
able-complexity strategy whereby a vortex lattice method is
coupled to a simple algebraic model?® to estimate the lift as
a function of angle of attack.

Initial designs'® used only an approximate algebraic model
for the landing angle-of-attack calculation. Corrections to the

wing-weight calculation (discussed earlier) produced designs

which were more sensitive to the landing angle-of-attack model.
This necessitated using the variable-complexity strategy.?*

Optimization Procedure and Strategy

The numerical optimization is performed using the NEWS-
UMT-A program® which employs a sequential unconstrained
minimization technique utilizing an extended interior penalty
function. Newton’s method with approximate second deriv-
atives is used for unconstrained minimization.

The primary computational cost of the optimization is not
the evaluation of the objective function, but rather the esti-
mation of the drag components used in the range calculation.
Because derivatives of the constraints are evaluated by finite
differences, the optimizer requires many hundreds of con-
straint evaluations to complete the optimization, and thus the
direct use of the Harris program for wave drag and the super-
sonic panel method for drag due to lift in the range calculation
is prohibitively expensive. To reduce this expense, a sequen-
tial approximate-optimization technique was employed in which
the overall design process is composed of a sequence of op-
timization cycles. At the beginning of each cycle, approxi-
mations to the wave drag and drag due to lift are constructed
and move limits imposed on the design variables to avoid
large errors.

In the following, we describe several approaches to the
approximation of the wave drag and the drag due to lift. To
generalize the discussion, we consider approximations to a
scalar function f that depends on the vector of design variables
x. In the context of the estimation of wave drag, fis C,,, the
wave drag coefficient. For drag due to lift, fis the parameter
/€., — C;/C;. We utilize the detailed and the algebraic
models for these components of drag, described earlier, and
refer to the results from these models as f, and f,, respectively.
We consider linear, global-local, and scaled approximations.

Linear Approximation

The linear approximation is simply a first-order Taylor se-
ries expansion in the design variables about the design point
at the beginning of a cycle, x,, using the detailed analyses

flx) = fa(x,) + VfAx 3)

where Ax = x — x, and Vf, is evaluated at x,,. The gradient
of f, is a row vector composed of elements df,/dx;. These
partial derivatives are estimated by forward differences. For
smooth functions, the stepsize Ax; is chosen small enough to
obtain an adequate representation of the derivative without
incurring roundoff error. For noisy functions, small values of
Ax; produce large errors in the derivatives. To reduce this
problem, we employ Ax; = 0.01x, in order to make Ax; larger
than the scale of some of the noise.

Global-Local Approximation (GLA)

This approximation technique,? utilizes an approximate
model in conjunction with a more detailed analysis. In the
context of this article, the detailed analyses are the Harris
code and the panel code, and the approximate models are
the algebraic models described previously. The approximation
utilizes a linear scaling technique, whereby f is evaluated at
x using

fx)y = Bx)fu(x) “)

where the scaling parameter is evaluated at the design point
at the beginning of a cycle x, as

_ fdxo)
A(x) falxo) ©)

The scaling parameter is approximated at x using a Taylor
series expansion

B(x) = B(x,) + VBAx (6)

The gradient of B at x, involves differentiating (5), and
requires the evaluation of the gradients of both the detailed
and algebraic analyses. As for the linear approximation, we
utilized forward finite differences with Ax; = 0.01x,. The un-
reliable derivative estimates (from both the Harris program
and the panel code) can cause large errors in both the linear
and GLA approximations. These errors mandate the use of
small move limits in the design variables, and can increase
the number of cycles required for a complete optimization.

Scaled Approximation

As indicated in Fig. 3, the approximate, algebraic models
produce trends similar to the detailed analyses, even if the
actual magnitudes of the results differ. Such models suggest
the use of a constant scaling function for an approximation

fx) = B(xo)fulx) )

where 8 is given by Eq. (5).

Two related features of this approach make it particularly
appealing: 1) it eliminates the dependence of the approxi-
mation function f on derivatives of the detailed analysis, and
2) as a result, the CPU time required to set up the approxi-
mation at the beginning of each cycle is dramatically reduced.

Figure 4 shows the wave drag coefficients calculated for an
aircraft with a wing described by a design vector x, given by
Eq. (1). Designs x, and x, are at the beginning and end of
optimization cycle eight within the context of the sequential
optimization procedure, and differ from each other by less
than 7%. In the figure, the wave drag calculated using the
detailed wave-drag model (i.e., the Harris program) is com-
pared with the results given by the three approximation meth-
ods described above. The difficulties caused by the oscillations
in the detailed model calculations for the derivative-based
linear and GLA approximations are apparent.

Although the drag errors appear relatively small, the range
of this class of aircraft is so sensitive to changes in the drag
that the differences between the approximate calculations and
the detailed model results at the end of a design cycle present
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Fig. 4 Wave drag approximations.
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Fig. 5 Drag due to lift approximations.
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Fig. 6 Initial and final planforms.

significant difficulties in the optimization procedure. Since the
drag calculated at the beginning of a design cycle is given by
the detailed model results for all three approximation meth-
ods, the range at the end of a design cycle is usually not equal
to the range at the beginning of the next cycle.

Figure 5 shows the variation of drag-due-to-lift coefficients
with the same relative design change as described in connec-
tion with Fig. 4. The drag values shown were calculated using
C, = 0.05. The detailed model results, as well as the three
approximate methods, are shown. In both Figs. 4 and 5 the
scaled approximation is better than the linear and the GLA
approximations because of errors in the calculation of the
derivatives. This is not always the case; in some design cycles,
the linear or GLA approximation is more accurate.

Results

The initial and final planforms for the optimization are
shown in Fig. 6. The initial design represents an evaluation
of the parametric model of the AST3I using the methods
described above. The optimization problem converged in 42
cycles with the move limits gradually reduced from an initial
value of 7% to a final value of 1%. Only three constraints
were active at the conclusion of the optimization: 1) the land-
ing angle-of-attack limitation, 2) the range constraint, and 3)
the altitude limitation.

Table 3 presents some details of the initial and final designs.
(The initial design differs from that used in Ref. 15 reflecting
weight parameters more consistent with Ref. 10.) The final
design weighs less than the initial design, and meets the range
and landing angle-of-attack requirements. The principal de-
sign changes were to decrease the inboard leading-edge sweep
and the outboard sweep and reduce the wing thickness. The
wing area increased only 3.8%, but the span increased by
13.8% for an increase of 24.7% in the aspect ratio. The ten-
dency in the design was to trade increased wing weight (thin-
ner wings) for aerodynamic efficiency (decreased wave drag)
to save mission fuel. As may be seen in Table 3, the wing
weight increased while fuel weight decreased for a net savings.

Aerodynamically, the final configuration shows improve-
ment in wave drag and drag due to lift (see Table 3). There
was an increase of 13.8% in the maximum L/D ratio from
the initial to final design. While the aircraft flies close to the
maximum L/D ratio (initial cruise: L/D = 8.68, final cruise:
L/D = 8.51), the altitude limitation restricts the ability to fly
a more nearly optimal cruise profile. -

Table 3 Initial and final designs

Initial Optimum
design design

Weights, Ib x 103

Gross weight 6.609 6.153

Wing weight 0.735 0.819

Fuel weight 3.400 2.872
Range margin, % —0.45 0.26
Landing angle margin, % -19.8 0.58
Sweep, deg

Inboard LE 79.56 78.80

Outboard LE 53.13 49.82

Inboard TE 0.00 7.65

Outboard TE 27.14 11.40
Thickness, % t/c

Root 2.000 2.079

LE Break 1 3.500 1.918

LE Break 2 3.500 1.614

Tip 3.500 1.513
Drag, Ib x 103, at start of cruise

Wave drag 17.19 14.08

Friction drag 31.08 33.34

Drag due to lift 34.85 23.45
L/D max 8.050 9.162
Wing weight/area, 1b/ft? 5.950 6.384
Wing area, ft2 x 10* 1.236 1.283
Aspect ratio 1.835 2.288

Conclusions

We have demonstrated a variable-complexity modeling ap-
proach to the design of an HSCT wing. The difficulty of
retaining cross-disciplinary influences was addressed by cou-
pling relatively detailed aerodynamic models with a concep-
tual-design structural model. Computational costs were re-
duced by coupling detailed aerodynamic models with simple
algebraic models in the optimization process. A very efficient
parametrization of HSCT class wing planforms and thickness
distributions was developed. Utilizing only 18 design geo-
metric design variables, we were able to obtain designs with
significantly decreased gross weight at a specified range and
payload, while satisfying performance and geometric con-
straints. However, due to some differences in mission, mod-
eling, and constraints, (e.g., we did not consider trim, stability
considerations, and sonic boom), these improvements should
not be construed as indications of deficiencies in the AST3I
design.

We have identified the problem that the drag components
obtained from the detailed aerodynamic models were noisy
and resulted in poor derivatives. This led to convergence os-
cillations and range errors, and highlights the need for ap-
proximation methods that do not depend on refined model
derivatives. Nevertheless, the variable-complexity approach
to drag modeling proved adequate to converge the design and
allowed the optimization to proceed without excessive com-
putational expense.
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