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Abstract

An approach to aerodynamic configuration optimization is presented for the
high-speed civil transport (HSCT). Methods to parameterize the wing shape, fuse-
lage shape and nacelle placement are described. Variable-complexity design strate-
gies are used to combine conceptual and preliminary-level design approaches, both
to preserve interdisciplinary design influences and to reduce computational expense.
The preliminary-design-level analysis methods used to estimate aircraft performance
are described. Conceptual-design-level (approximate) methods are used to estimate
aircraft weight, supersonic wave drag and drag due to lift, and landing angle of
attack. The methodology is applied to the minimization of the gross weight of an
HSCT that flies at Mach 2.4 with a range of 5500 n.mi. Results are presented for
wing planform shape optimization and for combined wing and fuselage optimization
with nacelle placement. Case studies include both all-metal wings and advanced
composite wings. The results indicate the beneficial effect of simultaneous design
of an entire configuration over the optimization of the wing alone and illustrate the

capability of the optimization procedure.
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Chapter 1 — Introduction

Aircraft design has always demanded a balance between competing require-
ments to fulfill the design goals. For example, gains in aerodynamic efficiency
obtained by decreasing the wing’s thickness may be offset by structural weight in-
creases associated with the thinner structure. Historically, these compromises have
been determined very early in the design process using simple, empirical analysis
tools. Because of the simplicity of the methods, the interplay between the various

disciplines is reasonably straightforward to model and to understand.

Some form of optimization has long been part of this design process. Trade
studies are conducted to determine, for example, the best balance between thrust-to-
weight ratio and wing loading to minimize take-off gross weight. These studies are
often embodied in carpet plots or thumbprints, which map contours of some objective
(like gross weight) as a function of 2 design parameters. Clearly, this strategy
has been effective—most aircraft flying today were conceived and developed using
such techniques. A difficulty arises, however, when one attempts to simultaneously
change more than two design parameters so as to minimize the objective. The

resulting 4 (or higher) dimensional surfaces are virtually impossible to visualize.

Mathematical optimization theory addresses this difficulty and offers numerical
strategies for finding extrema of functions depending on, in principle, any number of
parameters. In some sense, mathematical optimization methods propose to replace
the multiple trade studies found in the traditional design process with a mathemat-
ical algorithm. In so doing, these methods seek not just an acceptable combination
of the variables in the design, but the best combination. Antoine de Saint-Exupeéry
captures this idea poetically.!

Have you ever looked at a modern airplane? Have you followed from year
to year the evolution of its lines? Have you ever thought, not only about
the airplane but about whatever man builds, that all of man’s industrial
efforts, all his computations and calculations, all the nights spent over
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working draughts and blueprints, invariably culminate in the production
of a thing whose sole and guiding principle is the ultimate principle of
simplicity?

It is as if there were a natural law which ordained that to achieve this end,
to refine the curve of a piece of furniture, or a ship’s keel, or the fuselage
of an airplane, until gradually it partakes of the elementary purity of the
curve of a human breast or shoulder, there must be the experimentation
of several generations of craftsmen. In anything at all, perfection is finally
attained not when there is no longer anything to add, but when there is
no longer anything to take away. ..

Design optimization methods thus attempt to achieve Saint-Exupery’s concept of
perfection by replacing “the experimentation of generations of craftsmen” with

mathematical algorithms.

The ultimate goal of the design process is to successfully integrate the com-
peting requirements of structures, aerodynamics, controls and propulsion to meet
design requirements. The combination requires knowledge of the influence of one
discipline upon another; for example, how changes in wing planform for aerody-
namic reasons affects the loads placed upon the wing’s internal structure. Multidis-
ciplinary design optimization (MDO) schemes attempt to model these interactions
to achieve the best integration of the different technologies. In a sense, MDO seeks
to systematize the interaction found in the traditional design process. An illus-
tration of this concept may be found in Ref. 2, where F.A. Maxam reviews the

development of the highly successful Boeing 727.

Compromises are required in thousands of areas during design work but
the successful designs are those wherein as many as possible of the com-
promises are synergistic. That is, through application of clever, innova-
tive, and highly technically competent engineers and engineering managers
many of the requirements can be brought together to complement each
other in the total design solution. Obviously, the more the design is put
together in this manner the more probable the overall success.

The research presented here demonstrates an approach to the multidisciplinary
design optimization of aircraft configurations. The focal point of this work has been

the development of efficient supersonic transport configurations as part of NASA’s
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High-Speed Research program. This particular project has sought to develop design
optimization methods that include influences from more than one discipline without

incurring excessive computational cost.

Research into MDO strategies and methods has been conducted by a number
of workers at Virginia Tech over the last several years. In Ref. 3, the integrated
structural-aerodynamic design of a sailplane wing was investigated using simple
beam and lifting-line theories. Subsequently, this work was extended to incorporate
more advanced finite-element structural analysis and vortex-lattice aerodynamic
evaluation.? From this early work, focus was shifted towards the integrated de-
sign of a subsonic transport wing, again utilizing finite-element and vortex-lattice
analyses.>® The addition of active control systems is described by Rais-Rohani.”
Malone and Mason® have investigated more complete configuration optimization

using simple, analytic analysis methods.

Outside of this university, McGeer® examined the spanwise distribution of lift,
chord and thickness on a subsonic wing to minimize induced drag in the presence of
weight, friction drag and lift constraints. Gallman, et al.l° have investigated com-
bined aerodynamic-structural optimization for joined-wing aircraft concepts. Wrenn
and Dovi!! used multi-level decomposition techniques'?:13 for the optimization of a

subsonic transport wing.

Early work on aircraft configuration optimization (sizing) is presented in Ref.
14. The computer program described there is known as ACSYNT (for AirCraft
SYNThesis) and incorporates many conceptual-level analysis methods for use with a
numerical optimization procedure. More recently, Stubbe!® has described a program
developed for the sizing optimization of hypersonic vehicles, which again uses simple

analytic and empirical analysis methods.

Some of the potential benefits of a multidisciplinary design environment are
outlined in Ref. 16, which describes a system of programs developed at Northrop.

Welge!” predicts the benfits obtainable by simultaneous optimization of planform,
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engine location and structure using advanced computational fluid dynamics (CFD)
analysis methods. Kulfan'® investigates a number of unusual configuration concepts
for supersonic aircraft, and predicts that significant gains in aerodynamic efficiency
may be obtained through the use of design optimization and better design integra-

tion procedures.

Recent work by NASA researchers pertaining to the High-Speed Civil Transport
(HSCT) program is presented in Refs. 19 and 20. Coen, et al.l® present some pre-
liminary results from the High Speed Airframe Integration Research project at the
Langley Research Center and provide an overview of the challenges associated with
modern integrated design methods. Dovi, et al.2? describe the structural optimiza-
tion of an HSCT wing using static aeroelastic analysis. Two parametric studies are
presented that illustrate the influence of wing thickness and outboard wing sweep on
the structural opimization results. R6hl?! has proposed a similar study, though no
results are presented. Chang, et al. present HSCT wing shape optimization results
that were developed using Euler aerodynamic analysis. In a somewhat different
vein, Nelson?? examines the effects of wing planform on off-design aerodynamic

performance of HSCT configurations.

To summarize, much of the research conducted on aircraft design optimization
has fallen into one of two broad categories. First, overall configuration optimization
has been performed with simple analytic or empirical analysis models (e.g., Refs. 14
and 8). Second, more detailed optimization studies have focused on a specific air-
craft component—typically the wing—and have utilized more advanced analysis
methods. The research effort described here was motivated, in part, by a perceived
gap in these optimization studies: the optimization of an entire aircraft configu-
ration that relies upon reasonably sophisticated analysis methods. The expected
benefit of such integrated designs is improved performance over designs whose com-
ponents (e.g., the wing) have been optimized separately. Thus, the principal goal of

this research has been to seek the synergy described by Maxam using optimization
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methods in conjunction with relatively detailed analysis techniques.

1.1 — Overview of Analysis Methods

Aircraft design requires the prediction of the system response and performance
as a function of the design parameters in three distinct phases: conceptual, prelim-
inary and detailed design. As the aircraft design progresses through these stages,
the analysis methodology becomes increasingly sophisticated. Typically, the con-
ceptual design of the system is performed using simple, experience-based algebraic
expressions (often in the form of statistical analyses) based on elementary models
of the system. In the preliminary design phase, system performance is predicted by
more complex numerical simulation such as aerodynamic panel methods or struc-
tural plate-model approximations. Computational constraints often dictate that
the models used at this stage make some simplifying assumptions 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 following chapters, design optimization results obtained using what has
been termed conceptual-level and preliminary-level analysis methods are presented.
Detailed-design-level models, such as Euler aerodynamic analysis or finite-element
structural analysis, have not been employed. The methods utilized are described in
subsequent chapters. They include methods to estimate an aircraft’s supersonic and
subsonic aerodynamic performance, and methods to estimate the aircraft weight.
Since detailed-design-level analyses were not used, the methods fall into two groups:
conceptual and preliminary-level methods. More concisely, these two levels of anal-

ysis are referred to as simple or detailed, respectively.

1.2 — Variable-Complexity Modeling
The principal obstacle preventing the common use of MDO methods is compu-

6,24

tational expense. Variable-complexity modeling®“* seeks to address the expense of

interdisciplinary calculation and optimization by coupling simple, conceptual-level
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models to more detailed models. This approach provides greater insight and reduced
computational cost, while comparing and correcting the performance predicted by

simple methods with the more sophisticated techniques.

Two aspects of this technique are presented. First, the difficulty of retaining
cross-disciplinary influences is addressed by coupling a detailed analysis model for
one discipline with a simple model for another. Specifically, I present results for
preliminary aerodynamic designs that include structural considerations through the
use of a conceptual-design structures model. Secondly, it is shown that the com-
putational expense associated with repetitive calculation in numerical optimization
may be significantly reduced by combining detailed analyses with simple models.
In the context of this work, two levels of modeling have been employed in the evalu-
ation of supersonic wave drag and drag due to lift, and in the calculation of landing
angle of attack.

Although the work presented here illustrates the use of variable-complexity
modeling for preliminary-level design, the methodology should be extendable to
more advanced, detailed-design-level methods. In fact, one of the principal goals
of this research has been to investigate the implementation of variable-complexity
modeling to provide the foundation for extension to more sophisticated analysis

techniques.

1.3 — Overview of the Design Problem

In this work, an approach to the design optimization of a high-speed civil
transport (HSCT) is demonstrated. An existing HSCT configuration is used as
a baseline for the design optimization; the aircraft is shown in Fig. 1.1. It is a
251-passenger, 5500 n. mi. range aircraft, designed to cruise at Mach 2.4. This
configuration was developed by the Vehicle Integration Branch at NASA’s Langley
Research Center as a generic HSCT used for technology integration studies. While
the design was developed only as a platform for continuing research, it does reflect

current advanced configuration design concepts.
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Fig. 1.1 — Baseline Configuration

There are several advantages in using an existing design as a baseline for the
optimization. First, a well-designed baseline may be used to derive a reasonable
set of design variables, as is shown in Ch. 2. Second, although the initial design in
the optimization may or may not be feasible (in the sense of design optimization),
a reasonable baseline configuration ensures that the numerical optimizer begins its
work in or near the feasible design space. Third, a well-designed baseline serves
as a benchmark against which the benefits of design optimization may be assessed.
Finally, some portions of the configuration are not addressed (e.g., tail surfaces)
and the components from the baseline are used in the analysis that takes place in
the optimization.

The design optimization studies, described in detail in Chapters 3 and 6, have
centered on optimizing the aircraft configuration for minimum take-off gross weight,
(TOGW) subject to constraints on performance and geometric arrangement. Typ-

ical performance requirements were a minimum range of 5500 n. mi. and a maxi-
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mum landing angle of attack of 12°. Geometric constraints were employed to keep
the configurations physically meaningful; for example, one constraint ensured suf-
ficient wing volume to store the mission fuel, and another specified minimum wing

thickness-to-chord ratios.

Throughout the work to be presented, I distinguish between the configuration
definition and description. The configurations are defined by a concise set of design
variables (parameters), as set forth in the following chapter. By contrast, the con-
figuration is described by discrete, numerical data. The Craidon geometry format?®,
developed by Charlotte Craidon in the early 1970’s at the NASA Langley Research

Center, was a convenient choice for this description.

The Craidon geometry defines the fuselage at a number of axial stations by
a collection of (y,z2) data points. Similarly, the wing is described by airfoil cross-
sections (i.e., (z, z) data) at a number of spanwise locations. The engine nacelles
(or pods) in the Craidon geometry are represented as axi-symmetric bodies. Tail
surfaces, fins and canards are assumed to be trapezoidal, with symmetric airfoil
sections specified at the root and the tip of the surface. The coordinate axes used

in this work are illustrated in Fig. 1.2.

The motivation behind this distinction between aircraft definition and descrip-
tion is a practical one. The analysis methods described later are all programmed
as individual routines or modules that depend only on the Craidon geometry to
determine the characteristics of the configuration. Consequently, the analysis of a
given design is independent of the design variables, once the geometry has been de-
fined. This strategy minimizes the effort required to change the number or meaning
of a set of design variables, and effectively isolates the analysis modules from the
optimization process. Thus, the individual techniques used to define an aircraft and
estimate its performance are easily changed or upgraded without repeated overhauls

of the entire analysis and optimization framework.

The means used to define the configuration are presented in Ch. 2. In Ch. 3,
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Fig. 1.2 — Coordinate Axes

the strategy employed in the optimization procedure is described. Chs. 4 and 5
present the detailed and simple analysis models used in the work. In Ch. 6, results
are presented that illustrate the capability of the optimization methods and in Ch. 7
I conclude with some general observations and recommendations for future work.
Throughout the following discussion, I have made an effort to note the work
of Dr. Eric Unger, a fellow researcher on this project, where appropriate. His con-
tributions included the development of one of the approximate landing models, im-
plementation of the ground-effect model and the development of the computational
interface for the supersonic wave-drag program. Each of these topics is discussed in
detail in later chapters. In addition, he played a key role in the development of the
optimization strategies (particularly the appropriate selection of move limits), and

with the implementation of the geometric modeling and description methods.
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Chapter 2 — Configuration Definition and Design Variables

Successful optimization requires a simple yet meaningful mathematical char-
acterization of the aircraft configuration. In the following sections, I describe the
methods developed to define the airfoil and wing thickness distribution, the wing
planform, the placement of the engine nacelles, the fuselage and a simplified mission

profile.

As mentioned in the previous chapter, the methods used to define the con-
figuration were developed to match the baseline design (see Fig. 1.1). Although
this configuration was the focus of the work presented here, the geometry defini-
tion techniques were also successfully employed to model the wing of a Mach 3.0

aircraft.24

2.1 — Airfoil Thickness Distribution

The goal of the development of airfoil thickness distribution models was to
define two families of airfoils with a small number of design parameters that have
a simple, physical interpretation. Although the baseline configuration has airfoils
whose leading edges (LE) are round, work with a Mach 3 configuration?? led to the
development of analytic definitions for both sharp and round-LE thickness distri-

butions. For completeness, both models are presented.

The approach was to determine some function that closely approximated the
6A series airfoils found on the baseline configuration of Ref. 24. The resulting
definitions also produced satisfactory agreement with the airfoils on the baseline

design of the present work (Fig. 1.1).

The following expressions give the upper surface coordinates of a symmetrical
airfoil, normalized by the chord, as z;. The equations are written as a function of

the normalized chordwise location, z/c.
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2.1.1 — Round Leading Edge
The thickness distribution for airfoils with round leading edges was based on,
though is not the same as, the NACA modified 4-digit airfoil description.?® The

resulting definition depends on 4 parameters:

I The leading-edge radius parameter.

t/c The maximum airfoil thickness-to-chord ratio.
m The z/c location of t/c.

TTE The trailing-edge half angle.

These 4 parameters are illustrated in Fig. 2.1.

(tlc) /2

r \ p
xX/c

Fig. 2.1 — Round-LE Airfoil Thickness Distribution

The airfoil thickness is defined as 2;, for 0 < z/c < m and z, form < z/c < 1.

The functions are

2, (z/c) = aov/z/c+ ar(z/c) + ax(z/c)* + as(z/c)?,

(2.1)
z,(z/c) = do+ di(1 — z/c) + da(1 — z/c)® + d3(1 — z/c)®.

The coefficients d; were determined by requiring that z;, equal half the air-
foil thickness-to-chord ratio at m, the slope of z;, be zero at m, the thickness at

the trailing edge be zero, and the slope at the trailing edge be the tangent of the
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trailing-edge half angle. These conditions are written as:

() = 5(1/¢),

dz,
/g™ =0 (2:2)
th(l) =0,
daty (1) =—tanmrg.
d(z/c)
Substituting Eq. (2.1) into Egs. (2.2) and solving for d; produces

do=0,
d, =tan7rg,
dQ:(l_Lm):,[%c—do—ggla—m) : (2.3)
dy = _dl + 2d2(1 - m)

3(1 —m)?

To define a;, value and first and second derivative continuity of z;, and z;, were

enforced at m; that is

2ty (m) = %(t/c) ’

Clzt1 _
d*z, — 2d, + 6d3(1
W(m) = 2dy + 6d3(1 —m).

Finally, the definition of the NACA modified 4-digit leading-edge radius parameter
was employed,
2
re = 1.1019[(I1/6)(t/c)] = 922 , (2.5)
where 1; is the leading-edge radius-to-chord ratio.

Using the form of z;, with Egs. (2.4) and (2.5) produces

ap = v 2rt ’
a; = —23075 - 2mag — 3m2a3 ,
a2—7m / —2—m2—2mag,

3ag 3 t/c

1
az = E [dz + 3d3(1 - m) - 3 2m2
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Fig. 2.2 compares the analytic definition with a representative round-LE airfoil

on the baseline configuration of Ref. 24.

Actual Round-LE Airfoil

...... Analytic Description
0.015 -
0.010 . T p—
oo //
% 0.000
-0.005 \ ,
\\
-0.010 : P
-0.015 |
02 00 02 04 06 08 10 12
x/c

Fig. 2.2 — Comparison of Analytic Thickness Model with
Round-LE Airfoil from Baseline Configuration of Ref. 24

2.1.2 — Sharp Leading Edge

Although not used in the results presented here, an analytic definition modeling
a sharp-LE airfoil thickness distribution was developed for the work of Ref. 24. This

definition depends on 5 parameters:

TLE The leading-edge half angle.

[ The z/c location of the end of the linear section.
t/c The maximum airfoil thickness-to-chord ratio.
m The z/c location of t/c.

TTE The trailing-edge half angle.

These 5 parameters are illustrated in Fig. 2.3.

The airfoil thickness is defined as z;, for 0 < z/c < I, z, for | < z/c < m and
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Zt

(t/c)i2

Fig. 2.3 — Sharp-LE Airfoil Thickness Definition Parameters

2ty for m < z/c < 1. The distributions are

zt,(z/c) = bi(z/c),

2, (z/c) = co + c1(z/c) + e2(2/C)* + e3(z/€)?,
zi,(z/c) = do +d1(1 — z/c) + do(1 — z/c)? + d3(1 — z/c)®.

TE
TrE
1 — X/C

(2.7)

Note that 2z, here is the same as 2;, in the round-LE definition. The requirements

of Egs. (2.2) were employed for z;,, and hence the coefficients d; are defined by

Egs. (2.3).

The coeflicient b; is determined by requiring the thickness distribution slope

at the nose to be the tangent of the leading-edge half angle; hence,

b =tanT.E.

(2.8)

For c¢;, value and slope continuity between z;, and 2;, at [, and 2;, and 2z, are

enforced at m. These conditions are written as

2, (D) = 2, (D),

dzs, _dzy,
i/ = A
212(m) = 71,(m) = 5.(8/),
dzt2 dzts

/o™ = W™ =0
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