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Integrated Aerodynamic-Structural Design of a Transport Wing

B. Grossman,* R. T. Haftka,t P.-J. Kao,} D. M. Polen,§ and M. Rais-Rohani
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

and

J. Sobieszczanski-Sobieski**
NASA Langley Research Center, Hampton, Virginia 23665

The integrated aerodynamic-structural design of a subsonic tramsport wing for minimum weight subject to
required range is formulated and solved. The problem requires large computational resources, and two methods are
used to alleviate the computational burden. First, a modular sensitivity method that permits the usage of black-box
disciplinary software packages is used to reduce the cost of sensitivity derivatives. In particular, it is shown that
derivatives of the aeroelastic response and divergence speed can be calculated without the costly computation of
derivatives of aerodynamic influence coefficient and structural stiffness matrices. A sequential approximate
optimization is used to further reduce computational cost. The optimization procedure is shown to require a
relatively small number of analysis and sensitivity calculations.

Introduction

IRCRAFT design requires the integration of several

disciplines, including aerodynamics, structures, controls,
and propulsion. Traditionally, the design process would pro-
ceed sequentially with feedback limited to the conceptual
design level. In the last few years, there has been more interest
in integrating the design procedure. This was motivated by
the introduction of composite materials that tend to create
stronger aeroelastic interactions, as well as by the require-
ments of advanced vehicles, such as the aerospace plane,
where, because of extreme flight conditions, the interdisci-
plinary interactions are particularly important.

One of the more important interdisciplinary interactions in
modern aircraft design is that of aerodynamics and structures.
One aspect of that interaction is the use of composite materi-
als to tailor the deformation of aircraft wings so as to affect
aerodynamic loads. This so-called aeroelastic tailoring is the
focus of many publications (see Refs. 1 and 2 for recent
reviews of the state-of-the-art). Aeroelastic tailoring is partic-
ularly important for forward-swept-wing aircraft, such as the
Grumman X-29A, because of the aeroelastic instabilities that
tend to plague forward-swept wings.

Acroelastic tailoring is a limited form of integrated design,
as the structure is designed to affect aerodynamic properties,
but the aerodynamic design does not consider structural
constraints, except in a very broad sense (such as in limits on
wing aspect ratio and thickness). In Ref. 3, it has been shown
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that in an integrated design process, it is reasonable to use a
suboptimal aerodynamic design if it results in reduced struc-
tural weight, because the weight savings can be converted into
improved aerodynamic efficiency.

There have been several papers on integrated aerodynamic-
structural design of aircraft wings in recent years. Some focus
on the use of multilevel techniques to coordinate the overall
design of the airplane with the aerodynamic and structural
designs, e.g., Refs. 4 and 5. Others focus on more complex
interactions such as the inclusion of active controls, e.g., Ref.
6. The present paper is focused on the computational aspects
of the design process.

The computational cost associated with integrated aerody-
namic-structural design is a formidable obstacle to its imple-
mentation for most practical wing design problems. This
alone can strain the capabilities of today’s supercomputers.
Ref. 7 considered several techniques for improving computa-
tional efficiency of integrated aerodynamic-structural wing
design using a sailplane wing example. This paper continues
the work of Ref. 7 for a forward-swept, transport wing. This
transport wing was also studied in Ref. 8, where the wing
structure was optimized for a fixed aerodynamic design.

For practical wing design problems the major components
of the cost of the design optimization are the analysis and
sensitivity computations. The cost of the optimization opera-
tions is small in comparison. Therefore, this paper is focused
on reducing the cost of sensitivity calculations and reducing
the number of required analysis by employing a sequential
approximate optimization technique. A recently developed
technique for modular sensitivity analysis [also known as the
Global Sensitivity Equation (GSE) technique®'?] is used to
obtain efficiently cross-disciplinary sensitivities such as deviva-
tives of structural deformations with respect to changes in
aerodynamic shape. This method also permits the use of
black-box disciplinary programs, and so is very useful in the
integration of structural and aerodynamic software packages.
In particular, it is shown that it is possible to calculate
derivatives of aeroelastic quantities such as divergence speed
without the need for obtaining derivatives of aerodynamic
influence coefficient matrices.

Aeroelastic Formulation
The aeroelastic analysis of the wing is simplified by making
several assumptions. We assume that the effect of the aerody-
namics on structural deformations can be approximated by
lumping the aerodynamic forces at n, structural grid points
(called here the load set) and including only the vertical
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components of the loads. The vector of vertical aerodynamic
loads is denoted as F,. We assume that the overall aircraft
response affects the wing only through the root angle of
attack «. Finally, we assume that the effect of structural
deformations on the aerodynamic response can be approxi-
mated in terms of the vector of vertical displacements @ at the
load set.

The vertical aerodynamic loads at the load set F, are
determined from an aerodynamic analysis procedure. For
low-speed wing designs, we utilize a vortex lattice method
(e.g., Ref. 11) to compute the lift and induced drag. The wing
is discretized into panels, with each panel containing an
element of a horseshoe vortex of strength y;. By enforcing
flow tangency at each panel, a vector of circulation strengths
I' may be computed from

Vp,O)I' = C(p,a,0) (1

where p is a vector of design parameters and ¥ a matrix of
influence coefficients. The aerodynamic forces are computed
from a local application of the Kutta-Joukowski theorem,
and compressibility effects are included through a Gothert
transformation. The profile drag for each wing section is
calculated from the measured airfoil drag polar. The load
vector F, is then obtained as

F,=F,(po0,l) 2
Altogether we combine Eqgs. (1) and (2) as
F,=f(p,2.0) (3

The angle of attack is obtained from the overall vertical
equilibrium of the aircraft as

fZ(p;Fa):l/an_NTFazo )]

where N is a summation vector, n the load factor, and W the
weight of the aircraft.

The vertical displacements at the load set are calculated by
finite element analysis using a modification of the WID-
OWAC!? program. First, the nodal displacement vector U is
calculated by solving

KU = TF, + nF,(p) (5

where K is the stiffness matrix, T a Boolean matrix that
expands F, to the full set of structural degrees of freedom,
and F; the gravitational and inertia load vector. Strains and
stresses are then calculated from the displacement vector U.
The vertical displacements at the load set @ are extracted from
Uas

0=T"U (6)
Equations (5) and (6) can be combined as
0 =£.F,) (M

Solution Procedure

Equations (3), (4), and (7) are a set of nonlinear coupled
equations for the vector of vertical aerodynamic loads F,, the
wing root angle of attack «, and the vector of vertical
displacements 8. For the analysis problem, the vector of
design parameters p is given. References 9 and 10 presented a
modular sensitivity analysis of such coupled interdisciplinary
equations. The modular approach permits treating the indi-
vidual discipline analysis procedures as black boxes that do
not need to be changed in the integration procedure. Here, we
employ a similar approach for the sensitivity analysis, with f;
representing an aerodynamic black box and f; a structural
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black box. We also use the same approach for the solution of
the system via Newton’s method.
Given an initial estimate for the solution F%,1°8°, we use

Newton’s method to improve that estimate. The iterative
process may be written as

JAY =Af (8)
where
AF,
AY =< Aa 9
A0
and

fl(psaoyoo) - Fg
Af=4  f.F) (10)
L(@.F)) - 0°

and the Jacobian J is given as

I —of,Joa  —0f, /00
J=| —0f/0F, 0 0
| —or,/0F, 0 I

I —qR —qA
=|NT 0 0 (11)
—S 0 I

The Jacobian is given in terms of the dynamic pressure g, the
incremental aerodynamic force vector gR, the aerodynamic
influence coefficient matrix ¢4, and the flexibility matrix S.
The incremental aerodynamic force is defined such that its

_component gr, represents the change in F,; due to a unit

change in «, and the aerodynamic influence coefficient matrix
is defined such that its component ga; represents the change
in F,; due to unit change in ;. Similarly, the flexibility matrix
is such that s, is the change in 6, due to a unit change in F,;.

Partial solution of Eq. (8) yields the following three equa-
tions for the increments A@, Ao and AF,:

(I — gSA*) A8 = SB Af, + (SRINTR) Af, + Af;  (12)
Aa = (Af; — NT Af, —gNTA A6)/gN'R (13)
AF, = Af, + qR A + g4 A0 (14)

Now we define
B =1I—(RNT)/(NTR) (15)
A*=BA (16)

In our case, we start with a rigid wing approximation
F'=F,, o’=q,, 0°=0, where

F, =£0,0) + 4o, R (17

a, = [YanW — N7fi(p,0,0))/gN"R (18)

and execute a single Newton iteration to approximate the
flexible wing response.

The aeroelastic divergence instability is calculated at a fixed
angle of attack because it is assumed that the pilot does not
react fast enough to change the angle of attack as the wing
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diverges. The instability is characterized by a homogeneous
solution to Eq. (8), that is

I —qA |{AF,
“l_90 19
A a9
Equation (19) is an eigenvalue problem for ¢g. The lowest
eigenvalue is the divergence dynamic pressure g,. We denote
the corresponding eigenvector as [F,,, 0,]7. Equation (19)

can be reduced to a standard linear eigenproblem by substi-
tuting for A in terms of AF, to obtain

[4S — (1/@)I] AF, =0 (20)

In the present aeroelastic divergence analysis, only the wing
is modeled, neglecting the effect of interaction with the fuse-
lage. This effect may be of consequence for forward-swept
wings.'!>14

Sensitivity Calculation

As stated, it is common practice to follow the preceding
procedure and use a single Newton’s iteration in the analysis
of a flexible wing. Then for a design problem, where deriva-
tives with respect to a design parameter p are required, Egs.
(12-14) are differentiated with respect to p (e.g., Ref. 7). This
approach requires the calculation of derivatives of the ma-
trices A and S, which can be very costly. Here, instead, we
follow Refs. 9 and 10 and differentiate Eqs. (3), (4), and (7)
with respect to p to obtain

JY' =f (21)

where a prime denotes differentiation with respect to p and
where
Y =[F,a' 017 (22)
r=nn’ (23)

along with the definition f; = df;/0p for i = 1,2,3. The Jaco-
bian J appearing in Eq. (21) is the identical matrix utilized in
the analysis in Eq. (11). Equation (21) can be partially solved
to yield

(I — gSA")0’ = SBf, + (SRINR)f; + f, (24)
o« = (f3— NTf, —gNT40")/gN"R (25)
F,=f, +qRa’ + qA0’ (26)

This approach does not require any derivatives of 4 and S
but only partial derivatives of f;, f,, and f;. For example, f}
denotes the derivative of F, with respect to a design variable
when « and @ are fixed.

By contrast, the more traditional approach (e.g., Ref. 7) to
the derivative calculation is obtained by differentiating the
aeroelastic analysis equations, such as Egs. (12-14) with
respect to p. For example, consider the derivative of Eq. (12)
with respect to p

(I —gSA™) A0’ =qS’A* A0 + qSBA’ A8 + qSB’A A6
+ 8’B Af, + SB’ Af, + SB Af, + (S'R/NTR) Af,
+ S(R/NTR)' Af; + (SRINTR) Af3 + Af, (27)
This complicated expression can be shown to be equivalent to
Eq. (24). However, the traditional approach that employs Eq.
(27) requires the expensive calculation of the derivatives of

the aerodynamic influence coefficient matrix 4’ and the
derivatives of the flexibility matrix S”.
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Note that Eqs. (24—-26) are based on the Jacobian J being
calculated at the point where Egs. (3), (4), and (7) are
satisfied. Because the single Newton iteration satisfies these
equations only approximately, the derivatives are also ap-
proximate. Furthermore, the derivatives of the approxima-
tions to F,, a, 8 are not precisely equal to approximate
derivatives of these quantities. (Our experience indicates rea-
sonable agreement between the two.)

To find the derivative of the divergence dynamic pressure
qp with respect to a design parameter p, we differentiate Eq.
(19) at g = g, with respect to p

I —gpA]fFp 0 —(9p4) |[Fap _
I o i ol

We premultiply Eq. (28) by the left eigenvector of Eq. (19)
[FI,,07] defined by

I —qgpA
FI 07 =0 29
[ al» L]|:_S I ] ( )
and obtain
0 —(gp4) {|Fup
FT T -
[ aL,oLl[_ s o Reot=0 (30)
or
_ qDFZ.LA,oD +olS,FaD (31)

7= FT, 40,
Equation (31) contains derivatives of 4 and S with respect to
p, which we have managed to avoid before. However, the
corresponding terms can be simplified. Using the definition of
S, Eq. (11), we note that

0 (%
SFp =7 ( P Fa>FaD (32)

To see how S’F,, can be calculated without obtaining S”,
consider a more generic case. Let f be a function of a vector
X and let D be a given unit vector. Let X, be a particular
choice for X, then the scalar product of the gradient df/0X at
X, and the vector D is the directional derivative of f in the
direction D, that is

d 1
;37{, D =1lim - [ f(X, + eD) — f(X,)]
Xo &0 &

d
= 3. [/ Xo+ D)o (33)

It is easy to check that Eq. (33) holds if D is not a unit vector,
but has arbitrary magnitude. Equation (33) provides us with
a way of calculating the product df/0X times D without
calculating the individual components of Jf/0X. If we now
consider Eq. (32) and use F, as the vector X and F_, as the
vector D we can write for each component f;, of f;

F) d
(5%)Fap = de [f3,(Foo +&F,p)]. =0 (34)

where F,, is the nominal value of F,, and the index i varies
from 1 to n,. Note that df;,/0F, is a row vector with elements
composed of the derivatives of f; , with respect to the individ-
ual components of F,. Equation (34) can also be written as

d
<§I%>F“ % [fs(Fao+ €Fap)le=0 (35)

where 0f;/0F, is a matrix whose ith row is df;, /0F,, so that it
is the structural flexibility matrix S, see Eq. (11). From Egs.
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(5-7), we see that f; is a linear function of F,, and therefore,
to calculate the right side of Eq. (35) we solve

KU, =TF,, (36)
d
am(pxz()+8FaD)]e=0= T'U, (37

For Eq. (32), we need to calculate the derivative of (df;/
oF,)F,, with respect to p, [keeping F,, fixed, because the
derivative with respect to p in Eq. (32) applies only to the
flexibility matrix S]. This can be done analytically or by finite
differences.

Considering computational effort, we note that to obtain §’
we need derivatives of #, solutions to the structural equations
(as S’ is calculated by imposing #, unit loads). The proposed
process requires only the derivative of a single displacement
solution, Egs. (36) and (37). It is easy to verify that the
solution of Egs. (36) and (37) is @,. However the derivative
of that solution with respect to p is not 87, because F,, is kept
constant.

To calculate the term 4’0, we go through a similar process,
noting that

o0 (%
q4 0D—-ap (30>0D (38)
) d
L 00 = 11O+ e0)o (39)

where 8, is the nominal value for 8. This time f| is not a linear
function of 0, so that the right side of Eq. (39) needs to be
calculated by finite differences or analytically from Eqgs. (1)
and (2). The derivative of this quantity with respect to p is
again calculated by finite-differences or by analytical differen-
tiation of the right side of Eq. (39). Again, we do not need to
use Eq. (39) for the nominal p because, as can be seen from
Eq. (19), with AF, =F,,, A@ =0, for the nominal design,
(6f,/60)8,, is F,p,. The computational effort is associated with
the solution of the aerodynamic probiem for shape perturba-
tion &0, for p + Ap. By contrast, the calculation of 4’ re-
quires the perturbation of », aerodynamic solutions.

Forward-Swept-Wing Design Problem

We consider the design of a forward-swept wing for a
subsonic transport aircraft. The design of the wing is formu-
lated so as to reduce the weight on the aircraft while main-
taining a given range. This design problem, while focusing on
the wing, depends on the properties of the rest of the aircraft.
For the present study, a transonic transport design, obtained
in a recent design study at NASA Langley Research Center
was used as a reference airplane, and its pertinent characteris-
tics are given in Table 1. Currently, the computational costs
associated with transonic aerodynamics in numerical opti-
mization is prohibitive. As a first step, the aft-swept wing of
the reference aircraft is replaced with a forward-swept wing,
and the cruise Mach number is reduced from 0.78 to 0.48.
Future work will endeavor to find additional computational
savings in order to consider transonic aerodynamics in inte-

Fig. 1 Finite element model of wing structure.
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Table 1 Reference aircraft specifications

Weight, N:
Wew 4.494 x 10°
rs 2.852 x 10°
W 2.738 x 10*
» 1.368 x 10°
W, 3.020 x 10*
Wing:
Aspect ratio 14
Area, m? 83.98
Span, m 34.29
Thickness, % 12
Sweep, deg 15
Taper ratio 0.25
Average cruise:
Mach number 0.78
C, 0.672
L/D 20.7
Specific fuel consumption 0.430
Range, m: 2.34 x 10°

Table 2 Design variables

8 Geometric design variables: 29 Structural design variables:

Root chord Panel thicknesses (11-34)
Break chord Spar-cap areas (35-38)
Tip chord Ply orientation (39)

Root to break
Break to tip

Sweep angle

Twist angle at break
Twist angle at tip

2 Performance design variables:
Cruise dynamic pressure
Usable fuel weight

Table 3 Design constraints

305 Structural constraints:
Maximum skin strain (1-228)
Maximum spar-cap stress (229-304)
Divergence dynamic pressure (305)
2 Performance constraints:
Range
Fuel volume

grated design. The reduction to a subcritical Mach number
can be expected to reduce the weight of the transport because
of the reduced drag associated with the lower flight speed.

The objective function to be minimized is the gross weight
of the aircraft W given as

W=W,+W,+W, (40)

where W, is the aircraft standard empty weight, W,/ is the
usable fuel weight, and W, the payload weight. The payload
weight is taken to be the same as for the reference aircraft,
and the usable fuel weight is a design variable adjusted by the
optimization procedure so as to satisfy the range requirement.
The standard empty weight of the aircraft W, is calculated
from the standard empty weight of the reference aircraft W,
by assuming that structural weight savings in the wing are
amplified by a factor n due to corresponding savings in
nonstructural weight and in the tail and fuselage. That is

We=W—n(Wy, — w,) 1)
where W, and W,, are the structural weight of the wings of

the reference and design aircraft, respectively. In the present
study, n is assumed to be 2.
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B

Fig. 2 Planform design variables.
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T T T T T
2 3 4 5 6 7
ITERATION NUMBER

N
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Fig. 3 Gross weight—convergence history.

The structure is designed to withstand a 2.5g pull-up ma-
neuver with a 1.5 factor of safety. The maneuver is assumed
to follow an altitude loss and occurs at 2.5 times the cruise
dynamic pressure. The wing skin is made of 0, +45, and
90-deg graphite-epoxy laminate with the zero direction being
a design parameter used to create favorable bending-twist
coupling so as to prevent aeroelastic divergence. Maximum
strain constraints of 0.012 in the fiber and normal direction
and in the shear were imposed on each ply. Spar caps are
made of unidirectional material with a maximum stress capac-
ity of 0.262 GPa. The structure was modeled by a finite
element model shown in Fig. 1 and analyzed with a modifica-
tion of the WIDOWAC program.'? The wing was required to
have an aeroelastic divergence dynamic pressure larger than
1.2 times the dynamic pressure at the pull-maneuver.

The aerodynamic design is primarily controlled by the
requirement for the range to be equal to that of the reference
aircraft (2340 km). The aerodynamic loads on wing were
calculated using a vortex lattice model with 120 panels. The
airfoil section used for all spanwise stations is a natural
laminar flow airfoil designated as HSNLF(1)-0213, described
in Ref. 15. The viscous drag is computed using section lift
coeflicients and a drag polar obtained from data in Ref. 15.
The details of the calculation of the range are given in the
Appendix. It is shown in the Appendix that for an airplane
flying at optimal altitude the drag at cruise is proportional to
the weight (this is not true if the altitude is fixed). The range
of the aircraft is calculated by assuming that the drag at cruise
is constant. That constant drag is calculated for a weight
corresponding to half of the usable fuel.

Table 2 lists the design variables used for the optimization
procedure. The first six variables are planform design vari-
ables shown in Fig. 2. The next two variables are twist angle
variables that provide a rough definition of the jig shape of
the wing. That is, the optimization procedure selects these
variables so that the wing will deform into a good shape
during cruise.

The two performance variables listed in Table 2 affect
mostly the range. The cruise dynamic pressure is a surrogate
for the cruise altitude and together with the usable fuel is
selected so as to achieve the desired range at minimum weight.

J. AIRCRAFT

Table 4 Comparison of CPU times for aeroelastic sensitivities (CPU
seconds on IBM 3090)

Modular Finite difference
1 115.12 —
JA 24.68 —
1 160.20 —
A0, 107.50 —
S'F.p, 2.34 —
A 22425 2245.40
S 491 176.76
Total 639.29 2422.16

Table 5 Transport wing design

Initial design Final design

Gross weight, N 4.391 x 10° 4.150 x 10°
Wing weight, N 2.779 x 10* 1.728 x 10*
Usable fuel weight, N 2.190 x 10* 1.876 x 10%
Range margin, % 17 1
Chord lengths, m

Root ) 6.916 5912

Break 3.765 3.218

Tip 1.725 1.234
Root to break, m 5.754 4918
Break to tip, m 12.250 10.443
Sweep angle, deg 26.1 18.8
Ply orientation, deg 27.2 25.6

There are 24 structural design variables that define the
thickness of the 0-, 90-, and 45-deg plies. The wing is divided
into four regions—two in the inboard box (see Fig. 1) and
two in the outboard box. The line A-A in Fig. 1 marks the
division of the inboard box and the line B-B marks the
division of the outboard box. The ply thicknesses are taken to
be constant in each region, making for 12 variables for the
lower skin and 12 variables for the upper skin. Four design
variables control the cross-sectional areas of the two front
and two rear spar caps. Finally, one design variable is used to
control the zero direction for the laminate for both lower and
upper skins.

The constraints used in the optimization are listed in Table
3 and consist of the strain, stress, aeroelastic divergence, and
range constraints discussed above. The last constraint is that
the wing has enough volume for the fuel.

Approximate Optimization Procedure
The wing optimization can be formulated as

Minimize W(p)
such that 2P =20
V.p =V,
R.(p,D) 2 R, (42)

where the vector g, represents the structural constraints on the
stresses, strains, and aeroelastic stability. The quantities V,
and V, are the available wing volume and the required fuel
volume, respectively. The calculated range R, depends on the
total drag of the aircraft and is required to be greater than the
range of the reference aircraft.

To further reduce the computational cost, we use a sequen-
tial approximation optimization algorithm with move limits.
The range constraint is calculated exactly from a linear ap-
proximation to the drag. Each approximate optimization
problem starting from an initial design p° is formulated as

Minimize W(p)
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ny, a
such that g9 +Y a;‘: Ap; 20
V.p) 2V,
R.(p.D) 2 R,
" oD
where D=D(p%+}% " Ap; (43)

and n, is the number of design variables.

The optimizer used is the NEWSUMT-A program,'® which
is based on an extended interior penalty function procedure
and allows for various levels of constraint and objective
function approximations.

Results and Discusion

The cost of sensitivity analysis using the modular approach
is compared to the cost of calculating them by finite differ-
ences in Table 4. It is seen that the cost is reduced by a factor
of 4. Additional savings are possible by calculating the indi-
vidual disciplinary sensitivities f], f5, and f; analytically
instead of finite differences. However, this would require more
familiarity with and access to the insides of the black-box
packages.

The initial design selected for the optimization was similar
to that obtained in Ref. §, which resulted in gross aircraft
weight of 439,100 N (98,700 1b) compared to 449,400 N
(101,000 1b) for the reference aircraft. Using the sequential
approximate optimization, the design process required seven
iterations with the initial and final designs shown in Table 5.
The gross weight convergence history is shown in Fig. 3. The
gross weight of the aircraft was reduced to 415,000 N
(93,280 Ib). This 7.7% reduction in weight compared to the
reference aircraft is partly due to the change in Mach number
(0.78 for reference transport vs 0.48 for the design aircraft)
and the accompanying drag reduction. The lower drag associ-
ated with the subsonic flight regime is responsible for the 17%
excess range for the initial design. The reduced excess initial
drag permitted a 3140 N (706 Ib) reduction in fuel weight with
an accompanying reduction in the size of the wing required
for supplying enough lift for carrying the weight of the
transport without excessive drag. Another source of weight
savings was a reduction in the outboard portion of the wing
from 52.3% of the total area of the wing to 50.8%. This shift
of area can be expected to increase drag somewhat, but it has
a larger effect on the bending moment on the structure. The
reduction in structural weight accompanying the reduction in
bending moment reduces the required lift and, therefore,
ultimately reduces the drag.

Some insight into the working of the optimization process
may be obtained by considering the design iterations to be
divided into two stages. In the first stage, comprising the first
four design cycles, the overall size of the wing and the fuel
weight is reduced almost uniformly by 13—-14%. This reflects
the fact that for the lower cruise speed we may have a higher
angle of attack and a smaller wing without incurring an
excessive drag penalty. The second stage, comprising the last
three design cycles, involves a substantial reduction in sweep,
taper ratio, and further fuel reduction. This represents a finer
refinement of the wing shape.

Concluding Remarks

The integrated aerodynamic-structural design of a subsonic
transport wing for minimum weight subject to required range
was formulated and solved. The problem requires large com-
putational resources, and two methods were used to alleviate
the computational burden. First a modular sensitivity method
that permits the usage of black-box disciplinary software
packages was used to reduce the cost of sensitivity derivatives.
In particular, it was shown that derivatives of the aeroelastic
response and divergence speed can be calculated without the
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costly computation of derivatives of aerodynamic influence
coefficient and structural stiffness matrices. A sequential ap-
proximate optimization was used to further reduce computa-
tional cost. The optimization procedure was shown to require
a small number of analysis and sensitivity calculations.

The design results presented in this paper should be consid-
ered representative of a multidisciplinary design of a transport
wing with the present objective function and constants. Im-
proved design results with this methodology including a more
accurate structural-aerodynamic interface and landing speed
constraints appear in Ref. 17.

Appendix: Range Calculation
If we neglect the small effect of changes in elastic deforma-
tion due to the change in weight, we can write the drag D of
the aircraft as

D =q8,Cp(C,) (AD
where ¢ is the dynamic pressure, S, the wing area, and C, the

drag coefficient, which we assume to be a function of the
cruise lift coefficient C, . The lift coefficient may be written as

Cr=WqS, (A2)
where W is the aircraft weight. To find the optimum dynamic

pressure g, (and, hence, the optimum altitude), we differenti-
ate D with respect to ¢ and set to zero whereby

wdc,
- ——2-0 A
S.Cp 4 aC, (A3)
or
w dcC,
=5 ¢ dC, (A4)

Finally, Eq. (Al) is written for minimum drag D,, by using g,,
and C, , the corresponding optimum lift coefficient as

dc,

D,=W
== "4c,

(C.,) (AS5)

which indicates that D,, is proportional to W. For an elastic
wing, we assume that the minimum drag is still proportional
to the weight, calculating the constant of proportionality,
D =dC,/dC,, at a weight W,, corresponding to the half-fuel
condition. We assume D to be approximately constant over
the range

D, =DW (A6)

The rate of change of aircraft weight due to fuel being
consumed is

dd—lf= —¢'T=—¢'D=—c'DW (A7)

where ¢’ is the thrust specific fuel consumption and T is the
thrust. Integrating Eq. (A7) from an initial time ¢, to a final
time f;, we get

log(W, /W) =¢'D(t,—t;) (A8)

We assume that the aircraft is flying at a constant speed V,
therefore, the cruise range R, may be given as

| 4 W,
R.=V.(t,—1;) =—=log| — A9
C c(f 1) C/D 0g<Wf> ( )
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The calculation of D requires a priori knowledge of the
optimum dynamic pressure g,,. Instead of calculating g, from
Eq. (A4), we consider it to be a design variable, and its
solution evolves with the other design variables through the
integrated design process. ’
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