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Structural Optimization of Flight Vehicles with
Computational-Fluid-Dynamics-Based Maneuver Loads

Daniella E. Raveh* and Mordechay Karpel
Technion—lIsrael Institute of Technology, Haifa 32000, Israel

A methodology of performing structural optimization with static aeroelastic considerationsis presented for which
the aerodynamic loads are provided by nonlinear computational aerodynamics schemes. Two main subjects that
are studied are the evaluation of airloads on a maneuvering flexible aircraft and their integration with a structural
optimization code. A computational aerodynamics code originally developed for solving Euler or Navier-Stokes
equations for a fixed-shape configuration is modified to incorporate aeroelastic effects. Computational efficiency
is obtained when several aeroelastic trim corrections and optimization runs are performed during the process of
flowfield convergence, such that the aerodynamicloads and the structural design converge simultaneously. A modal
structural modelis used for elastic-shapeupdates, and a trim corrections algorithmis used for varying the incidences
and control surface deflections for obtaining user-defined maneuvers. The nonlinear maneuver loads can be com-
bined with linear design cases in a multidisciplinary structural optimization scheme. The method is demonstrated
with a wing-fuselage-elevator transport aircraft model performing symmetric and antisymmetric maneuvers at
Mach 0.85. The number of iterations required for convergence of the combined maneuver-optimization analysis is
typically almost the same as that of regular computational aerodynamics analysis for a fixed-shape configuration.

Introduction

N the design process of an aircraft structure, after the basic aero-

dynamic shape and the structural layout are defined, structural
optimization is carried out to determine the values of the struc-
tural design variables that satisfy the design constraints with min-
imal weight. The design optimization typically accounts for con-
straints from several disciplines, including structural stresses and
displacements, aeroelastic load distribution and control effective-
ness, flutter, gust response, and others. Commercial structural opti-
mization systems such as Automated Structural Optimization Sys-
tem (ASTROS)' and MSC/NASTRAN? evaluate the aerodynamic
forces by use of linear aerodynamic panel methods, such as Unified
Subsonic and Supersonic Aerodynamic Analysis (USSAERO)? and
the doublet-latticemethod* (DLM), in which the flow equationsare
formulatedbased on the linearized aerodynamicpotentialequations.
Although these methods provide rapid and adequately accurate es-
timations of the aerodynamic loads in the subsonic speed range,
they might be inadequate when used for the transonic speed range,
in which embedded shock waves affect the flowfield significantly.
A better evaluation of the aerodynamic loads can be obtained from
higher approximations such as the nonlinear potential model, the
Euler equations for inviscid flows, and the Navier-Stokes equations
for viscous flows.

The nonlinear aerodynamic solvers belong to the area of compu-
tational fluid dynamics (CFD). Most CFD routines for solving the
Euler/Navier-Stokes equations for realistic aircraft configurations
are developed for dealing with a given fixed aerodynamic shape
and typically require large computational resources. CFD analyses
are not yet used in structural optimization tasks for the following
reasons: 1) They do not have a mechanism for varying the angle
of attack and control surface deflections required for trimming the
aircraft in prescribed maneuvers, and also do not have a mecha-
nism for changing the shape because of aeroelasticeffects;2) a high
computational cost is associated with repeated CFD analyses.
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Computational aeroelasticity deals with the integration of CFD
schemes with structural models for the computation of the aerody-
namic loading on elastic flight vehicles, and for the computation of
the aerodynamic maneuver loads. The early works that combined
CFD with elasticity used simple structural models and were ap-
plied to wing models only.>~7 Tatum and Giles® addressed a com-
plete aircraft configuration by using a full potential aerodynamic
method, together with an equivalent-plate structural model. They
implemented an iterative solution procedure for obtaining aerody-
namic loads and structural deformations for the free-flying aircraft
atuser-specified flight conditions. The model selectedby Tatum and
Giles was that of a fighter aircraft consisting of only one aerody-
namic grid segment. This choice of model was made to meet the
requirements of the CFD code used by the authors, which allowed
only single-body analysis. Consequently, the aircraft was trimmed
only by vectoring the thrust of the engine, and the common com-
bination of varying the incidences and the control surface angles
for achieving trim was not studied. Vinh et al.® added a trim rou-
tine to the Computational Aeroelasticity Program-Transonic Small
Disturbance!® (CAP-TSD) code. Their work suggested a feedback
algorithm to obtain vehicle trim during steady-state flowfield con-
vergence. Since the code used is time accurate, stability and con-
trol derivatives could also have been estimated from the transient
response.

Schusteretal.!! addressed the problemof computing the flowfield
about flexible fighter aircraft operating at extreme flight conditions,
such as high angles of attack and high transonic Mach numbers.
Since these flows involve strong shock waves and detached bound-
ary layers for which the small disturbance assumption is no longer
valid, they based their work on the Lockheed Euler/Navier-Stokes
three-dimensional (ENS3D) aerodynamic method combined with
aninfluence-coefficient structuralmodel. A later work of Schuster'?
demonstrated the use of the preceding aeroelastic analysis method
for improving the performance of fighter wings through simul-
taneous application of control surface deflection and aeroelastic
twist. Guruswamy'? performedaeroelasticcomputationson a wing-
fuselage configuration by using an Euler/Navier-Stokes aerody-
namic (ENSAERO) method coupled with a finite element beam-
type structural model. In a later work, Obayashi and Guruswamy'*
suggested solving the dynamic equations of the structure, instead
of the static equations, with added artificial damping to achieve a
smooth structural response and therefore prevent instabilitiesin the
fluid dynamics computations.
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Karpel et al.'® introduced an efficient computational scheme for
the evaluation of aerodynamic maneuver loads on flexible rockets
in supersonic flight, based on an Euler solver. The modal static-
aeroelastic approach of Refs. 16 and 17, which was originally de-
veloped for linear aerodynamics and exhibited excellent efficiency
and accuracy, was used to evaluate the elastic deformations and to
trim the free vehicle. Computationalefficiency was obtained when a
relatively small number of occasional shape deformations and trim
updates were applied during flowfield convergence. This scheme
was expanded by Raveh et al.'® to deal, in a practical way, with re-
alistic aircraft whose trimmed conditionis achieved through the use
of varied incidences, control surface deflections, and rotation rates.

The computationalapproachof Ref. 18 is broadenedin the current
study to facilitate the usage of CFD-based maneuver loads in struc-
tural optimization. The study focuses on the efficient integration
of the maneuver load computations in the structural optimization
scheme, in which the main difficulty arises from the facts that the
CFD maneuver load analysis is computationally intensive and that
repeated analyses are required during the structural optimization.
This difficulty is overcome by performing several structural op-
timizations during the process of CFD flowfield convergence, in
which every optimization is done based on the nonconverged aero-
dynamic maneuverloads. The method is demonstrated with a wing—
fuselage-elevator transport aircraft model performing symmetric
and antisymmetric maneuvers at Mach 0.85.

Maneuver Load Computations

Aeroelastic deformations and trim corrections were introduced
to the Euler version computational code of Yaniv.!” A semidiscrete
finite-volume method that uses central differencing in space with
an explicit multistage time-stepping scheme is used in this code.
A steady-state solution to the time-dependent Euler equations is
obtained by iterating in time using local time steps and implicit
residual smoothing. The code was modified to accommodate the
aero-structure interaction and the structural optimization discussed
below.

Maneuverload analysis for a givenstructureis performedin three
iterative levels. The innermostlevel contains the original CFD anal-
ysis for a fixed configuration that, if iterated until convergence, pro-
vides the aerodynamic load distribution on the rigid aircraft with
prescribed aerodynamic incidences. The next iterative level intro-
ducesthe structural elasticity thatis combined with the aerodynamic
loading to obtain the corresponding deformed shape. This level, if
iterated until convergence, provides a load distribution that agrees
with the shape distribution of the elastic aircraft. The outermost
level contains the maneuver trim loop at which the incidences and
the control surface deflection angles are varied to obtain the to-
tal aerodynamic forces and moments implied by the user-defined
maneuver. As shown in Ref. 18 and demonstrated below in the nu-
merical example, the three iteration levels are combined such that
elastic deformations and trim corrections are introduced during the
CFD solution convergence. The main advantages of the integrated
aeroelastic computation scheme are that typical convergence rates
and computational costs are very similar to those of a fixed-shape
CFD run.

The use of CFD-based aeroelastic maneuver loads in aircraft
structural optimization required the development of a fully auto-
mated, efficient, generic aero-structure interaction scheme with
minimal data transfer between the two disciplines. The scheme uses
the modal approach, which assumes that the structuraldeformations
can be adequately expressed as a linear combination of a set of low-
frequency natural vibration modes. Key issues of the interaction
scheme are discussed in the following subsections.

Aerodynamic Grid Changes

To account for aeroelastic effects on the aerodynamic computa-
tions, the elastic deflections of the structural finite element nodes
should be mapped to the aerodynamic grid points. The deflections
are mapped first to the structure-aero interface points and then to
the entire aerodynamic grid. When the modal approach is taken,
the structure-aero interfacing task reduces to mapping the struc-

tural vibration modes to the acrodynamic surface grid points before
the CFD run starts. Elastic deformations can then be accounted for
within the fluid dynamics computations, as shown below, without
returning to the structural model.

In the CFD mesh of the numerical example of this work, all of
the physicalinterface surfaceslie on constant j = 1 grid surfaces. A
most general interpolation scheme would relate the x-y-z displace-
ments of each aerodynamic grid point (i, 1, k) lying on the interface
to the structuraldisplacements. The displacementcomponents of an
aerodynamic surface grid point would be in this case

{(wali, 1,k)} = [Tas(x(i, 1, k), y(i, 1, k), 2(, 1, k) {us)
i=1,...,il,k=1,...,kI (1)

where [T 4] is a function of the spatial x-y-z location of the aero-
dynamic point (i, 1, k) and the vector {us} includes three displace-
ments, in the x, y, and z directions, for each structural grid point.

To avoid the difficulties in the application of such three-
dimensional interpolation methods, some practical constraining
rules are applied, pertinent to interface matters only. It is assumed
that the aircraft components can be divided into lifting surfaces and
slenderbodies and that each lifting surface can be divided into sub-
surfaces, as describedin the next paragraph.Following this division,
the interface is performed in two steps: the first step involves map-
ping of the displacements for each component separately and the
second step involves matching of displacements at the components
boundaries.

For the mapping of displacements to lifting surfaces, an assump-
tion is made that each lifting surface can be represented by one or
more planar reference surfaces, in which the displacements are lim-
ited to a direction perpendicularto the plane. Under this assumption,
with a reference plane defined by a local £-7 coordinatesystem, the
displacementsu 4 (i, 1, k) of an aerodynamic point (i, 1, k) perpen-
dicular to the reference plane are

ua(i, 1,k) = [Tas(6G, 1,k), 0@, 1, k) {ug)
i=1,...,il,k=1,....,kI ()

where T 45 is a row transformationvector thatis a functionof £ and
only and {ug} is the vector of structural displacementin which every
elementrepresentsthe displacementof one structural pointin the di-
rection perpendicularto the reference plane. Displacementmapping
is performed for each reference plane separately; the infinite plate
spline (IPS) method by Harder and Desmarais? is applied, which
compares the spline surface with an infinite plate that bends in re-
action to a set of loads such that it obtains the known displacements
at the structural spline points.

For mapping of displacements to slender bodies, an assumption
is made that each slender body can be represented by a reference
beam capable of lateral bending and possibly torsion. Under this
assumption, with a reference beam defined by a local £ coordinate,
the displacementsu, (i, 1, k) of an aerodynamic point (i, 1, k) per-
pendicular to the reference beam are

ua(i, 1,k) = [Tas(6G, 1, k) {us}
i=1,...,il,k=1,....,kI (3)

where T,s is a row transformation vector that is a function of &
only and {us} is a vector containing structural displacements and
twists. Displacement mapping for each slender beam is obtained by
application of the beam spline method.>! Following the same logic
of the IPS method, the beam spline method compares the bending
slender body with a beam that bends in reaction to a set of lateral
loads such that it obtains the known displacementsand twists at the
structural spline points.

At the end of this first step of the mapping, the reference plane
or the reference beam of each segment has its own transformation
matrix:

{uA}seg = [TAS]seg{uS}seg (4)
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where [T 5], is the assembly of the row transformation vectors
[T4s] in Eq. (2) for a reference plane or in Eq. (3) for a reference
beam.

The second step of the mapping involves matching of the bound-
ary displacements between segments that have different splines. A
displacement matching algorithm, based on a tree hierarchy, is ap-
plied, in which the fuselage serves as the trunk and the components
coming out of it serve as the branches. Each branch can serve as a
trunk to lower hierarchy components. The deformation of a branch
point is determined by the branch’s own spline, Eq. (4), plus a cor-
recting displacement that maintains the branch interface with the
trunk. A correcting displacement is applied uniformly to all the
points along each i-constant grid line of the branch component. The
value of the correctingdisplacementis determined such that the first
point of the grid line is attached to the trunk.

The structure-aerodisplacementmappingis appliedto the elastic-
mode matrix [¢] to yield the modal displacements in the aerody-
namic grid [¢ 4 ]. Mapping the mode shapes in the current study was
done by dividing the aircraftinto fuselage, wing, and elevator com-
ponents, applying the beam spline method to displacement mapping
at the fuselage, and applying the IPS method to displacement map-
ping of the wing and the elevator. The wing and the elevator were
each represented by one reference plane.

The elastic-shape deformations of the aerodynamic surface
grids are obtained, according to the modal approach to static
aeroelasticity!® as a linear sum of a set of mode shapes [¢4]:

{war} = [pal{Ex} (5)

where {£;} is the generalized elastic displacement vector.

Once the aerodynamicgrid points thatlie on the interface surfaces
have been deflected to account for the structural deformations, the
field grids must also be deflected accordingly. The deformed grid
should satisfy a few basic requirements: Grid lines of the same
family should not intersect, the updated grid should remain fairly
smooth, and the grid deformations should decay rapidly such that
points near the deformed surface move with the surface whereas
points near the far field do not move significantly.

The grid is regenerated in two steps: First, the j =1 surfaces
ahead, behind, and beside the interface surfaces are adjusted so
that they meet the displaced boundaries of the interface surfaces.
Then the remaining grid points are redistributed, following the way
suggested by Schuster et al.,!' in which each grid point along an
n grid line is moved in the same direction as the j =1 point by
distance

Ay = AV = (S;/5y)] ©

where §; is the arc length between the j grid point and the last grid
pointon a grid line, and Sy is the arc length of a grid line.

Structural Elastic Deformations
The static equilibrium equation in generalized coordinatesis

[Kb]{sb} = {Fb} (7)

where [K £] is the generalized stiffness matrix associated with [¢f]
and {F} is the associated generalized aerodynamic force vector.
The generalized forces are obtained by

{FE}:[¢A]T ({FA}_{FC}) (8)

where {F,} is the aerodynamic force vector at the aerodynamic
surface grid points, defined by the local pressure, area, and surface
orientation. The reference aerodynamic shape can be defined either
by the jig shape, that is, the unstressed shape, and then {F} =0, or
by the cruise shape, and then {F} is a vector of loads associated
with the shape at nominal cruise conditions, defined in a previous
aerodynamic analysis.

Orthogonalityof therigid-bodyand the elasticmodes with respect
to the structural mass and stiffness matrices implies that [K ] is
diagonal and that inertia relief effects on the right-hand side of

Eq. (7) are taken care of automatically.'® The rigid-body counterpart

of Eq. (7) is used below in the maneuver trim process.

When the modal approach is used, the modal stiffness matrix
and the mode matrix are the only structural data required for the
maneuver load analysis. These matrices are calculated by the finite
element code and are read in the CFD run as it starts and after
each structural optimization run. Because the number of structural
modes usedis typically small (in this work 15 structuralmodes were
found to be conservatively sufficient), very little structural data are
required to be transferred.

Maneuver Trim

Most structural design cases are based on aerodynamic loads of
prescribed aircraft steady maneuvers defined by the rigid-body ac-
celerations {£}. The required aerodynamiclift and moment coeffi-
cients, C; and Cy, respectively,in symmetric maneuversare related
to {£;) by

CL .
qS { CME} = [Mr1{&r} ©
req

where ¢ is the reference chord, S is the reference area, and ¢ is
the dynamic pressure. The mass matrix [My] is associated with the
rigid-body mode matrix [¢x] in which the first mode reflects a unit
heave and the second reflects a unit pitch about the center of gravity.
Similar expressionscan be written for antisymmetric or asymmetric
maneuvers.

The CFD run starts with an initial estimate of the trim variables,
which are updated during the flowfield convergence according to
the differences between the required and the current values of the
aerodynamic coefficients. The current values are calculated during
the CFD solution by

CL 1 .
{ } = —[px]" {Fa) (10)
cur qS

Cyc

The angle of attack « and elevator deflection § are corrected in a
symmetric maneuver by

o o Ao
At 1 2 P
where

~ ~ -1
[t =l el (e A el) o

AS Cyo€ CysC Cyc req Cyc cur
where éw, E’Mw C.s,and Cy,;s are the estimated derivatives of the
aerodynamic coefficients with respect to the symmetric trim vari-
ables. With nonlinear CFD analysis, these values are not available
explicitly. They can be obtained from a computationally expensive
finite-differenceanalysis, but this is not necessary because trim con-
vergence is likely to occur even with rough estimates of the deriva-
tives, such as the linear aerodynamic derivatives, as demonstrated
by the numerical example. Earlier studies'® showed that in cases
for which the coupling between the angle of attack and the elevator
is weak, i.e., the angle of attack mainly controls the lift coefficient
and the elevator deflection angle mainly controls the moment coef-
ficient, the coupling terms Cy,, C; s can be neglected, still leading
to a smooth convergenceto the maneuveraerodynamic coefficients.
In coupled configurations, however, equating the coupling terms to
zero resulted in slow convergence, with undesirable oscillations of
the values of the trim variables. In any case, the derivative estimates
can be quite crude, which might cause large overshoots of the cor-
recting terms of Eq. (12). Relaxation can be used to avoid excessive
overshoots.

The variation of the angle of attack is introduced to the CFD
solver as a change in the far-field conditions and is therefore easy
to implement. The control surface deflections require a change in
the configuration and regeneration of the aerodynamic grid. This is
done in the same manner as in the case of accounting for elastic de-
formations, by use of an elevator deflection mode with blended root
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deflections to avoid geometric discontinuities in the aerodynamic
grid. Angular rates associated with the maneuver are introduced by
the addition of terms to the fluid dynamics equations to account for
the fact that they are written in a rotating system.'®

Structural Optimization

The aeroelasticCFD code was integratedwith the ASTROS ! code
that has the ability to optimize the structure for minimum weight
with simultaneous constraints from several disciplines and for mul-
tiple boundary conditions. To clarify the optimization scheme of
this section, it is described in the way it was applied to the opti-
mization case of the next section. The optimization model is the
wing-fuselage-tail finite element model shown in Fig. 1.

Two types of constraintsat two boundary conditions were consid-
ered: a constraint on the von Mises stresses in the wing elements at
a symmetric 3-g pullup, and a constrainton aileron effectiveness at
an antisymmetric roll. Both constraints require the evaluationof the
aerodynamic loads, each at a different set of boundary conditions.
Only the symmetric maneuver loads were computed in this study
within the CFD code, whereas the aerodynamic loads in antisym-
metric roll were computed by the USSAERO linear aerodynamic
module of ASTROS. In general, the designer can choose either to
perform every aerodynamic load evaluation by a separate CFD run
(several CFD runs can be performed at the same time in parallel) or
to limit the use of CFD only to design cases that would benefit the
most from the more accurate evaluation of the aerodynamic loads.

The main difficulty in integrating the maneuver loads compu-
tations with a structural optimization analysis arises from the facts
thatthe CFD analysisis computationallyintensive and that repeated
analyses are required during the structural optimization. Typical
time measures for the CFD and finite element models of this study
are 7 h for a CFD maneuver load analysis compared with 5 min
for structural optimization. It is therefore impractical to perform a
completemaneuverload analysisat every optimizationstep. Instead,
several optimization runs are performed during the maneuver anal-
ysis, in which each optimization is performed with nonconverged
maneuverloads. The combined maneuver-optimizationrun follows
these steps:

1) The CFD maneuver run starts with a baseline structure and
pauses several times during the steady-state flowfield convergence
for structuraloptimization. These pausesarein additionto the pauses
for elastic deformations and maneuver trim, which were discussed
in the preceding section.

2) Each optimizationpause starts with mapping the nonconverged
maneuver loads to the structural grid by

{Fs} = [Tas]" {Fa) (13)

where [T45] is the transformation matrix from Eq. (4). This relation
is derived from Eq. (4) and from the principle of virtual work.

Fig. 1 Finite element model.

3) The loads are applied to the structure as a virtually fixed set
of loads. These loads do not provide exactly the required maneuver
aerodynamic coefficients both because they are extracted from a
nonconvergedmaneuveranalysisand because of the weightchanges
during the optimization. Application of the regular aeroelastic trim
procedurein ASTROS would be incorrectbecause the loads already
include aeroelastic effects. Therefore, at each optimization step,
the aircraft is trimmed by use of the linear rigid derivatives of the
aerodynamic coefficients. These trim corrections are not exact, but
they are adequate for interim optimization runs and are reduced to
zero as the entire maneuver optimization process converges.

4) The nonlinear maneuver case is joined by other nonlinear or
linear loading cases and by design cases from other disciplines,
such as aileron effectiveness and flutter, and structural optimization
is performed.

5) A new modal database is created for the currently optimized
structure at the final-analysisstage of the optimization. The new vi-
bration modes and generalizedstiffness matrices are used to update
the modal database in the CFD run, which then resumes the regular
aeroelastic CFD run.

With several optimization runs performed during the iterative
process, thereis no needto calculatethe sensitivitiesof the nonlinear
maneuver loads to design changes, which would create a major
numerical difficulty.

Numerical Example

Aircraft Model

A simple transport aircraft model that has all the features neces-
sary to verify the proposed methodology was created. The model
aircraftincludes a fuselage, wing, aileron, and all-movabletail. The
wing and the elevator are similar in shape and structure—both are
tapered and swept aft. The cross-section profiles of the wing and
elevator are scaled NACA0012 symmetric profiles. Table 1 sum-
marizes the wing and tail geometrical dimensions. The fuselage is
20 m long.

For the aerodynamic analysis, an H-type grid topology is used.
Taking advantage of the multizone capability of the CFD code, the
grid is divided into 24 zones, each describing a logical component
such as wing upper/lower surface, fuselage, etc. Figure 2 describes
i, k- and j, k-constant grid surfaces (only every other grid line is
shown). The entire flowfield contains approximately 500,000 grid
points.

A general view of the structural model is given in Fig. 1. It has
approximately 1000 degrees of freedom. The torsion boxes of the
wing and tail and the aileron are modeled in detail with elements
representing skin, ribs, spars, spar caps, and stringers. Grid points
are added along the leading and the trailing edges for an adequate
surface spline. These points are rigidly connected to the front and
the rear spars. The fuselage component is modeled as a flexible
beam. Table 2 summarizes the weights of the half-aircraft model.

Tablel Wing and tail geometrical dimensions

Parameter Wing Tail
Aspect ratio 10 6.4
Half span, m 10 4
Root chord, m 3 1.5
Leading-edge sweep angle, deg 20 20
Taper ratio 0.333 0.667

Table2 Weight summary: half aircraft

Component Weight, kg
Wing 384.6
Aileron 8.5
Elevator 98.5
Fuselage

Structure 2700.0

Fuel 2000.0

Engine 700.0
Total weight 5891.6
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Fig. 2 Aerodynamic grid: i, k- and j, k-constant surfaces.
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Fig. 3 Wing-tip leading-edge displacements based on modal coordi-
nates.

The wing weighs 384.6 kg, of which 284.6 kg is the weight of
the torsion-box structure that is subjected to optimization. A modal
analysis is performed to provide the 15 low-frequency vibration
modes and the corresponding generalized stiffness matrix required
for the CFD maneuver analysis.

Because the structural modes are used in the nonlinear aeroelas-
tic analysis to describe elastic-shape deformations, a convergence
study was performed to learn about the number of modes required
for an adequate representationof the elastic deformations. The dis-
placements at several points on the aircraft (such as the leading and
the trailing edges of the wing and the elevator tip) were calculatedin
an aeroelasticanalysis performed by ASTROS, using linear aerody-
namics, with the model aircraft maneuvering at Mach number 0.85,
an altitude of 11,000 m, and in an angle of attack of 5 deg with the
elevator not rotated. The same analysis was performed with modal
coordinates. Figure 3 presents the modal-based displacement of the
wing-tip leading edge, as calculated with various number of modes,
in comparison with the displacement calculated in the discrete ap-
proach (the dashedline). It is seen thatthe wing-tip leading-edgedis-
placement converged to the discrete-coordinate solution with only
the first 12 elastic modes taken into account. The same results were
obtained for the other examined points. Consequently the nonlin-
ear aeroelastic analysis was performed with 15 vibration modes, of
which the first 2 are rigid-body modes and the remaining 13 are
elastic.
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Fig. 4 Cy, convergence history.
Maneuver Analysis

As mentioned in the preceding section, only the symmetric ma-
neuver loads were computed with a CFD run, whereas the antisym-
metric loads were computed in ASTROS with linear aerodynamics.
The following descriptionis of a 3-g pullup maneuver of the base-
line structure at Mach 0.85 and a heightof 11,000 m, which defines
a pitch rate of 6 = (n — 1)g/V =0.066 rad/s and corresponds to
required lift and moment coefficients of C; =0.84 and C), =0, re-
spectively. Maneuver load computations performed with the same
aerodynamic model and a similar structural model are described in
Ref. 18. The new maneuver-loads results shown below demonstrate
the processrobustness and form the basis for subsequentapplication
in structural optimization.

The CFD run starts with a computational grid that describes the
undeformed aircraft jig shape and with an initial guess of the trim
parameters, which are the angle of attack and the elevator deflection.
In the shown run cases the CFD convergence process was paused
after every 75 iterations for either elastic or trim corrections, in
which the first two in every three corrections were elastic and the
third one was a trim correction. These steps were repeated until the
flowfield converged and the required maneuver coefficients were
obtained.

Figures 4 and 5 show the history of convergenceof the lift and the
moment coefficients, respectively, indicating the approach to their
required values. Plots are shown for three different run cases. The
solid curve describesa run case that was started with the trim param-
eters that were obtained from a reference linear maneuver analysis
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with ASTROS: o =6.9degand§ = —10.6 deg, with the trim correc-
tions of Eq. (12) performed with the linear aerodynamic derivatives.
The dashed curve describes a run case in which relaxation factor of
0.75 was used, meaning that the trim corrections were only 75%
of those calculated with the linear aerodynamic derivatives. The
dashed-dotted curve describes a run case that was initialized with
zero angle of attack and control surface deflection and performed
with no relaxation. This extreme case is presented to demonstrate
the robustness of the maneuver analysis with respect to the initial
guess of trim parameters. It is seen that only few elastic and trim
updates are required for convergence. All three runs ended with
practically the same values of trim parameters. The convergence
was more rapid when the process was started with a good guess of
the trim parameters and slightly more rapid when arelaxationof trim
corrections was applied. Figure 6 shows the values of the angle of
attack and elevator deflection angle throughout the CFD iterations.
The fact that all three runs converged smoothly indicates the scheme
robustness with respect to the initial guess of trim parameters and
with respect to the derivatives of the aerodynamic coefficients that
are used for trimming the aircraft.

A wing section at 82% of the span and the pressure field around
it are shown in Fig. 7, in which a shock wave at about 85% of the
chord can be observed. Figure 8 presents the differential pressure
coefficient (AC),) distribution along this wing section, comparing
the linear and nonlinear values. It is notable that the nonlinear and
the linear pressuredistributionssignificantly differ from one another.
The nonlinear chordwise center of pressure is moved aft compared
with the linear one, causing a nosedown moment and an increased

section washout angle. The difference between the computed lin-
ear and nonlinear AC,, distributions is attributed to the different
aerodynamictheories. For comparison, results of another maneuver
analysis, performed at low Mach number (1-g level flight at Mach
0.5 at a height of 5000 m) are presented in Fig. 9. The linear AC,,
is presented for the trimmed maneuver and for a nontrimmed case
for which the airloads were evaluated at the nonlinear trim angle of
attack and elevator deflection angle. It can be seen that at low Mach
numbers the linear and nonlinear AC,, distributions are very close,
as predicted by aerodynamic theories.

Table 3 compares the maneuver trim results obtained with the
CFD run with those of ASTROS for the baseline and for the opti-
mized structures. It can be observed that there are significant dif-
ferences in the trimmed elevator deflection angles that are due to

Table 3 Maneuver trim results

Baseline Optimized
Parameter ASTROS CFD  ASTROS CFD
Angle of attack, deg 6.9 6.0 7.1 6.1
Elevator deflection, deg —10.6 —7.4 -9.8 -7.2
Wing-tip leading-edge 0.79 0.82 1.08 1.21
deflection, m
Wing-tip washout angle, deg 0.8 2.4 1.3 3.9

p: 0.41 0.59 0.77 0.95 1.14 1.32 1.50 1.69

Fig. 7 Pressure field around wing section at 82% of the span.
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Fig. 8 Differential pressure coefficient distribution at 82% of the span.
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Fig. 10 Residual decay history.

the differentaerodynamicmoments, and differencesin the deformed
shapeof the maneuveringaircraft. Such differencescan significantly
affect the structural design, as shown below.

A measure of convergence of the CFD solution is the reduction
of the residual, defined by the average error in the flow equations.
Figure 10 shows the history of residual decay of the elastic ma-
neuver case compared with that of the rigid one. It is seen that the
disturbances to the flowfield caused by the shape updates and trim
correctionshave little effecton the residual, and that the total number
of iterations required for flowfield convergence is almost the same
for the maneuver and the rigid run cases. The extra CPU time re-
quired for grid update, following every elastic deformation or trim
correction, was approximately 2 s, compared with approximately
60 s required for each CFD iteration. Therefore, because only a few
elastic and trim corrections are made, the total extra CPU time re-
quired for the inclusion of elastic and trim effects in a typical flow
computationis negligible.

Design Variables and Constraints

The wing torsion box is divided into five spanwise segments. At
each segment, the design variables control the thicknesses of the
wing skins, the ribs, the front and the rear spar webs, and the cross-
section area of the front and the rear spar caps and the stringers,
resulting in a total of 35 design variables. The torsion box is opti-
mized for minimum weight under the following constraints:

1) The von Mises stressesare constrainedby two-thirdsof the ma-
terial ultimate stress (280 MPa) in a symmetric 3-g pullup maneuver
at Mach 0.85, 7 =11,000 m.

2) The aileron effectiveness, defined by the ratio of rolling mo-
ment coefficients due to aileron deflection and due to roll rate,
Ci,,/Ci, 1s constrained by AE > 0.14 in an antisymmetric roll ma-
neuver at Mach 0.85, A= 11,000 m.

Structural Optimization

The combined loads-optimization process was executed by the
replacement of every third trim correction in a maneuver load run
with a structural optimization run. The optimization runs were per-
formed with the standarddiscrete-coordinatestatic-aeroelasticmod-
ule of ASTROS, modified to accommodate the CFD loads as a fixed
set of loads to which a trim correction is added in every optimiza-
tion step, as discussed in the preceding section. Each ASTROS op-
timization step required ~60 s. With larger structural models, the
modal-based optimization method*>?* can be used to keep the cost
of the structural optimization relatively low.

To evaluate the effects of nonlinear aerodynamics on the struc-
tural design, the same optimization run case was performed by the
standard ASTROS, with both design cases based on linear aero-
dynamics. The maneuver trim parameters and the elastic wing-tip
deformations of the optimized structure are shown in Table 3, com-
paring the CFD-based optimization with the standard ASTROS op-
timization. The largest difference in aeroelastic behavior between
the CFD and the linear cases is in the wing-tip washout that is
three times larger in the CFD cases. The effects on the structural
design are discussed below. Figures 11 and 12 show the history of
convergence of the lift and the moment coefficients, in which it is
seen that the required C; is slightly reduced from 0.84 to 0.83 on
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Fig. 11 Cy. convergence history: optimization case.
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return from the first structuraloptimizationbecauseof weightreduc-
tion. Figure 13 shows the history of residual decay of the combined
maneuver-optimization run case. On return from the optimization,
when the airloads are applied to the optimized structure that is less
stiff, new deformations are obtained. It can be seen that the shape
change increases the CFD error, which then rapidly decays. The
total number of iterationsrequired for convergenceof the combined
loads-optimization run is almost the same as that for a CFD run
with a fixed shape.

The structural optimization in ASTROS is performed by sev-
eral gradient-based design steps, with each step based on a single-
variable optimization. The reference optimization performed by
ASTROS with linear aerodynamics converged in seven optimiza-
tion steps, after which the variable-structure weight was reduced
from 284.6 to 180.0 kg. The same design task with the nonlin-
ear maneuver loads led to a variable-structure weight of 173.9 kg.
Figure 14 shows the history of weight reduction during the op-
timization, comparing the reference ASTROS optimization with
the CFD-based optimization. The 4% difference between the op-
timal weight of the two wing designs is not small, considering the
facts that both load distributions yield the same design maneuvers
and that the optimization was controlled not only by the maneuver
stresses, but also by the demand for aileron effectiveness, which
was similarly analyzed in both design cases by linear aerodynam-
ics. A distinct effect of the nonlinear loads can be observed when
the optimal values of the design variables of the two designs are
examined (Fig. 15). Although the skins converged to almost the
same values at the two designs, with small differences near the tip
that were due to the different washouts, significant differences were
foundin the front and the rear spars. Material is moved in the CFD-
based optimization from the front spar to the rear spar because the
centers of chordwise pressure distributions are significantly aft of
those of linear aerodynamics, which also cause the larger wing-tip
washout.

Conclusions
This paper presented efficient methodology for performing struc-
tural optimization with static-aeroelastic considerations, in which
the aerodynamic loads are provided by a nonlinear CFD scheme.
The maneuveranalysisexhibitedgood convergenceproperties, with
the number of iterations required for convergence almost the same
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Fig. 15 Optimal design variables.
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as that of a regular CFD analysis for a fixed shape. The scheme was
found to be robust with respect to initial guess of the trim variables
and of the derivativesof the aerodynamiccoefficients that were used
for trimming the aircraft. The use of the modal approach for repre-
senting the structure provided an accurate, simple, and efficient way
of interfacing the CFD and the structural models, calculatingelastic
deformations, and applying them to the CFD grid. The formula-
tion of the elastic-shape deformations was done in a manner that
allows preserving either the jig shape or the nominal cruise shape
throughoutthe optimization. A numericalexample of a maneuvering
free aircraft demonstrated significant differences in trim variables
and elastic deformationsbetween linear and nonlinearaerodynamic
cases, especiallyin the wing-tip washout. The combined maneuver-
optimization analysis showed very good simultaneousconvergence
of both the aerodynamic loads and the structural design, with the
number of CFD iterationsimilar to thoserequired for maneuveranal-
ysis only. The extra CPU time required for the elastic deformations
and trim corrections and the time required for structural optimiza-
tion were negligible compared with the CFD run time. Comparison
between linear and CFD-based designs showed significant differ-
ences in both total weight and local structural gauge distribution.
The study established a framework for integrated aircraft optimiza-
tion in which some disciplines are based on nonlinear numerical
schemes and others on linear methods. The framework allows sev-
eral CFD-based maneuver cases to be included simultaneously by
means of parallel computation.
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