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Structural Optimization Using Computational Aerodynamics
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Technion—Israel Institute of Technology, Haifa 32000, Israel

A recently developed methodology for aircraft structural design, based on nonlinear airloads, is extended to
include a modal-based optimization option and is employed with a new computational aerodynamics code for
loads analysis. Nonlinear maneuver loads are evaluated by a computational scheme that ef� ciently combines � uid
dynamics iterations with iterations for elastic shape deformations and trim corrections. An ef� cient design process
is obtained by performing several structural optimization runs during one maneuver load analysis, where each
optimization is based on the interim nonconverged airloads. To allow for the ef� cient application of the method
with large � nite element structural models and many constraints, the discrete-coordinate optimization scheme is
replaced by a modal-based optimization where a set of low-frequency vibration modes of the baseline structure
is used to represent the structure throughout the optimization, both for response analysis and for sensitivity
analysis.Comparativemodal-basedand discrete-coordinate design cases are shown to converge to the same optimal
design variable values, even though they do not follow the same path. Two � ow solvers are used, one of which is
a newly developed Euler/Navier–Stokes computational aerodynamics code that is capable of handling complex
geometries by using the Chimera overset grid method. The method avoids the problem of mesh discontinuities due
to elastic shape deformations and control surface de� ections because the displacements of each component affect
only the component’s mesh. The method is demonstrated with a wing–fuselage–elevator transport aircraft model
performing symmetric and antisymmetric maneuvers at Mach 0.85.

Introduction

A MAIN issue in structuraldesign optimizationis the validityof
the disciplinary analyses used, especially the structural analy-

sis and the � uid dynamics analysis. Evidence of this can be found
in structural design studies based on very detailed � nite element
models.1 In contrast, aerodynamic tools of automated structural de-
sign systems, for example, NASTRAN2 and ASTROS,3 are usually
based on the relatively simple linear potential � ow models, for ex-
ample, the doublet-lattice method.4 Whereas linear aerodynamics
providesa good approximationof the aerodynamicloads in the sub-
sonic � ow regime, it may be inadequate for the transonic regime,
where shock waves signi� cantly affect the � ow� eld. In the more ad-
vanced stages of structuraldesign, the linear aerodynamic loads are
normally replaced with more accurate maneuver loads, calculated
from databasesof loads from wind-tunnel testing or from computa-
tional� uiddynamics(CFD)analyses;for example,seeRef. 5. These
databases re� ect the airloads acting on the rigid con� guration and,
thus, have to be corrected to account for structural elasticity.

Three major obstaclesprohibit the use of CFD schemes for struc-
tural design:First, regularCFD schemes are designed to provide the
airloads on a rigid con� guration, in speci� c � ight conditions.They
do not have the required mechanism to account for aircraft � exibil-
ity and required algorithms to trim the aircraft angle of attack and
control surface de� ections according to the prescribed maneuvers
required for structural designs. Second, high computational costs
are associated with CFD analyses. This dif� culty is ampli� ed in
structural design applications where the airloads have to be eval-
uated several times during the design process. Third, aeroelastic
considerationsrequire the evaluation of the derivatives of the aero-
dynamic loads with respect to the structuraldesign variables.When
usingnonlinearCFD analyses,thesederivativesarenot availableex-
plicitly, and their evaluationsby � nite-differencemethods typically
amount to unreasonable computational costs.

Several studiespublishedin recentyears address the evaluationof
maneuver loads using CFD schemes. Generally, these studies differ
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in theCFD schemeused, the structuralelasticmodel,theway the two
disciplines are integrated, and the amount of generality and com-
plexity of the studied test cases. The early works on computational
static aeroelasticity combined CFD analyses with simple structural
models and were applied to wing models only.6 ¡ 8 Tatum and Giles9

addressed a complete aircraft con� guration using a full potential
aerodynamic method (SIMP), together with an equivalent plate
structural model, and Vinh et al.10 added a trim routine to the CAP-
TSD code.11 Schuster et al.12 addressed the problem of computing
the � ow� eldabout� exible� ghter aircraftoperatingat extreme � ight
conditions,using Euler/Navier–Stokes simulations for � ows where
the small disturbanceassumption is no longer valid. Guruswamy,13

Guruswamyand Byun,14 Appaet al.,15 Kapaniaet al.,16 Guruswamy
and Tu,17 and Byun and Guruswamy18 performed aeroelastic com-
putations on a wing, a wing–fuselage con� guration, and com-
plete aircraft con� gurations using an Euler/Navier–Stokes aero-
dynamic method coupled with � nite element structural models
(ENSAERO).

Karpel et al.19 introduced an ef� cient computational scheme for
evaluatingtheaerodynamicmaneuverloadson � exiblerocketsin su-
personic � ight conditions,based on an Euler solver. Computational
ef� ciency was obtained by applying a relatively small number of
elastic shape updates and maneuver trim correctionsduring the pro-
cess of � ow� eld convergence.This scheme was expandedby Raveh
et al.20 to realistic aircraft con� gurationswhose trimmed conditions
were achieved through the use of varied incidences, control surface
de� ections, and rotation rates. A modal structural model was used
for interfacing the CFD and structural models and for calculating
elastic shape deformations and applying them to the CFD grid. A
trim-correction algorithm was used for varying the incidences and
control-surface de� ections for obtaining user-de� ned maneuvers.
This maneuver loads scheme serves also in the current study.

Raveh and Karpel21 introduced a structural design methodology
basedonnonlinearmaneuverloads.An affordabledesignprocess,in
terms of the required computational resources, is obtainedby a new
approach to the integration of analysis and optimization. Several
structural optimization runs, using ASTROS, are performed within
one � ow simulation, where each optimization run is based on in-
terim, nonconvergedmaneuver loads, such that the � ow simulation
and the structural design are converged simultaneously.The neces-
sity of computing the sensitivity of the airloads to structural design
changes is circumvented because in every optimization run the air-
loads are applied as a � xed set of loads. The number of iterations
required for convergence of the combined maneuver-optimization
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analysis is practically the same as that of regular CFD analysis for
a rigid-shape con� guration.

The preceding approach is based on the assumption that the
computationaltime required for structuraloptimizationis relatively
small compared to the time required for the CFD loads analysis.For
large � nite elementmodels, and for designstudies that involvemany
constraints, this assumption may not be valid. The current study
broadens the design methodology of Ref. 21 to include the modal-
based option to structural optimization, as presented by Karpel and
Brainin22 and Karpel et al.23 The modal-based structural design is
based on modal representationof the structure in both the static and
the dynamic disciplines.The structureis representedthroughoutthe
optimization by a set of the low-frequency vibration modes of the
baseline structure. The disciplinary responses and their sensitivity
derivatives to changes in the design variables are calculated with
respect to the modal coordinates. The reduced-basis modal repre-
sentation decreases the computational cost of typical design cases
by one to two orders of magnitude.22,23

The purpose of the current study is to integrate CFD-based ma-
neuver loads into a structural design optimization scheme that ac-
counts for stresses and static aeroelastic considerations. In contrast
to the traditional design process, the current study presents a fully
automated integration of the load analysis and the design steps,
such that the optimization is based on the computed, nonlinear,
trimmed loads, and the loads computation is automaticallyaffected
by the structural changes during the design process. The modal-
based structural optimization approach is integrated to provide an
afordable design approach for design of realistic aircraft that are
based on comprehensivemodels.

The computation of maneuver loads in Refs. 20 and 21 is also
generalized in this study to include a different CFD scheme that is
more suitable for applications that involve moving grids. Compar-
ison of maneuver loads analyses performed with the two different
CFD schemesdemonstratesthe independenceof the algorithmswith
respect to the CFD method used.

Maneuver Loads Analysis
Maneuver load analysis comprises three levels of iterative pro-

cesses. The innermost level contains the originalCFD analysis for a
rigid-shapecon� guration,which, if iterated until convergence,pro-
vides the aerodynamic load distribution on the rigid aircraft with
prescribed aerodynamic incidences. The next iterative level intro-
duces the structural elasticity, which is combined with the aerody-
namic loading to obtain the corresponding deformed shape. This
level, if iterated until convergence,provides a load distribution that
agrees with that of the elastic aircraft. The outermost level contains
the maneuver trim loop where the incidencesand control surfacede-
� ection angles are varied to obtain the total aerodynamic forces and
moments implied by the maneuver. For computational ef� ciency,
both the elastic deformations and trim corrections are introduced
during the CFD solution convergence,as shown in Fig. 1. Figure 1
contains an additional outer loop, of the structural design, which is
discussed in the next section.

The user prescribesa number of CFD iterations,after which elas-
tic deformations are computed and applied to the CFD grid, and
a number of elastic shape updates, after which maneuver correc-
tions are performed. Typically, the number of CFD iterations be-
tween two successive shape updates is 5–10% of the number of
iterations required for � ow� eld convergence. The shape and trim
parameters are not updated after each CFD iteration to avoid ex-
cessive computations and also to avoid numerical instabilities in
the � ow computations.The main advantagesof the integrated aero-
elastic computationalscheme are that typical convergencerates and
computational costs are very similar to those of a rigid-shape CFD
run.

The core of the maneuver loads analysis is a CFD codeby Yaniv24

(FA3DMB) for solvingthe Euler equations.The code is basedon the
Jameson et al.25 multistage method, a � nite volume method using
central differencing in space with explicit time stepping. A steady-
state solution of the time-dependent Euler equations is obtained
by iterating in time using local time steps and implicit residual
smoothing.

Fig. 1 Phases of the load analysis–structural optimization procedure.

Elasticshapedeformations{uE }are calculatedbasedon themodal
approach to static aeroelasticity,26 which assumes that the elastic
deformations of the aircraft structure, under external loads, can be
described as a linear combination of a set of low-frequency elastic
mode shapes [ u E ], namely,

{u E } = [u E ]{n E } (1)

where {n E } is the generalized elastic displacement vector. The
static equilibrium equation in generalized coordinates is given
by

[KE ]{n E } = {FE } (2)

where [K E ] is the generalizedstiffness matrix associated with [u E ]
and{FE }is the generalizedaerodynamicforcevector.Orthogonality
of the rigid-body and elastic modes with respect to the structural
mass and stiffness matrices implies that [K E ] is diagonal and that
inertia relief effects in the right-hand side of Eq. (2) are handled
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automatically.27 The generalized forces in Eq. (2) are obtained by
summing the aerodynamic forces according to

{FE } = [u E A]T {FA(a, n E )} (3)

where {FA} is the aerodynamic force vector at the aerodynamic
surface grid points. The vector {FA} depends on the aerodynamic
trim parameters vector {a} and on the elastic shape {n E }. Matrix
[ u E A] is the elastic modes matrix, expressed at the aerodynamic
interface grid points. The elastic mode shapes are mapped from the
� nite elements nodes, in which they are generated, onto the CFD
interface grid points, by a newly developed method, based on the
in� nite plate spline by Harder and Desmarais28 and beam spline2

methods. The interface method is presented in detail in Ref. 29.
The generalized elastic deformations are transformed into dis-

placements of the CFD interface points and applied to the whole
grid using a three steps shearing method, following the method
suggested by Schuster et al.12 First the interface points are moved,
according to the computed generalized displacements, by

{u A} = [ u E A]{n E } (4)

Then the surfaces ahead, behind, and beside the deformed interface
surfaces are adjusted so that they meet the displaced boundaries of
the interface surfaces. Finally, internal grid points are redistributed,
such that each grid point along an g grid line (normal to the surface)
is moved in the same direction as the � rst point (point j = 1) by the
distance

u j = u1(1 ¡ S j / Sgl) (5)

where S j is the arc length between the j grid point and the last grid
point on the grid line and Sgl is the total arc length of a grid line.
Figure 2 shows the just-describedsteps of applyingthe elastic shape
deformations to the CFD grid.

Most structural design cases are based on aerodynamic loads of
prescribed aircraft steady maneuvers de� ned by the rigid-body ac-
celerations{¨n R }. In symmetricmaneuvers,the requiredaerodynamic
lift and moment coef� cients, CL and CM , are related to {¨n R } by

q S
CL

CM c̄
req

= [MR ]{¨n R } (6)

where c̄ is the reference chord, S is the reference area, and q is
the dynamic pressure. The mass matrix [MR] is associated with the
rigid-body modes matrix [u R ], where the � rst mode re� ects a unit
heaveand the second re� ects a unit pitch about the centerof gravity.
Similar expressionscan be written for antisymmetricor asymmetric
maneuvers.

The CFD run starts with an initial estimate of the trim variables
that are updated during the � ow� eld convergence according to the
differencesbetween the required and the current values of the aero-
dynamic coef� cients. The current values are calculated during the
CFD solution by

CL

CM c̄
cur

=
1

qS
[u E R]T {FA} (7)

Fig. 2 Steps in the deformation of the CFD grid.

where [u E R] is the matrix of rigid-body modes expressed in the
CFD surface interface points. The angle of attack a and elevator
de� ection d are corrected in a symmetric maneuver by

a

d
new

=
a

d
+

D a

D d
(8)

where

D a

D d
=

C̃L a C̃L d

C̃M a c̄ C̃M d c̄

¡ 1
CL

CM c̄
req

¡
CL

CM c̄
cur

(9)

and C̃L a , C̃M a , C̃L d , and C̃M d are the derivativesof the aerodynamic
coef� cients with respect to the symmetric trim variables. With non-
linear CFD analysis, these derivatives are not available explicitly.
They can be obtained from a computationally expensive � nite dif-
ference analysis, but this is not necessary because trim convergence
is likely to occur even with rough estimates of the derivatives. In
this study, trim analysis is based on linear aerodynamic derivatives
obtained from a linear analysis. Relaxation can be used to avoid
large overshoots of the correcting terms, as suggested in Ref. 21.

The initial values of the aerodynamic trim parameters can be the
maneuver trim parameters obtained from trim analysis conducted
with linear aerodynamics. However, as shown in Ref. 21, the algo-
rithm is robust with respect to the initial choice of trim parameters.
Therefore, initial trim parameters can be almost arbitrarily set, for
example, zero angle of attack and zero control-surfacede� ection.

Angular rates associated with the maneuver, for example, pitch
rate in the symmetric maneuver case, are introduced to the aerody-
namic analysis by adding terms to the � uid dynamics equations to
account for them being written in a rotating frame of reference.The
formulation of the � ow equations in a frame of reference rotating
in a steady pitch rate is presented in Ref. 29.

Following every trim iteration, the corrections to the angle of
attack and control-surface de� ection angle are introduced into the
CFD solver. The change in the angle of attack is introduced to the
CFD solver by changing the far-� eld � ow conditions.

Changing the control-surface de� ection angle amounts to a
change in the con� guration and, therefore, requires regeneration
of the aerodynamicgrid. A dif� culty that arises is the slope discon-
tinuity that is caused by the rigid rotation of the elevator relative to
the fuselage, which in turn results in discontinuities in the updated
CFD mesh. To avoidgrid discontinuities,which are prohibitedin the
FA3DMB code, elevator rotations are treated by an elevator mode
enhanced with a blended zone. The elevator mode is an arti� cial
mode that describesunit rigid elevator rotationwhere the elevator is
rigidly rotated while the rest of the aircraft does not move. Discon-
tinuities in the mode shape are avoided by adding a blended zone
at the elevator root, ranging along a few grid lines, that are moved
only by a fractionof the total elevatorrotation.Figure 3 shows a part
of the elevator mode, where the blended zone ranges along the � rst
two elevator grid lines. The elevator mode is used for CFD mesh
update in the same way as the elastic modes are used for CFD mesh
updates for elastic corrections. A different approach to avoid grid
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Fig. 3 Elevator mode.

discontinuitiescan be to create a tail mode that includes a blending
zone at the fuselage grid, that is, a zone in which the fuselage grid
is remeshed to coincide with the root of the de� ected elevator.

This dif� culty of grid discontinuities, related to relative move-
ments of parts of the aircraft, can be avoided by using the Chimera
overset grid method instead of the multiblock, patched grid ap-
proach. In this study, a similar maneuver trim procedure was in-
troduced into a different Euler/Navier–Stokes code that employs
the Chimera overset grid method.30 The EZNSS code, developed
by Levy, provides the choice between two implicit algorithms, the
Beam and Warming31 algorithm or the partially � ux-vector split-
ting algorithm reported by Steger et al.32 A structured computa-
tional mesh is used together with � nite differences discretization
method. Grid generation and intergrid connectivity are handled in
the following manner. A separate computational mesh is generated
for each component. An outer grid, or in the case of an aircraft, the
fuselage mesh, is extended to include fully the meshes of the rest
of the components. The holes that the meshes introduce into each
other and the boundaries of the meshes and the holes are handled
using the Chimera approach.30 In this approach, intersecting com-
ponents,such as the fuselageand the wing, create overlappingholes
and, therefore, introduce complication in the intersectionregion. A
convenient means to provide proper interpolation near intersection
regionsis to generatecollargrids.33 In thecurrentwork, an automatic
collar grid generation for intersectinggeometries is employed. The
collargrid is algebraicallygeneratedbased on the surfacesof the ge-
ometries and is smoothed using an elliptic grid generation method.
The automatic collar grid generation is embedded in the CFD code
to facilitate control-surfacede� ections. Also embedded in the CFD
code are the hole generation and the grid connectivity procedures.

The introductionof the maneuver trim procedure into the EZNSS
code allows to handle the geometry changes elegantly and re-
moves the problems of grid discontinuitiesaltogether.Furthermore,
it demonstrates that the algorithms for elastic shape updates and
trim corrections are independent of the CFD code used.

Structural Design
The main dif� culty in the integrationof the maneuver loads com-

putationswith structuraloptimizationarises becausethe load analy-
sis is computationallyintensiveand, therefore,extremelyexpensive.
Typical time measures for the CFD and � nite element models of this
study are 7 h for a maneuver load analysis (on a Silicon Graphics
Power Challengeusing three R10000 CPUs) compared to 5 min for
a structural optimization. Obviously, it is impractical to perform a
complete maneuver load analysis for every optimization step.

The new approach is based on the execution of several optimiza-
tion runs during the maneuver analysis, where each optimization is
based on the nonconvergedmaneuver loads. The steps of the com-
bined load-optimizationanalysis are shown in Fig. 1. The analysis
starts with load computation for the baseline structure represented
by its modal model. The analysis pauses several times during the
� ow� eld convergence for structural optimization. At each pause
the interim nonconverged loads are extracted and mapped onto the
structural nodes. Optimization is then performed using ASTROS,
while introducingthenonlinearloadsas a virtually� xed set of loads.
These loads do not provide the exact required maneuver loads be-

cause they are extracted from a nonconverged maneuver analysis
and because of the weight changes during the optimization, which
change the required maneuver lift. Therefore, at each optimization
step the aircraft is trimmed using the linear rigid derivatives of the
aerodynamiccoef� cients.These trim correctionsare reducedto zero
as the maneuver analysis and the structural optimization converge.

The nonlinear trimmed loads de� ne some of the design cases in
a structural optimization task. Other design cases in the same opti-
mization task may include linear or nonlinear loads, possibly from
other disciplines, and using different boundary conditions. A new
modal database for the new structure is created at the � nal-analysis
stage of the optimization.The new vibration frequenciesand modes
of the optimized structure are used as input to the CFD simulation,
which then resumes by applying the airloads to the new structure.

Trim corrections are computed within ASTROS, based on the
linear rigid aerodynamic derivatives, according to

Kll Klr ¡ qT T
ASl

Aa

Kr l Krr ¡ qT T
ASr

Aa

DT Mll + Mr l DT Mlr + Mrr 0

ul

ur

D a

=

FSl

FSr

0

+
Mll D + Mlr

Mr l D + Mrr

0

{¨n R} (10)

This equation is a modi� ed version of the trim equation solved in
ASTROS,34 where K and M are the discrete coordinate structural
stiffness matrix and mass matrix, respectively.The subscriptsr and
l are the restrainedand leftoverdegrees of freedom, respectively. D
is the kinematic rigid-body displacement matrix, q is the dynamic
pressure, [TAS ] is the structure-to-aerodynamic model transforma-
tion matrix, [Aa] is the aerodynamic force coef� cient matrix for a
rigid aircraft, and {a} is the aerodynamic trim parameters vector.
{FS} is the nonlinear maneuver loads vector, as extracted from the
nonconverged CFD simulation, mapped onto the structural nodes.
Equation(10) is solvedfor{D a}, the requiredcorrectionsto theaero-
dynamic trim parameters that would provide the maneuver rigid-
body accelerations {¨n R }. The equation is also solved for the l-set
and r-set maneuver displacements,ul and ur , respectively.

ASTROS is unique in its capability to optimize simultaneously
for several design cases from different disciplines with different
boundary conditions. When some of the design cases require the
evaluation of aerodynamic loads, the designer can choose either to
perform every aerodynamic load evaluation by a separate CFD run
or to limit the use of CFD only to design cases that would bene� t
the most from an accurate evaluation of the aerodynamic loads.
When required, several CFD runs can be performed at the same
time in parallel, all paused at the same position for elastic, trim, and
optimization updates.

Modal-Based Optimization
The design approach presented in the preceding section was mo-

tivated by the run-time differencesbetween an optimizationrun and
a CFD analysis that were obtainedfor themodels of this study.How-
ever, it is realizedthat for larger � niteelementmodels,and fordesign
studies that involve a large number of constraints, the optimization
run time may become much larger, and it would be impractical to
perform several optimization runs within one convergedCFD anal-
ysis. The computational cost of the structural optimization can be
minimized, even for large � nite element models, by replacing the
discrete coordinatesoptimizationwith a modal-basedoptimization.

The basic assumption behind the modal-based optimization is
the same one that is used for maneuver load analysis. The displace-
ments calculated by Eq. (1) as a linear combination of a set of
low-frequency vibration modes are used for aerodynamic load cal-
culations and for stress analysis. It was previously shown23 that,
with approximately 20–40 modes taken into account, typical ap-
plication of the basic modal approach yields accurate stress re-
sults when applied to the structure for which the modes are cal-
culated, but exhibit large errors when applied to modi� ed structures
without changing the modal basis. To allow for an ef� cient, � xed-
basis, optimization process with analytic sensitivity expressions,
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the modal basis is complemented with modal perturbationsthat are
calculated once for the baseline structure and then used ef� ciently
throughoutthe optimizationprocess.The revisedmethod presented
several cost-effectiveness tradeoff options. The fastest option was
the � rst-order mode-displacement (MD) method,35 which is also
the least accurate (but still adequate in cases of moderate design
changes). The summation-of-forces(SOF)method,with expandable
modal basis,23 was the most accurate option but also the most time
consuming. Demonstrated with optimizationcases of 5000–28,000
degrees of freedom, the various modal-based options demonstrated
CPU speed-up factors of 7–80.

As will be demonstrated,the most simple modal-basedoptimiza-
tion option (� rst-order MD option) can be adequately used in the
CFD-based optimizationprocess.With the modal databaseupdated
in each optimization run, the entire process should converge to the
optimal solution even though the interim optimization runs might
be somewhat inaccurate.

Numerical Example
Aircraft Model

A simple transport aircraft model that has all of the features nec-
essary to verify the proposed methodology was created. The model
aircraft includesa fuselage,wing, aileron, and all-movable tail. The
wing and elevator are similar in shape and structure: Both are ta-
pered and swept aft. The cross section of the wing and elevator are
scaledNACA0012 symmetric airfoils.The fuselageis axisymmetric
and is 20 m long. Table 1 summarizes the wing and tail geometrical
dimensions.

The maneuver-loadanalysis and structuraldesign described next
are based on the FA3DMB code.

An H-type grid topology is used to generate the computational
mesh for the � ow simulations. When the multizone capability of
the FA3DMB code is taken advantage of, the grid is divided into
24 zones, each describing a logical component such as wing up-
per/lower surface, fuselage, etc. The entire � ow� eld contains ap-
proximately 500,000 grid points.21

A general view of the structural model is given in Fig. 4. It has
approximately 1000 degrees of freedom. The torsion boxes of the
wing and tail and the aileron are modeled in detail with elements
representingskin, ribs, spars, spar caps, and stringers.Table 2 sum-
marizes the weights of the half-aircraft model. The wing weighs
384.6 kg of which 284.6 kg is the weight of the torsion box struc-
ture, which is subjected to optimization. A modal analysis is per-
formed to providethe 13 low-frequencyelastic vibrationmodes and
the correspondinggeneralizedstiffnessmatrix requiredfor the CFD
maneuver analysis.

Table 1 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

Fig. 4 Finite element model.

Table 2 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 5891.6

Fig. 5 Convergence history of CL and CM during trim analysis of a 3-g
pull-up maneuver at Mach 0.85.

Fig. 6 Decay of the CFD error during trim analysis of a 3-g pull-up
maneuver at Mach 0.85.

Maneuver Load Analysis
The following description is of a 3-g pull-up maneuver of the

baseline structure, at Mach 0.85 and height of 11,000 m, which
de� nes a pitch rate of Çh = (n ¡ 1)g / V =0.066 rad/s and which cor-
responds to required lift and moment coef� cients of CL =0.84 and
CM =0.

Figure 5 presents the convergence history of the lift and mo-
ment coef� cients, indicating their approach to the required values,
whereas Fig. 6 shows the convergencehistory of the CFD error for
the maneuver run case compared to that of a regular CFD run of
a rigid-shape con� guration. The CFD error of Fig. 6 is de� ned as
the error in the � rst � ow equation, that is, the mass conservation
equation, avaraged over all of the grid points. Figures 5 and 6 indi-
cate the good convergence properties of the scheme. Reference 21
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Fig. 7 Differential pressure coef� cient distribution at 82% of the span.

includes more details on the maneuver load analysis results, plus a
demonstrationof the robustnessof the scheme with respect to initial
trim parametersand with respect to the aerodynamicderivativesthat
are used to trim the aircraft.

To evaluate the effects of the nonlinear modeling on the loads
distribution,a second maneuver load analysiswas performed,using
ASTROS and its linear aerodynamic module, USSAERO.36 Fig-
ure 7 presents the differential pressure coef� cient D C p distribution
along a wing section at 82% of the span, which compares the linear
and nonlinear values. Note that the nonlinear and linear pressure
distributionssigni� cantly differ. The nonlinear chordwise center of
pressure is moved aft compared to the linear one, which causes a
nose-downmoment and an increasedsectionalwash-out angle. The
difference between the computed linear and nonlinear D Cp distri-
butions, which is attributed to the different aerodynamic theories,
has a signi� cant effect on the structural optimization, especially on
the local structural gauge distribution, as is seen in the following
section.

Structural Design
The wing torsion box is divided into � ve spanwise segments. At

each segment, the design variables control the thicknesses of the
wing skin, the ribs, the front and rear spar webs, and the cross-
sectional area of the front and rear spar-caps and the stringers, re-
sulting in a total of 35 designvariables.The torsion box is optimized
for minimum weight under the following constraints.

1) The von Mises stresses are constrained by two-thirds of the
material ultimate stress (280 MPa) in a symmetric 3-g pull-up ma-
neuver at Mach 0.85, h = 11,000 m.

2) The aileron effectiveness is constrained by g r ¸ 30% in an
antisymmetric roll maneuver at Mach 0.85, h =11,000 m, where g r

is the aeroelastic aileron effectiveness.
The combinedload-optimizationprocesswas executedby replac-

ing every third trim correctionin a maneuver load run by a structural
optimization run. Optimization runs were carried out using the two
approaches:1) with the standarddiscrete-coordinatestatic aeroelas-
tic moduleof ASTROS, modi� ed to accommodatethe CFD loads as
a � xed set of loads to which a trim correction is added in every op-
timization step [according to Eq. (9)], and 2) with the modal-based
option of ASTROS.

Figure 8 shows the history of convergenceof the lift and moment
coef� cients, showing both design studies. In both cases the con-
vergence of the aerodynamic coef� cients is smooth. Until the � rst
optimization pause, both design studies follow the same trend. Fol-
lowing the optimization, the plots slightly differ, where it is noted
that the modal-basedoptimizationhas slightly larger � uctuations in
the coef� cient values.

Figure 9 shows the history of CFD-error decay of the combined
maneuver-optimizationrun case. On return from the optimization,

Fig. 8 Convergence history of CL and CM during combined trim analy-
sis of a 3-g pull-up maneuver at Mach 0.85 and structural optimization.

Fig. 9 Decay of the CFD error during combined trim analysis of a 3-g
pull-up maneuver at Mach 0.85 and structural optimization.

when the airloads are applied to the optimized structure that is less
stiff, new deformationsare obtained. These shape changes increase
the CFD error, which then rapidly decays. The phenomenon is fur-
ther ampli� ed in the modal-based optimization due to the larger
changes in the design variable values in each optimization. In the
discrete-optimization run case, the total number of iterations re-
quired for convergence of the combined load-optimization run is
only 20% larger than the total number of iterations required for
convergence of a rigid-shape con� guration (approximately 1700
iterations for the load-optimization run vs 1400 iterations for the
rigid-shape run to reduce the CFD-error four orders of magnitude).
In the modal-based optimization run case, the number of iterations
for convergenceis slightly larger (about2000 iterationsfor the same
reduction of the CFD error).

To evaluate the effectsof nonlinear loads on the structuraldesign,
a reference optimization was performed by the standard ASTROS,
with both design cases based on linear aerodynamics. The refer-
ence optimization converged within seven steps, and the variable
structural weight was reduced from 284.6 to 180.0 kg. The same
design task using the nonlinear maneuver loads lead to a variable
structuralweight of 173.9 kg. Figure 10 shows the history of weight
reduction during the optimization, comparing the reference opti-
mization with the CFD-based optimizations (discrete-coordinates
and modal-basedrun cases). The same optimalweight was obtained
by the discrete-coordinateand the modal-based optimization stud-
ies. Note that whereas in the discrete-coordinate optimization the
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Fig. 10 Wing structure weight history.

Fig. 11 Overall view of the grid system.

weight was monotonically reduced, in the modal-based optimiza-
tion a nonmonotonicconvergencewas observed. The differencesin
the structural weight and gauge distributions between the designs
based on the linear and nonlinear loads are mainly in reducing the
outboard wing weight and shifting material from the front spar to
the rear spar, as discussed in Ref. 21.

Load Analysis with EZNSS
The computational mesh used for the EZNSS simulations con-

sisted of � ve zones, fuselage, wing, elevator, and two collar grids,
one for the fuselage–wing intersection and one for the fuselage–

elevator intersection. The fuselage grid is based on an O–O type
mesh. For the wing, tail, and collar grids, a C–H type grid topol-
ogy is used. The entire � ow� eld consists of approximately600,000
grid points. Figure 11 shows the model’s complete geometry and
the computational mesh of the main components. Figure 12 shows
a close-up of the fuselage–wing collar grid (every other grid point
in each direction is shown).

The results of the � ow simulations using the EZNSS code are
presented in Figs. 13–15. Figure 13 shows the convergencehistory
of the lift and moment coef� cients. Both coef� cients converge to
their required values, and the convergencehistory follows a similar
behavior to the FA3DMB simulations. Figure 14 shows the conver-
gence history of the � ow simulation. The CFD error in EZNSS is
de� ned differently than in FA3DMB, as the error in all � ow equa-
tions,averagedoverallof thegridpoints.Also shownin Fig. 14 is the
convergencehistory of a simulation of a rigid geometry. In contrast

Fig. 12 Close-up of the fuselage–wing collar grid.

Fig. 13 Convergence history of CL and CM during trim analysis of a
3-g pull-up maneuver at Mach 0.85, with EZNSS.

Fig. 14 Decay of the CFD error during trim analysis of a 3-g pull-up
maneuver at Mach 0.85, and with EZNSS.
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Fig. 15 Surface pressure contours at a 3-g pull-up maneuver at Mach
0.85, from EZNSS.

to the FA3DMB simulations, each geometry change is associated
with a rather large increaseof the CFD error.The large changesarise
due to theChimera oversetmethod.Everycontrol-surfacede� ection
or elastic correction may change grid points in the fuselage mesh
from being holes to become regular points. Because such points are
far from convergence, their inclusion in the simulation contributes
large values to the error terms. However, the number of these points
is limited, and the implicit algorithmhas fast convergencequalities.
Therefore, the CFD-error values decrease quickly to the values of a
rigid-shape simulation.

Figure15 shows the convergedaerodynamicpressuredistribution
on the aircraftsurface in 3-g pull-upmaneuver.A shock wave can be
seen at approximately 85% of the chord on the upper wing surface.
Another shock exists on the lower surface of the elevator. A similar
image for the � ow obtained using the FA3DMB code can be found
in Ref. 21.

Conclusions
The paper presented an ef� cient methodology for structural

design studies, with static aeroelastic considerations, where the
aerodynamicloads are providedby a nonlinearCFD scheme.Struc-
tural optimization was performed both with the regular discrete-
coordinate approach and with the modal-based option. Both cases
demonstratedvery good convergencepropertiesof both the aerody-
namic loads and the structuraldesign,with the total number of CFD
iterations required for convergence being almost the same as for a
regular � ow analysis for a rigid con� guration. It was demonstrated
that the use of a simpli� ed structuralmodelingdoes not signi� cantly
affect the convergence of the combined load-optimizationprocess.
The discrete-coordinateand modal-basedoptimizationconvergedto
the same optimal designs, where in the modal-based optimization,
a nonmonotonic convergence was observed, which in turn slightly
increased the number of iterations required for convergence. For
the relatively small � nite element model of this study, the use of
the model-based optimization does not provide any computational
cost reduction; however, for larger models, the discrete-coordinate
optimization must be replaced by the modal-based optimization to
maintain a computationallyaffordable design process. Comparison
between the linear and nonlinear designs showed some difference
in the total weight and signi� cant difference in the local structural
gauge distribution, which indicate that accurate evaluation of the
maneuver loads is important even in the early design stages.

The maneuver analysis was examined using two � ow simula-
tion schemes. The � rst is an explicit, � nite volume scheme using
a multiblock patched grid approach (FA3DMB), and the second is
an implicit, � nite difference code using the Chimera overset grid
method (EZNSS). The EZNSS code allows for easy application of
rigid-body rotations of control surfaces. The maneuver analysis ex-
hibited good convergence properties for both codes (with different
convergence patterns due to the different grid methods), which in-
dicates that the load analysis methodology is independent of the
numerical algorithm or the � ow solver used.

The study establishes a framework for structural design, where
some disciplines are based on nonlinear aerodynamic modeling
while others are based on linear methods. The computational
schemes presented are speci� cally designed for the study of realis-

tic aircraftcon� gurations,basedon detailed� nite elementmodeling
and involving several design disciplines.
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