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Nonlinear Design Loads for Maneuvering Elastic Aircraft
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A computationallyef� cient scheme for maneuver load analysis, based on nonlinear aerodynamics, is presented.
The kernel of the scheme is a computational � uid dynamics (CFD) code for solving the Euler/Navier–Stokes
equations for a � xed-shape con� guration. A modal structural model is used for elastic-shape updates, and a trim
corrections algorithm is used for varying the incidences and control surface de� ections until the user-de� ned ma-
neuver is attained. Computational ef� ciency is obtained by performing a few elastic-shape changes and maneuver
trim updates, all within the � uid dynamics analysis, during the steady-state � ow� eld convergence. The modal
approach, where the structure is represented by a set of its low-frequency vibration modes, greatly simpli� es the
CFD–structure interface, minimizes the amountof structural data required, and allows simple shapeupdates of the
aerodynamicgrid. It is shown that the total computation time required for � ow� eld convergence for a maneuvering
elastic aircraft is typically almost identical to that of the rigid aircraft with given trim variables. The method is
demonstrated with a realistic wing–fuselage–elevator transport aircraft model performing symmetric maneuvers
at Mach 0.85.

Introduction

S TATIC aeroelastic effects on aircraft performance and design
loads are traditionally calculated using linear aerodynamic

models. Methods for calculating the linear aerodynamic force co-
ef� cients, such as the doublet-lattice method (DLM),1 are well es-
tablished and integrated into commercial softwares for structural–
aeroelastic analysis and design optimization, such as MSC/
NASTRAN2 and ASTROS.3 However, these linear models often
might be inadequate when used for � ight vehicles cruising and
maneuvering in the transonic-speedrange, where embedded shock
waves affect the � ow� eld signi� cantly. For this reason, the static
branchof computationalaeroelasticityhasevolved,integratingcom-
putational � uid dynamics (CFD) schemes with various types of
structural models. Static computational aeroelasticity works de-
scribed in the literature differ in the CFD scheme used, in the struc-
tural model, in the way the two disciplinesare brought together, and
in the amount of generalityand complexityof the studied test cases.

The early works that combined CFD with elasticity used sim-
ple structural models and were demonstratedon an elastic wing.4 ¡ 6

Tatumand Giles7 addresseda completeaircraftcon� guration.Using
a full potentialaerodynamicmethod(SIMP), togetherwith an equiv-
alent plate structural model, they implemented an iterative solution
procedure for obtaining aerodynamic loads and structural de� ec-
tions for the free-� ying aircraft at user-speci�ed � ight conditions.
The model selectedby Tatum and Giles was that of a � ghter aircraft
consisting of only one aerodynamic grid segment. This choice of
model was made to meet the requirementsof the CFD code used by
the authors that allowed only single-body analysis. Consequently,
the aircraft was trimmed only by vectoring the thrust of the engine,
and the common combination of varying the angle of attack and
the control surfaces angles for achieving trim was not studied.Vinh
et al.8 added a trim routine to the CAP-TSD code.9 Their work sug-
gests a feedbackalgorithmto obtainvehicle trim duringsteady-state
� ow� eld convergence.Because the code used is time accurate, sta-
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bility and control derivatives also could have been estimated from
the transient response. Schuster et al.10 addressed the problem of
computing the � ow� eld about � exible � ghter aircraft operating at
extreme � ight conditions, such as high angles of attack and high
transonicMach numbers. Because these � ows involve strong shock
waves and detached boundary layers, for which the small distur-
bance assumption is no longer valid, Schuster et al. based their
work on the Lockheed Euler/Navier–Stokes aerodynamic method
(ENS3D) combined with an in� uence-coef�cient structural model.
In a later work Schuster11 demonstrated the use of this aeroe-
lastic analysis method for improving the performance of � ghter
wings through simultaneous application of control surface de� ec-
tionand aeroelastictwist.Guruswamy12 performedaeroelasticcom-
putations on a wing–fuselage con� guration using an Euler/Navier–
Stokes aerodynamic method (ENSAERO) coupled with a � nite el-
ement beam-type structural model. In a later work, Obayashi and
Guruswamy13 suggestedsolvingthe dynamicequationsof the struc-
ture, instead of the static equations, with added arti� cial damping,
to achieve a smooth structural response and, therefore, prevent in-
stabilities in the � uid dynamics computations.

This paper describes the development of an ef� cient computa-
tional scheme for de� ning the aerodynamic loads on maneuvering
� exible � ight vehicles,with severaltrim variables,basedonan Euler
solver. It is intendedfor evaluationof structuraldesign loads at � ight
conditions for which the aerodynamic nonlinearity is important but
not extremely strong. The modal aeroelastic approach of Refs. 14
and 15, which showed excellent ef� ciency and accuracy with lin-
ear aerodynamics,is used to evaluatethe elastic deformationsand to
trim the free aircraft.A computationallyef� cientscheme is obtained
by applying a relatively small number of shape and trim updates to
achieve static equilibrium,during � ow� eld convergence.A similar
approach was used by Karpel et al.16 for � exible rockets in super-
sonic � ight with one trim variable. The scheme is expanded here to
deal in a practical way with realistic aircraft whose trimmed condi-
tion is achievedthroughtheuseof varied incidences,control-surface
de� ections, and rotation rates.

Aeroelastic Method
An Euler/Navier–Stokes code of Yaniv17 is used for the � uid dy-

namics computations. The � ow, in general, is assumed to be com-
pressible, viscous, and turbulent. In the current study, however, the
viscosity effects are neglected and the Euler equations are used.
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This reduces the required computational resources signi� cantly.
A semidiscrete � nite volume method using central differencing in
space with explicit multistage time-stepping scheme is employed.
A steady-statesolution to the time-dependentEuler equationsis ob-
tainedby iteratingin time using local time stepsand implicit residual
smoothing.

The maneuver analysis is made on three levels of iterative pro-
cesses. The innermost level contains the CFD analysis for a � xed-
shape con� guration that, if iterated until convergence, provides the
aerodynamicload distributionon the rigid aircraft.The next iterative
level introduces the structural elasticity that is combined with the
aerodynamic loading to obtain the corresponding deformed shape.
This level, if iterateduntil 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 inci-
dences and control surface de� ection angles are varied to obtain the
total aerodynamic forces and moments implied by the user-de� ned
maneuver.

For computational ef� ciency, both the elastic deformations and
trim corrections are introduced during the CFD solution conver-
gence. The user de� nes a number of CFD iterations, after which
elastic deformationsare computed and applied to the CFD grid, and
a number of elastic deformations,after which maneuver corrections
are made. Typically, the number of CFD iterations between two
successive elastic deformation updates is 5–10% of the number of
iterations required for � ow� eld convergence. The shape and trim
parameters are not updatedafter each CFD iteration to avoid exces-
sive computations and also to avoid numerical instabilities in the
� ow computations.

A coupledaerodynamic–structuralscheme requiresspecialmeth-
ods for interfacing the CFD and structural models, calculating the
elastic deformations, moving the body-� tted aerodynamic grid as
the elastic aircraft de� ects, and trimming to achieve the required
aerodynamic coef� cients.

CFD–Structure Interface

Generally, the CFD–structure interface refers to the transforma-
tion to the structuralgridofaerodynamicforcesthat are computedon
the aerodynamic grid, and to the mapping of the elastic de� ections
computed on the structural � nite element nodes to the aerodynamic
grid. When the modal structural approach is taken, with the struc-
ture represented by a set of its low-frequency vibration modes, the
CFD–structureinterfacingtask reduces to mapping the modes to the
aerodynamicsurface grid points. After this is done, the computation
of elastic deformationscan be carried on within the � uid dynamics
computations.

An interface dif� culty arises from the different nature of the dis-
cretizations of the two disciplines. Whereas the grid points of the
aerodynamicmodel are distributedon the external surface and out-
side of it, the nodes of the structuralmodel are placed on, and inside,
the surface. Typically, the aerodynamic grid is very dense, and its
grid points are uniformly distributed. The structural model, on the
other hand, has nodes located on the elements carrying the loads
and, therefore, are not uniformly distributed. The structural grid is
usually coarser than the CFD surface grid.

Fig. 1 Deformed aerodynamic surface grids.

The physical aero-structure interface points lie on general sur-
faces in three-dimensionalspace. Therefore a three-dimensionalin-
terpolation method is required. With a surface segment de� ned by
il £ jl aerodynamic grid points, the displacement of point (i, j ) is

w̄ (i, j ) = f̄ [n (i, j ), g (i, j ), f (i, j )]

i = 1, . . . , il, j = 1, . . . , j l (1)

where f̄ is the spline displacement function and n , g , and f are
the coordinates of the surface points. To overcome the dif� culties
in the application of the three-dimensional interface method, some
constraining rules are applied to the shape changes, for interfacing
purposes only. The aircraft is divided into two geometrical enti-
ties: lifting surfaces and slender bodies. Each lifting surface can be
represented by one or more reference planes, where the structural
deformationsare limited to directionsperpendicularto these planes,
based on a two-dimensional spline scheme, such that

w̄ (i, j ) = f̄ [n (i, j ), g (i, j )] i = 1, . . . , i l, j = 1, . . . , j l

(2)

The in� nite plate spline method by Harder and Desmarais18 is ap-
plied to each referenceplane separately.The new shape of the spline
surface is de� ned such that it passes through the known structural
displacements at given structural coordinates. The displacement of
each aerodynamicpoint is set according to the point location on the
deformed spline surface. For the interface between structural and
aerodynamic points along a slender body, such as the fuselage, a
beam spline was used2 that follows the same logic of the surface
spline. To maintain continuity between the fuselage and the lifting
surfaces, as well as between the subsurfaces,a tree structure is used.
The fuselage serves as the trunk, and the components coming out
of it serve as the branches. The deformation of branch points is de-
termined by the branch spline, plus a correcting displacement that
maintains the branch interface to the trunk. Each branch can serve
as a trunk to lower hierarchy branches.

Figure 1 shows the � rstwing-bendingmode and� rstwing-torsion
mode of the model aircraft, mapped onto the aerodynamic surface
grid points. Figure 1 also shows part of the elevator mode. This is
an arti� cial mode that describes unit rigid elevator rotation, which
is used as a trim variable in symmetric maneuvers. The depicted
mode is used for the aerodynamic grid update that follows elevator
de� ections. It can be seen that there is a blendingzone in the elevator
mode near the elevator root. This is done to avoid discontinuitiesin
the updated aerodynamic grid.

Structural Elastic De� ections

The static elastic equation in generalized coordinates is solved
within the � uid dynamics computations according to

[KE ]{n E } = {FE } (3)

where [K E ] is the generalizedstiffnessmatrix associatedwith a low-
frequencysetof the free–freeelasticvibrationmodes,and{FE }is the
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associated generalized aerodynamic force vector. The generalized
forces are obtained from summing the aerodynamic forces at the
aerodynamic surface grid points according to

{FE } = [u E ]T {F} (4)

where [u E ] is the modes matrix, splined to the aerodynamicsurface
grid points, and {F} is the aerodynamic force vector at the aerody-
namic surface grid points.Because the elastic modes are orthogonal
to the rigid-body modes with respect to the structural mass matrix,
inertia relief effects in the right-hand side of Eq. (3) are taken care
of automatically.14 The rigid-body counterpart of Eq. (3) is used
subsequently in the maneuver trim process.

After the elastic equation is solved for a set of generalized coor-
dinates {n E }, the new deformed shape of the aerodynamic surfaces
is obtained as a combination of the structural vibration modes, ac-
cording to

{u E } = [u E ]{n E } (5)

where {uE } is the elastic displacement vector at the aerodynamic
surface grid points.

Using the modal approach, the modal stiffness matrix and the
modes matrix are the only structuraldata requiredfor the aeroelastic
analysis. These matrices are calculated by the � nite element code
and are read by the computationalaeroelastic scheme, only once, as
it starts. Because the number of structural modes used is typically
small (in this work 10 structural modes were found to be suf� cient)
very little structural data are required to be transferred.

Aerodynamic Grid Update

Once the aerodynamic surface grid points have been de� ected to
account for the structural deformation, the � eld grids must also be
de� ected accordingly.The deformed grid should satisfy a few basic
requirements:grid lines of the same family should not intersect, the
updatedgrid 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 � eld do not
move.

The � eld grid is regeneratedby redistributingpoints along f grid
lines that are almost normal to the surface. Each grid point is dis-
placed by a value equal to the surface displacements multiplied by
its normalized arc length from the far � eld.

Maneuver Trim

Structural design loads are based on aerodynamic loads of pre-
scribed aircraft steady maneuvers. When solving for a prescribed
maneuver, the aerodynamic coef� cients (the lift coef� cient and the
moment coef� cient for the case of a symmetric maneuver) are de-
� ned by the maneuver, whereas the unknown trim variables are
the incidences and control surfaces de� ections that would provide
the requiredaerodynamiccoef� cients.The symmetric aerodynamic
coef� cients should satisfy

q S { CL

CM c̄}
trim

= [M]{¨n } (6)

where CL is the lift coef� cient,CM is themoment coef� cient, c̄ is the
referencechord, and q̄ is the dynamic pressure.Similar expressions
can be written for antisymmetric or asymmetric maneuvers. The
current values of the aerodynamiccoef� cients are calculatedduring
the CFD solution by

qS { CL

CM c̄}
current

= [u R ]T {F} (7)

where [u R ] is the rigid-bodymodes matrix.The � uid dynamicscom-
putation starts with an initial estimate of the trim variables,which is
updated, during the � ow� eld convergence, according to the differ-
encesbetween the desired and the currentvaluesof the aerodynamic

coef� cients. The equation for maneuver trim corrections, in a sym-
metric maneuver, is

{ CL

CM c̄}
trim

= { CL

CM c̄}
current

+ [ C̃L a C̃L d

C̃M a C̃M d
] {D a

D d } (8)

where a and d are the current values of trim variables (angle-of-
attack and elevator de� ection), and D d and D a are the maneuver
corrections that drive the trim variable closer to the trim solution.
C̃L a , C̃M a , C̃L d , and C̃M d are the estimated derivativesof the aerody-
namiccoef� cientswith respectto the symmetric trimvariables.With
nonlinearCFD analysis, the dependenciesof the aerodynamiccoef-
� cients on the trim variables are nonlinear and implicit. Therefore,
numerical computation of the aerodynamic coef� cients derivatives
by � nite differenceis numericallyexpensive.To avoid the computa-
tion of the nonlinear derivatives, the trim corrections are computed
based on approximated derivatives, such as the linear aerodynamic
derivatives. This was practiced in this study, where the estimated
linear sensitivities were obtained from an aeroelastic run using the
aeroelastic module of MSC/NASTRAN. It was found that in cases
where the couplingbetween the angleof attackand elevator is weak,
that is, the angle of attack mainly controls the lift coef� cient and the
elevator de� ection angle mainly controls the moment coef� cient,
the coupling terms C̃M a and C̃L d can be neglected, still leading to
a smooth convergence to the maneuver aerodynamic coef� cients.
In coupled con� gurations, however, equating the coupling terms to
zero resulted in slow convergence, with undesirable oscillations of
the values of the trim variables. However, the numerical example
shows that the derivative estimates can be quite crude, still leading
to the correct trim solution.

The variation of the angle of attack is introduced into the CFD as
a change in the far-� eld conditions and is, therefore, easy to imple-
ment. The control surface de� ections requirea change in the con� g-
uration and regeneration of the aerodynamic grid. Regeneration of
the aerodynamic grid is made in the same manner as in accounting
for elastic deformations, using the elevator mode discussed earlier.

Angular rates associated with the maneuver are introduced to
the aerodynamic analysis by adding terms to the � uid dynamics
equations, to account for being written in a rotating system. This is
an extension of the way rolling effects are considered by Yaniv.17

Numerical Example
Aircraft Model

A simple generic transport aircraft model that has all of the fea-
tures necessary to verify the proposed methodology was created.
The model aircraft includes a fuselage, wing, and all-movable tail.
The wing and elevator are similar in shape and structure; both are
tapered and swept aft. The cross-sectionalpro� les of the wing and
elevator are scaled NACA 0012 symmetric pro� les. The wing geo-
metrical dimensions are aspect ratio 10, half-span 10 m, root chord
2.8 m, and leading-edge sweep angle 20 deg. The fuselage is 20 m
long.

For the aerodynamicanalysis,an H–C-type grid topology is used,
H-type in the streamwise direction and C-type in the spanwise di-
rection.Takingadvantageof the multizonecapabilityof the analysis
code, the grid was divided into 24 zones, each describing a logical
componentsuch 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 � ow� eld containsapproximately500,000
grid points.

Table 1 Weight summary, half-aircraft

Component Weight, kg

Wing 1100
Elevator 405
Fuselage 2320
Fuel inside the fuselage 2000
Engine 700
Total weight 6525
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Fig. 2 Aerodynamic grid i, k and j, k constant surfaces.

Fig. 3 Finite element model.

Fig. 4 Lift coef� cient vs angle of attack.

The structure of the example aircraft was modeled in detail and
analyzed using the � nite element software MSC/NASTRAN. The
wing and tail components were modeled by their torsion boxes,
which include skin, ribs, spars, spar caps, and stringers. The fuse-
lage component was modeled as a � exible bar. Figure 3 shows the
� nite elements model. A modal analysis was performed to provide
the 10 low-frequencyvibrationmodes and the correspondinggener-
alized stiffness matrix required for the aeroelastic analysis. Table 1
summarizes the weights of the half-aircraft model.

Aeroelastic Analysis

The � ow� eld about the rigid-aircraft model was evaluated at
Mach 0.85 and an altitude of 11,000 m, for various angles of at-
tack. The resulting lift coef� cient variation with the angle of attack
is compared in Fig. 4 to the linear slope obtained from the aeroe-
lastic module of MSC/NASTRAN using the DLM. Based on this
dependency,an elastic analysis was performed at an angle of attack
of 5 deg, which is typical of maneuver analysesof transports (corre-
sponds to an approximately3-g pullup maneuver) and at which the
� ow� eld is not extremely nonlinear. The algorithm for elastic cor-
rections was added to the � uid dynamics computation,updating the

Fig. 5 CL convergence history.

Fig. 6 CM convergence history.

shape every 100 iterations. Figures 5 and 6 show the convergence
history of the aerodynamic coef� cients CL and CM , comparing the
elastic- and rigid-run cases. The elastic lift coef� cient converged to
a value of 0.93, which is 6% less then the rigid lift coef� cient. The
elastic moment coef� cient (calculated around the aircraft center of
gravity with reference length of 1 m) was found to be 11% less than
the rigid value. Examining the elastic wing de� ections (shown in
Fig. 7), it was found that the wing tip leading edge de� ected by
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Fig. 7 Elastic deformations.

Fig. 8 Wing pressure distribution: rigid vs elastic.

Fig. 9 Residual decay history.

0.21 m above the root and that the wing tip experienced a wash-out
of 1.5 deg. Figure 8 shows the pressurecoef� cient along a wing sec-
tion at 82% of the span for the elastic and rigid con� gurations.Both
the tip wash-out and the section pressure agree with the reduction
of the aerodynamic coef� cients.

For comparison, a static aeroelastic run was conducted with the
model aircraft,at the same � ightconditions,usingMSC/NASTRAN
aeroelastic option with the doublet-lattice linear aerodynamic
method. Contrary to the CFD predictions, the aircraft wing experi-
enceda wash-in tip, leadingto an increaseof 6% in the lift coef� cient
(CL rigid = 0.83, CL elast =0.88). This might indicate that the conven-
tional design-loadsmethodology that adds elastic correctionsbased
on linear aerodynamics to a rigid database might be misleading.

Figure9 shows the historyof residualdecayof the elastic-runcase
comparedto that of the rigid-runcase. It is seen that the disturbances
to the � ow� eld caused by the shape update have little effect on the
residual and that the total number of iterationsrequired for � ow� eld

convergenceis almost the same for the elastic- and rigid-run cases.
The extra CPU time required for the grid update following every
elastic deformation is only 0.7 s, compared to 60 s required for
each CFD iteration.Therefore, because only few elastic de� ections
are made, the total extra CPU time required for the inclusion of
aeroelastic effects in a typical � ow computation is negligible.

Next, the algorithm for trim corrections was added, and the air-
craft was required to performa 4-g pullupmaneuver (corresponding
to a required lift coef� cient of 1.24 and a required moment coef� -
cient of 0). The � ow solver was initialized with an angle of attack
of 5 deg and with no elevator de� ection. Although a much closer
estimate of the values of the trim variables was available from lin-
ear trim analysis, the � ow solver was initialized with these values
to demonstrate the robustness of the trim algorithm with respect to
initial trim variables. Figure 10 shows the CFD error decay of the
trim-runcases comparedto that of a rigid con� guration (startedwith
the � nal values of trim variables a = 9.8 deg and d = ¡ 12.9 deg). It
is seen that the CFD error decay plots are parallel, with an increase
of the error following the � rst trim correction.This increase is pro-
portional to the modi� cation introduced to the trim variables and is
smaller when starting with a closer estimate of the trim variables.

Figure 11 shows thehistoryof convergenceof the lift and moment
coef� cients, indicating the approach to their trimmed values. It is
seen that only � ve trim updates are required for convergenceof the
aerodynamic coef� cients. Figure 12 shows the values of the angle
of attack and elevator de� ection angle after each trim correction.
The analysis also provides the aerodynamicload distributionacting
on the maneuvering aircraft, which can be used for structural load
analysis and structural design.

Fig. 10 Residual decay history.

Fig. 11 CL and CM convergence history.
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Fig. 12 Alpha and delta convergence history.

Conclusions
The paper presented an ef� cient integrated aerodynamic–struc-

tural scheme for evaluating maneuver loads on a � exible aircraft,
usingnonlinearaerodynamictheory.The maneuverscheme is based
on a conventionalNavier–Stokes/Euler code that was originally de-
veloped for � xed-shape con� gurations.The CFD code was supple-
mented with a modal structural model to account for aircraft elas-
ticity and with a maneuver attainment algorithm.The use of normal
modes for the representationof the structure was accurate and pro-
vided a simple interface between the CFD and the structure that
requires a minimum of structural information to be imported to the
CFD routine. The use of the modal representation also facilitated
a simple CFD grid update following each deformation update. The
maneuver-load scheme, which is based on elastic de� ections and
trim corrections that are applied during steady-state � ow� eld con-
vergence,showed very good convergenceproperties,with a number
of iterations required for convergencealmost identical to that of the
� xed-shape con� guration. Also, the extra CPU time required for
the elastic deformationsand trim correctionswas shown to be small
compared to the total run time. The direct calculationof loads for a
speci� c user-de� ned maneuver facilitates the inclusion of the trim
proposedscheme in automaticstructuraldesignproceduresfor � ight
vehicles and in procedures for combined aerodynamic–structural
design optimization.
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