
AIAA JOURNAL

Vol. 41, No. 3, March 2003

Aeroelastic Dynamic Analysis of a Full F-16
Con� guration for Various Flight Conditions
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An overview is given of recent advances in a three-� eld methodology for modeling and solving nonlinear � uid-
structure interaction problems, and its application to the prediction of the aeroelastic frequencies and damping
coef� cients of a full F-16 con� guration in various subsonic, transonic, and supersonic airstreams is reported. In this
three-� eld methodology the � ow is described by the arbitrary Lagrangian–Eulerian form of the Euler equations,
the structure is represented by a detailed � nite element model, and the � uid mesh is unstructured, dynamic, and
updated by a robust torsional spring analogy method. Simulation results are presented for stabilized, accelerated,
low-g, and high-g � ight conditions, and correlated with � ight-test data. Consequently, the practical feasibility and
potential of the described computational-�uid-dynamics-based computational method for the � utter analysis of
high-performance aircraft, particularly in the transonic regime, are discussed.

Nomenclature
b = body forces vector
C = damping matrix
F , F = continuous and discrete advective � ux vector
f = aeroelastic frequency
f = force vector
J = continuous Jacobian determinant dx=d»
K = stiffness matrix
M = mass matrix
n = normal vector
p = pressure
t = time
u, u = continuous and discrete displacement � elds
V = control volume matrix
W = virtual work
w, w = continuous and discrete � uid state � elds
x , x = continuous and discrete time-dependent

position or displacement � elds
® = aeroelastic damping
0 = � uid-structure interface boundary
E = energy transferred through 0
² = strain tensor
» = reference position
½ = density
¾ = stress tensor

Subscripts

F = value related to the � uid
S = value related to the structure
tor = value related to the torsion mode

Superscripts

ae = aerodynamic
ext = external
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int = internal
n = time instance
P = predicted
¢ = time derivative

O = virtual displacementquantity

Q = � ctitious mechanical quantity

I. Introduction

F LUTTER analysisis often conductedusing thek,1 p-k,2 or other
similar computationalproceduresbased on the linear theory of

aeroelasticity.Because they are fast and memory lean, these numer-
ical algorithmsare popular in the aerospaceindustry.In the subsonic
regime most if not all of them rely on the doublet-latticemethod3 for
computingthe linearaerodynamicoperator.This method,whichwas
developedover 30 years ago, is still today the most used method for
predicting subsonic unsteady � ows in production environments. In
the supersonic regime various methods related to the piston theory4

are commonly used. However, high-performance military aircraft
are usually � utter critical in the transonic speed range at high dy-
namic pressure. In this regime the mixed subsonic-supersonic � ow
patterns and shock waves are such that the linear � ow theory in gen-
eral, and therefore the doublet-lattice method in particular, is not
reliable for predicting the unsteady aerodynamic forces acting on
an aircraft.As a result, � utter testingof a scaledmodel in a transonic
wind tunnel is always used to generate corrections to � utter speeds
computed by linear methods. However, the design, construction,
and testing of a wind-tunnel � utter model, and the analysis of the
resulting data, require over a year’s time.5 For this reason, leading
authorities in this � eld have recently suggested5 that “The results of
a � nite number of [nonlinear]CFD (computational � uid dynamics)
solutions could be used as a replacement for wind tunnel testing,
assuming a validated code was available.”This paper addresses this
issue by � rst overviewingone among many CFD-based approaches
that have been proposed for solving dynamic aeroelasticity prob-
lems (for example, see Refs. 6–11), then reporting on its applica-
tion to the prediction,for various� ight conditions,of the aeroelastic
frequencies and damping ratios of a full � ghter con� guration.

The CFD and computational-structural-mechanics (CSM)-based
aeroelastic code considered in this paper was developed at the Uni-
versity of Colorado. It relies on a three-� eld formulation of nonlin-
ear � uid-structure interaction problems that is described in Sec. II
of this paper and integratesadvancedcomputationalalgorithms that
are discussed in Sec. III. The focus � ghter is an F-16 Block-40
aircraft in a clean wing con� guration. Simulation results are pre-
sented in Sec. IV for various stabilized,accelerated,normal, loaded,
subsonic,transonic,and supersonic� ight conditions,and correlated
with � ight-test data provided by the Flight Test Center at Edwards
Air Force Base (AFB). Finally, the practical feasibility and merit of
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the described nonlinear solution methodology for extracting � utter
envelopes in the transonic regime are addressed in Sec. V.

II. Three-Field Formulation of Nonlinear
Aeroelastic Problems

A three-� eld formulation in the time domain of coupled � uid-
structureinteractionproblemswas introducedalmosta decadeago12

for modeling nonlinear dynamic aeroelasticity problems. This for-
mulation is quite general. It can address many aeroelasticproblems
besides� utter,includingthepredictionof steadyandunsteadyloads,
control surface effects in level � ight and during maneuvering, aero-
elastic tailoring, and performance analysis. In this formulation the
aerodynamic forces acting on the structure are not predicted by the
use of a linear aerodynamic operator because of the limitations as-
sociatedwith such an approach,particularlyin the transonicregime.
Rather, these unsteady forces are determined from the solution of
the compressible Euler, or if necessary, Navier–Stokes equations.
As recognized by another leading authority in this � eld,13 there
is a tendency to presume that most errors in an aeroelastic analy-
sis are caused by inadequate aerodynamics, even though there are
suf� cient indications that in many cases the assumption of a lin-
ear structural behavior and the representation of this behavior by
a truncated modal expansion contribute to the mismatch between
prediction and � ight test (see also Ref. 5). For this reason, in the
three-� eld formulation overviewed in this paper the structure is not
restrictedto a harmonicmotion with small displacementamplitudes
and is not necessarily representedby a truncated basis of its normal
modes. If necessary, nonlinear geometric, material, and free-play
effects are properly accounted for. Furthermore, no restriction is
imposed on the nature of the � uid-structure coupling, which is nu-
mericallymodeledby suitable� uid-structureinterfaceboundary(or
transmission) conditions.

One dif� culty in handling numerically the nonlinear � uid-
structure coupling in the time domain stems from the fact that
the structural equations are usually formulated with material
(Lagrangian) coordinates,whereas the � uid equations are typically
written usingspatial(Eulerian)coordinates.Therefore,a straightfor-
ward approachto the solutionof the coupled� uid-structuredynamic
equations requires moving at each time step at least the portions
of the � uid grid that are close to the moving and � exing aircraft.
This can be appropriate for small displacementsof the structure but
can lead to severe grid distortions when it undergoes large motion.
Different approaches have emerged as an alternative to partial re-
gridding in transient aeroelastic computations, among which stand
out the arbitrary Lagrangian–Eulerian (ALE) formulation14 and the
closelyrelatedmethodof dynamicmeshes.15 Theseapproachestreat
a computationalaeroelasticityproblem as a two-� eld coupled prob-
lem. However, a moving mesh can also be viewed as a pseudostruc-
tural (or � ctitious structural) system with its own behavior,12 and
therefore, the coupled transient aeroelastic problem can be formu-
lated as a three-ratherthan two-� eld problem: the � uid, the structure,
and the dynamic � uid mesh. This three-� eld formulation has shed
new light on the mathematical understanding of the numerical be-
havior of various algorithms applied to the solution of the coupled
� uid-structureproblem in the time domain and has enabled the de-
velopment of faster solution algorithms.7;16¡18

The simultaneous solution of the governingnonlinear � uid, � uid
mesh, and structure equations of motion is computationally inten-
sive and raises some concerns about the feasibility and practical
usefulness of this approach in productionenvironments.An impor-
tant objective of this paper is to show that because of signi� cant
advances in computational methods and the advent of parallel pro-
cessing the three-� eld and CFD-CSM-based solution of aeroelastic
problems is now suf� ciently mature and fast to be considered at
least as a reliable simulationenvironmentfor addressingthe critical
� ight conditions of a high-performanceaircraft.

A. Governing Multidisciplinary Equations
A � uid-structure interaction problem can be described by the

following coupled partial differential equations:
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Equation (1a) is the ALE conservativeform of the Euler equations.
Here, x.t/ denotes the time-dependent position or displacement of
a � uid grid point (depending on the context of the sentence and the
equation), and J D det.dx=d»/. Equation (1b) is the elastodynamic
equation. Equation (1c) governs the dynamics of the moving � uid
grid. It is similar to the elastodynamicequationbecausethe dynamic
mesh is viewed here as a pseudostructuralsystem.A tilde notation is
used to designate the � ctitiousmechanicalquantities.19 For the sake
of notationalsimplicity, the various Dirichlet and Neumann bound-
ary conditions intrinsic to each of the � uid and structure problems
are omitted.

Equations (1a) and (1c) are directly coupled. If u F denotes the
ALE displacement � eld of the � uid and p its pressure � eld, 0 the
� uid-structure interface boundary (wet boundary of the structure),
and n the normal at a point to 0, the � uid and structure equations
are coupled by the transmission conditions

¾S ¢ n D ¡pn on 0 (2a)

@uS

@t
¢ n D @uF

@t
¢ n on 0 (2b)

Equation (2a) states that the tractions on the wet surface of the
structureare in equilibriumwith thoseon the � uid sideof0, whereas
Eq. (2b) expresses the slip-wall boundary condition.The equations
governing the structure and dynamic mesh motions are coupled by
the continuity conditions

x D uS on 0 (3a)

@x

@ t
D @uS

@t
on 0 (3b)

B. Semidiscretization of the Governing Equations
The spatial discretization of the ALE conservative form of the

Eulerequationsby� niteelement(FE) or � nitevolume(FV) schemes
leads to semidiscrete equations that can be written as

P\[V.x/w] C F.w; x; Px/ D 0 (4)

where a bold font designates the discrete counterpartof a � eld vari-
able. In the case of a FV semidiscretization,V is the matrix of the
cell volumes, and F is the numerical convective � ux approximating
the integral of the physical � ux function over the cell interfaces.

The semidiscretizationby a FE methodof the structuralequations
of dynamic equilibrium leads to

M RuS C f int
S .uS ; PuS/ D f ae

S .uS ; w/ C f ext
S (5)

where M is the FE lumped mass matrix. (This speci� c expression
assumes that the rotational inertia forces are negligible.) If for the
problem of interest the structure remains linear, Eq. (5) simpli� es
to

M RuS C C PuS C KuS D f ae
S .uS ; w/ C f ext

S (6)

Let the subscript i designate the grid points located in the interior
of a computationaldomain and the subscript b designate those grid
points located on the � uid-structure interface 0. If the dynamic
mesh is assimilated with a quasi-staticpseudostructuralsystem, the
semidiscrete equationgoverningthe evolutionof the dynamic mesh
can be written as

QKiixi D ¡ QKibxb; xb D UuSb (7)

where QK is the � ctitious time-dependent stiffness matrix resulting
from the FE semidiscretization of Eq. (1c) (Ref. 19) and U is a
transfer matrix. If the � uid and structure meshes have compatible
interfaces,U D I. Otherwise, U is given by the FE discretizationof
Eq. (2b).
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III. Computational Issues and Advances
In the linear theory of aeroelasticity, the air surrounding a � y-

ing aircraft can be interpreted as an “algebraic”damper whose sign
depends on the � ight conditions. When positive, it attenuates any
aircraft vibration excited by some initial disturbance. When zero,
it only entertains it, and when negative it ampli� es that vibration.
In other words, depending on the � ight conditions and particularly
the Mach number the air surroundinga vibrating aircraft can either
extract energy from it, act as a neutral agent toward it, or feed it
energy and cause it to � utter. This energy interpretation of the � ut-
ter mechanism underscores the importance of conserving as much
as possible the energy transferred between the � uid and structure
subsystems when discretizing the transmission conditions (2) and
solving the coupled system of Eqs. (4), (5), and (7). Indeed, the
extraction (transmission) from (to) the structure across the � uid-
structureinterface0 of anysigni� cantamountof spuriousnumerical
energy can arti� cially stabilize (destabilize) an otherwise unstable
(stable) aeroelastic system.

Because the three-� eld aeroelastic problem (4), (5), and (7) is
formulated in the time domain, extracting the wet frequencies and
damping coef� cients of the underlying structure for � utter analy-
sis requires postprocessing the numerical output [for example, the
displacement � eld uS.t/] by a parameter identi� cation algorithm.
Computational ef� ciency suggests using for this purpose an iden-
ti� cation algorithm that requires as few cycles as possible of the
predicted structural response. This in turn underscores the impor-
tance of producinga suf� ciently accurate short window of the time
response, and therefore time integrating this response by a scheme
that is second-order time accurate for the coupled � uid-structure
and not individual � uid and structure equations of motion (4) and
(5). Usually, the aeroelastic response of the structure is dominated
by its low modes. For this reason, computational speed favors im-
plicit schemes and large computational steps, which underscores
the importance of paying special attention to the numerical stability
properties of the scheme designed for time integrating the coupled
� uid-structure equations of motion.

A. CFD on Moving Meshes
The governing � uid equation (4) differs from the standard FE or

FV semidiscretizationof the Euler equations in that it is formulated
on a moving rather than a � xed grid. Therefore, the time discretiza-
tion of this equation,which incurs the approximationof the integral

Z tn C 1

tn

F.w; x; Px/ dt

raises the question of where to evaluate the convective � uxes when
the grid moves from its position xn at time t n to a position xn C 1 at
time t n C 1. A straightforward answer to this question is to evaluate
these � uxes on the mesh con� guration xn when the chosen time
integrator is explicit and xn C 1 when the time integrator is implicit.
For small time steps 1t n D t n C 1 ¡ t n , it might not matter where the
� uxes are evaluated because in that case the difference between the
mesh con� gurations xn and xn C 1 might be insigni�cant. However,
for the large time steps dictated by computational ef� ciency the
method of evaluation of the integral

Z tn C 1

tn

F.w; x; Px/ dt

can have a dramaticeffecton the performanceof the time integration
of Eq. (4). To address this issue, it was proposed in Refs. 7, 16, and
17 to � rst select a time integrator that performs well on � xed grids
and then extend it to moving gridsby evaluatinga moving � ux as the
time average of a certain number of � uxes computed on a suite of
carefully chosen mesh con� gurations. For example, the extension
to moving grids of the classical three-point backward difference
scheme, which is second-order time accurate on � xed grids, can be
written as follows:

®n C 1Vn C 1wn C 1 C ®nVnwn C ®n ¡ 1Vn ¡ 1wn ¡ 1

C 1t n
nsX
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csF.wn C 1; xs; Pxs / D 0 (8)

where

®n C 1 D .1 C 2¿ /=.1 C ¿ /; ®n D ¡1 ¡ ¿

®n ¡ 1 D ¿ 2=.1 C ¿ /

and ¿ D 1t n=1t n ¡ 1 . Here, ns denotes the number of mesh con� g-
urations, cs the averaging weights, and xs and Pxs denote the linear
combinationsof the mesh con� gurations fxn ¡ l; : : : ; xn; : : : ; xn C m g
and velocities f Pxn ¡ j ; : : : ; Pxn ; : : : ; Pxn C qg, respectively, for some
given integers l, m, j , and q.

The computational complexity of the scheme (8) can be reduced
by averaging the mesh con� gurations themselves instead of the
� uxes associated with them, which leads to
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This alternative approach, which is the one selected in the present
study, was proposed and discussed in Ref. 17 in the context of the
FV semidiscretization of the governing � ow equations. It requires
the computation of a single convective � ux per time step, whereas
the approach summarized in Eq. (8) requires the computation at
each time step of ns convective � uxes.

Whether scheme (8) or (9) is chosen for extending the three-
point backward difference scheme to moving grids, it remains to
determine the number of mesh con� gurations ns , the averaging co-
ef� cients cs , the mesh con� gurationsxs , and the mesh velocities Pxs .
To this effect, two approaches can be adopted. The � rst one con-
sists in selecting the averagingparameters so that the resulting time
integrator preserves the time accuracy of its � xed-grid counterpart.
The second approach consists in choosing these parameters so that
the resulting time integrator preserves the nonlinear stability of its
� xed-grid counterpart.

It is provedin Refs. 20 and21 thata necessaryandsuf� cientcondi-
tion for a given numerical scheme to preserve the nonlinearstability
(in the sense of the discrete maximum principle) of its � xed-grid
counterpart is to satisfy its corresponding discrete geometric con-
servation law (DGCL). From a physicalviewpoint a DGCL ensures
that an ALE or any other numerical scheme designed for solving
unsteady � ow problems on moving grids reproduces exactly a uni-
form � ow. Hence, an ALE scheme that violates its DGCL is bound
to exhibit spurious oscillationsand overshoots for practical compu-
tational time steps. Occasionally,such a scheme can also exhibit an
unboundedbehavior. It is also shown in Ref. 21 that the extensionto
moving grids of the three-pointbackward difference scheme which
satis� es the DGCL developed in Ref. 17 remains second-order ac-
curate. For these reasons and because the computational overhead
associated with enforcing a DGCL is minimal, numerical methods
that satisfy their DGCLs should be preferred for CFD applications
on moving grids.

B. Energy Conservative Exchange of Aerodynamic
and Elastodynamic Data

In most practical cases the � uid and structure computational do-
mains have nonmatching discrete interfaces.Let 0F and 0S denote
the discrete representationsof the � uid-structure interface 0 on the
� uid and structure sides, respectively.The energy transferred from
the � uid to the structurethrough0 during the time-interval[t n ; t n C 1]
is

±En C 1
F D ¡

Z t n C 1

t n

µ Z

0

.¡pn/ ¢ Px ds

¶
dt (10)

and that received by the structure during the same time interval is

±En C 1
S D

Z tn C 1

tn

µ Z

0

.¾S ¢ n/ ¢ PuS ds

¶
dt (11)

From the preceding expressions it follows that the discretizationof
the transmission conditions (2) and (3) has a direct impact on the
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conservation of the energy transferred between the � uid and the
structure through 0.

Whicheverapproximationmethod (interpolation,projection,etc.)
is chosen for enforcing on 0 the compatibility of the displacement
� elds of the � uid mesh and the structure [Eq. (3)], its outcome can
be written as follows:

x j D
iSX

i D 1

c ji uP
Si

; j 2 0F ; i 2 0S (12)

where x j is the discrete value of x at the � uid point j and uSi is
the discrete value of uS at the structure node i . The integer iS and
real coef� cientsc ji dependon the chosenmethodof approximation.
The superscript P is used to designate a “prediction”of the motion
of the structure. If the � uid and structure subsystems are solved
simultaneously, uP

S D uS . On the other hand, if they are advanced
in time by a staggered procedure (see Sec. III.C) uP

S will in general
differ form uS because of a time lag between the � uid and structure
partitions.

Consider now a virtual displacement � eld Ox that is zero on each
degree of freedom of the moving � uid grid except on those lying on
the boundary 0F . Whichever method is chosen for approximating
Eq. (1c) and therefore constructing the pseudostructural stiffness
matrix QK, Ox can be expressed as follows:

Ox D
jFX

j D 1

D j Ox j ; j 2 0F (13)

where D j is some function with a local or global support on 0F .
From Eqs. (10) and (13) it follows that the virtual work during
[tn ; tn C 1] of the � uid tractions acting on 0F is

±W n C 1
F D
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"
jFX

j D 1

Z

0F

.¡pn/D j
POx j ds

#

dt

D
Z tn C 1

tn

jFX

j D 1

8 j
POx j dt

where 8 j has the physicalmeaning of a numerical pressure� ux and
is given by

8 j D
Z

0F

.¡pn/ D j ds (14)

Substituting Eq. (12) into Eq. (14) gives

±W n C 1
F D

iSX

i D 1

Z tn C 1
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fFi
POuP

Si
dt (15)

where

fFi D
jFX

j D 1

[8 j ][c ji ]; j 2 0F ; i 2 0S (16)

If the nodal aerodynamic forces and moments acting on a structure
node i lying on 0S are denoted by f ae

Si
, the virtual work during

[tn ; tn C 1] of these forces is

±W n C 1
S D

Z tn C 1

tn

iSX

i D 1

f ae
Si

POuSi dt D
iSX

i D 1

Z tn C 1

tn

f ae
Si

POuSi dt (17)

Conserving the transfer of energy through 0 requires enforcing
±W n C 1

F D ±W n C 1
S for any pair of virtual displacement vectors Ox

and OuS satisfying Eq. (12). From Eqs. (15) and (17) this implies
enforcing

Z tn C 1

tn

f ae
Si

POuSi dt D
Z tn C 1

tn

fFi
POuP

Si
dt (18)

The evaluationof the time integrals in Eq. (18) dependson the time-
integration schemes chosen for the structure and � uid analyzes and

is discussed in great detail in Ref. 18. Here, we focus on the case
where Eq. (5) is time integratedby the popularmidpoint rule, which
is second-order time accurate and in the linear case identical to the
Newmark algorithm with ¯ D 1

4
and ° D 1/2 (Ref. 22), and Eq. (4)

is time integrated with the second-order time accurate extension to
moving grids of the three-point backward difference scheme de-
scribed by Eq. (9). In this case Eq. (18) becomes
£¡

f aen C 1

Si
C f aen

Si

¢¯
2
¤¡

un C 1
Si

¡ un
Si

¢

D
£¡

f n C 1
Fi

C f n
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Si
¡ unP

Si
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If the � uid and structure subsystems are solved simultaneously,
unP

S D un
S , and Eq. (19) simpli� es to

f ae
Si

D fFi D
jFX

j D 1

[8 j ][c ji ]; j 2 0F ; i 2 0S (20)

In this case Eq. (20) describesa conservativealgorithmfor transmit-
ting the � uid forces to the structure. This algorithm is independent
of the method chosen for discretizing the structure. The term in the
� rst bracket in Eq. (20) depends exclusively on the method cho-
sen for discretizing the � ow problem, and the term in the second
bracket depends only on the method selected for transmitting the
displacement of the structure to the � uid mesh.

If a time lag is introducedin the solutionof the � uid and structure
subsystems, unP

S 6D un
S . In this case conserving the energy transfer

through 0 requires subiterating on unP

S until unP

S D un
S . Fortunately,

subiterations are not necessary in practice because more computa-
tionally ef� cient means for compensating the strict loss of conser-
vation of energy transfer through 0 are available and discussed in
Sec. III.C.

C. Higher-Order Loosely Coupled Fluid-Structure Time Integrators
For any reasonablydetailedFE representationof theaircraftstruc-

ture, the simultaneoussolutionof Eqs. (1) by a monolithicscheme is
neither practical nor software-wise manageable. For this and other
reasons related to computationalef� ciency, a partitionedprocedure
is preferred for solving coupled � eld nonlinear aeroelastic prob-
lems. In such a procedure the � uid and structure are time inte-
grated by different schemes tailored to their different mathematical
models, and the resulting discrete equations are solved by a stag-
gered algorithm.7;8;23 Such a strategy simpli� es explicit–implicit
treatment, subcycling, load balancing, software modularity, and re-
placements as better mathematical models and methods emerge in
the � uid and structuredisciplines.The most popularpartitionedpro-
cedure, which is referred to in this paper as the conventional serial
staggered(CSS) procedure,can be describedbetween t n and t n C 1 as
follows:1) predictun C 1P

S D un
S , transferthecorrespondingmotionof

the wet boundaryof the structure to the � uid subsystem,and update
the position of the moving � uid mesh accordingly; 2) advance the
� uid subsystem to t n C 1 using a given � ow time integrator and com-
pute a new set of aerodynamic forces f n C 1

F acting on 0F ; 3) transfer
f ae

S
n C 1 D f n C 1

F to the structure subsystem; 4) apply f ae
S

n C 1 to the
structure and advance it to t n C 1 using a given time integrator. Such
a staggered procedure,which can be described as a loosely coupled
solution algorithm, can also be equipped with a subcycling strat-
egy where the � uid and structure subsystems are advanced using
different time-steps 1tF and 1tS .

Unfortunately, the time accuracy of the CSS procedure is in gen-
eral at least one order lower than that of its underlying � ow and
structure time integrators, and its numerical stability is more re-
strictive than that of the � ow and structure solvers. Consequently,
its maximum allowable time step is much smaller than required
for accuracy purposes, which makes it a slow algorithm. To im-
prove the performanceof this simple partitionedprocedure, several
ad hoc strategies have been proposed in the literature. Essentially,
these strategies insert some type of predictor–corrector iterations
within each cycle of the computations in order to compensate for
the time lag between the � uid and structure solvers.23¡25 These it-
erations help close the gap between un C 1P

S and un C 1
S and conserve

the transfer of energy between the � uid and structure through 0.
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As a result, they increase the maximum allowable time step of the
CSS procedure.However,becausethe numericalcomplexityof each
predictor–corrector iteration is almost the same as that of one cycle
of staggering, little CPU is saved by such enhancement strategies.

Recently, Piperno and Farhat18 have presented an alternative ap-
proach for improving the maximum allowable time step of the CSS
procedure that does not increase the computational cost per cycle.
Their approach is based on introducing two computationally eco-
nomical factors for compensating the time lag between the � uid
and the structure subsystems: 1) a nontrivialpredictionun C 1P

S 6D un
S

and 2) a unnecessarily trivial transfer of the aerodynamic forces
to the structure f aen C 1

S 6D f n C 1
F . More speci� cally, they have shown

that given two time-integration schemes for the � uid and structure
equations of motion un C 1P

S and f aen C 1

S can be designed to achieve

N T =1tX

n D 0

±W n
F C ±W n

S D O.1t p/ (21)

where N is an arbitrary integer, T is the period of an assumed har-
monic vibrationof the structure,±WF and ±WS are, respectively,the
virtual work of the � uid and of the structure, and 1t D 1tF D 1tS

is a � xed time step for the � uid and structure time integrators.
In other words, un C 1P

S and f aen C 1

S can be designed to construct a
p-order energy-transfer-accurate CSS procedure. The higher p is,
the closer is the CSS procedure to conserving the transfer of energy
through the � uid-structureinterface.For example, consider the case
where the CSS procedure is equipped with the midpoint rule22 for
time integratingthe structuresubsystemand the extensionto moving
grids of the three-pointbackward difference scheme for integrating
the � uid subsystem.Whenun C 1P

S D un
S and f aen C 1

S D f n C 1
F , thisCSS

procedure is only � rst-order energy transfer accurate. On the other
hand, if un C 1P

S is predicted by the following � rst-order scheme

un C 1P

S D un
S C .1tS=2/ Pun

S (22)

and the following “improved” vector of aerodynamic forces is ap-
plied on the wet surface of the structure

f aen C 1

S D 2 f n C 1
F ¡ f aen

S (23)

the CSS procedure becomes third-order energy transfer accurate,
and its maximum allowable time step is increased by a factor equal
to � ve. This signi� cant improvement in performance is achieved
without any predictor–corrector iteration and almost at zero addi-
tional computational cost.

IV. Application to Prediction of Aeroelastic
Parameters of an F-16 Con� guration

for Various Flight Conditions
The three-� eld-based nonlinear aeroelastic simulation technol-

ogy just overviewedwas � rst validated for the � utter analysisof the
AGARD Wing 445.7 (Ref. 26). The remainder of this paper focuses
on its further assessment for a full aircraft con� gurationand the pre-
liminary assessment of its potential for complementing or replac-
ing � utter testing of scaled models in transonic wind tunnels. More
speci� cally, this section reportson the applicationof this aeroelastic
simulation technologyto the simulationof the � utter clearanceof an
F-16 Block-40 in clean wing con� guration (e.g., no external stores)
at the altitude of 3000 m and for 0:7 · M1 · 1:4. For this purpose
the authors have sought and obtained from Lockheed Martin mod-
eling information for the structure of the F-16 Block-40. Using this
information, they have assembled a detailed three-dimensionalFE
structuraldynamicmodelof theF-16 Block-40 in cleanwing con� g-
uration but with a launcherat each wing tip and two other launchers
under each wing. This FE model features bar, beam, solid, plate,
shell, metallic as well as composite elements, and contains a total
of 168,799dofs (Fig. 1a). It reproducescorrectly,among others, the
� rst dry bending and torsion frequencies that were evaluated in a
ground vibration test at 4.76 and 7.43 Hz, respectively.The authors
have also obtained F-16 CAD data from the U.S. Air Force Re-
search Laboratory at Wright–Patterson AFB. Using these data and
the ICEM CFD software, they have generated, after ignoring the

a) Finite element structural model

b) Fluid surface mesh

Fig. 1 F-16 Block-40: structural and � uid discretizations.

presence of all launchers,a � uid volume mesh with 403,919 points,
63,044 of which are located on the surface of the aircraft (Fig. 1b).

To performa reasonablyextensiveassessmentfor this singleF-16
Block-40 con� guration, multiple aeroelastic simulations were per-
formed using the AERO computational platform (see Sec. IV.A)
developed at the University of Colorado for various stabilized, ac-
celerated,low-g, and high-g � ightconditionsin subsonic,transonic,
and supersonic airstreams. Figure 2 displays sample aeroelastic so-
lutions obtained during these simulations. After these simulations
were performed, the U.S. Air Force Test Pilot School (TPS) at the
Edwards AFB performed a suite of � ight tests in order to gen-
erate validation data for various � ight conditions including those
simulated by the AERO software platform. More speci� cally, the
TPS � ew an F-16 Block-40 � ghter in clean wing con� guration but
equipped with one launcher at each wing tip and two launchers
under each wing to accommodate instrumentation.The Flight Test
Center at the Edwards AFB postprocessedthe � ight-test data for the
� rst aeroelastic torsional mode only and provided the results to the
authors for the purpose of correlation.

In addition to presenting the results of the correlation effort just
described, the following sections comment on the in� uence on the
aeroelasticbehavior of a � ghter of various � ight parameters such as
loading and acceleration.

A. AERO Simulation Platform
The AERO-F, AERO-S, and MATCHER codes developed at the

University of Colorado are a suite of software modules based on
the three-� eld formulation described in this paper for the solution
on nonlinear transient aeroelastic problems. They are portable and
run on a large variety of computing platforms ranging from Unix
workstations to shared as well as distributed memory massively
parallel computers.
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a) Von Mises stresses (ampli� ed aeroelastic deformations)

b) Mach contours (ampli� ed aeroelastic deformations)

Fig. 2 F-16 Block-40: sample solutions at M1 = 0:9 and t = 0:6 s.

The three-dimensionalAERO-F module models a � ow either by
the Euler equations or by the averaged Navier–Stokes equations
equipped with the k-"27 or Spalart–Allmaras28 turbulence model
and a wall function.29 It operates on static and dynamic unstruc-
tured meshes. More speci� cally, it combines a Galerkin-centered
approximation for the viscous terms and a Roe upwind scheme
for the convective � uxes. Higher-order spatial accuracy is achieved
through the use of a multidimensional piecewise linear reconstruc-
tion that follows the principleof the MonotonicUpwind Scheme for
Conservative Laws.30 Time integration on moving grids is carried
out as described in Sec. III.A. All linearized systems of equations
are solved by the RestrictedAdditive Schwarz PreconditionedGen-
eralized Minimum Residual (GMRES) Iterative Algorithm.31 The
AERO-F module supports a robust structure analogy method for
constructing dynamic meshes that is based on time-dependent tor-
sional springs.32 The main purpose of these springs is to provide
each � uid mesh element a � ctitious stiffness, which increases to
in� nity when the volume of that element decreases to zero. This
prevents all collapsing mechanisms (node-to-node, node-to-edge,
and node-to-face) from occurring during the mesh motion.

The AERO-S structural code is capable of linear and geometri-
cally nonlinear static, sensitivity, vibration, and transient FE analy-
ses of restrained as well as unrestrainedhomogeneousand compos-
ite structures.

The AERO-F and AERO-S codes communicatevia run time MPI
software channels. They exchange aerodynamicand elastodynamic
data across nonmatching � uid and structure mesh interfaces as de-
scribed in Sec. III.B. For thispurposetheyare guidedby information
generated in a preprocessingphase by the MATCHER software.33

B. Numerical Excitation and Parameter Identi� cation
To determine the frequency ftor and damping coef� cient ®tor of

the � rst aeroelastic torsional mode of the target F-16 con� guration,
the following procedure was adopted. For each � ight condition the
structure was excited by a symmetric initial disturbance, and its
response to that disturbance was simulated. Once the signals were
generated for a suf� ciently long period of time, the Eigensystem
Realization Algorithm (ERA)34 was applied to extract from them
the aeroelasticparameters ftor and ®tor . Focus was set on the vertical
displacementdofs at one root node of each wing. This corresponds
to positioning output sensors at these locations for � ight testing.

The ERA is a real-time parameter identi� cation method that is
less sensitiveto noise than the classical logarithmicdecaymethod. It
can handlemulti-inputmulti-output(multi-degree-of-freedom) sys-
tems. Most importantly, it is capable of identifying the frequencies
and damping coef� cients of the two lowest dominating modes of a
structure using as few as three cycles of responsehistory, as long as
the sampling rate is on the orderof 500–1000 Hz (1t D 1 to 2 ms).35

Hence, it is particularlyattractive to time-domain aeroelastic appli-
cations. In this work ERA was fed with two to four cycles of the
simulated vibration of the F-16 structure to extract the sought-after
aeroelastic parameters in stabilized, accelerated, and loaded � ight
conditions.

C. Stabilized Flight Conditions
In this series of simulations, the freestream Mach number was

� xed throughout the structural vibrations. Figure 3a reports a good
agreement between the simulation results and � ight-test data, in-
cluding in the transonic regime. The maximum relative discrepancy
between these two sets of data is 7% for the wet frequency ftor and
14% for the wet damping coef� cient ®tor. More important, Fig. 3a
shows that the AERO code reproducescorrectly the variation of the
aeroelastic torsional damping coef� cient with the Mach number.

D. Accelerated Flight Conditions
It has been suggested that � utter testing could be performed in

accelerated � ight in order to reduce the cost of determining the � ut-
ter envelopes of � ghters.35 It also appears that this idea has been
occasionallyimplemented in some � ight-test programs.Such a pro-
cedure raises the fundamental issue of how to relate the aeroelastic
parameters measured in an accelerated � ight to those measured in
stabilized� ight conditions.This issuewas addressed in Ref. 35 by a
mathematicalanalysisof the typicalwing section in level � ight. The
resultsof this two-dimensionalanalysissuggest that any realisticac-
celerationshould not affect the aeroelasticfrequenciesand damping
ratios of an aircraft.To verify these analytical results, several simu-
lations were performed for the F-16 con� guration described in this
paper in accelerated � ight conditions. To simulate an accelerated
� ow, the motion of the moving � uid grid was accelerated, and its
position was updated as follows:

Nxn D xn C 0:5 at n2
(24)

where x denotes as before the position of a moving � uid grid point
in the absence of acceleration, a denotes a constant acceleration
in the direction of � ight, and Nx denotes the position of a moving
� uid grid point caused by both the vibration of the aircraft and its
acceleration. This acceleration was set to 0.02 Mach per second,
which is typical for an F-16 in level � ight.

The numerical results reported in Fig. 3a show that this level
acceleration does not have a signi� cant impact on the aeroelastic
frequencyand dampingcoef� cient of the � rst torsionalmode, which
corroborates the results of the two-dimensionalmathematical anal-
ysis presented in Ref. 35.

E. High-g Flight Conditions
Finally, another series of aeroelasticsimulations were performed

for stabilized � ight conditions but with 3.5g and 5g load factors.
During � ight test, these load factors were achieved by level-� ight
turns. In the simulations these load factors were reproduced by ad-
justing the angle of attack. For example, at Mach 1 angles of attack
of 3 and 4 deg reproduce 3.5g and 5g � ight conditions. At lower
Mach numbers the adjustedangle of attack can be as high as 13 deg.
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Figures 3b and 3c show that, in general, the numerical results
generated by the AERO simulation platform are in good agreement
with the � ight-test data. For both cases of 3.5g and 5g load factors,
the maximum discrepancy between the simulated and measured
aeroelastic torsional frequency is 2%. The maximum discrepancy
for the aeroelastic torsional damping ratio is 20% (except for an
outlier point for the 3.5g case). However, in both cases the AERO
code reproducescorrectlythe trendof the variationof the aeroelastic
torsional damping coef� cient with the Mach number.

Furthermore, the � ight-test data suggest that ftor increases with
the load factor (Fig. 4). No conclusion is formulated as for the
effect on ®tor of a higher load factor because the corresponding
� ight-test data do not suggest any speci� c trend (Fig. 4). Perhaps,
this is caused by the signi� cant oscillations of the angle of attack
that were observed during the � ight test for both 3.5g and 5g � ight
conditions.

V. Practical Feasibility
Finally, the speed of the nonlinearaeroelasticsimulation technol-

ogy described in this paper is discussed, particularly in the context
of this second quote from Ref. 5: “Even at present, existing CFD
codes should be able to obtain � ve � utter solutions in one year.”

a) Stabilized and accelerated � ight conditions

b) Stabilized � ight at 3.5g

c) Stabilized � ight at 5g

Fig. 3 F-16 Block-40: aeroelastic parameters (� rst torsional mode) at the altitude of 3000 m.

For the F-16 con� guration considered herein, the AERO simu-
lation platform sustains a coupling time step on the order of 1 ms.
This time step corresponds to sampling the period of the � rst dry
torsionalmode of this � ghter by 134 points. It also turns out that this
time step is such that about 400 time steps are needed to simulate the
� rst three cycles of the structural response to an initial disturbance.

The performance results obtained on an SGI Origin 3200 com-
puter equippedwith R12000 400 MHz CPUs are reportedin Table 1
as a functionof the number of processors Nproc allocated to the � ow
solver AERO-F. These results correspond to a single Mach-number
point and three cycles of the response of the structure. In all cases a

Table 1 F-16 Block-40: performance results on an Origin 3200
for a single Mach-number point and three cycles of the response

of the structure (400 coupling time steps)

Nproc CPU CPU CPU CPU Parallel Parallel
� uid total, h � uid, % mesh, % structure, % speed-up ef� ciency, %

1 52.3 62.4 37.4 0.2 1.0 100
3 18.4 64.6 34.8 0.6 2.8 95
6 9.6 63.3 35.4 1.3 5.4 91
12 4.4 57.1 40.1 2.8 11.9 99
24 2.5 52.7 42.7 4.6 20.9 87
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Fig. 4 F-16 Block-40: effect of the load factor on the � rst torsional aeroelastic frequency and damping coef� cient.

singleprocessor is assigned to the structuresolverAERO-S because
it is less computationally intensive than the � ow and mesh motion
solvers. The reader can observe that on average 60% of the total
CPU time is elapsed in AERO-F, 38% in the mesh motion solver,
which is embedded in AERO-F, and only 2% in AERO-S. The small
percentageof the CPU time consumedby the structuresolveris from
the assumed linear nature of the structural problem in this case.

The parallel speed-up and parallel ef� ciency results reported in
Table 1 highlight the good parallel scalabilityof the AERO simula-
tion platform. One can reasonablyargue that today most aerospace
engineers have access to a six-processor computational platform.
From the results reported in Table 1, it can be concluded that using
such a computing system the transonic aeroelastic parameters of a
full � ghter con� gurationcan be extractedin 9.6 h. For a givenMach
number � nding the � utter speedusuallyrequiresa bracketingproce-
dure. It is the authors’ experience that such a bracketing procedure
typically incurs about � ve simulations that are similar to the one
discussed herein. Hence, for a given Mach number the � utter speed
requiresabout48 h CPU on a six-processorcomputationalplatform.
Therefore, � ve � utter point solutions for a � ghter in the transonic
regime can be obtained in less than 10 days. It is the authors’ expe-
rience that � ve � utter point solutions for a � ghter in the transonic
regime can be obtained with AERO in two days when computing
on a 40-processorOrigin 3200.

VI. Conclusions
High-performance military aircraft are usually � utter critical in

the transonicregime where the linear � ow theory fails to predictcor-
rectly the unsteadyaerodynamicforcesactingon an aircraft.Conse-
quently, � utter testing of scaled models in transonic wind tunnels is
alwaysused to generatecorrectionsto � utter speedspredictedby lin-
ear methods. Because the design of a wind-tunnel � utter model and
the analysis of the correspondingdata require over a year’s time, it
has been suggested that computational-�uid-dynamics-basednon-
linear aeroelastic simulations could be used as a replacement for
wind-tunnel testing if they prove to be practical, that is, fast enough,
and reliable.5

The authors believe that the nonlinear aeroelastic simulation
methodology presented in this paper is today suf� ciently mature
to take on this challenge. At the present time it might not be suf� -
ciently fast to be used as a design tool. However, as reported in this
paper this nonlinear aeroelastic simulation technology,and perhaps
other similar ones, are capableof computing in the inviscid case � ve
� utter point solutionsfor a � ghter in the transonicregime in less than
10 days on a six-processor computing platform. When applied to
an F-16 � ghter in clean wing con� guration and various stabilized,
accelerated and increased angle-of-attack � ight conditions, it pro-
duced aeroelasticnumerical results that are in good agreementwith
� ight-test data. Furthermore, these inviscid simulation results sug-
gest that the level acceleration achievableby an F-16 does not have
a signi� cant impact on its aeroelasticparameters.They also indicate
that a higher loadingcaused by an increasedangle of attack tends to
increase the aeroelastic torsional frequency.Future work will focus
on including viscous effects in the � ow model in order to properly
address limit-cycle oscillations and buffet phenomena.
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