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The flutter and limit-cycle oscillation behavior of a 45-deg delta-wing-store model with various store spanwise

locations is studied using an aeroelastic model that includes a high-fidelity nonlinear finite element structural solver

and a vortex-lattice aerodynamic model. The store aerodynamics are modeled using slender-body theory. The

computed results are compared with a previous computational model and with the experiment. The zero-angle-of-

attack flutter behavior of the wing-store configuration is shown to be sensitive to the spanwise store location. This is

predicted accurately using the current methodology. Limit-cycle oscillation results for zero angle of attack are

computed for two store spanwise locations and compare favorably with the experiment. For a clean-wing

configuration and a configuration that had the store located at y=c� 0:291, the flutter results show very little

sensitivity to the model angle of attack. This too was predicted accurately using the current model. However, when

the store is placed at y=c� 0:545, the experimental flutter data show a large sensitivity to angle of attack, with the

flutter velocity decreasing by almost 20%when themodel is placed at an angle of attack of 2 deg. This is not predicted

in the current work and it is possible that unmodeled flow physics such as leading-edge vortices are the cause of this

difference.

I. Introduction

M ODERN high-performance aircraft often are required to
operate with numerous wing-store configurations. The

presence of stores can often induce flutter at flow conditions for
which the clean-wing configuration would exhibit stability. A
limited-amplitude motion, often referred to as a limit-cycle
oscillation (LCO), can occur if a nonlinear mechanism in the system
is strong enough to limit the exponential growth in amplitude
predicted by a linear aeroelastic model of the flutter condition. The
nonlinearities that are important for a given occurrence of a limit-
cycle oscillation can be structural, fluid, or both.

A good deal of work in the last decade has looked at the limit-cycle
oscillations of clean-wing configurations. Inwork done byTang et al.
[1,2], it was shown through theory and experiment that a limit cycle
can be caused by a structural nonlinearity alone. In that work, a
nonlinear structural model was coupled to a linear vortex lattice to
look at the dynamic behavior of thin-plate wings in low subsonic
flow. Attar et al. [3] extended the work of [1,2] to include a more
accurate theoretical structural model that achieved a better
correlation with the experiment for both zero and nonzero-angle-
of-attack flutter parameters and the LCO magnitudes.

In work that looked at LCO at higher transonic Mach numbers
(M� 0:8), Gordnier [4] studied the LCO of a cropped flat-plate

delta wing. In that work, viscous effects were found to be of little
importance for theMach range studied, because the numerical results
from a Navier–Stokes solution and an Euler solution were compar-
able. A finite element solution of the nonlinear von Kármán plate
model was used to model the structural behavior.

The LCO of two-dimensional airfoils and three-dimensional
wings in transonicflowhas been studied using various reduced-order
methods [5–11]. In the aeroelastic models used in these studies, all of
themodeled nonlinearitieswere contained in thefluid. In recentwork
by Thomas et al. [11], the effect of stores was included in the
computation of the linear modal parameters of the structure; how-
ever, the effect of the store aerodynamics was not studied.

Beran et al. [12] studied the effect of the fluid modeling fidelity on
the LCO of wings with and without stores. In that work, a linear
modal structural model was used in combination with several
different fluid models. They found that including higher-order fluid
effects did change the predicted flutter/LCO behavior. They also
noted that including the wing-store aerodynamics in the model had
an effect on the flutter behavior of the system. These calculations
were done for Mach numbers in the transonic range.

Inwork byKim and Strganac [13], the LCOof a cantileveredwing
with stores wasmodeled using a nonlinear beammodel that included
both kinematic and geometric nonlinearities. The aerodynamic
model used was a nonlinear quasi-steady model with a subsonic stall
model. In that work, they found that the structural geometric non-
linearity played a vital part in the wing undergoing subcritical LCO.
Less important was the role of the kinematic nonlinearity due to the
mass imbalance. Further study by these authors included the study of
the wing-store limit-cycle behavior using a nonlinear beam coupled
to a transonic small-disturbance fluid solver [14].

Numerous studies [15–18] have been conducted on wing-store
limit-cycle oscillations. Recent work has focused on the effect that
nonlinear damping plays in the limit-cycle behavior [17,18].

In work that is most similar to the work presented here, Tang et al.
[19] studied, both experimentally and numerically, the LCO of a
wing-store model for various store placements. A nonlinear von
Kármán plate model was used with a component-mode method to
model the structural behavior of the wing-store system. A linear
reduced-order vortex-lattice aerodynamic model was used for the
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wing aerodynamics, and slender-body theory was used to compute
the lift and moment effects from the store. In that work, they found
that the inclusion of the store aerodynamics had very little effect on
the flutter parameters of the system. However, a large effect was
noted due to the placement of the store on the resulting flutter speed.
Although the flutter characteristics were predicted accurately in that
work, the nonlinear plate model used proved to be inadequate for the
accurate prediction of postflutter LCO behavior.

In the work presented here, the LCO of a cantilevered delta-wing/
store model is studied using a high-fidelity structural model for both
zero and nonzero angles of attacks. The numerical results are
comparedwith the experimental results from [19] and alsowith some
new experimental results. The theoretical model consists of the high-
fidelity nonlinear structural model used in [3] coupled to a vortex-
lattice aerodynamic model for the wing and slender-body theory for
the store.

II. Theory

A. Structural Model

The ANSYS commercial finite element code [20] is used as the
nonlinear structural solver in this work. This code uses the principle
of virtual work in combination with a Rayleigh–Ritz solution in the
form of finite element analysis to develop a system of nonlinear
differential equations. The general form of the equations in matrix
notation is

M �U�C _U�KU� F (1)

where U is the vector of nodal degrees of freedom;M,C, andK are
the mass, damping, and stiffness matrices, respectively; and F is the
vector of applied loads (which, in this analysis, are due to pressure on
the wing and point moments and forces due to the store aerodynamic
forces). Note that because geometric nonlinearities are to be included
in this analysis, the stiffness matrix is a function of the nodal
displacements. Also, a Rayleigh damping model is used here, and so
the damping matrix C is written as a linear combination of the mass
and stiffness matrices.

The geometric nonlinearity due to large deflection and large
rotation is modeled in the ANSYS code using a corotational
approach. In this method, a local coordinate system is attached to
each element that rotates and translates with the element as
deformation takes place. The original element coordinate system
stays fixed and the element deformation can therefore be decom-
posed into a component due to rigid-body motion and a component
that induces strain. This decomposition is applied using a matrix
transformation:

B l �BTl (2)

where B is the strain-displacement matrix in the original element
coordinates, Bl is the strain-displacement matrix written in the local
coordinate system, and Tl is the orthogonal transformation matrix
that relates the original element coordinates to the local coordinates.
Note that linear strain-displacement relationships are used in the
preceding matrix B.

A second type of geometric nonlinearity that is included in the
model is stress-stiffening. Stress-stiffening takes into account the
coupling of the in-plane and out-of-plane displacements. This
coupling causes membrane forces to have an influence on the out-of-
plane deflection of a structure. This effect is especially important for
structures in which the bending stiffness is much smaller than the
membrane stiffness. In ANSYS, stress-stiffening effects are
accounted for using the nonlinear Green strain-displacement
relationships:
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In ANSYS, the elemental tangent stiffness matrixKel is computed
using a consistent approach first developed by Nour-Omid and
Rankin [21]. In that method, the elemental force vector Fint, which is
due to strain energy, is written as the gradient of the strain energy V
with respect to the nodal displacements:

F int �
@V

@U
�
Z
Vel

� dV (6)

where � is the vector of elemental stresses and Vel is the elemental
volume. The tangent stiffness matrix, rotated to the original element
coordinates, can now be computed by taking the derivative of Eq. (6)
with respect to the nodal displacements:
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The first integral in Eq. (7) is the main tangent stiffness matrix, and
the second and third integrals are due to stress-stiffening. The full-
structure-sized stiffness matrix used in Eq. (1) is assembled from the
elemental stiffnesses in the usual manner.

In the work presented here, four types of elements are used to
discretize the structure: 1) four-node shell element, 2) two-node
beam element, 3) point-mass element, and 4) multipoint-constraint
element. The beam, mass, and multipoint-constraint elements were
used to model the store, and the flexible wing was modeled using the
shell elements. See [20] for details on the interpolating functions
used for each of these elements.

Amore detailed description of how these elements are usedwill be
given in the next section of this paper.

1. Finite Element Model

In Sec. II.A, theoretical details were presented for the nonlinear
finite element model used in this work. In finite element analysis, the
computational domain is split into subdomains (finite elements). In
each of these elements, the spatial variations of the structural field
quantities (displacements) are approximated using interpolation
functions. The types of interpolation functions used depend on the
dimensionality and underlying physics of the problem.

The experimental wing-store model (shown in Fig. 1) is modeled
using both flexible and rigid computational components. These can
be identified in Fig. 2. The flexible portions of the structure consist of
the flat-plate wing structure and the spring (ks in Fig. 2). In the wind-
tunnel model (and in the current finite element model) the spring is a
thin flexible beam. The rigid components consist of the store and the
rigid attachment that connects the spring/beam to the plate structure.
These two rigid components are denoted asM1 andM2 in Fig. 2.

In the computational model, the flexible delta-wing plate structure
is modeled using four-node shell elements (ANSYS SHELL63).
This element has six degrees of freedom (three displacements and
three rotations) at each node. The flexible beam is modeled using a
two-node, three-dimensional beam element (ANSYS BEAM4) with
six degrees of freedom at each node. The point massesM1 andM2
are modeled using a point-mass element (ANSYS MASS21) with
six degrees of freedom per node. The rigid portion of the store
is modeled with two multipoint-constraint elements (ANSYS
MPC184). The rigid connection of point P1 to the rigid store is
modeled using constraint equations that force the displacements and
two of the rotations (�x and �z) of the store at the attachment point to
be equal to that of point P1 on the flexible wing. The y rotation �y is
not constrained as the store model rotates about this point. The rigid
connection of point P2 to the flexible beam is also modeled using
constraint equations, but all rotations and displacements are
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constrained here. See Fig. 3 for a graphical depiction of the
computational model used in this work.

B. Vortex-Lattice Aerodynamic Model

The flowfield about the delta-wingmodel is low subsonicflow and
is assumed to be a potential flow. Therefore, the equations of motion
can be reduced to Laplace’s equation:

r2�� 0 (8)

The boundary conditions that must be satisfied are that flow at the
surface of the wing must be tangent to the wing

r� � n� 0 (9)

and that the disturbance created by the velocity potential must decay
at large distances from the wing, which can be expressed as

lim
r!1
�r� � q� � 0 (10)

where q is the relative velocity between the undisturbed fluid in the
fluid domain and the wing. Using a Green’s identity, it can be shown
[22] that a solution to Eq. (8) can be found by distributing elementary
solutions to Laplace’s equation on the problem boundaries. For the
model presented here, this is accomplished by distributing vortex
rings on the wing surface and in the wake.

If the solid boundary of the wing is defined as

F�x; y; z; t� � z � ��x; y; t� � 0 (11)

then Eq. (9) can be expressed as

DF

Dt
� @F
@t
�Q1 � rF�r� � rF� 0 (12)

whereQ1 � fU1; V1;W1g is the freestream velocity vector of the
wing as viewed from the inertial frame. For the thin surface with zero
initial curvature considered here, ��x; y; t� can simply be thought of
as the out-of-plane structural deformation of the surface

��x; y; t� �Uz�x; y; t� (13)

If the small-disturbance approximation to the aerodynamic boundary
condition is used with Eq. (13), Eq. (12) can be rewritten in the
following form:

@�

@z
�U1

�
� � @Uz

@x

�
� @Uz

@t
(14)

where the angle � is the angle that the freestream velocityQ1 makes
with the x axis.

Equation (14) is discretized by placing vortex rings on the wing
and in the wake. The wake is assumed to be planar so that the force-
free wake condition is not imposed. This is usually a valid assump-
tion for simulations involving the translation of a fixed wing and
using this assumption dramatically increases the computational
efficiency of the model. After the discretization, Eq. (14) can be
expressed in matrix form as

A b�
n�1
b �ET

�
@Uz

@t
� @Uz

@x

�
n�1=2

�U1� �Aw�
n
w (15)

where Ab is the aerodynamic influence coefficient matrix for the
influence of the wing bound circulation at the wing collocation
points, Aw is the influence coefficient matrix for the influence of
the wake circulation at the wing collocation points, and �b and �w
are the vectors of bound andwake circulation, respectively. Also, the
superscripts n and n� 1 represent the n and n� 1 physical time
steps in the time integration, and n� 1=2 represents an intermediate
step during the fluid–structure subiteration. Finally, ET is a matrix
that interpolates the vector of out-of-plane displacementsUz from the
structural-model nodes to the aerodynamic-model collocation
points. This interpolation is performed using a thin-plate spline.

See Katz and Plotkin [23] for details on the use of vortex rings to
discretize Eq. (14).

The pressure on the wing is computed using a linearized unsteady
form of Bernoulli’s equation:

p1 � p� �1
�
U1

@�

@x
� @�
@t

�
(16)

C. Slender-Body Theory

The simulated store used in this work is slender enough such that
the slender-body method of computing lift and moment can be used.
See Fig. 1 for a picture of the wing-store experimental model. Note
that the interaction between the wing and store aerodynamics is
neglected here. The slender-body theory presented in this section
follows that put forth by Bisplinghoff et al. [24]. For a rigid body
undergoing pitch and plunge motion, the vertical displacement of
any point on the body can be written as

za ��h�t� � ��t��x� � e1	 (17)

where za is the vertical displacement; h�t� is the plunge motion
defined as positive up; ��t� is the angle the store makes, with
incoming flow defined as positive nose up; x� is the chordwise
measure of position along the body axis; and e1 is the distance to
the elastic axis as measured from the leading edge. If the local
incidence of the store axis is assumed to be small at all points along
the axis, the z-direction velocity of any cross section wa can be
written in the following way:

wa �
@za
@t
�U1

@za
@x�

(18)

If Eq. (18) is usedwith the expression for the zmomentumof thefluid
Iz [24], an expression for the x� derivative of lift, dL=dx� can be
written as follows:
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whereD=Dt is the substantial derivative, and S is the cross-sectional
area (which is equal to 	R2 for a circular cross section of radius R).

Fig. 1 Photograph of the delta-wing-store wind-tunnel model.
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If the cross-sectional area is assumed to not change with time such
that DS=Dt�U1�dS=dx��, Eq. (19) reduces to

dL

dx�
���1U1

dS

dx�

Dza
Dt
� �1S

D2za
Dt2

(20)

The total lift on the slender body can be found by integrating Eq. (20)
along the full chord length cSB:

L�
Z
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0

dL

dx�
dx� � �1� �h�U1 _��t�	

Z
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0

S dx�

� �1 ���t�
Z
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0

S�x� � e1	 dx� (21)

and the moment about the y axis can be written in the following
manner:

My � �1U1� _h�t� �U1��t�	
Z
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0

S dx�

� �1 �h�t�
Z
cSB

0

s�x� � e1	 dx� (22)

� �1 ���t�
Z
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0

S�x� � e1	2 dx� (23)

where the following relationships were used in Eq. (23):

Dza
Dt
�� _h�t� � _��t��x� � e1	 � U1��t� (24)

D2z

Dt2
�� �h�t� � ���t��x� � e1	 � 2U1 _� (25)

D. Fluid–Structure Coupling

To model the aeroelastic phenomena, the structural model and
aerodynamic model must be coupled. In the structural equation (1),
this coupling is due to the load vector fFg. In the aerodynamic
system, the coupling comes from the x and t derivatives of the out-of-
plane deflectionUz in the zero through flow aerodynamic boundary-
condition equation (14). To couple the two physics models, both
pressure and displacements must be transferred between the
aerodynamic model and structural model. This transfer is accom-
plished using the user-programmable features of ANSYS, which
supply subroutines for transferring data between the ANSYS code
and a third-party software.

Because the aerodynamic and structural meshes are not
necessarily the same, the displacement, velocity, and pressure must
be interpolated from one mesh to the other. In the work presented
here, the velocities and displacements are interpolated from the
structural mesh to the aerodynamic mesh using a thin-plate-spline
routine. The pressures are interpolated by finding the best triangle of
points on the aerodynamic mesh that contains the structural mesh
node to which the pressure value is to be interpolated and then using
linear interpolation inside this triangle.

Each time step begins with the prediction of the structural
displacement and structural velocity using a Taylor series. These
predicted values are used in Eq. (15), and the bound circulation on the
wing can then be solved for. Using this circulation, the pressure
distribution on the wing can be determined using Eq. (16). This
pressure is then passed to ANSYS, which calculates new displace-
ments and velocities. The procedure of recalculating pressure
displacements and velocities is continued until the difference in the
values for each of the transferred quantities is less than some
prescribed tolerance for two successive iterations. Once this is
accomplished, the wake is convected and a new time step is taken.
The process of subiterating the fluid and structural solutions reduces
any temporal lag that may have existed due to the loose coupling of
the structural and fluid models and achieves complete synchroniza-
tion of the equation sets. The importance of synchronizing the
loosely coupled systems was demonstrated in the work of Gordnier
and Visbal [25].

III. Results

In this work, the flutter and LCO behavior of the wing-store model
shown in Figs. 1 and 2 is modeled using the computational model
presented in Sec. II and the results are compared with the experiment
and to the previous computational work performed in [19]. The delta
wing is constructed of 1.47-mm-thick Plexiglas material and has a
45-deg leading-edge sweep. No attemptwasmade to round the edges
of the experimental model. The material density and elastic modulus
used in the computational model are 1299 kg=m3 and 3:3 
 109 Pa,
respectively. The middle 60% of the wing root chord is assumed to
have a clamped boundary condition.

The values for the various dimensions denoted in Fig. 2 are
e2 � 9:84 cm, e1� 12:7 cm, e3��0:23 cm,M1 � 0:037 kg, and
M2 � 0:004 kg. The integrals from Eqs. (21) and (23) areZ

cSB

0

S dx� � 2:714 
 10�5 m3

Z
cSB

0

S�x� � e1	 dx� � 3:941 
 10�8 m4

and Z
cSB

0

S�x� � e1	2 dx� � 8:38 
 10�9 m5

The structural finite element model consisted of 663 elements:
2 point-mass elements, 10 beam elements, 649 shell elements, and
2 multipoint-constraint elements. The aerodynamic model consisted
of 525 vortex rings. The wing wake was assumed to be planar with a

Z
3e1e
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2

attachment points between wing and store

2e1Z

1p

are 2
pand 1

p
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partial root

2

delta wing

p

1p

store

β

Air flow

Fig. 2 Schematic of the delta-wing-store model.

Flexible Plate Structure (Shell63)

Mass21 Element

the store

(0.03271 kg) located
at center of mass of

elements to model
2 MPC184 10 massless Beam4 elements to model

flexible portion of the store

P3 P5

P4

and  P3
x and z rotations to be the same at P1 
constraining the displacements and
Linear constraint equations

Mass21 Element
(0.004kg) located at 
center of mass of the
rigid structure connecting
P2 and P5

between P2 and P4 and P2 and P5
and rotations to be the same
constraining all displacements
Linear constraint equations

P1 P2

the rigid section
of the store

Fig. 3 Schematic of the various elements of the computational model.
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length of four wing chords. The structural, aerodynamic, and
coupling time step used in the simulation was 0.001 s.

A. Flutter: Zero Angle of Attack

The effect of the spanwise location of the store on the wing-store-
model flutter velocities and frequencies was investigated. Figure 4 is
a plot of the first four modal frequencies of the wing-store model vs
the normalized (by the chord) spanwise location of the store. Results
are presented for the current computationalmodel, the computational
model of [19], and the experiment. All three sets of results agree well
over the range of store placements. Figures 5–8 are plots of the first
four modes of wing-store model for a store placement of
y=c� 0:545. Shown in each of thefigures are the contour plots of the
flexible-wing out-of-plane zmode (5a, 6a, 7a, and 8a) and the out-of-
plane mode shape for the store model (5b, 6b, 7b, and 8b). From the

figures, one can see that the first mode is primarily the first wing-
bending mode. The second mode is primarily the first wing-torsion
mode, and the third mode is dominated by the store pitching motion
(z deflection of the store). The frequency of the third mode (for the
store location of y=c� 0:545) is 16.3 Hz, which is very close to the
frequency of the uncoupled store pitch mode of 15.5 Hz. The fourth
mode is primarily the second wing-bending mode. The effect of
moving the store toward the wing tip is reflected the most in the
second mode, which, as already mentioned, is primarily the first
wing-torsion mode. This is important when one considers that the
type of flutter that is typical in the subsonic region for fixed-wing
configurations is a coalescence flutter involving the first wing
bending and first wing-torsion modes. In Fig. 9, the flutter velocity
and flutter frequency for the wing-store model at zero angle of attack
are plotted as a function of the normalized store placement location
y=c. The computational results in this figure are taken from [19]. The
current model results agree well with both the experiment and the
results from [19]. This figure shows that the zero-angle-of-attack
flutter results are quite sensitive to the spanwise location of the store.
Note, however, that although theflutter velocity andflutter frequency
do change significantly with the spanwise location of the store, the
flutter mode is essentially a coupled bending-torsion motion,
regardless of the placement of the store.

B. Flutter: Nonzero Angle of Attack

Previous investigations into the flutter and LCO behavior of clean
delta-wing configurations showed that placing thewing at an angle of
attack had very little effect on theflutter velocity and frequency of the
models [26,27]. In [27], it was noted that placing the wing at an angle
of attack of 4 deg resulted in less than a 10% increase in the flutter
velocity of the model. The computational model used in that study
(similar to the one used here) predicted a similar trend in the flutter
velocity as a function of angle of attack. The small changes in flutter
velocity and flutter frequency induced by the change in angle of
attack for these models were more than likely caused by a slight
stiffening of the wing due to the static deflection of the wing and the
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Fig. 4 The first four wing-store modal frequencies plotted vs the

normalized y=c store span location.

Fig. 5 Mode 1, y=c� 0:545: a) flexible-wing out-of-plane z displace-

ment contour and b) close-up view of store out-of-plane displacement.

Fig. 6 Mode 2, y=c� 0:545 : a) flexible-wing out-of-plane z displace-

ment contour and b) close-up view of store out-of-plane displacement.

Fig. 8 Mode 4, y=c� 0:545: a) flexible-wing out-of-plane z displace-

ment contour and b) close-up view of store out-of-plane displacement.

Fig. 7 Mode 3, y=c� 0:545: a) flexible-wing out-of-plane z displace-

ment contour and b) close-up view of store out-of-plane displacement.
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geometric nonlinearities in the structure. This stiffening effectively
changes the modes of the model, which in turn will change the flutter
behavior. The behavior is similar to that seen in Figs. 4 and 9, in
which it was noted that changing the model’s modal frequencies
by moving the location of the store changed the flutter behavior of
the model. However, for the partially cantilevered clean-wing
configurations used in the previous studies, the strength of the
geometric nonlinearity was fairly weak, which resulted in only a
small change in the flutter behavior at nonzero angles of attack.

Figure 10 is a plot of the wing-store-model flutter velocity as a
function of angle of attack. Shown in the figure are the results
computed using the current model and those measured in the
experiment. Three different store configurations are shown 1) clean-
wing configuration 2) store attached at y=c� 0:291, and 3) store
attached at y=c� 0:545. The trends of flutter velocity vs angle of
attack for the clean-wing case and for the case in which the store is
located at y=c� 0:291 are very similar to those computed and
measured in the previouslymentioned studies.Very little change in the
flutter velocity is measured (and computed) with a change in the angle
of attack. Note that computed results for the clean-wing configuration
are symmetric with respect an angle of attack of zero, but the
experimental results are not. The reason for this is more than likely
due to some small initial curvature in the experimental model. Unlike
the other two store configurations, themodel that has the store attached
at y=c� 0:545 appears to be very sensitive to changes in angle of
attack. An almost 20% change (when compared with the zero-angle-
of-attack case) in flutter velocity is measured in the experimental
model when the wing is placed at an angle of attack of 2 deg.

Although this behavior has not been noted in other configurations
previously investigated, if Fig. 9 is taken into consideration, the results
may not be surprising. From Fig. 9a, it is clear that when the store is
located near y=c� 0:545, a fairly small movement of the store in
either the inboard or outboard direction causes a large decrease in the
flutter velocity. One might then expect that placing the wing at an
angle of attack could change the wing’s modal characteristics and/or
flow dynamics in such a way as to mimic an inboard or outboard
movement of the store. Unfortunately, this behavior is not predicted
by the current computational model. Although nonlinear structural
effects brought about by a static deflection should be properly
modeledwith the current computationalmethod (see Figs. 11–14 for a
comparison of the measured and computed static deflections of the
wing-store model with the store placed at y=c� 0:545), nonlinear
aerodynamic effects are not modeled here. It is possible that to
properly predict this sensitivity to an angle of attack for this store
location, nonlinear aerodynamic effects such as the formation of a
leading-edge vortex need to be considered.

C. Limit-Cycle Oscillations

Figure 15 is a plot of the delta-wing LCO tip velocity as a function
of flow velocity for a store location of y=c� 0:161. The wing was
placed at zero angle of attack. Shown on the plot are the theoretical
results computed using the computational model of the current work,
along with those from [19]. The theoretical results are also compared
with those from the experiment. As can be seen, the higher-order
structural theory and von Kármán model predict similar flutter
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Fig. 9 Wing-store-model flutter results: a) flutter velocity vs store placement and b) flutter frequency vs store placement.
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velocities. However, the current model does a better job of
qualitatively and quantitatively matching the experimental LCO
results. Figure 16 is a plot of the delta-wing rms acceleration,
measured at the wing trailing-edgemidspan, as a function of the flow
velocity for the case in which the store is located at y=c� 0:545.
Shown on the plot are experimental LCO results for angles of attack
of �2, �1, 0, 1, and 2 deg. Theoretical LCO results are only shown
for 0- and 1-deg angles of attack. For all computed angles of attack,
when comparedwith the results from the y=c� 0:161 configuration,
the quantitative and qualitative agreement between theory and
experiment is not as good.

IV. Conclusions

The flutter and LCO behavior of a 45-deg delta wing with various
store configurations is studied using an aeroelastic model that
includes a high-fidelity nonlinear finite element model for the
structure and a vortex-lattice aerodynamic model for the wing flow
dynamics. The store aerodynamics is modeled using slender-body
theory. The results from this study are then compared with those
computed in a previous study that used a lower-fidelity structural
theory and to the experiment.

The zero-angle-of-attack flutter behavior of this delta wing with
store is shown to be sensitive to the spanwise location of the store
placement on the flexible wing. The zero-angle-of-attack flutter
velocity and flutter frequencies computed using the current model
compare favorably with both the experiment and the computational
model used in [19].

At nonzero angle of attack, the flutter velocity of both the clean-
wing configuration and the wing that had the store placed at a
spanwise location of y=c� 0:291 did not show a great sensitivity to
the angle of attack. This was both predicted by the current model and
measured in the wind-tunnel experiments. Unlike the y=c� 0:291
store configuration, the experimental flutter data for the configuration
that had the store at a spanwise location of y=c� 0:545 did show a
good deal of sensitivity with respect to the angle of attack of the
model. For an angle of attack of 2 deg, the wind-tunnel-model flutter
velocity decreased by almost 20% when compared with the zero-
angle-of-attack flutter velocity. This behavior was not predicted by
the current computational model. It is possible that unmodeled
nonlinear fluid dynamic effectsmay play an important role in causing
this particular phenomena.

The zero-angle-of-attack LCO results computed with the current
model compare well with the experiment for a store spanwise
location of y=c� 0:161 and are both qualitatively and quantitatively
better than those computed with the von Kármán model of [19]. At a
store spanwise location of y=c� 0:545, the LCO results computed
with the current model are not in as good of agreement with the
experiment.

Perhaps the most interesting result reported in this work is the
sensitivity of the flutter and LCO experimental (and, to some extent,
computational) results for the wing-store configurationwith the store
located y=c� 0:545. For this configuration, the flutter-velocity
results were shown to be extremely sensitive to the actual placement
of the store and also to the angle of attack. A small deviation in either
the store placement or angle of attack resulted in large changes in the
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Fig. 12 Delta-wing static deflection measured at the trailing edge:
midspan vs flow velocity for an angle of attack of 2 deg and a store

location of y=c� 0:545.
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Fig. 13 Delta-wing static deflection measured at the trailing edge:

midspan vs flow velocity for an angle of attack of �1 deg and a store

location of y=c� 0:545.
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Fig. 14 Delta-wing static deflection measured at the trailing edge:

midspan vs flow velocity for an angle of attack of �2 deg and a store

location of y=c� 0:545.
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flutter velocity. Along with improvements in the aerodynamic
model, further study for this particular configuration could include
quantifying the effect, on flutter and LCO results, of uncertainty in
the structural model and angle of attack.
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Fig. 16 Delta-wing rms acceleration measured at the wing trailing

edge: midspan vs flow velocity for a store position of y=c� 0:545.
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