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Numerical Investigation of Nonlinear Aeroelastic Effects
on Flexible High-Aspect-Ratio Wings

Joseph A. Garcia*
NASA Ames Research Center, Moffett Field, California 94035-1000

A nonlinear aeroelastic analysis is developed to analyze the aeroelastic characteristics of flexible high-aspect-
ratio wings at transonic speeds. This is achieved by directly coupling a three-dimensional geometric nonlinear
methodology, based on a 12 degree-of-freedom beam finite element, with an Euler/Navier-Stokes computational
fluid dynamics analysis. Static aeroelastic results are presented for an unswept and swept high-aspect-ratio wing.
Unswept wing results show a reversal in twist due to the nonlinear torsion-bending coupling effects. Specifically,
the torsional moments due to drag become large enough to cause the wing twist rotations to washin the wing
tips, whereas the linear results show a washout twist rotation. The nonlinear twist results are attributed to the
large bending displacements coupled with the large drag experienced by this flexible high-aspect-ratio wing at
the transonic flow conditions. Swept wing results show that nonlinear torsion-bending effects tend to reduce the
amount of washout as compared to a linear structural aeroelastic analysis, making the wing more prone to tip stall.

Nomenclature
C,, Cy, Cy = lift, drag, and side force coefficients
Cn = pitching moment coefficient
EA = axial stiffness
El, = lateral bending stiffness
EI = transverse bending stiffness

Firag> Fiide» Fite computational fluid dynamics forces

in the X, y, and 7 axes

F,, F\, F, = finite element method forces in the x, y,
and z axes

GJ = torsional stiffness

[G] = global structural damping matrix in reference
coordinates

J = Jacobian matrix

[Kg] = global stiffness matrix in reference
coordinates

L = length of the beam finite element

M = Mach number

M., My, M, torsion, transverse, and lateral moments
about x, y, and z axes

[M] = global structural mass matrix in reference
coordinates

q = dynamic pressure

q; = generalized displacement vector

Re = Reynolds number

S = axial force

U = strain energy

U, v, w = axial, transverse, and lateral displacements in
X, y, and z directions

w = virtual work

X, ¥,2 = structural reference coordinates

X, 9,2 = aerodynamic reference coordinates

yt = wall distance in boundary-layer coordinate

{Z} = consistent nodal aerodynamic loading vector

y = specific heat ratio

{8.} = local nodal displacement vector

n = nondimensional semispan coordinate

®, = second-order twist due to beam kinematics
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0 = transverse rotation about the z axis
A = lateral rotation about the y axis

Vy = viscosity at the wall

P = density

Tw = shear stress at the wall

¢ = twist rotation about the x axis

Introduction

LEXIBLE high-aspect-ratio wings have the potential to un-

dergo large deflections, which under certain flight conditions
can reach the geometric nonlinear range of the wing structure. This
nonlinearity is especially attainable on uninhabited high-altitude
long-endurance (HALE) aircraft. At high altitude, low air densi-
ties dictate the use of large wing area and light structural design to
increase lift and endurance leading to the design of flexible high-
aspect-ratio wings.

In the past decade, the study of uninhabited high-altitude aircraft
for use in military reconnaissance and remote sensing has gained
importance."? The U.S. Air Force Research Laboratory has stated
that the aerodynamic efficiency of the wing design can be improved
by more than 10% by optimizing the lift-to-drag (L /D) ratio, which
in turn could increase the mission duration (endurance) of the aircraft
by as much as 10% (Ref. 2). Thus, it is crucial to model the non-
linear aeroelastic effects accurately and allow the aircraft designer
to optimize the wing structure without compromising aerodynamic
performance.

Current studies on aircraft with high-aspect-ratio wings have fo-
cused on subsonic flow conditions.’~7 In these subsonic studies,
it has been shown that there are significant differences between
the dynamic aeroelastic characteristics of flexible high-aspect-ratio
wings using a linear structural analysis vs a nonlinear structural
analysis.® However, HALE technology developments show a trend
toward operating at higher altitudes and faster speeds. As an air-
craft reaches higher altitudes, the speed of sound decreases. This
decrease in sound speed will produce higher Mach numbers with-
out an increase in speed. Once the flow Mach numbers on the wing
reach the transonic regime, aircraft designers will need to predict
properly the nonlinear effects of the flow, such as shock—boundary-
layer interaction, to predict accurately and understand the aerody-
namic performance of the aircraft. Furthermore, Reynolds number
decreases with increasing altitude, making the boundary layer on
the wing more susceptible to separation.® The coupling of a non-
linear structural model to a high-fidelity nonlinear fluid dynamics
model is needed to analyze the nonlinear aeroelastics accurately at
transonic speeds. This need has recently been identified by the Air-
frame Technology Advisory Group, which was formed under the
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national Fixed Wing Vehicle Program, to identify elements of “pre-
competitive airframe technology.”® One specific real-world nonlin-
ear dynamic aeroelastic problem investigated by this group involved
aileron buzz on the Global Hawk.? The Global Hawk is a HALE un-
manned aerial reconnaissance system used by the U.S. military. In
this Global Hawk investigation, several computational fluid dynam-
ics (CFD) codes were used to predict the nonlinear aerodynamics
and a linear NASTRAN model was used to approximate the struc-
tural aileron buzz condition. One of the conclusions of this group
was the need for nonlinear structural capability coupled to high-
fidelity nonlinear CFD.

As HALE aircraft community ventures into the transonic/
supersonic speed regime, they will also need to consider swept-
back wing designs. Sweptback wings allow the use of subsonic or
transonic airfoil sections at Mach numbers higher than they were
designed to operate in.'” Sweptback wings have the additional linear
aeroelastic effects of twist due to bending,!! as well as changing the
wing’s static aeroelastic characteristics, such as divergence, control
surface reversal, and onset of buffet pitch-up.!! These swept wing
aeroelastic concerns will be complicated by nonlinear aeroelastic
torsion—-bending coupling when large deflections are involved. Fur-
thermore, at transonic speeds, the flow over the wing can experience
significant viscous effects, such as boundary-layer separation and
wing buffet. Understanding these viscous effects is particularly im-
portant when the wing is operated at off-design conditions with
resulting off-design aeroelastic deformations.

This paper begins with a presentation of the governing equa-
tions for the new nonlinear aeroelastic analysis and the numerical
schemes used. Next, a discussion of the computational mesh for
both the structures and the aerodynamics is presented. The aeroe-
lastic coupling approach and grid movement schemes are then dis-
cussed. Validation results of the nonlinear aeroelastic analysis are
presented for a transonic aeroelastic wing geometry and compared
with existing experimental data. In addition, the nonlinear aeroelas-
tic responses of a flexible high-aspect-ratio wing at transonic speeds
with and without sweep are investigated.

Governing Equations

The nonlinear aeroelastic analysis is based on the coupling of
a three-dimensional geometric nonlinear finite element method
(FEM) to an existing nonlinear CFD flow solver'? using a direct
approach. The three-dimensional finite element approach, based on
a 12-degree-of-freedom (DOF) beam element, is capable of mod-
eling the structural geometric nonlinear bending displacements, as
well as the nonlinear torsion—-bending coupling for high-aspect-ratio
wings. See Ref. 13 for further details.

The aerodynamic equations of motion used in the CFD flow solver
are based on the Reynolds-averaged Navier—Stokes equations. Be-
cause of the presence of crossflow and transonic shocks, a strong
conservation law form of the Navier—Stokes equations is used. To
resolve the high-gradient flow features normal to the body surface,
present in high Reynolds number viscous flows, the spatial grid res-
olution is highest in the body-normal direction. This leads to the use
of the thin-layer Navier—Stokes equations, which retain the viscous
terms normal to the body and neglect the viscous terms along the
body. Details of the governing aerodynamic equations can be found
in Ref. 13.

The structural equations of motion are based on classical beam
theory. The assumptions that form the bases of classical beam the-
ory are as follows. 1) The beam is much longer in one direction.
2) The cross sections remain planar; therefore, the beam sections
remain normal to the beam elastic axis. 3) The slope of the beam
is small, and the square of the slope is neglected in the curvature
equations. However, as the beam is bent to large displacements, the
theory is no longer accurate, and solving the exact curvature formu-
lation of the beam becomes necessary. Solving the exact analytic
curvature formula for a beam can become especially complicated
for a three-dimensional beam with nonuniform properties. In pre-
vious works by Hodges and Dowell,'* as well as by Minguet and
Dugundji,"” the exact beam equations were solved. However, the
approach taken in this study is to use the FEM'® to analyze the

governing equations of motion for the beam. In the finite element
approach, the structure is subdivided into a number of elements
and the variational approach for calculating the stiffness matrix is
used, based on the principle of virtual displacements,'” to approx-
imate the elastic response of the structure over each element. The
advantage of using the FEM approach is its ability to model nonuni-
form structural properties, arbitrary geometry, complex loading, and
boundary conditions. The type of element chosen to model the flex-
ible high-aspect-ratio wing is a three-dimensional beam element,
also known as a space frame element.'® The structural stiffness is
obtained by forming the conventional linear stiffness for small de-
flections along with a geometric stiffness to account for the effects of
large displacements. The nonlinear geometric displacement path is
then obtained by using an incremental load approach and performing
three-dimensional Euler transformations at each incremental step.
This approach has been shown to be a simple and accurate proce-
dure to model the geometric nonlinear displacement due to large
bending displacements.'® The formulation is based on Yang’s two-
dimensional formulation of a beam element used to model beams
and plane frames under large deflections.'” However, unlike Yang’s
work, which investigates two-dimensional structural responses due
to externally applied transverse forces on beams and plane frames,
the external forces applied to a three-dimensional wing structure are
made up of forces and moments in the lateral, transverse, and axial
directions. These forces and moments come from the aerodynamic
lift, drag, and pitching moments on the wing. To model properly
these forces and moments, the three-dimensional beam element is
chosen with two nodes to account for all 6 DOF along the structures,
leading to a 12-DOF beam element as shown in Fig. 1.

The formulation of the three-dimensional nonlinear beam equa-
tions resolves the geometric nonlinear bending displacement in the
transverse and lateral directions, as well as the nonlinear twist due
to the coupling of the resulting lateral, Fy.e, and transverse, Fig,
forces. To demonstrate this, the deflected wing is shown in Fig. 2
with two arbitrary nodal points 1 and 2. The externally applied loads
are shown at node 2, and the internal nodal moments due to the ap-
plied loads at node 2 are shown at node 1. Taking moments about
node 1 due to forces at node 2 results in a transverse moment AM,, a
lateral moment AM,, and a torsional moment AM,. The transverse
moment AM, is due to the lift force Fj;; multiplied by the moment
arms Ax plus the side force Fi4. multiplied by the moment arms
Ay. Similarly, the lateral moment AM, is produced by the drag
force Fyrg and moment arms Ax.

To understand how the torsional moment AM, is produced, an
end view of the structure is shown in Fig. 3. The torsional moment

W,

Fig. 1 Beam element, 12 DOF.
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Fig. 2
Example of bending moment coupling: AM, = Fjis Ax + Fgge Ay and
AMy = Fdrag Ax+ Fside Az,
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Fig. 3 End view of the beam showing bending—torsion cou-
pling: AMx =AMy, + AMdeg, AMXdrag =—F;Ay=FgragAy, and
AMX“" = Fy Az = FliftAZ.

Fig. 4 Example of kinematic twist.

is produced by the lift force multiplied by the moment arm Az and
the drag force multiplied by the moment arm Ay. As can be seen
in Fig. 3, the resulting torsional moment depends on the sum of the
torsional moment due to the lift force, A My, , and the torsional mo-
ment due to the drag force, AMy,,,. Hence, depending on whether
AMyx, or AMy,,, is larger, the nonlinear twist effect can either
increase the twist or decrease the twist. For an aircraft wing, these
moment coupling effects can be important when the wing struc-
ture is flexible in the lift direction and large enough drag loads are
experienced to produce a torsional moment. This type of coupling
for fixed-wing aircraft was investigated by Goetz?’ in a study of
divergence including the effects of drag loads. Investigations were
later conducted by Petre and Ashley in a study of drag effects on
wing flutter assuming only vertical bending and twist about the
elastic axis.?! This coupling is especially true for aircraft with blunt
leading-edge wings operating at high speeds, such as in transonic
flow, where the drag loads increase. Also, these effects, as shown in
Petre and Ashley’s work, are more important for high-aspect-ratio
wings.

There exists an additional twist contribution due to the kinemat-
ics of a bent line, in three dimensions, that is not captured by the
three-dimensional structural model. The kinematic twist refers to
the rotation of a beam section due to its transverse v and lateral w
bending deflections as shown in shown in Fig. 4.2 This additional
nonlinear effect can be computed directly to second order based on
the curvature equation of the three-dimensional beam as follows??:

L
0, = —/ vw” dL €))
0

From Eq. (1), a second-order kinematic twist correction can be ob-
tained using the displacement functions associated with the trans-
verse v and lateral w bending deflection expressed as follows:

O, = 3(—6 4+ 61)(Ar + Ay)

+ (A + A2 +v)/L+ (02— 01)(wr +wy)/L 2

(See Ref. 13 for details). Here, the preceding right-hand terms are
all known rotational quantities and the twist correction is performed
at the end of each FEM analysis providing an update to the most
current predicted twist rotation ¢.

Aeroelastic Equations

The static aeroelastic responses are obtained by coupling the
three-dimensional nonlinear beam model to the nonlinear aerody-
namic analysis using the equilibrium equation of motion.

[Kc(q, g} = {Z} 3

where [K¢ (g, S)] is the global nonlinear stiffness matrix. The vec-
tor {Z} is the aerodynamic force vector obtained from the nonlinear
aerodynamic analysis, and {g} is the corresponding displacement
vector. The work-equivalent load method® is used to transfer the
computed aerodynamic loads to the beam structure through the use
of the beam displacement functions. In the work-equivalent method,
the work produced by the unknown nodal concentrated loads is set
equal to the work produced by the applied distributed loads from
the nonlinear aerodynamic analysis.”> The nonlinear beam nodal
displacements {q} are predicted by inverting the nonlinear stiftness
matrix [Ks(q, S)] and then multiplying by the aerodynamic load
vector {Z}. Artificial damping or relaxation is required to reduce
the significant oscillations in the structural response due to the ini-
tial numerical transients of the flow solution. The current approach
employs an underrelaxation method to damp these oscillations and
will be discussed further in the grid movement section of this paper.

Numerical Method

The nonlinear aerodynamic model employs the upwind differenc-
ing numerical scheme, based on flux-splitting in the streamwise di-
rection, created by Obayashi et al.> to solve the thin-layer Reynolds-
averaged Navier—Stokes equations. The turbulence model used is the
Baldwin-Lomax model.?> Solid wall conditions are specified in the
flow solver as no-slip and adiabatic. The far-field boundary flow
variables are set to freestream conditions, and a symmetry plane is
used at the wing root.

The three-dimensional nonlinear structural equations are solved
using a second-order predictor—corrector approach. The predictor
step is performed by a linearized incremental formulation of the
equations, based on the approach employed by Yang,'® where the
displacements are solved incrementally by taking increments of
the applied aerodynamic loading. The corrector step is obtained
using a modified Newton—Raphson approach. This process is con-
tinued until the final load level is obtained and provides the nonlin-
ear displacement path solution. Further details of the second-order
predictor—corrector can be found in Ref. 13.

Geometry and Computational Meshes

Two high-aspect-ratio wings are evaluated in this study. The first
wing, referred to as the BO105 wing, is an unswept rectangular high-
aspect-ratio wing based on the structural properties of the BO105
helicopter blade.?® The BO105 blade is chosen because it provides
bases for an ideal set of geometric properties to test the limits of the
three-dimensional nonlinear beam model. The aspect ratio of this
wing is 29.0, and the elastic axis is located at 0.25% of the local
chord. Neglecting the hub portion of the blade and scaling up the
transverse, E /. and lateral, E1, stiffness values by 30%, the uni-
form sectional structural properties EI,, EI,, G, and E A for this
wing are 3.1 E406 1b/in.2, 77.2 E4-06 1b/in.2, 1.69 E4-06 1b/in.2, and
1.57E+10 Ib, respectively. The second wing has the same proper-
ties as the unswept BO105 wing except the leading edge is sheared
to achieve a leading-edge sweep of 5 deg.

The computational meshes, also known as the grids, for the fluid
dynamic model is based on a C—H topology, where the C indicates
the grid points wrapping chordwise around the wing airfoils and
the H indicates the points in the spanwise direction. The BO105
wing surface grid is generated based on the BO105 rotor blade
geometric parameters minus the hub portion of the blade.?® The
number of surface grid points used for the BO105 wing are 183
points in the C direction and 53 points in the H direction. To resolve
the viscous boundary layer near the wing surface, the CFD volume
mesh requires cluster points near the surface. The proper initial wall
spacing distance y is achieved by maintaining an average y*™ <1,
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Fig. 5 Unswept high-aspect-ratio BO105 wing volume grid.

where y* is defined as?’

Y =y /vu )

This leads to an average first spacing y of 1e—06. The far-field
boundaries are set to 10 times the wing root chord length to avoid
reflections of the flow at the far-field boundaries. These requirements
yield 60 points in the normal direction for the BO105 wing. The final
baseline grid size for the BO105 wing is 183 x 53 x 60 (Fig. 5). To
verify that this was a properly sized CFD grid, a 50% finer grid of
dimensions 288 x 80 x 90 was used to solve the unswept nonlinear
aeroelastic case. The results of this grid convergence study showed
a0.71% difference in the total drag and a 2.8% difference in total lift
between the baseline and fine grid solutions. This difference verified
that the baseline grid chosen was sufficient.

The structural mesh of the three-dimensional beam element is
obtained by specifying the x, y, and z coordinates of each node
of the elements. The selection of the number of elements is based
on performing mesh convergence tests. An efficient approach to
determining the number of elements for a given problem is achieved
by solving the structural problem based on a set of initial applied
loads distributions. The applied load distribution can come from a
partially converged rigid CFD solution of the problem. This becomes
useful in determining in advance the number of elements required
for a converged FEM solution. Based on this approach, a minimum
of 24 elements were required to capture the large nonlinear twist and
bending displacements experienced by the flexible high-aspect-ratio
BO105 wing.

Aeroelastic Coupling

In this study, the nonlinear aeroelastic analysis is performed us-
ing the direct coupled approach. In the direct approach, the source
code of either the fluid or structural analysis is modified to perform
the coupling to pass information between the fluids and structural
analysis. Unlike the loosely coupled approach, the direct approach
typically solves the fluid and structural analyses at every CFD time
step or iteration. Hence, direct approaches are ideal for perform-
ing dynamic aeroelastic computations. Similar work done to solve
the aeroelastic problem using directly coupled high-fidelity aero-
dynamic methods with linear structural methods can be found in
Refs. 28-34. The direct approach was chosen because one of the

Move The (@
CFD Grid

A

Nonlinear Fluids-Structure o Nonlinear
N CFD Interface > FEM —p

1%

Check CFD
Converges Aeroelastic
yes Solution

Fig. 6 Direct coupled approach.

goals of this work is to provide a framework for the future devel-
opment of a nonlinear dynamic aeroelastic analysis. In the direct
approach presented in this paper (Fig. 6), the distributed forces and
moments are computed from the nonlinear CFD and transferred to
the finite element structural nodes at the end of each CFD itera-
tion. In the case of large transverse bending, as seen in these flexible
high-aspect-ratio wings, the forces and moments need to be resolved
into their X, y, and Z components to account for the aerodynamic
forces on the structure properly. Typically, in a linear analysis only
the local twist of the wing is considered in determining the lift and
drag of the wing. To resolve the applied forces in the three direc-
tions, a modification to the existing force and moment subroutine
of the nonlinear CFD code is implemented to compute the sectional
forces in the X, y, and z directions representing the drag, Fiyrag,
side, Fggqe, and lift, Fyg forces, respectively. These sectional CFD
forces are then interpolated onto the FEM nodal locations using a
cubic spline interpolation. Then, assuming a linear load distribu-
tion between the FEM nodes, the work equivalent method?' is used
to provide the equivalent nodal force and moment vector {Z} for
the three-dimensional nonlinear beam analysis. Note that the CFD
coordinate system is based on a right-handed system where the y
axis is out the wing span, whereas the FEM coordinate system is a
right-handed system with the x axis out the wing span. This change
in coordinate system requires the proper change in sign to the forces
from the CFD to be used by the FEM as shown in Fig. 7. These forces
are then used by the FEM to predict the nonlinear displacements.
Finally, the displacements are used to move the CFD grid, and the
process repeats until the forces in the CFD analysis converge.

Grid Movement

Once the FEM displacements are computed, the CFD grid is de-
formed consistent with these displacements. The FEM displacement
values are interpolated on to the CFD grid using a cubic spline in-
terpolation. A cubic interpolation was found necessary to provide
the proper curvature on the wing surface due to the sparseness of
the FEM mesh as compared to the CFD grid. Because the CFD grid
uses a C-H topology, each spanwise section of the wing can be
thought of as a two-dimensional plane. This allows the volume grid
to be moved by translating and rotating the two-dimensional planes
by the corresponding sectional transverse, axial, and twist displace-
ments. To account for the large transverse bending rotations 6 at
each spanwise section, the z-coordinate values of the CFD volume
grids are scaled by 1/ cos(9). This is equivalent to rotating the wing
sections by the bending rotation 8 and simplifies the grid movement.
An example of the aeroelastic deformed grid is shown in Fig. 8.

Because of the oscillatory nature of aeroelastic solutions, damp-
ing of the structure is required. In this study the, static aeroe-
lastic solutions are performed by starting the analysis from
freestream conditions and using underrelaxation to damp the struc-
tural displacements.>* This is achieved by computing the full non-
linear displacements based on the forces and moments predicted at
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Table 1 Timing breakdown for the static aeroelastic analysis

Time for the Nonlinear Structure Analysis

% Time of a CFD solver

Total time for

Total time for

Structures step? structures alone,* h nonlinear aeroelastic,* h
Linear 10.23 2.93 31.6
Nonlinear 26.32 7.55 36.21

Single CFD solver step=17.7 s. *Timings based on 6000 iterations on a SGI R12000.

CFD

Z, Fuitt

Fig. 7 CFD and FEM coordinate systems.
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N GEOMETRY

183x53:60 GRID

Fig. 8 Deformed CFD volume grid for the high-aspect-ratio BO105
wing.

a given CFD iteration and then artificially damping these displace-
ments by taking a percentage of the delta displacements predicted
between two CFD iterations. Over many CFD iterations the delta
displacements become small, and the artificial damping applied to
these delta displacements becomes negligible. This method is found
to be very robust for the large deflections considered. However, the
aeroelastic solution is sensitive to the relaxation parameter. If the
relaxation is too large, the delta displacements can be too large for
the aerodynamic model to handle, and the flow solution becomes
unstable. Results have shown that for deflections above 20% of the
semispan, at transonic flow conditions, the number of iterations re-
quired to converge the aeroelastic solution is on the order of 6000
fluid iterations with a relaxation parameter of 0.1. A sample conver-
gence history for tip twist of the unswept BO105 wing is shown in
Fig. 9. Typical timings for the static aeroelastic analysis are shown
in Table 1. The timings in Table 1 are based on a 6000 iteration
aeroelastic solution of the unswept BO105 wing. The second col-
umn shows the structure time as a percentage of a single nonlinear
flow solver step. For this case, the flow solver requires approxi-
mately 17.2 CPU s per iteration. The results show that the linear
and nonlinear structures take 10.23 and 26.33% of a nonlinear flow
solver step, respectively. Also shown in Table 1 are total times in
hours for both the structures alone and the full static aeroelastic
analysis.

-0.1

-0.16

Tip Twist Rotation [deg]
E

-0.3

(=]
]
LIRS B ) O B B B N B B L B R B

ol 1 1 ]
) 1000 2000 3000 4000 5000 6000

CFD Iteration

(=1

Fig. 9 Static aeroelastic convergence history for the high-aspect-ratio
BO105 wing twist.

Results and Discussion

Nonlinear aeroelastic results for the unswept BO105 wing case
are computed at M =0.8,« = 1.0deg, Re =1.2E+06, y = 1.4,and
g = 100 1b/ft>. Because of the large flexibility of this wing, a small
angle of attack is used to lower the lift loads. To show the structural
nonlinear effects, the aeroelastic simulation is also computed using
the linear option of the nonlinear three-dimensional beam model. A
comparison of transverse displacements between the nonlinear and
linear three-dimensional beam solutions is shown in Fig. 10. The
nonlinear structural analysis results in an effective span shortening,
as seen by the tip movement in the axial direction. The linear re-
sults do not account for axial displacement, and, hence, shears the
wing in the transverse direction leading to a 10% increase in the
total wing span. This increase in span is a nonphysical result due
to the inability of the linear model properly to account for axial
displacements and maintain an inextensible wing. To remove the
effect of increased span predicted by the linear solution, the span
coordinate for both the linear and nonlinear results are nondimen-
sionalized by their corresponding span lengths when shown sub-
sequently. This allows for a direct comparison between the aero-
dynamic forces predicted by the linear and nonlinear structural
analysis.

To demonstrate that the splining of the CFD loads and FEM
displacements is sufficient, the displacements and forces for each
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discipline are shown for the nonlinear aeroelastic solutions of the
unswept BO105 wing in Figs. 11-13. Figure 11 shows that the twist
and transverse displacements are in good agreement between the
CFD and FEM. Figure 12 shows the torsional moments (pitch) and
transverse forces (lift) are in very good agreement. Finally, Fig. 13
shows that the axial (side) and lateral (drag) forces are also in very
good agreement.

Next, static aeroelastic twist comparison between the linear and
nonlinear structures approach are shown for the unswept BO105
wing (Fig. 14). The twist results show that the linear structure has a
small nose-down twist rotation at the wing tip relative to the wing
root, know as washout, and is attributed to the pitching moment of
the airfoil sections. The nonlinear structure results show an oppo-
site nose-up twist rotation at the wing tip relative to the wing root,
known as washin, resulting in a 0.5-deg difference in the wing tip
twist between the two solutions. The washin result is attributed to
the nonlinear moment coupling effects of the applied aerodynamic
forces, as well as the kinematic twist effects due to bending. Specif-
ically, the large transverse bending deflections provide a moment
arm for the large transonic drag force on this wing to counteract
the normal pitch-down moment of the wing. To understand how
this occurs, the following paragraphs will discuss in detail how the
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Fig. 11 CFD vs FEM displacement transfer comparison of the unswept BO105 wing.
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Fig. 12 CFD vs FEM load transfer comparison of the unswept BO105 wing: lift and pitch.
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unswept BO105 wing.

externally applied aerodynamic forces interact with the structure to
produce such a nonlinear twist result (Fig. 14).

The sectional lift coefficient results show that the linear analysis
has less lift on the wing when compared to the nonlinear solution
(Fig. 15a). This result agrees with the nonlinear twist indicating
washin, increasing the wing lift, whereas the linear twist results
lower the lift loading on the wing due to washout. Sectional drag
results show larger drag for the nonlinear structural analysis com-
pared to the linear analysis (Fig. 15b). This is again attributed to
the increased local angles of attack along the wing tip for the non-
linear structure, which increases the profile and wave drag. Also
note that the drag of this wing is quite large and is attributed to the
strong shock on the wing as seen in the Mach number contour plot
of Fig. 16.

An additional parameter describing the aerodynamic forces on
the wing is the sectional side force coefficient shown in Fig. 17. The
side forces represent the resulting horizontal spanwise forces due to
the large transverse bending of the wing. The nonlinear side force
results are approximately 40% larger in magnitude than the linear
results due to the larger sectional lift forces. The shape of the side
force coefficient curve resembles a parabola with a maximum at ap-
proximately midsemispan. The maximum side force corresponds to
the span location where the combination of sectional lift (Fig. 15a)
and spanwise slope of the wing surface (Fig. 13) are maximum. The
zero side force at the root corresponds to zero surface curvature, and

the zero side force at the tip corresponds to zero lift at the tip. The
side force is normally not considered in linear aeroelastic methods
because the deflections are small enough that the side force is negli-
gible. However, for wings with large transverse deflection, the side
force can be quite large. For this case with wing tip deflections of
40% span, the maximum sectional side force is as much as 50% of
the sectional C;.

Up to this point, the aerodynamic forces and pitching moment
trends do not provide enough information to explain the nonlinear
washin results at the wing tips. To investigate this nonlinear effect
further, the FEM nodal forces and moments are plotted in the stan-
dard shear moment diagram form. The FEM transverse shear and
moment diagrams of the wing structure are shown in Fig. 18. The
nonlinear transverse shear forces and moments are larger than the
linear results, which correspond to the larger sectional lift predicted
by the nonlinear aeroelastic analysis. The lateral shear and moment
diagrams (Fig. 19) of the wing structure show the nonlinear lateral
shear forces and moments are larger in magnitude than the linear
results attributed to the larger predicted sectional drag on the wing.
The axial force diagram (Fig. 20) shows the nonlinear structural
shear forces to be larger in magnitude than the linear corresponding
to the larger side force (Fig. 17) predicted by the nonlinear structural
analysis.

The results of the torsional moment diagram (Fig. 21) show that
the linear structural moments are small and positive, corresponding
to the small pitching moment produced by the wing aerodynamics.
Note that, in the FEM coordinates (Fig. 7), a positive moment or
rotation about the x axis corresponds to a washout twist rotation.
However, the nonlinear structural result shows that the torsional
moments M, are much larger and negative compared to the linear
results. These results are attributed to the nonlinear torsion—bending
coupling on the wing structure. To understand this, refer to the de-
flected wing structure shown in Fig. 1. Recall, the externally applied
CFD loads are shown at node 2 and the internal nodal moments due
to the applied loads at node 2 are shown at node 1. Taking moments
about node 1 due to the forces at node 2 results in the transverse
AM,, and lateral AM, moments due to the lift Fji, drag Fyr,e, and
side F;qe forces multiplied by the corresponding moment arms Ax,
Ay, and Az, as described earlier in the governing equation section
of this paper. To understand how the torsional moment A M, is pro-
duced, refer to the end view of the structure shown in Fig. 2. Recall,
the torsional moment is then produced by the lift force multiplied
by the moment arm Az and the drag force multiplied by the moment
arm Ay. The resulting torsional moment then depends on the sum
of the torsional moment due to lift, AMyx,,, and the torsional mo-
ment due to drag, AMy,, . Hence, depending on whether AMy,,
or AMy,,, is larger, the nonlinear twist effect can either increase
the wing twist or decrease the wing twist. The nonlinear results for
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Fig. 16 Mach contours for the BO105 unswept high-aspect-ratio wing.
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this wing show the torsional moments to be negative (Fig. 21), in-
dicating that the torsional moment due to drag must be larger than
the torsional moment due to lift. To verify this result, the lateral and
transverse bending deflections of this wing are plotted in Fig. 22.
The transverse deflections are large, and the lateral deflections are
quite small. Hence, recalling the large drag forces observed on this
wing in the transonic flow regime, multiplied by these large trans-
verse bending deflections Ay, verifies that the torsional moment
due to drag is larger than the torsional moment due to lift. This
can explain the reverse twist response predicted earlier (Fig. 14)
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Fig. 18 Nonlinear and linear transverse force and moment for the
unswept BO105 wing.

by the nonlinear aeroelastic analysis. These results also show how
the nonlinear aerodynamics in the transonic flow can influence the
nonlinear structural response of these wings. Finally, the kinematic
effects of twist due to bending deflections are shown by replotting
the nonlinear twist with and without the kinematic effects (Fig. 23).
The results show that the kinematic bending effects tend to increase
twist on the unswept wing as described by Egs. (1) and (2), which
creates additional washin on the wing.
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The nonlinear effects of the swept high-aspect-ratio BO105 wing
are studied next. The aeroelastic results for this case are computed at
M=0.8,0=4.0deg, Re=1.2E+06, y = 1.4, and ¢ = 100 Ib/ft*.
Note that an angle of attack of 4 deg is used to approximately match
the wing tip deflections with those of the unswept BO105 wing. In-
creasing the root angle of attack is done to counter the basic swept-
back wing effects of twist due to bending, which for upward bending
reduces the local angle of attack on the wing toward the tip, referred
to as washout.!!

The aeroelastic results of the transverse deflection comparison
between the nonlinear and linear three-dimensional beam solutions
show similar trends to the unswept wing (Fig. 24). The sectional
wing twist (Fig. 25) shows both the nonlinear and linear results to
have a large amount of washout, which is attributed to the swept
wing twist effects due to bending deflections. However, the nonlin-
ear structure results show the wing to have approximately 0.5 deg
less washout. The nonlinear result is attributed to the nonlinear mo-
ment coupling effects as well as the kinematic twist effects due
to bending. To understand how the externally applied aerodynamic
forces interact with the structure to produce the nonlinear twist re-
sults (Fig. 25), the sectional lift, drag, and side force coefficients are
plotted. Sectional lift coefficient results show that the linear solution
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Fig. 27 Nonlinear and linear torsional moment M, for the swept
BO105 wing.
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Fig. 26 Nonlinear and linear sectional C; and C; comparison for the swept BO105 wing.
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predicts less lift on the wing as compared to the nonlinear solution
(Fig. 26a). This corresponds to the prediction of larger washout for
the linear structure lowering the lift loading on the wing. Sectional
drag results show larger drag for the nonlinear structural analysis
compared to the linear analysis (Fig. 26b). This is attributed to the
larger local angles of attack at the wing tip for the nonlinear struc-
ture, which increases the profile and wave drag. As in the unswept
wing case, the drag of this wing is quite large and is attributed to the
strong shocks present at these transonic flow conditions. The side
force C, results are found to have the same trend as the unswept
wing, where the magnitude of the nonlinear structural results are
approximately 70% larger than the linear results.

To further investigate the nonlinear twist result, the torsional mo-
ment diagram of the wing structure is shown in Fig. 27. The linear
and nonlinear torsional moments results are very similar (Fig. 27).
This appears to shows that the net effect of the nonlinear torsion due
tolift A My, and drag A My, cancel out, unlike the unswept wing.

Finally, the nonlinear twist results with and without the kinematic
twist effects are shown in Fig. 28. The kinematic effects reduce the
washout produced by the sweptwing bending deflections by as much
as 0.82 deg. This is attributed to the large positive transverse and
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lateral bending deflections shown in Fig. 29. This can be explained
by referring to the kinematic twist equation (2) and by noting that a
positive transverse and lateral bending will produce a net negative
twist, which in the FEM global coordinates is a leading-edge up twist
rotation. This leading-edge up twist rotation reduces the amount of
washout on the swept wing and makes the wing more prone to
tip stall. The result shows how that the combination of the kinemat-
ics, the nonlinear torsion—bending coupling, the aerodynamic loads,
and the elastic twist due to bending of the sweptwing interact to pro-
duce the nonlinear aeroelastic twist effects.

Conclusions

The development of a nonlinear aeroelastic analysis that directly
couples a three-dimensional nonlinear beam model to a high-fidelity
nonlinear CFD model is presented.

Static aeroelastic results using the developed nonlinear aeroelas-
tic analysis show that for an unswept wing a reversal in wing twist
occurs due to nonlinear torsion-bending coupling effects. Specif-
ically, the torsional moments due to drag become large enough to
cause the wing twist rotations to washin the wing tips, whereas the
linear results show a washout twist rotation. The nonlinear twist
results are attributed to the large bending deflections coupled with
the large drag experienced by these flexible high-aspect-ratio wings
at the transonic flow conditions, which the linear analysis does not
account for.

Static nonlinear aeroelastic analysis results of a swept high-
aspect-ratio flexible wing show that the nonlinear torsion—bending
effect, due to the kinematics of the bent wing structure, becomes the
dominant effect and tends to reduce the amount of washout of the
wing as compared to linear results. Overall, the swept wing twists in
the linear and nonlinear structural analyses indicate washout due to
the strong linear bending—torsion coupling inherent in swept wings.
However, the nonlinear effects tend to reduce the amount of washout
on the wing, making it more prone to tip stall.

It has been demonstrated that the nonlinear static aeroelastic char-
acteristics of flexible high-aspect-ratio wings in transonic flow are
different than the linear aeroelastic results. These differences are at-
tributed to the coupling of the drag force, at transonic speeds, with
the large transverse bending deflections, as well as the kinematic
effects of the bent wing structure. Both effects create a nonlinear
torsional response and make the wing more susceptible to static
aeroelastic problems such as wing divergence.
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