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Abstract A theoretical nonlinear aeroelastic response analysis for a flexible high-aspect ratio wing

excited by harmonic gust load is presented along with a companion wind tunnel test. A multidisci-

plinary coupled numerical calculation is developed to simulate the flexible model wing undergoing

gust load in the time domain via discrete nonlinear finite element structural dynamic analysis and

nonplanar unsteady vortex lattice aerodynamic computation. A dynamic perturbation analysis

about a nonlinear static equilibrium is also used to determine the small perturbation flutter bound-

ary. A novel noncontact 3-D camera measurement analysis system is firstly used in the wind tunnel

test to obtain the spatial large deformation and responses. The responses of the flexible wing under

different static equilibrium states and frequency gust loads are discussed. The fair to good quanti-

tative agreements between the theoretical and experimental results demonstrate that the presented

analysis method is an acceptable way to predict the geometrically nonlinear gust response for flex-

ible wings.
� 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-altitude long-endurance unmanned aerial vehicles
(HALE UAVs) are always equipped with light wings of high
aspect ratio. These long and slender wings, by their inherent
nature, can maximize lift-to-drag ratio and endurance. On
the other hand, they may undergo large deformations during
normal operating loads. Geometric nonlinearity becomes a

very important factor that affects aeroelastic stability and
response. Thus, linear theories are not relevant for their anal-
ysis,1,2 and nonlinear features must be consistently considered

in both the structural and aerodynamic models of the numer-
ical analysis. This leads to the conclusion that the coupled
effects between these large deflection and vehicle flexibility

and flight dynamics as well as other aeroelastic effects (e.g.,
gust response, flutter instability) must be properly accounted
for in a nonlinear aeroelastic framework.3

Gust response analysis is a serious problem for aircraft

especially for very flexible aircraft whose large deformation
may significantly change structural dynamic characteristics
and aerodynamic features. Many researchers have addressed
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particular issues on gust response analysis. Su and Cesnik
studied the dynamic response of a highly flexible flying wing4

under a spatially-distributed discrete gust model in the time

domain by a low-order, nonlinear, strain-based finite element
framework. Dong et al.5 studied the nonlinear gust response
of free flexible aircraft using a CFD/CSD method. Considering

the big time consumption of the CFD/CSD method and the
limitation of nonlinear beam for a simple structural model, this
paper presents a theoretical analysis method for aerodynamic

and gust response estimation of flexible high-aspect ratio
wings, which may help to illustrate the geometrically nonlinear
gust response phenomena and characteristics of large-aspect
ratio wings. Structural dynamic computation based on a non-

linear finite element method is combined with nonplanar
unsteady vortex lattice aerodynamic computation marched in
the time domain to describe the real physical response to a flex-

ible wing under gust load. This fully nonlinear method can be
applied to structure/aerodynamic coupling problems beyond
the limitation of structural model complexity, so it is conve-

nient to be applied in engineering analysis.
Although the theoretical analysis has discovered some non-

linear features of very flexible wings, it is still necessary to con-

duct a series of experiments to observe and understand the
nonlinear phenomena and physical mechanics more intuitively
and to validate the theoretical results for large-aspect ratio
wings. Geometric nonlinearity makes distinguished difference

for very flexible wings compared with traditional aeroelastic
experiments. The test model, suspension system, measuring
equipment, and techniques all should concern about the

object’s nonlinear features and by all means present them as
original and measurable. Because of the complex technical
and operating obstacles, gust wind tunnel tests seldom appear,

especially for flexible structures, which reveals its increasing
importance. This paper introduces a recently conducted wind
tunnel test of nonlinear flutter and gust response for a large

deformed wing (requiring at least 25% deflection compared
with the span length) to validate theoretical analysis. Nonpla-
nar unsteady aerodynamic combined with nonlinear structural
dynamic analysis in the time domain, which is strongly recom-

mended after Helios mishap,
6

is used for flexible structural
responses problems. Some novel experimental techniques for
very flexible wing tests are also introduced briefly.

2. Theory

2.1. Structure geometric nonlinearity

Geometric nonlinearities are based on the kinematic descrip-

tion of the body and the strain on the wing should be defined
in terms of local displacement of the wing for dynamic
motions.

7

These result in the nonlinear geometric equations

including the quadric term of the displacement differential,
and the nonlinear force equilibrium equation established on
the deformed state of the structure. Geometric nonlinear effects
are prominent in two different aspects: (A) geometric stiffening

due to initial displacements and stresses, and (B) follower forces
due to a change in loads as a function of displacements.

8

Both
of these two factors are considered in this paper and solved

with the nonlinear incremental finite element method,
9

which
has been maturely developed, and two formulas called
total Lagrange formulation (TLF) and updated Lagrange
formulation (ULF)10 are well known. The ULF is used in the
current work and the main equations are presented below.

The relationship between the nonlinear Lagrange/Green

strain and the displacement is

teij ¼ 1

2
tui;j þ tuj;i þ tuk;i

tuk;j
� � ð1Þ

where tui;j means the partial derivative of displacement compo-

nent ui to the coordinate xj at time t.

Despite the large elastic deformation, the material is
thought to be within the elastic limitation for the little strain.

The conjugate Kirchhoff stress tensor Sji at time t satisfies

tSji
tnj

tds ¼ txt
i;jdTj ð2Þ

where tnj is direction cosine of small area element ds at time t,

and dTj is the corresponding surface force in which the fol-

lower force effect is considered. The linear elastic constitutive

relation is given as follows

tSij ¼ tDijkl
tekl ð3Þ

where Dijkl is the elastic tensor, which has a different form for

an isotropic or anisotropic material.
By using the finite element method (FEM) to discrete the

structure, the element equation for static problems is given as
11

ðtKL þ tKNLÞu ¼ tþDt �Q� tFA ð4Þ
where tþDt �Q is the incremental outer force including the aero-
dynamic force, engine thrust, and gravity at the new time step.
tFA is the equivalent inner force of the structure. The stiffness

matrix in Eq. (4) could be decomposed into a linear part tKL

and a nonlinear part tKNL. The linear part is only related to
the structure itself while the nonlinear part is related to the
deflected configuration, load condition, and strain quality,

which should be updated in each computation step.
Considering the structural damping effect, the equation of

the dynamic problem can be expressed as

MtþDtf€uðtÞg þ Bf _uðtÞgþtKfuðtÞg ¼ fpðtÞtg ð5Þ
where MtþDt is the instant system mass matrix at time tþ Dt, B
is the structural damping matrix, tK is the structural stiffness
matrix including the linear part and nonlinear part, uðtÞ is
the structural displacement vector pðtÞ is the instant outer

force in transient analysis.
In a direct transient response, a structural response is

computed by solving a set of coupled equations using direct

numerical integration. The fundamental structural response
(displacement) is solved at discrete times, typically with a fixed
integration time step Dt. By using a central finite difference
representation for the velocity f _uðtÞg and the acceleration

f€uðtÞg at a discrete time,

f _ung ¼ 1

2Dt
funþ1 � unþ1g

f€ung ¼ 1

Dt2
funþ1 � 2un þ unþ1g

8><
>: ð6Þ

and averaging the applied force over three adjacent time
points, the equation of motion can be rewritten as:

M

Dt2
funþ1 � 2un þ unþ1g þ B

2Dt
funþ1 � unþ1g

þ K

3
funþ1 þ un þ unþ1g ¼ 1

3
fpnþ1 þ pn þ pn�1g ð7Þ
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Collecting terms, the equation of motion can be rewritten
as:

A1funþ1g ¼ A2 þ A3fung þ A4fun�1g ð8Þ
where

A1 ¼ M
Dt2 þ B

2Dt þ K
3

A2 ¼ 1
3
fpnþ1 þ pn þ pn�1g

A3 ¼ 2M
Dt2 � K

3

A4 ¼ � M
Dt2 þ B

2Dt � K
3

The detailed arithmetic and implement can be found in

Ref.12

For aeroelastic stability problems such as flutter, an
assumption of small-amplitude vibration around the nonlinear

static equilibrium state is suitable for many dynamic problems,
including dynamic stability. Ignore the structural damping
effects, that is,

u ¼ �uþ x ð9Þ
where �u is the large static deflect equilibrium deformation from
Eq. (4) and x is a small vibration deformation. According to
Eq. (5)and the static equilibrium condition, the vibration equa-

tion of the system under steady forces reduces to

MT€xþ KTx ¼ 0 ð10Þ
where MT is the inertial matrix of the structure at the static
equilibrium configuration and KT is the corresponding stiffness

matrix. Both of them are the nonlinear functions of �u and vary
under different equilibrium states, which is the key feature of
geometric nonlinear structures. From Eq. (10), the structural
mode shapes and frequencies are deduced. Combined with

nonlinear aerodynamic computation, the flutter boundary
can be obtained by p-k or other classic methods. The flutter
boundary is only a predicted one under a certain state. Differ-

ent equilibrium states have different predicted flutter bound-
aries and the exact flutter boundary should be searched
iteratively to make the flutter speed consistent with the static

equilibrium flight speed.

2.2. Unsteady vortex lattice method

The unsteady vortex lattice method (UVLM), as a time-

domain aerodynamic computation, is now widely used in
unsteady aerodynamic calculation for micro air vehicles
(MAVs), flapping wings, and many other aspects. Because of

the simple programming effort it requires, the UVLM can be
easily combined with structural dynamic computation to get
response results for aeroelastic structures. Additionally, the

exact boundary condition is satisfied on the actual wing sur-
face, which can have camber and various platform shapes.
Thus, it can be conveniently used for very flexible wings whose

aerodynamic surfaces are subjected to large spatial deforma-
tions

13. The UVLM is based on full potential equations without
any linearization and can well reflect the unsteadiness effects of
the 3-D low-speed flow around a flexible lifting surface.

Vortex ring elements are used to discrete the boundaries of
the aerodynamic domain in the UVLM, for both the wing and
the wake as in Fig. 1. UðtÞ;VðtÞ;WðtÞ are the three compo-

nents velocity of coming flow, Dbij;Dcij; nij;Cij represent the

span length, chord length, normal vector and vortex strength

of ijth lattice. Note that the leading segment of the vortex ring
is placed on the panel’s quarter-chord line so that the colloca-
tion point is located at the center of the three-quarter chord
line. The whole flow domain is represented by vortex rings

and the aerodynamic influence coefficient can be obtained
via Biot–Savart law, for which a vortex ring is modeled by four
straight vortex lines. Therefore, the integration along the ring

can be rewritten in a summation way as in Eq. (12).

wc ¼ C
4p

Z
C

dl� r

r3
dC ð11Þ

wij ¼
X 1

4p

Z
Cj

rpi � rqi

jrpi � rqij2
 !

Cj ¼ �wijCj

�wij ¼
X4
k¼1

1

4p
� dl� ri

r3i
roi

rpi

rpi
� rqi

rqi

� �� �� 	
k

8>>>><
>>>>:

ð12Þ

where �wij is the dimensionless induced velocity by Cj at a given

control point placed at an element i, in which p= 2,3,4,1 and

q= 1,2,3,4 in this order, representing the order of the vortex
ring nodes. The detailed description of the formulae can be
found in Ref.14.

In each discrete time step computation, the wing is moved

along its flight path and each trailing edge vortex panel sheds
a wake panel with the vortex strength equal to its circulation in
the previous time step;15 thus the wake panels are formed.

Since the vortex wake is force-free, each vortex must move
with the local stream velocity. If the velocity induced by the
bound vortex and the wake vortex is considered in the local

stream velocity for the wake vortex, a free wake model is estab-
lished and it can reflect the wake rollup effect as shown in
Fig. 2. This is significant for flapping wings or multi-lifting sur-

faces, whose aerodynamic interferences play an important role
in aerodynamic computation. For a single flexible wing consid-
ered in this paper, a fixed wake model is used (shown in Fig. 3),
in which the wake panels follow the motion of the trailing edge

and move with the local flow velocity ignoring the influence of
induced velocities on the wake by the bound vortex and the
wake vortex. According to the comparison of these two mod-

els, the aerodynamic loads are well consistent with each other.
For a gust response problem, gust load is the main factor that
matters for structural response in an aerodynamic way, so the

fixed model is good enough for the single flexible wing
response problem and it brings tremendous computation effi-
ciency compared with the free wake model.

Specific vortex distribution on the wing is determined by

the geometric exact boundary condition, i.e.,

ðrUþ vÞ � n ¼ 0 ð13Þ
where U is the full potential function including the bound vor-
tex and the wake vortex and v is the velocity of the local
boundary movement. A detailed expression of the formula
above can be written as15

ACþ ðVðtÞ þ VwÞ � n ¼ 0 ð14Þ
where A is the normal aerodynamic influence coefficient of the

bound vortex, C is a vector consisting of the panel vortex cir-
culation on the wing, VðtÞ ¼ ½UðtÞ; VðtÞ; WðtÞ� are the time-
dependent kinematic velocity components due to the motion

of the wing or different kinds of unsteady coming flow includ-
ing the gust excitation discussed in this paper,
Vw ¼ ½uw; vw; ww� are the velocity components induced by
the wake vortices, and n is the local normal vector of the



Fig. 1 Nonplanar unsteady vortex lattice method model.

Fig. 2 Free wake model.

Fig. 3 Fixed wake model.

94 Y. Liu et al.
bound vortex. Since the locations of all vortex points are

known, these terms are known at each time step and can be
transferred to the right-hand side of the equation. Conse-
quently, the right-hand side (RHS) is defined as15

RHSK ¼ �½UðtÞ þ uw;VðtÞ þ vw;WðtÞ þ vw �KnK ð15Þ
Once the computations of the influence coefficients and
the right-hand side vector are completed, the zero normal
boundary condition at all the wing’s collocation points will

result in a set of algebraic equations for each collocation point
K as



Fig. 4 Nonlinear aeroelastic stability analysis flow chart.
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Xm
L¼1

aKLCL ¼ RHSK ð16Þ

Solving the equations above, the circulation of the bound

vortex can be obtained. For the pressure distribution calcula-
tions, the local circulation is needed, which is equal to Cij for

the leading edge panel but the difference Cij � Ci�1;j for all

the elements behind it. The fluid dynamic loads can be com-
puted by using the Bernoulli equation and the pressure differ-
ence is given as15

Dp ¼ pl � pu

¼ q
Q2

t

2

� �
u

� Q2
t

2

� �
l

þ @U
@t

� �
u

� @U
@t

� �
l

� �
ð17Þ

where pl and pu are the pressure of the low and up aero-

surface, Q2
t is the corresponding tangential velocity of coming

flow.
The resultant pressure difference expressed by the bound

vortex is15

Dpij ¼ q UðtÞþuw;VðtÞþvw;WðtÞþww½ �ij � si
Cij�Ci�1;j

Dcij

�

þ UðtÞþuw;VðtÞþ vw;WðtÞþww½ �ij � sj
Cij�Ci;j�1

Dbij
þ @

@t
Cij

	
ð18Þ

where Dcij and Dbij are the panel lengths in the ith and jth

directions, respectively. Similarly, si and sj are the panel

tangential vectors in the ith and jth directions, respectively.
The contribution of this panel to the loads is then

DF ¼ �ðDpDsÞijnij ð19Þ
where Ds is the area of lattice.

Although the UVLM is deduced under unsteady cases, it

can also be implemented in steady cases if only setting the
coming flow to be steady and keeping the wing stable.

2.3. Stability and gust response analysis

Before the gust response analysis, it is necessary to investigate
the static aeroelastic and dynamic stability characteristics.
Since real aircraft and the tested wing in this paper are under

steady aerodynamics before the gust encounters, for a very
flexible wing, it may cause large static structural deformation
and change aerodynamic loads and structural dynamic fea-

tures. All these may have big influences on gust response
results. In this paper, iterative computation is used to solve
the static aeroelastic problem via a nonplanar vortex lattice

method under steady cases coupled with nonlinear static struc-
tural analysis. The surface spline is responsible for the infor-
mation exchanges between the structure and aerodynamics,
and thus the lifting surface can be updated according to real

structural deformations automatically in each computation.
Iterative process and nonplanar aerodynamic computation
together could well predict the nonlinear static deformation

and aerodynamic load distribution. Upon the nonlinear static
equilibrium state, quasi-mode analysis is conducted which can
consider the nonlinear stiffness and stress effects caused by

structural geometric nonlinearity. Combined with the nonpla-
nar doublet-lattice method, it can give out a predicted flutter
boundary under a certain nonlinear equilibrium state. That
may not be the exact flutter speed but can reflect some dynamic

aeroelastic characteristic, which is a valuable reference for gust
response analysis and test. The analysis flow chart is expressed
in Fig. 4.

Gust response analysis is implemented in the discrete time

domain. At the beginning of each time step computation, the
unsteady aerodynamic load is computed, which, along with
other loads such as gravity, acts as an outer force in nonlinear

structural dynamic analysis. The structural displacement and
velocity at the end of last computation step will be treated as
the initial condition in the next structural transient dynamic

analysis, which can guarantee the continuity of structural
response analysis. Each structural transient dynamic analysis
is carried forward for a time step, during which the unsteady
load is kept unchanged. This will make sense if the time step

is small and the load treated constant is reasonable. The resul-
tant structural displacement and velocity are used to update
the aerodynamic surfaces and exact geometric boundary con-

ditions for next step unsteady aerodynamic computation.
Although the computation is implemented in the discrete time
domain, the structural displacement and velocity are continu-

ous and the updated aerodynamic computation helps the
unsteady aerodynamic computation accurate and practical.
The legible analysis procedure is shown in Fig. 5.

3. Experimental wing model and root suspension system

3.1. Model description

A series of careful analysis computations has been performed

to design a reasonable model, which might induce large defor-
mation and notable geometrically nonlinear characteristics
within the wind tunnel working range. Because of the request
of consistency with the prototype wing that was originally

designed in a traditional linear way, the tested wing may not
be a typical very flexible wing, but the large aspect ratio and
large deformation were guaranteed, and the experimental



Fig. 5 Time-domain nonlinear aeroelastic response analysis flow chart.

Fig. 7 Wing suspension system.
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techniques and the analysis methods discussed in this paper
can still be universally used for other very flexible wings. A

cross-section single aluminous beam was selected to provide
the main bend and twist stiffness. A wood rib shaped as the
designed airfoil and plastic heat shrinkage film were used to

maintain the wing shape. The wing surface was cut into sec-
tions and each section was attached to the beam at a single
point. 1 mm space between adjacent sections was for eliminat-

ing the additional stiffness effect since the theoretical structural
dynamic analysis only concerned about the beam effect.
Detailed information about the wing is shown in Table 1.
The 3-D CATIA model, the beam finite element model used

for theoretical analysis, and the final accomplished test model
are shown in Fig. 6.

3.2. Suspension system

A suspension system for the wind tunnel test is shown in Fig. 7.
This suspension system was fixed on both the floor and ceiling

of the wind tunnel, and a lot of batter braces and a steel ten-
sion rope as well as a roof bar staying on the side wall were
Table 1 Design parameters wing model.

Item Value

Span of the wing (mm) 1542

Chord of the wing root (mm) 263

Chord of the wing tip (mm) 71

Airfoil Supercritical airfoil

Beam location 40% of local chord

Weight of the structure (kg) 3.1

Fig. 6 Test w
used to guarantee the suspension stiffness since a geometrically
nonlinear aeroelastic response was sensitive to structural

dynamic changes and a potentially weak suspension may cause
significant problems to make test results inconsistent with
analysis results.

3.3. Measuring techniques

For the very flexible wing, the spatially distributed large defor-

mation is difficult to measure since the traditional means are
only suitable for 2-D deflection cases. In the wind tunnel test,
the measuring equipment cannot touch the objects and even
cannot be placed in the tunnel. A 3-D camera measurement

analysis system (in Fig. 8), one of the non-contact measurement
ing model.



Fig. 8 3-D camera measurement analysis system.

Fig. 9 Gust generator.

Fig. 10 Linear flutter analysis results.
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techniques, is novelly adopted to overcome this problem. The
system consists of three parts: an object to be tested; an

analysis computer; a camera with two lenses that imitate
human’s eyes to grasp 3-D displacements and can eliminate
vibration disturbance of the environment. Before measuring,
the interested area should be marked with random spots,

which are used to adjust the camera and the computer. During
measuring, the camera captures the deflections and velocities
of the marked spots and saves the current image as pictures

at every appointed interval. Then the computer can use these
pictures to recover the time-dependent structural deformation
and velocity. This deformation measurement is meaningful

for the very flexible wing experiment. Pictures in Fig. 8 show
the 3-D camera measurement analysis system and the tested
wing in the tunnel.

Due to strong aeroelastic coupling, the very flexible wing’s
large deformation may significantly change the aerodynamic
loads, which are quite different from linear computation,16

so the load measurement is also very important. In this exper-

iment, a 6-component aerodynamic balance was set at the wing
root and strain gages were also used to surveil the root load.
Two accelerometers were set at the 2/3 span locations horizon-

tally and vertically to get the structural response since previous
research

17

has shown that the horizontal mode has notable
influence on nonlinear flutter for very flexible wings.

3.4. Gust generator

In this experiment, a gust generator was installed upstream in

the tunnel as shown in Fig. 9. It consists of two symmetric
oscillating wings driven by a linear motor to generate alterable
amplitude and frequency continuous sin gust. More detailed
design method and working principle are in Refs.18,19.
4. Theoretical and experimental results

4.1. Flutter theoretical analysis results

Before the experiment, linear and geometrically nonlinear
aeroelastic stability analyses were implemented. The linear

analysis used the planar vortex lattice method (VLM) and
the planar double-lattice method (ULM) that could be easily
solved in MSC. NASTRAN. The nonlinear analysis used

self-programmed nonplanar VLM20 and nonplanar DLM that
could accomplish the spatial curved lifting surface’s aerody-
namic computation and structural geometric nonlinearity.

The linear flutter speed is irrespective with load and struc-

tural deformation. The V–g and V–F curves in Fig. 10 indicate
that it is a typical bend/twist coupling flutter and the critical



Fig. 11 Nonlinear flutter analysis results.
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flutter speed is 50.2 m/s. In geometrically nonlinear analysis,
structural dynamics characteristics vary with different loads

and deflections. The nonlinear flutter curves in Fig. 11 demon-
strate that the coupling mode changed to vertical bend vs hor-
izontal bend and the critical nonlinear flutter speed VF

decreased to 47.5 m/s. The comparison between the two theo-
retical analyses illustrates that the geometric nonlinearity of an
aeroelastic system narrows an aircraft’s flight envelope and the
horizontal bending mode may become significant in nonlinear

flutter.
Fig. 12 Deflections comparison b
4.2. Experimental flutter and analysis results

The large spatially distributed deformation of the very flexible
wing was tested in the wind tunnel. The wing was suspended
vertically under a 5� angle of attack. Wing tip deflections under

different wind speed cases obtained from 3-D camera measure-
ment are shown in Fig. 12. The vertical deflections tended to
converge when the speed was high. Note that the spanwise
deflections are comparable with the vertical deflations, which

cannot be reflected in the linear analysis let alone the chordwise
deflections since the lifting surface is imbedded in a 2-D plane
and the aerodynamic force only acts in the vertical direction

under linear cases. The wing tip deflections comparison
between the test and analysis results is also presented in
Fig. 12. Both of these two results can demonstrate the large

deformations of the flexible wing and are very consistent except
for the spanwise deflections when the speed is high. This may be
caused by the error of the 3-D camera in the spanwise direction

since it is sensitive in the vertical deflections and the spanwise
deflections are a little away from its marked range. The defor-
mation of the wing along the span in a certain state (48 m/s, 5�
angle of attack) recovered by the non-contact camera measure-

ment is presented in Fig. 13 and some actual deformed struc-
tural photos under different coming flow velocity V are
shown in Fig. 14. Both the tested data and actual photos pre-

sent the large deflection of the wing tip (almost 50% deforma-
tion in the vertical direction), especially the large spanwise
deformation, which is usually ignored in linear analysis.

Table 2 shows the original mode frequency obtained by a
ground vibration test. In order to get structural dynamic
response information, the time-domain accelerometers
response signals are transformed into the frequency domain,

as shown in Fig. 15. The theoretical nonlinear analysis has
revealed that as speed increasing, horizontal modes become
unstable and participate in nonlinear flutter. This conclusion

can be validated from Fig. 15 in some aspects. When the speed
is 20 m/s, the structural deformation is small and the frequency
distribution, shown in Fig. 15(a), is similar to the original value

in Table 2. As the speed increases to 40 m/s as shown in Fig. 15
(b), the 2nd horizontal bending mode comes forth on the curve,
and simultaneously three modes peaks between 25–35 Hz tend

to be blurry. When the speed turns to 45 m/s in Fig. 15(c), the
etween analysis and test results.



Fig. 13 3-D deflections along the wing span.

Fig. 14 Actual wing deformation (5� angle of attack).

Table 2 Natural mode information.

Mode Frequency (Hz)

1st vertical bend (V1) 3.28

1st horizontal bend (H1) 5.07

2nd vertical bend (V2) 9.89

2nd horizontal bend (H2) 16.87

3rd vertical bend (V3) 25.15

1st twist (T1) 29.75
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2nd horizontal bending mode becomes evident. When extre-
mely approaching the flutter speed (48.5 m/s) as shown in

Fig. 15(d), almost only the 2nd horizontal bending mode is
effective and becomes unstable, which is consistent with the
theoretical analysis. All the experimental phenomena and
tested data indicate that a very flexible wing may induce large
elastic deflection under aerodynamic loads, and thus the struc-
tural dynamic characteristics may be affected and reflected in
the horizontal modal frequency decline and the resulting

decline of the critical flutter speed. For very flexible wings, geo-
metrically nonlinear aeroelastic analysis is inevitable.

4.3. Experimental and gust response analysis results

In this section, both the nonlinear gust response analysis sim-
ulation results and the wind tunnel test results are presented

and compared to illustrate the consistency. In these gust
response experiments (the wing was fixed vertically under a
2� angle of attack and the gust generator oscillated with an

amplitude of 3� producing continuous sin gust), the effect of
geometric nonlinearity is still quite obvious. The horizontal
modal frequencies processed from the accelerometers under
different wind speeds are shown in Fig. 16. Because of the



Fig. 15 Structural frequency obtained by accelerometers.

Fig. 16 Horizontal mode tested in the gust experiment.
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increased aerodynamic loads and structural geometric nonlin-
earity, the horizontal mode frequency declined and the gust

frequency that caused the most obvious horizontal oscillation
varied under different wind speeds.

Wing structural displacement responses in the test were
obtained from the 3-D camera measurement. The camera

assumed the first photo it took as the benchmark (deflections
were zero) and other structural deflections were compared with
it, so the deflections in test results have uncertain signs and

only the relative deflections are meaningful. The three direc-
tional deflections of the wing tip obtained from the camera
under a certain gust frequency but at various wind speeds

are presented in Fig. 17. Although the modal frequency chan-
ged under different wind speed cases, the increased wind speed
and the resulting increased aerodynamic load became the main

reasons that made the wing tip deflection increased along with
the wind speed. The flow and the wing in the theoretical non-
linear gust response analysis simulation are presented in
Fig. 18. The red frame zone represents the wing and the black



Fig. 17 Tested gust wing tip deflection responses at different

wing speeds (F = 2 Hz).

Fig. 18 Gust response analysis simulation.

Fig. 19 Analysis and test results of vertical wing tip deflections

under different wind speeds (F = 2 Hz).
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zone represents the wake flow. The corresponding gust

response simulation results obtained via the time-domain anal-
ysis are compared in Fig. 19. Despite of the phase difference,
the stable response amplitude A is quite close between the test

result and the theoretical analysis result. Once the wind speed
is fixed, the gust frequency’s diversification effect on the wing
tip deflection is obvious in Fig. 20. When the gust frequency is

5.5 Hz, which is close to the structural 1st horizontal bend fre-
quency, the wing tip deflection is larger than those at the other
two frequencies especially in the chordwise direction. This can
be validated in the nonlinear response analysis shown in
Fig. 21, in which two directional deflections of the wing tip
under different frequency gust excitations obtained by the non-

linear gust response analysis are presented.
The oscillating amplitudes of the wing tip under different

gust frequencies are quite different. When the gust frequency

is near the vertical mode frequency, the vertical deformation
increases fast and reaches to an extremum. The chordwise
deflection reaches the extremum when the gust frequency is
about 5 Hz, which is quite near the structural horizontal mode



Fig. 20 20 m/s wing tip deflection responses at different gust

frequencies in the test.

Fig. 21 Wing tip oscillating amplitudes under different gust

frequencies at 20 m/s.

Fig. 22 20 m/s wing tip vertical deflection responses under

5.5 Hz gust.
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frequency. Fig. 22 shows the nonlinear analysis results
marched in the time domain. The curve’s initial value presents

the nonlinear static deflections under a 20 m/s steady flow.
When the 5.5 Hz continuous gust encounters, the structure
has a few periodic transient responses, during which the oscil-

lating amplitude changes obviously. After that, the structural
response tends to be steady and its oscillating amplitude is con-
sistent with the test results in Fig. 20. These fair to good quan-

titative agreements between theoretical and experimental
results demonstrate that the presented analysis method is an
acceptable way to predict the geometrically nonlinear gust
response for flexible wings.
5. Conclusions

A theoretical geometrically nonlinear aeroelastic analysis
framework is established and the correlative wind tunnel vali-
dating test is introduced in this paper. The analysis framework

can deal with the stability aeroelastic problem and gives nota-
ble large structural deformations that are consistent with the
wind test results. The most important is that a time-domain

aeroelastic gust response analysis is implemented by the
UVLM coupled with nonlinear structural dynamics. These
two methods are marched in the time domain and in each tran-
sient dynamic computation time step, and the aerodynamic

surface and geometric exact boundary condition are updated
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automatically to make the analysis continuous and corre-
sponding with the actual physical scene. A wind tunnel test
for a single flexible wing with novel experiment techniques

and measurements were conducted to present the special geo-
metrically nonlinear phenomena and validate theoretical anal-
ysis results. In this wind tunnel experiment, nonlinear flutter

and gust response tests were conducted on the largely
deformed wing structure. Both the theoretical and experimen-
tal results indicated that large structural deformations and

aerodynamic loads may alter the structural characteristics,
making the horizontal mode stiffness decline. Thus the hori-
zontal mode may significantly change the flutter coupling form
and cause the critical flutter speed decline. The very flexible

wing has different gust response characteristics under different
deformations and load conditions, which linear analysis is
hard to demonstrate. Although the tested model may not pos-

sess and present all the typical geometrically nonlinear charac-
teristics that were desired, the experimental techniques,
measurements, and theoretical analysis methods can be treated

as useful references for other very flexible wing experiments.
Compared with test results, the time-domain aeroelastic
response analysis is reliable, and the easy programing and

the adaptability to complex structure models make the theoret-
ical analysis framework to be easily used in engineering analy-
sis. Future work may focus on typical very flexible aircraft’
geometrically nonlinear aeroelasticity using time-domain anal-

ysis methods to illustrate special problems such as dynamics
response and limit cycle oscillation (LCO).
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