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Experimental and Theoretical Study of Gust Response
for High-Aspect-Ratio Wing

Deman Tang* and Earl H. Dowell®
Duke University, Durham, North Carolina 27708-0300

A nonlinear response analysis of a high-aspect-ratio wing aeroelastic model excited by gust loads is presented
along with a companion wind-tunnel test program. For the wind-tunnel tests, a high-aspect-ratio wing aeroelastic
experimental model with a slender body at the tip has been constructed, and a rotating slotted cylinder gust
generator has been used to generate a gust excitation field. A LabVIEW 5.1 measurement and analysis system
is used to measure the gust response, flutter boundary, and limit-cycle oscillation behavior. Structural equations
of motion based on a nonlinear beam theory are combined with the ONERA aerodynamic stall model to study
the effects of geometric structural nonlinearity and steady angle of attack on nonlinear gust response of high-
aspect-ratio wings. Also a dynamic perturbation analysis about a nonlinear static equilibrium is used to determine
the small perturbation flutter boundary. The fair to good quantitative agreement between theory and experiment
demonstrates that the present analysis method has reasonable accuracy.

Nomenclature
Cy = section drag coefficient
C, = section lift coefficient
C, = section torsional moment coefficient
C; = structural damping
c,c = wing chord and dimensionless chord, ¢/L
Csp = chord of slender body
dD, dL = section drag and lift forces
dF,,dF, = sectionchordwise and vertical component forces
dM, = section pitch moment about elastic axis
dM, = section pitch moment about one-quarter chord
E = modulus of elasticity
e = section mass center from elastic axis
G = shear modulus
g = gravitational constant
I, I, = vertical and chordwise area moments
J = torsional stiffness constant
K, = wing mass radius of gyration
L = wing span
M = tip mass of the wing
m = mass per unit length of the wing
N, = number of aerodynamic elements
Ny = total number of structural modes
t = time
U = freestream velocity
Vi, W; = generalized coordinates for bending
v = chordwise bending deflection
w = vertical bending deflection
X = position coordinate along wing span
Vac = distance of aerodynamic center of airfoil
section from elastic axis
o = wing section angle of attack
oG = gustangle of attack
A = dimensionless width of /th spanwise
aerodynamic element
0o = steady angle of attack at root section

Received 22 November 2000; revision received 25 June 2001; accepted
for publication 2 September 2001. Copyright © 2001 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/02
$10.00 in correspondence with the CCC.

*Research Associate Professor, Department of Mechanical Engineering
and Materials Science. Member AIAA.

J. A. Jones Professor, Department of Mechanical Engineering and Ma-
terials Science. Fellow AIAA.

419

= air density

i generalized coordinates for torsion

twist about deformed elastic axis

= gustfrequency wg;, jth torsional natural
frequency of wing

Jjth chordwise natural frequency of wing
Jjth vertical natural frequency of wing
d()/dx

= d()/dt
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Introduction

ANY authors have studied the aeroelastic stability and re-

sponse of an aircraft with a high-aspect-ratiowing from sub-
sonicto supersonicflow. Linearbeam theoryis oftenusedto simplify
the wing structural model; however, a geometric structural nonlin-
earity may arise from the coupling between elastic flap bending
w, chordwise bending v, and torsion ¢ for very high-aspect-ratio
wings typical of long-endurance, high-altitude uninhabited air ve-
hicles. The effect of the large static preflutter deformation on the
flutter boundary, limit-cycle oscillation (LCO) response, and most
significantly and primarily gust response is studied here. Previous
work has been primarily concernedwith flutterand LCO. The results
provide additional insight with respect to the contribution of struc-
tural nonlinear coupling to the aeroelastic stability and response of
high-aspect-ratiowings.

Following Refs. 1-5, an experimental and theoretical study on
flutter and LCOs of high-aspect-ratio wings has been reported in
Ref. 6. An experimental high-aspect-ratio wing aeroelastic model
with a tip slender body was constructed, and a wind-tunnel test
was conducted to measure the static aeroelastic response, flutter,
and LCOs.® Large static preflutter deformations in the vertical or
torsional direction were created by the gravity loading on the hori-
zontally mounted wing and a tip slender body and also by a steady
angle of attack at the wing root, which creates a static aerodynamic
load on the wing. The experimental results® largely validate the
theoretical results of earlier studies.>™ In particular, a hysteresis
phenomenon was found in both the theoretical analysis and experi-
mental observation of the nonlinear aeroelastic system.

Following the work of Ref. 6, in the present paper we develop
a mathematical model and computational code in the time domain
to calculate the nonlinear gust response of an aircraft with a high-
aspect-ratio wing at low subsonic flow speeds. Different from the
wing experimental model tested in Ref. 6, the present wing model
is mounted vertically to eliminate gravity effects. Large static pre-
flutter deformations in the flapwise or torsional direction are, thus,
only created by a steady angle of attack at the wing root. Sinu-
soidal and linear frequency sweep gust loads are used in both the
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theoretical prediction and wind-tunnel test. Structural equations of
motion based on a nonlinear beam theory are combined with the
ONERA aerodynamic stall model to study the effects of geometric
structural nonlinearity and steady angle of attack on nonlinear gust
response of high-aspect-ratio wings. Also a dynamic perturbation
analysis about a nonlinear static equilibrium is used to determine
the small perturbation flutter boundary.

To validate the theoretically predicted gust response character-
istics of the high-aspect-ratio wing, an experimental investigation
has been carried out in the Duke wind tunnel using a rotating slot-
ted cylinder (RSC) gust generator based on a concept of Reed (see
Ref. 7) and a LabVIEW 5.1 measurement and analysis system to
measure the gust response and LCO deflections of the wing model.
The results may be helpful in better understanding physically the
nonlinear aeroelastic response of a high-aspect-ratiowing model to
gust loads and assessing the accuracy of the present (or another)
mathematical model and computational code.

Experimental Wing Model and Measurements

The experimental model includes two parts: a high-aspect-ratio
wing with a slender body at the tip and a root support mechanism.
The wing is rectangular, untwisted, and flexible in the flap w, lag v,
and torsional ¢ directions (see Fig. 1 for a schematic of the model).
The wing is constructed from a precision ground flap steel spar with
mass uniformly distributedalong the wing span. The sparis 45.7 cm
in length, 1.27 cm in width, and 0.127 cm in thickness. It is inserted
tightly into the wing root mechanism. To reduce torsional stiffness,
the spar has multiple thin flanges along the span. The flange width
is 0.127 cm, and it is 0.318 cm deep. There are 2 x 33 flanges
uniformly and symmetrically distributed along the wing span and
centerline of the spar. There are 18 pieces of NACA 0012 airfoil
plate uniformly distributed along the span. The pieces of the airfoil
plate are made of aluminum alloy with 0.1 in. thickness. A precision
aerodynamic contour of the wing model is obtained. Each airfoil
plate has a slot 1.27 cm in width and 0.127 cm in thickness at the
symmetry line. The spar is inserted through these airfoil plate slots,
and they are permanently bonded together. Each space between
two airfoil plates is filled with a light wood (balsa) covering the
entire chord and span, which provides the aerodynamic contour of
the wing. This wood provides a slight additional mass and a small
addition to the bending and torsion stiffness.

A slender body is attached to the elastic axis of the wing tip. The
slenderbody is an aluminum bar, 0.95 cm in diameter and 10.16 cm
in length. A paraboloidal forebody and an aftbody with 1.14 cm
length are fixed to two ends of the bar. The forebody and aftbody
are made of brass. The geometry of the paraboloidal forebody is
described as follows:

R/Ry =77, y=0—1
The slender body is symmetrical and is designed to provide enough
torsionalinertiato reducethe natural torsionalfrequencysufficiently
to induce flutter in the velocity range of the wind tunnel.

X, U

mirror

slender body

accelerometer

torsional

twist zZ, w

Fig. 1 Physical representation of wing model.

Fig.2 Experimental model and gust generator in the wind tunnel.

The root support mechanism is a socket that allows a change of
the steady angle of attack at the root. The root socket is mounted to
the midpoint of the top wind-tunnel wall as shown in Fig. 2, which
is a photograph of the aeroelastic wing model with a gust generator
in the wind tunnel.

Axial strain gauges for bending modes and a 45-deg oriented
strain gauge for torsional modes were glued to the root spar to mea-
sure the bending-torsional deflections of the wing. Signals from the
strain gauges were conditioned and amplified before their measure-
ment through a gauge conditioner and a low-pass filter. A microac-
celerometer is mounted at midspan of the wing. The output signals
from these transducers are directly recorded on a computer with
data acquisition and analysis software, LabVIEW 5.1.

A helium-neon laser with 0.8-mW randomly polarized and wave-
length 633 nm is mounted on the top of the tunnel. The top of the
tunnel is made of a 1.27-cm-thick glass plate. A 1.27-cm-diam mir-
ror, is fixed on the tip of the wing. A mirror deflection technique is
used to determine the tip twist and tip flap bending slope of the wing.
A point produced by the reflected light source is marked on a read-
out grid paper placed on the top of the wind tunnel when the wing is
undeflected. The readout grid paper is calibrated with respect to tip
flap and twist deflections before the test. The displacement of the
reflected light source point is then determined as the flow velocity
is varied.

The gust was created by placing an RSC behind a fixed airfoil
upstream of the wing model. For details of the gust generator con-
figuration and control, see Ref. 7.

All flutter, LCO, and gust response tests were performed in
the Duke University low-speed wind tunnel and tunnel measure-
ment system. The wind tunnel is a closed circuit tunnel with a
0.7 x 0.53 m? test section and a length of 1.52 m. The maximum
airspeed attainable is 89.3 m/s.

The basic parameters of the experimental wing model were ob-
tained from standard static and vibration tests and are listed in
Table 1.

State-Space Equations
Structural Model
According to the Hodges-Dowell equations,' for a uniform, un-
twisted elastic wing, neglectingcross section warping, the equations
of motion may be written as

ELY" 4+ (EL — EI)[¢(w)") + mb + Cev

+ (M3 + L8 (x — L) + vy =

dF,
+ AF, 1)
dx

EL(w)" + (EL, — EL)(¢v")" + mi) — me + Ceb

dF,
+ (Muw + Iyz'j)’)(S(x — L)+ wy, = d_x

~GJ¢" + (EL — EL)w"v" + L,¢s(x — L) + mK2é

+ AF, 2)

dMm,
3 =+ AM, 3)

+C§q5 — mew =
x
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Table1 Experimental wing model data

Properties Value
Wing

Span L 0.4508 m
Chord ¢ 0.0508 m
Mass per unit length 0.2351 kg/m
Moment inertia (50% chord) 0.2056 x 10~* kgm
Spanwise elastic axis 50% chord
Center of gravity 49% chord
Flap bending rigidity EI; 0.4186 N - m?
Chordwise bending rigidity E I 0.1844 x 10> N - m?
Torsional rigidity G J 0.9539N - m?
Flap structural modal damping &, 0.02
Chordwise structural modal damping &, 0.025
Torsional structural modal damping &, 0.031

Slender body
Radius R 0.4762x 1072 m
Chord length csp 0.1406 m
Mass M 0.0417 kg

0.9753 x 10~* kgm?
0.3783 x 107 kgm?
0.9753 x 10~* kgm?

Moment inertia I,
Moment inertia I,
Moment inertia I

A few general comments about Egs. (1-3) may be in order. First,
when each of these equations is multiplied by §v, Sw, and §¢, re-
spectively,and integrationis performed over the length of the beam,
a variational statement may be derived. Conversely, as shown in
Ref. 1, these equations may be derived from Hamilton’s principle.

The vertical longitudinal displacement of the wing model is

u= 1 f [()? + (w)*]dx
2 0

Hence, the gravitational elastic potential energy of the wing (in-
cluding tip slender body) is

L X
Ve = lmg f f [(V)? + (w)?]dx dx
2 0 0

L
+ %Mg f [(v) + (w)*]dx
0

From V,,,, the restoringstiffnessterms v,,, and w,,, may be deduced
by variational methods.

Note that in Egs. (1-3) only the most important nonlinear terms
are retained from the Hodges-Dowell equations' and the third- and
higher-ordergeometricallynonlinear terms are neglectedhere. Also
note that the geometric twist angle

¢?:¢+v/‘ v/w//dx
0

is considered in the aerodynamic terms. M is the tip slender body
mass, I, I, and I, are the tip mass inertial properties, 6, is the pitch
angle or steady angle of attack at the root of this wing model, and
e is the distance between mass center and wing elastic axis center.
Note that Patil et al.> and Patil and Hodges® have improved these
equations to allow for large deflections.

Aerodynamic Models

The aerodynamic forces include two parts. One contribution is
from the wing surface,dF,, /dx, dF,/dx,and dM, /dx, and the other
is from the slender body at the wing tip, AF,,, AF,, and AM,.

ONERA Airfoil Model
The v and w componentsof the aerodynamicforce and the aerody-
namic moment about the elastic axis x can be expressed as follows:
dF, =dL — (¢, — 6y)dD, dF, = —=dD — (¢; — 6y) dL

de = dMO — Yac de (4)

where

dL = %chZC, dx, dD = %chsz dx

dMy = $pc*U*C,, dx, ¢ ~ /(U + 0 + )

a=¢+6 —¢ +ag

and ag is an effective gust angle of attack.

The sectionaerodynamiccoefficients C;, C,, and C,, are obtained
from the original ONERA stall aerodynamic model (see Refs. 8
and 9). These airfoil relationships are combined with a strip theory
assumption to determine the wing aerodynamic forces. Patil and
Hodges® have shown the strip theory assumption is a good one for
such high-aspect-ratiowings. See Refs. 5 and 6 for more details of
the aerodynamic model.

Slender Body Theory

We follow Bisplinghoffet al. (Ref. 10, page 418 and the following
ones) to derive the aerodynamic forces of the slender body. For
details, see Ref. 6. The results are

CSB CSB
AFw=p(w+U¢)f de+¢f S(y —yp)dy|6(x — L)
0 0
CSB CSB
AM, =p (Uw+U2¢>f de—wf S(y — yp)dy
0 0

—éf S(y — yp)*dy |8(x — L) 5)
0

and if we assume the slender body drag can be neglected, then
AF, = —(¢ —¢ —60)AF,

where y is the chordwise positionand yp = y., is the distance from
leading edge to the elastic axis of the slenderbody. S =body cross-
sectional area and § =7 R?, for a circular cross-section of radius

R(y).

Gust Angle of Attack ag

When we use the ONERA aerodynamic model, a key considera-
tion is how to express the gust angle of attack for an airfoil entering
a sinusoidal gust field. A generic expression of the effective gust
angle of attack is

ag(t,y) = agosin(wt — ky)

where y is the nondimensional streamwise coordinate fixed on the
airfoil, with the origin y =0 located at the midchord point, and k
is the reduced frequency. In this paper, we assume the chordwise
distribution of the gust velocity may be regarded as constant at any
instant of time and equal to the gust at the midchord point. The
effective gust angle of attack is, thus,

ag(t) = ago sinwt (6)

This assumption is valid for the present experimental wing model,
as shown in Ref. 11.

A continuous frequency sweep gust is also considered. It is ex-
pressed as

ag(t) = ago sinfw; + [(wy — @) /2T t}t (7)

where w;, w,, and T are the minimum frequency, maximum fre-
quency, and the sweep duration, respectively.

Theoretical results for gust response are obtained using a time-
marchingapproach. The flow velocityis below the flutter velocity for
these measurements and calculations. For the strip theory, ONERA
aerodynamic model, the wing is divided into 10 spanwise aerody-
namic sections, this is, N, = 10. The stall aerodynamic data for an
NACA 0012 airfoil are used in this paper (see Ref. 9).
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Structural Modal Equations

Expansions in general mode shape functions are used to obtain
ordinary differential equations in terms of generalized coordinates
from Egs. (1-3). They are expressed in series form as follows:

N N
i= > V00, D=y WOy,
j=1 j=1

N
$=)_ P10, ®)

j=1

where the overbar indicates nondimensionalization with respect to
the wing span L and v;, ©; are the jth normal modes of the asso-
ciated linear structural model.

Let {¢} be a state vector that is defined as

{q} ={V;,V;, W;, W;, &, &, Cyy, C,s, Ca}

where the structural mode number is j=1,2,..., Ny and the
aerodynamic section number along the span of the wing is [ =1,
2, ..., N,. Using the Galerkin method, one obtains a set of state-
space matrix equations from Egs. (1-6):

[ANg} + [Blg} = {Fo} [0y + oG (D] + {Fn} ©)

Note that the coefficient matrices [.A] and [3] are dependent on the
flow and structural parameters. The force vectors F, and F are
(linear) static and gust loads obtained from the effects of steady
and gust angle of attack and the nonlinear forces obtained from the
structural nonlinearity and stall aerodynamics, respectively.

Equation (9) is a set of nonlinear equations of motion. A strictly
linear flutter boundary is determined using Eq. (9) by setting Fy =0
and 6y =0 and gy = 0. There isno effecton the strictly linear flutter
boundary of a preflutter static deflection or initial conditions. For
Fy #0, ago=0, and 6, #0, a large static preflutter deformation
may exist, and then a dynamic perturbation approach is used to
determine the small perturbation flutter boundary of this nonlinear
systemaboutanonlinearand nontrivialstaticequilibriumcondition.
That is, one assumes

9=4+q (10)

where the overbar refers to the static equilibrium value of the vari-
able, and corresponding quantities with a caret are small (linear)
dynamic perturbations about the static equilibrium state.

When Eq. (10) is substituted into Eq. (9), a set of static equilib-
rium equationsand dynamic perturbationequationsis obtained. The
static equilibrium equations comprise a set of nonlinear algebraic
equations for the unknown state vector {g}.

The dynamic perturbation equations about a static equilibrium
state are

[ANG} + [Bl{g) = {0} (11)

0.07 T T T T T L E—
006 . 1l
E 0.06 ftheory ﬂ
.5 0.05 E
k5
= 0.04
5
2 003
53
g 002
B
= 0.01

0

flow velocity (m/s)

a) Flap

Note the coefficient matrices [.A] and [ ] are dependenton the flow
velocity and the static equilibrium state, for example, U, g, etc.

On the other hand, to determine the gust response of this aeroe-
lastic system, we use Eq. (9) and a time-marching approach, that is,
a Runge-Kutta method (see Ref. 6).

Correlation Between Theory and Experiment
Results Without Gust Loads
A brief discussionof these results is included here as background
for the subsequent presentation of the results for gust response.
These results serve to calibrate the intrinsic dynamics of the aeroe-
lastic model.

Static Aeroelastic Deflections of the Wing

Typical theoretical and experimentalresults are shown in Figs. 3a
and 3b for a steady angle of attack, 6, =1 deg. Figure 3a is for the
tip flap wise deflection and Fig. 3b for the tip twist. The solid line
indicates the theoretical results, and the bar indicates the measured
data. The experimental data appear to have some scatter due to the
turbulentaerodynamicflow, although the flow noiseis small. A very
high measurement sensitivityis obtained from the mirror technique.
A bar is used in Fig. 3 to indicate the magnitude of the experimen-
tal response uncertainty. As shown Fig. 3, both the tip and twist
deflection increase with increasing flow velocity. The theoretical
predictionand measured data in Fig. 3 are acquired before the onset
of flutter and LCO. In general, the agreement between theory and
experimentis good, that is, within 10% or less. In the higher-flow-
velocity range, the data fluctuation increases due to greater aerody-
namic turbulence. The experimental LCO data will be discussed in
the next section.

Flutter and LCO Response

Very clear flutter and LCO response are observed in the present
wind-tunnel test. Experimental flutter and LCO response are deter-
mined for four different steady angles of attack, thatis, 6, =0, 0.25,
0.5, and 0.7 deg. For the safety of this wing model, we did not de-
termine flutter or LCO for 6, > 0.7 deg. The theoretical results are
obtained from the dynamic perturbation Eq. (11) and also using a
time-marching approach for the full nonlinear Eq. (9). For no static
wing deformation, the strictly linear flutter speed and frequency are
found to be 33.8 m/s and 22 Hz, respectively.

Figure 4 shows the dynamic perturbationflutter velocity (Fig. 4a)
and frequency (Fig. 4b) vs the steady angle of attack from both
theory and experiment. The solidline is for the dynamic perturbation
solution and the filled circle is for the experimental data (onset
velocity of flutter or LCO). The flutter velocity increases as the
steady angle of attack increases. This is because the torsional natural
frequency increases with increasing the static flapwise deflection.’
The maximum difference between theory and experiment is only
about 2%. The experimental flutter frequency is lower than that
from the theory. The maximum difference is about 5%. For larger
6, the more refined theoretical model of Patil et al.> might give
better agreement with the experimental data, and this is a worthy
subject of further study.

0.5 Ptheory’

“test” ---+--- _i_
i

tip twist deflection (deg)

0 5 10 15 20 25 30 35
flow velocity (m/s)

b) Twist

Fig. 3 Static aeroelastic deflections of the wing vs flow velocity for steady angle of attack 6, = 1 deg.
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Fig.4 Perturbation eigenvalue solution of the nonlinear aeroelastic system vs steady angle of attack at the root section.
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Fig. 5 Midspan LCO vs flow velocity for 6, = 0.5 deg.
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Fig. 6 LCO time history for 6, = 0.5 deg at midspan.

Typical LCO amplitude and frequency vs flow velocity for
0p=0.5 deg and at the midspan position are shown in Figs. S5a
and 5b, respectively. The theoretical and experimental amplitudes
are taken as rms average values from a 50-s sampling interval. The
open circles and triangles indicate the experimental results for in-
creasing and decreasing flow velocity, respectively. The solid and
broken lines (without symbols) indicate the theoretical results for
increasing and decreasing flow velocity, respectively. The symbol
filled circle indicates the linear flutter velocity that is calculated
from the perturbation eigenvalue solution. For the increasing flow
velocity case, the theoretical LCO occurs when the flow velocity is
larger than the perturbation flutter velocity and the amplitude has
a jump from almost rest to a larger value. Once the onset of LCO
occurs, the amplitude increases smoothly with increasing the flow
velocity. When U > 37.5 m/s, a numerical or possibly a physical di-

verging time history is found in the theoretical model. For the case
of decreasing flow velocity, as shown by the broken line, the LCO
amplitude decreases but does not exactly coincide with those for the
increasing velocity case. Also there is a jump in the LCO response
at U =33 m/s, which is a distinctly lower velocity than that found
for the increasing velocity case, thatis, U =35 m/s.

To show further details of the theoretical results, two time his-
tory figures have been prepared for the LCO responses obtained
from increasing or decreasing flow velocity. The results are shown
in Figs. 6a and 6b for 6, =0.5 deg. Figure 6a is the result from
increasing velocity, and Fig. 6b is for decreasing velocity. There
are 12 flow velocities from U =32 to 37.5 m/s with AU =0.5 m/s
consideredin the calculation. At each flow velocity, the time history
is computed until the system achieves a steady-state LCO response.
In general, it takes about 20 s (a time step of At =1/2048 s is used).
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Fig.7 Theoretical LCO vibration mode shape for U = 35 m/s and 6, = 0.5 deg.
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Fig.8 Single harmonic gust excitation for U = 25 m/s and gust frequency w = 18.5 Hz.

In Fig. 6a, the LCO response is shown in time intervals of 1 s for
the several flow velocities. For each flow velocity (increasing AU ),
the initial conditions used are provided by the previous LCO state.
For decreasing velocity, the results are shown in Fig. 6b. Again
hysteresis in the response is seen depending on whether the flow
velocity is increasing or decreasing.

In the experimental measurement, two different LCO responses
are also observed for increasing and decreasing flow velocity. With
increasing flow velocity, a jump at U = 33.8 m/s is found, which
is similar to the theoretical results at U =34.3 m/s as shown by
the open circle with a solid line in Fig. 5a. This velocity at this
jump is called the experimental flutter velocity. As the flow veloc-
ity increases further, the LCO amplitude measured has a modestly
larger increase than that found from theory. When the flow velocity
is decreased, another jump is found at U =31.4 m/s as shown in
Fig. 5aand as indicated by the open triangle with a broken line. The
experimental LCO amplitudes for decreasing velocity are modestly
smaller than those found for increasing velocity.

The LCO frequency vs flow velocity is shown in Fig. 5b. The
symbols used are the same as those for Fig. Sa. As shown in Fig. 5b,
the LCO frequencyhas a slightchangeas the flow velocityincreases.
The theoretical/experimental agreement is reasonably good, for ex-
ample, about 5% for LCO frequency and even closer for LCO am-
plitude. The difference between theory and experiment for the flow
velocities at which the jumps occur is also less than 5%.

Hence, a hysteresis phenomenon was found from both the theo-
retical prediction and experimental observation in the present ver-
tically mounted wing model. As shown in Ref. 6 for a horizontally
mounted wing, the stall aerodynamicnonlinearityis responsible for
this hysteresis and LCO behavior.

The LCO vibration mode shape is similar to the flutter mode,
with the most important coupling occurring between the first tor-
sion mode and second flap mode. Figure 7 shows the theoretical
LCO mode shape along the wing elastic axis for U =35 m/s and
0o =0.5 deg.

The preceding results are closely comparable to those of Ref. 6,
even though the experimental models are differently mounted.
Hence, there is a sound basis for now considering gust load
excitation.

Results with Gust Loads

To obtain a more meaningful correlation between theory and ex-
periment, the gust angles of attack for both harmonic and frequency
sweep gust excitations are measured and quantitatively calibrated.
For a single harmonic gust, a typical time history and correspond-
ing fast Fourier transform (FFT) analysis of the gust angle of attack
are shown in Figs. 8a and 8b for U =25 m/s and gust frequency
o =18.5 Hz. As shown in the FFT analysis of Fig. 8b, the gust
load is nota pure sinusoid. The second harmonic component cannot
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Fig. 9 Gust angle of attack vs gust frequency for U = 25 m/s: experi-
mental data points are indicated by circles, and solid lines are curve fits.
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be neglected. Similar results are found for other gust frequencies.
Figure 9 shows the measured gust angle of attack «g vs gust excita-
tion frequency (hertz) for a flow velocity of U =25 m/s. In Fig. 9,
an open circle indicates the measured first harmonic componentand
the filled circle indicates the second harmonic component. The solid
line is a least-square curve fitting of the experimental data. A for-
mula based on the measured experimental gust angle of attack is
constructed as

oG (t) = ag sinwt + ag, sinwt + A¢p) (12)

where A¢ is a possible phase difference between first and second
gust frequencies. However, it is difficult to determine A¢ due to
the flowfield created by the present RSC gust generator. Thus, we
assume A¢ = 0 as an approximation.

Figure 10a shows a measured continuouslinear frequency sweep
gust angle of attack for U =25 m/s. The gust strength (angle of
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Fig.10 Frequency sweep gust excitation for U = 25 m/s.
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Fig. 14 Theoretical and experimental velocity response (rms) to gust excitation frequency at midspan for U = 25 m/s.

attack) is not constant with time, as expected from theory. For the
measured lateral gust, the minimum and maximum frequencies are
0and 40 Hz, and the sweep duration T is 4 s. For convenientapplica-
tion in the gust response analysis, a formula based on experimental
gust angle of attack data is constructed:

oG (1) = ag(t) sin{w; + [(w2 — w1) /2T e}t (13)
where o (¢) is given by

4

agt) = Z ot

i=0

(14)

and ¢y, ..., cqs are determined by the least-square curve fitting
method of the experimental data.

Anenvelope of the numerical gustsimulationis plottedin Fig. 10a
as indicated by the broken line.

Figure 10b shows a corresponding power spectra density (PSD)
plot and comparison between the measured continuous linear fre-
quency sweep gust (solid line) and the numerical gust simulation
(broken line) for U =25 m/s. The experimental PSD is based on an
average over 20 sweep periods.

Equations (12) and (13) are used as theoretical gust excitations
to calculate the nonlinear gust response for comparison with the
experimental response results.
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Response to a Harmonic Gust Excitation

Equations (9) and (12) are used to calculate time-marching re-
sponse and rms values obtained from the steady-state oscillation.
The time step At is 1/2048. Usually, the steady state is reached
after about 10 s. The duration of the transientresponseis largely de-
termined by aerodynamic damping rather than structural damping
for this model. Figure 11 shows the theoretical results for the gust
response to harmonic excitation for a flow velocity of U =25 m/s
and a steady angle of attack, 6, =0 and 2 deg. Figure 11a shows the
tip chordwise rms amplitude, Fig. 11b shows the midspan flapwise
amplitude response, and Fig. 11c shows the tip twist. The responses
for 6, =0 and 2 deg are indicated by the solid and broken lines,
respectively. Note that for a linear theory, there is no effect of 9, on
the results. Hence, the differencesbetween the results for 6, = 0 and
2 deg is a measure of the nonlinear effects.

As shown in Fig. 11a for the chordwise response, there is a very
small response amplitude for the 6, =0 deg. This is because the
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Fig. 18 Experimental PSD of tip twist response to frequency sweep
gust for U =25 m/s, 6y = 0, and 2 deg.
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airfoil dragitselfis small. When 6, =2 deg, the chordwise response
becomes larger, particularly near the first chordwise and torsional
natural frequencies (w, = 14.25 Hz and wy = 24.5 Hz). The chord-
wise excitation is dominated by the chordwise component of the
lift.

As shown in Fig. 11b for the midspan flapwise response, there
are three dominant peaks correspondingto the first and second flap-
wise natural frequencies (0, =2.62 Hz and w,, = 18.25 Hz) and
first torsional natural frequency. For the gust responses near the two
flapwise natural frequencies, there is a slight difference between
6o =0 and 2 deg. This is because the large static flapwise deflection
generates a slight change of the flapwise natural frequency’ Note
that the tip flapwise deflection for 6, =2 deg and U =25 m/s is
0.03 m. However, the torsional natural frequency is more depen-
denton the static flapwise deflection than the flap natural frequency.
The gust response near the torsional frequency has a larger change
with 6, both in response amplitude and peak frequency. Such re-
sults are also seen from Fig. 11c for tip twist response amplitude.
The torsional frequency of this aeroelastic system increases with
0o. It is believed this is because of the larger static flapwise deflec-
tion (6, =2 deg), which increases the structural torsional natural
frequency.

Figure 12 shows the correlation between the theoretical and ex-
perimental results for the tip twist response (rms) vs gust excitation
frequency at a flow velocity of U =25 m/s. Figure 12ais for 6y =0
and Fig. 12b is for 6, =2 deg. In Figs. 12, an open circle with the
broken line indicates the measured data and the solid line indicates
the theoretical results. The dominant response is near the torsional
natural frequency. The correlation is reasonable except for a fre-
quency difference at the peak amplitude. The difference between
theory and experiment for the peak frequency is about 7.5%.

When Fig. 12a is compared to Fig. 12b, it is found the resonance
frequency of this aeroelastic system increases (for both theoretical
and experimentalresults) when 6 increases from O to 2 deg. Exper-
imental time histories are shown in Fig. 13a for a gust frequency,
® =22 Hz, and in Fig. 13b for w =21 Hz. In Figs. 13, the solid
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Fig. 19 Theoretical and experimental flapwise velocity response at the midspan to frequency sweep gust for U = 25 m/s and 6, = 2 deg.

0.1
0.01 F
0.001 /3

0.0001
1e-05 |
le-06

1le-07

PSD of mid-span flapwise velocity

1e-08 [ | | | ! !

frequency (Hz)
a) 60 =0

1 E

0.1 |
0.01
0.001
0.0001 ,5
le-05
1e-06

1e-07 ¥

’theory’ —
’telst’ *******

PSD of mid-span flapwise velocity

1e-08 : ' '
0 5 100 15 20 25 30

frequency (Hz)

b) 6, =2 deg
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line is from 6, = 0 and the broken line is from 6, =2 deg. As shown
in Fig. 13a, when w =22 Hz, there is a large twist deflection for
0o =2 deg, but a small twist deflection for 6y = 0. When w =21 Hz,
the results are reversed, as shown in Fig. 13b.

A similar correlationbetween the theoreticaland experimentalre-
sults for the midspan velocity response (rms) vs gust excitation fre-
quency at the flow velocity U =25 m/s is shown in Fig. 14a (6, =0)
and Fig. 14b (6, = 2 deg). Two dominant peaks are found. One is at
frequency 19 Hz, which correspondsto the second flapwise bending
mode, and the other is near 22-23 Hz, which correspondsto the first
torsional mode. The theoretical and experimental results verify that
for the bending mode, the resonance frequency is almost indepen-
dent of 6,. However, for the torsion mode, the resonance frequency
increases with 6. The correlationis good. A typical comparison of
theoretical and measured time histories for U =25 m/s, 6, =2 deg,
and w = 18 Hz are shown in Fig. 15a (theory) and Fig. 15b (test),
respectively. A theoretical and experimental FFT analysis that cor-
responds to Figs. 15a and 15b is shown in Fig. 15¢c. As shown in
Fig. 15¢, the dominant response componentis at the gust excitation
frequency, but the second harmonic response componentis not very
small, especially for the measured data. The natural turbulence in
the wind tunnelis not modeled in the theory; hence, the differencein
the off-peak responsesin Fig. 15¢ between theory and experiment.

Response to a Frequency Sweep Gust Excitation

Equations(9) and(13) are used to calculatetime historiesand PSD
due to a frequency sweep gust. The theoretical and experimental
results for tip twist response are shown in Figs. 16a and 16b for a
flow velocity of U =25 m/s and a steady angle of attack, 6, = 0 deg.
There are 10 sweep periods in 40 s and the total sampling length
is 51,200 points for the measured data. Figure 16b is one sweep
period of the total sampling length. Theoretical (solid line) and
experimental (dashedline) PSD resultsthat corresdpondto Figs. 16a
and 16b are shown in Figs. 17a (6, =0 ) and 17b (6, =2 deg) for
an average over 10 sweep periods. The results are very similar to
Figs. 12a and 12b. It further confirms our earlier conclusions.

To observe the effect of the steady angle of attack 6, on the aeroe-
lastic frequency, a comparison between two experimental PSD of
the tip twist for 6, =0 and 2 deg is shown in Fig. 18. It verifies
experimentally our earlier conclusionin Ref. 6 regarding the effect
of 00 .

Figures 19a and 19b show the theoretical and experimental time
histories of the mid-span flapwise velocity response for a flow ve-
locity of U =25 m/s and a steady angle of attack, 6, =2 deg. The-
oretical (solid line) and experimental (dashed line) PSD results that
correspondto Figs. 19a and 19b are shown in Fig. 20a (6, =0) and
20b (6 =2 deg). The agreement between theory and experiment is
reasonably good.

Conclusions

The present experimental and theoretical results provide new in-
sights into nonlinear aeroelastic phenomena for high-aspect-ratio
wings (with a tip slender body) that have a beamlike structural be-
havior. As previously noted,>~° the effects of the geometric struc-
tural nonlinearity depend on the ratio of the flap and chordwise
bending stiffnesses, EI,/EI,. For relatively small EL,/EI,, the
flutter instability boundary has only a small change due to the struc-
tural nonlinearity and preflutter static deformation. This earlier con-
clusion has also been confirmed by theoretical calculations for the
frequency response to both a harmonic and a frequency sweep gust.
These results were used to select the bending stiffness ratio for the
experiment reported here.

The fair to good quantitative agreement between theory and ex-
periment for gust response verifies that the present mathematical
model and method has reasonable accuracy for a range of nonlinear
gust response analysis.

The primary variableused to induce nonlinearityin the presentex-
periment was the steady angle of attack at the wing root. This in turn
induces a static nonlinearity that changes the dynamic characteris-
tics of the wing and, hence, its response to gust excitation. However,
the dynamic response levels arising from the gust excitation in the
presentexperimentare themselvesrelatively small. Hence, dynamic
nonlinearities per se in the gust response are thought to be modest
in the tests reported here.

Future work might be directed toward 1) large gust excitations
to induce nonlinear dynamic response, 2) consideration of gust re-
sponse in the flow velocity range where LCO also occurs, and 3)
calculations with improved structural models that are appropriate to
larger deflections such as those developed by Patil et al.>* and Patil
and Hodges’
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