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Flutter of High-Speed Civil Transport Flexible Semispan Model:
Time-Frequency Analysis
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Time/frequency analysis of fluctuations measured by pressure taps and strain gauges in the experimental studies
of the flexible semispan model of a high-speed civil transport wing configuration is performed. The interest is in
determining the coupling between the aerodynamic loads and structural motions that led to the hard flutter
conditions and loss of the model. The results show that, away from the hard flutter point, the aerodynamic loads
at all pressure taps near the wing tip and the structural motions contained the same frequency components. On
the other hand, in the flow conditions leading to the hard flutter, the frequency content of the pressure fluctuations
near the leading and trailing edges varied significantly. This led to contribution to the structural motions over two
frequency ranges. The ratio of these ranges was near 2:1, which suggests the possibility of nonlinear structural

coupling.

Introduction

MONG the complex nonlinear aspects of aeroelastic phenom-

ena are the unsteady nonlinear aerodynamic loads, structural
nonlinearities, and fluid—structure interactions.! Nonlinearities in
aerodynamic loads could originate in the development of shocks
and/or flow separation induced by the shock. Structural nonlineari-
ties could be geometric or a result of free play. The fluid—structure
interaction could result from nonlinear resonance between the aero-
dynamic load and structural modes. Under different conditions, one
or a combination of these aspects could yield flutter or limit cycle
oscillations (LCOs). The overall goal of this work is to develop the
capabilities to quantify the role that each of these different non-
linear mechanisms could play in observed flutter and LCOs. The
realization of such a goal would help in providing a benchmark for
the detection of nonlinear aeroelastic instabilities and possibly ef-
fective means for obtaining improved performance and reduced un-
certainties through operation beyond conventional boundaries that
are based on linear analysis. Additionally, it will help in providing a
benchmark for validation of different computational methodologies.
In a set of comprehensive wind-tunnel experiments on a flexible
semispan model (FSM) of a high-speed civil transport (HSCT) wing
configuration conducted by Silva et al.,> two different regions of
high dynamic response were observed. Of particular interest to this
work is the high dynamic response region that occurred over a large
range of dynamic pressures around a Mach number of 0.98. At the
top of this region is a “hard” flutter point that resulted in the loss
of the model. Hajj and Silva® showed that, before this hard flutter
point was encountered, a strong shock developed near the trailing
edge. Furthermore, and through higher-order spectral analysis of the
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pressure fluctuations, they showed that, when the shock developed,
the aerodynamic forces contained nonlinearly coupled frequency
components. The objective of this effort is to extend that work by
quantifying the role played by these components in the structural
response of the model. This objective is achieved through analysis
of the relation between pressure fluctuations at different locations
over the wing and of the structural responses as determined from
the strain gauges.

Experimental Setup

The experiments were conducted in the Langley Transonic Dy-
namics Tunnel (TDT) at NASA Langley Research Center. The TDT
is specially configured for flutter testing, with excellent model visi-
bility from the control room and a rapid tunnel shutdown capability
for model safety (bypass valves). The model planform? was a one-
twelfth-scale configuration based on an early design known as the
reference H configuration. To accommodate pressure instrumenta-
tion at the wing tip of the model, the original reference H airfoil
thickness was increased to a constant 4% thickness over the entire
wing span. Figure 1 shows the planform layout and main compo-
nents of the model. The leading and trailing edges were removable
to access pressure instrumentation in those regions. A removable
tip cap allowed access to pressure instrumentation at the wing tip.
It should be noted that the FSM was not intended to be a flutter
clearance model but, rather, a model that would exhibit an HSCT-
like flutter mechanism within the range of operation of the TDT. To
induce flutter at around 200 psf (9.57 kPa), a 2.2-1b (1-kg) mass was
added to the aft tip section. This mass was fabricated out of tungsten
and bonded into the outboard removable trailing-edge section of the
FSM (see Fig. 1). Additional reinforcements and local strengthen-
ing of the attachment surface between the main wing box and the
outboard removable trailing-edge section was performed to handle
the added stress of the additional mass.

The instrumentation layout consisted of 131 in situ unsteady pres-
sure transducers located at the 10, 30, 60, and 95% span stations
(Fig. 1). Six additional unsteady pressure transducers were installed
at the 20% chord station for the 20, 45, and 75% span stations for
both upper and lower surfaces. Channels were carved into the foam
core to accommodate the wiring for the instrumentation. Specially
designed pressure transducer holders were used to eliminate any
leakage around the transducer and to provide easy access to the
transducers. Instrumentation also included 14 accelerometers in-
stalled throughout the wing (Fig. 1). The FSM was instrumented
with three bending strain gauges and one torsion strain gauge. All
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Table 1 Run numbers and test conditions

Mach Dynamic
Run number pressure, psf
1062 0.922 226.58
1065 0.950 236.00
1066 0.962 240.11
1067 0.967 239.66
Model lost 0.979 245.80
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Fig. 1 Planform and instrumentation layout for the FSM wind-tunnel
model.
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Fig. 2 Summary of the flutter and high-dynamic-response regions for
the FSM wind-tunnel model.

gauges were located at midspan, a region of high stresses. One
bending strain gauge was placed near the leading edge and will be
referred to as the forward strain gauge or FWD. Another was placed
near the trailing edge and will be referred to as the aft strain gauge
or AFT. The third was placed at midchord and will be referred to
as the middle strain gauge or MID. The torsion strain gauge was
placed at midchord.

Aerodynamic/Structure Relation

A plot summarizing the dynamic responses that were encountered
during flutter testing of the FSM is shown in Fig. 2. Silva et al.?
provide a detailed discussion of the different regions in this plot.
Of particular interest in this figure is the narrow “chimney” region
of high dynamic response that spans over a Mach number range
from about 0.98 to 1.0 and a deep dynamic pressure range that starts
at about 160 psf. At a dynamic pressure of about 250 psf, hard
flutter took place, which resulted in the loss of the model. The run
number, Mach number, and dynamic pressure of the flow conditions
considered here are given in Table 1.

Interpreting the relation between surface pressure fluctuations
at a point and the structural response is not straightforward. One
issue is the fact that the motion is determined by the integral effect
of the pressure fluctuations over the whole surface and not at a
point. On the other hand, the flow is completely unsteady and there
could be instants when the dynamic relation between an event in
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Fig. 3 Part of the simultaneously measured fluctuations from the pres-
sure taps near the trailing edge and the aft strain gauge in run 1065.
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Fig. 4 Pressure variations along the chord at the 95% span location
for specific times shown in Fig. 3.

the pressure fluctuations at a point and the structural motions is
significant. For instance, Fig. 3 shows a part of the simultaneously
measured records in run 1065 of the pressure fluctuations at the
80 and 90% chord locations on the upper surface at the 95% span
station and of the strain as measured by the aft strain gauge. The
pressure measurements at the 90% chord location show that a shock
formed ahead of this point. On the other hand, the measurements
at the 80% chord location show significant variations in time. The
record exhibits nearly periodic variations between times 17.5 and
18.1 s, relatively more random variations with smaller amplitudes
between 18.5 and 19.5 s, and a unique intense event near 20 s.

The physical reason for the aforementioned variations can be
realized from Fig. 4, which shows the pressure variations along
the chord at the 95% span station at specific times in record 1065.
The times of the first two plots, 17.98 and 18.03 s, are marked by
the open circles in Fig. 3. Obviously, the difference in the measured
pressure is associated with the moving shock. The plots in Fig. 4 at
times 18.8 and 18.85 s and at 19.4 and 19.45 s do not show a moving
shock as observed in the first two plots. These times are marked by
the open triangles and squares in Fig. 3. The intense event observed
in the pressure fluctuations near ¢+ = 20 s in Fig. 3 is associated with
a shock motion, as observed by the plots at times 19.98 and 20.03 s
in Fig. 4. It should also be noted that Fig. 4 shows that the first four
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taps near the leading edge, up to 40% of the wing, do not exhibit
the time variations observed near the trailing edge.

A comparison of the pressure record at the 80% chord location
with the measurements by the aft strain gauge in Fig. 3 shows that
it is hard to make a direct time correlation between the two records.
A Fourier domain analysis of the pressure fluctuations and struc-
tural motions will require averaging over time and would yield a
vague picture of any significant instantaneous dynamic relations
considering the aforementioned variations. On the other hand, an
analysis based on the wavelet transform* maps the temporal sig-
nal onto a time-scale, or time-frequency, domain and would retain
any instantaneous relation between the pressure at a point and the
structural motions. It should be noted here that both continuous
and discrete wavelets have been used in the analysis of aeroelas-
tic signals for different objectives. Lind et al.’ performed wavelet
analysis on a coupled pitch—plunge model that simulates nonlinear
flutter observed in experiments conducted at Texas A&M Univer-
sity. The results showed that wavelet maps of free-decay response
data can be used to characterize the type of nonlinearity that affects
the stiffness. In other studies, wavelet analysis has been performed
to filter flight data, which allowed for reduction in the uncertain-
ity of aeroservoelastic stability margins® or faster identification of
flutter boundaries.” This work presents yet another use of wavelet
analysis in that it is used for the detection of the coupling between
the aerodynamic loading and the structural response in an aeroelas-
tic system. In the nest section, a summary is given of the wavelet
analysis procedure and specifics followed in this work. Variations in
the time-frequency characteristics of strain and pressure measure-
ments over the range of flow conditions presented in Table 1 and
that include one condition away from this flutter point and three
conditions leading to the point where the hard flutter is encountered
are presented in the next section.

Data Analysis

The continuous wavelet transform, W (a, t), of a function g(¢) is
defined as the inner product between g(¢) and the wavelet family
W(a,t):

o0
Wa, 1) = / gV (a,t —1)dt (1
—00

The wavelet coefficients W (a, t) represent the contribution to g(¢)
of scale a at a time 7. The wavelet family W (a, 7) is generated from
a mother wavelet W () by continuous translations of 7 and dilations
of a. Any real- or complex-valued function can be considered a
mother wavelet as long as it satisfies the admissibility condition:

1\ 2
/ b@P _ )
0o w

where \i/(w) is the Fourier transform of W (¢). The admissibility con-
dition means that the wavelet has a zero offset and finite bandwidth
and gain. In the time domain, this condition is expressed as the
requirement that the wavelet has a zero mean and finite temporal
support.

One common complex wavelet is the Morlet wavelet, where the
mother wavelet is given by a sinusoid multiplied by a Gaussian
function:

\Ij(t) — eim‘/,le—lz/Z (3)

where w, is the nondimensional peak frequency of the wavelet
and has a value of 5.5. This value yields a mean for the Morlet
wavelet of —0.000106 to approximately satisfy the admissibility
condition. Because the wavelet function has a Gaussian distribution
in the frequency domain, there is not a one-to-one correspondence
between frequency and scale. However, because of the bandpass
filter nature of Fourier-transformed wavelets, one can determine
a relationship between the scale, a, and the peak frequency, f,,
of the bandpass filter corresponding to each scaled wavelet. This
relationship was derived by Jordan et al.® and in this work it was
determined to be

fp=4375/a 4)

with f,, in hertz. From the wavelet transform coefficients, W (a, 7),
the wavelet energy in the time-scale domain is defined as WW*,
which is also known as the scalogram. The wavelet energy gives
a measure of the energy contained by the different scales as a
function of time. For the purpose of determining the relation be-
tween the surface pressure fluctuations at a point and the structural
motions, the cross scalogram is used. The cross scalogram between
two functions, f(¢) and g(¢), is defined as W (f)W*(g). It gives an
indication of the occurrence of fluctuations of the same scale at the
same time in two simultaneous time series.

Results and Discussion

Contour plots of the wavelet energy of the fluctuations measured
by the three bending strain gauges at the test conditions presented
in Table 1 are shown in Figs. 5-8. In run 1062 (Fig. 5), the forward
and midstrain gauges show high-level energy peaks that are accom-
panied by streaks that extend over a range of frequencies between
12.5 and 17 Hz. These peaks take place at the same time in both
gauges. At the aft strain gauge, the energy is more concentrated near
a frequency of 12.5 Hz.

In contrast with the one high-energy frequency range that charac-
terizes the strain-gauge fluctuations in run 1062, the distribution of
energy in runs 1065 and 1066, presented in Figs. 6 and 7, shows two
separated ranges of frequency components with high energy peaks.
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Fig. 5 Wavelet energy of the fluctuations measured by the forward,
mid-, and aft strain gauges for run 1062.
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Fig. 6 Wavelet energy of the fluctuations measured by the forward,
mid-, and aft strain gauges for run 1065.
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Fig. 7 Wavelet energy of the fluctuations measured by the forward,

mid-, and aft strain gauges for run 1066.
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Fig. 8 Wavelet energy of the fluctuations measured by the forward,
mid-, and aft strain gauges for run 1067.

Inrun 1065, and in all strain gauges, most of the energy is contained
at the low-frequency components between 5.7 and 6.8 Hz. A sec-
ond component that contains energy is near 12.5 Hz and extends at
different times over a range between 11.5 and 13.5 Hz. Although
the level of energy over this latter range is at the same level as that
at the lower frequencies in the aft strain gauge, it is much smaller
in the mid- and forward strain gauges. The presence of two sepa-
rate ranges with high-energy peaks is also noted in run 1066. At
the forward and midstrain gauges, peaks are noted in the frequency
range between 12.5 and 14.3 Hz and near 5.4 Hz. At the aft strain
gauge, the energy is distributed in two ranges, between 11.3 and
13 Hz and between 5.4 and 6.6 Hz. A closer look at the two sepa-
rated frequency ranges in both runs 1065 and 1066 in the aft strain
gauge shows that, within the resolution of the wavelet analysis as
performed here, the two ranges of peaks have a 2:1 ratio. This ra-
tio implies the possibility of nonlinear coupling of the frequency
components in the structural response.

Inrun 1067, the time-frequency analysis of the measured strain at
the three strain gauges also shows two separated frequency ranges
with high energy. At the forward and midstrain gauges, the highest
peak extends over the range between 12.5 and 14.3 Hz, with asmaller
peak at the lowest measured frequency of 0.5 Hz. At the aft strain
gauge, the highest peak is near 12.5 Hz. Again, a smaller peak is
noted to appear intermittently, at the lowest measured frequency

1062_D95P_U_10
T T T

|
“JW%DM Du“w béhbgd X

1062_D95P_U_90

T T T T T

%!G %W% w 04@0@0“@@30@

20 25

oW
o S
T T
I 1

N
=3
T

Freq (Hz.)
3 &
=
=
—
P
=
=
—
———
=
—_—
C==—
_——

o
T
1

Tlme (sec )

Fig. 9 Wavelet energy of the pressure fluctuations measured at
x/c =10% and 90% of the chord at 95% of the span in run 1062.
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Fig. 10 Wavelet energy of the pressure fluctuations measured at
x/c =10% and 90% of the chord at 95% of the span in run 1065.

of 0.5 Hz. Through comparisons of the magnitude of the wavelet
coefficients for all measurements just presented, it is noted that the
energy peaks in the aft strain gauge are always concentrated over a
smaller range of frequencies than the peaks in the mid- and forward
strain gauges.

Wavelet analysis was also performed on the pressure fluctuations
measured at the 95% span location. Figures 9-12 show the mag-
nitude of the wavelet coefficients of the pressure fluctuations mea-
sured on the upper surface near the leading and trailing edges in runs
1062, 1065, 1066, and 1067, respectively. In run 1062, the results
show that high-energy events in the pressure fluctuations at both 10
and 90% chord locations take place simultaneously and at the same
frequency component. This characteristic is completely reversed in
runs 1065, 1066, and 1067. In all of these runs, most of the energy
at the 10% chord location is in the frequency components that are
between 11 and 14.5 Hz. On the other hand, at the 90% chord loca-
tion, the energy is mostly in a lower frequency range, between 5 and
7 Hz, in runs 1065 and 1066 and between 5 and 0.5 Hz in run 1067.
These results show that, as the flutter point was encountered, the
leading and trailing edges near the wing tip were experiencing dif-
ferent aerodynamic loads. Detailed analysis of other pressure taps
showed that the contribution to the high-frequency components in
runs 1065, 1066, and 1067 is from aerodynamic pressure fluctu-
ations that extend all the way up to the 30% chord location. The
rest of the wing is subjected to the lower frequencies of pressure
fluctuations. Of equal interest is the synchronization between the
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Fig. 11 Wavelet energy of the pressure fluctuations measured at
x/c =10% and 90% of the chord at 95% of the span in run 1066.
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Fig. 12 Wavelet energy of the pressure fluctuations measured at
x/c=10% and 90% of the chord at 95% of the span in run 1067.
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Fig. 13 Magnitude of the wavelet cross scalogram between the pres-
sure fluctuations measured at x/c =10% and 60 % of the chord at 95%
of the span in run 1066.

higher- and lower-frequency components of the aerodynamic load
on the different parts of the wing near the tip. Figure 13 shows the
wavelet cross scalogram between the pressure fluctuations measured
at the 10 and 60% chord locations in run 1066. The magnitude of
the cross scalogram is large when fluctuations from two time se-
ries coincide in scale and time. If fluctuations do not appear at the
same time and same scale, the magnitude of the cross scalogram is
very low. The results clearly show that the amplitude variations of
the high- and low-frequency components of the aerodynamic load
are synchronized in time. This implies their phase coupling and
interactions.
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Fig. 14 Magnitude of the wavelet cross scalogram between the fluctu-
ations measured at the aft strain gauge and the pressure taps for run
1062.
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Fig. 15 Magnitude of the wavelet cross scalogram between the fluctu-
ations measured at the aft strain gauge and the pressure taps for run
1065.

Using the cross scalogram between the motions measured by
strain gauges and the surface pressure fluctuations from different
taps, one can examine the role of different frequency components
as measured at these taps in contributing to the structural motions.
Figures 14—17 show the magnitude of the cross scalogram between
fluctuations of the surface pressure measured near the leading and
trailing edges and of the aft strain gauge in runs 1062, 1065, 1066,
and 1067, respectively. In run 1062, it is obvious that the contri-
bution to the motions from both the 10 and 90% taps takes place
over the same frequency range and at the same time. In contrast,
Figs. 15-17 show that the contribution to the relatively high range
of frequency fluctuations, between 11 and 14.5 Hz, is mostly from
the aerodynamic load at the leading edge. The contribution at the
lower-frequency range, between 5 and 7 Hz in runs 1065 and 1066
and near 0.5 Hz in run 1067, is mostly from the aerodynamic load
near the trailing edge.

The aforementioned results provide new insights into the different
aspects of the flutter of the FSM model. First, away from the flutter
region, the aerodynamic load near the wing tip was uniform over the
whole chord. Additionally, the frequency components with the high-
est energy in both fluctuations of the surface pressures and aft strain
gauge are the same. Second, as flutter conditions were approached,
the frequency content of the aerodynamic loads over the wing tip
varied significantly. Near the leading edge, the pressure fluctuations
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Fig. 16 Magnitude of the wavelet cross scalogram between the fluctu-
ations measured at the aft strain gauge and the pressure taps for run
1066.
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Fig. 17 Magnitude of the wavelet cross scalogram between the fluctu-
ations measured at the aft strain gauge and the pressure taps for run
1067.

contained relatively large frequency components that are close to
those measured away from the flutter region. On the other hand, the
aerodynamic loads near the trailing edge were characterized by a
lower range of frequency components. Cross-scalogram analysis of
the relation between the pressure fluctuations near the leading and
trailing edges and the aft strain gauges showed a significant con-
tribution of both frequency ranges to the structural motions. Third,
it is of interest to note that the ratio of these frequency ranges was
about 2:1.

In comparison to the aspects just discussed, the linear aeroelastic
analyses presented by Schuster et al.” and Baker et al.'’ show that
the mechanisms leading to the flutter of the FSM model involve the
coalescence of two modes. In particular, the critical mechanism that
caused the flutter involved a continuous increase in the frequency
(stiffening) of the first mode with the increase in the dynamic pres-
sure to match that of the third mode. This matching caused an en-
hanced response of the third mode. Noting that the first four modes,
based on ground vibration tests, have frequencies of 8.06,9.7, 15.27,
and 18.87 Hz,>° one would conclude that the linear analyses did
not predict any role played by the aerodynamic loads and struc-
tural response at the lower range of frequencies. On the other hand,
the analysis presented here shows that aerodynamic loads over the
lower-frequency range as detected near the trailing edge, and over

the higher-frequency range as detected near the leading edge, en-
hanced the higher-frequency range in the structural response, which
happens to be near one of the structural modes, namely, mode 3
of the wing model. Finally, it should be noted that the damping
and structural nonlinearities in the FSM model could have been
identified by performing experiments whereby nonlinearities were
exploited. Hajj et al.!! presented a procedure that combines ampli-
tudes and phases of higher-order spectral moments estimated from
data measured under nonlinear excitation conditions with approxi-
mate solutions of governing equations or parameters to characterize
damping and identify the type of nonlinearities. Unfortunately, such
experiments were not performed for the FSM model.

Conclusions

In this work, wavelet analysis is performed to determine the time-
frequency variations of fluctuations measured by pressure taps and
strain gauges in the experimental studies of the FSM of an HSCT
wing configuration. The wavelet energy is used to determine the en-
ergy content of theses fluctuations and the cross scalogram is used
to determine the relation between aerodynamic load near the wing
tip as measured by the pressure taps and the structural motions as
exhibited by the aft strain gauge. The interest is in the hard flut-
ter conditions that lead to the loss of the model. The results show
that, away from the hard flutter point, the aerodynamic loads at
all pressure taps near the wing tip and the structural motions con-
tained the same frequency components. On the other hand, in the
flow conditions leading to the hard flutter, the frequency content of
the pressure fluctuations near the leading and trailing edges varied
significantly. This led to a contribution over two frequency ranges
to the structural motions as measured by the aft strain gauge. The
ratio of these ranges was near 2:1, which suggests the possibility of
nonlinear structural coupling.
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