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Measurement of Transonic Dips in the Flutter Boundaries
of a Supercritical Wing in a Wind Tunnel

A J Persoon,*J J Horsten,* and J J Meijerf
National Aerospace Laboratory (NLR), Amsterdam, The Netherlands

Flutter experiments were performed on a supercritical transport type wing to investigate the transonic dip in
the flutter boundaries and to obtain data for verification of a calculation method for unsteady aerodynamic
loads Complete transonic dips were measured at three wing angles of attack At the highest wing angle of at
tack, a second dip was found Simultaneously, the mean pressure distribution was measured in one chordwise
section which could explain the flutter characteristics. Using a flutter damper device, flutter onset could be
measured accurately and rapidly This paper deals with the experimental test setup, describes the on line data
reduction, and presents the results.

Nomenclature
c/cr - damping ratio (percent of critical damping)
Cp — mean pressure coefficient
C.PO 95 = mean pressure coefficient at 95 % of chord
/ = model frequency
MH M22 = modal mass of modes 1 and 2, respectively
MO, = Mach number
P0 = stagnation pressure
x/c = dimensionless chord
a0 = adjusted wing angle of attack
aw = measured wing angle of attack

I Introduction

DURING the last decade a large pait of the aeroelastic
investigations at the National Aerospace Laboratory

(NLR) focused on the determination of unsteady airloads on
oscillating supercritical wings in transonic flow * These in-
vestigations aimed to contribute to the development of an
advanced short to-medium haul transport aircraft to be built
by the Netherlands Aircraft Factories Fokker B V One of the
topics was the development of an engineering type method at
NLR for three dimensional unsteady transonic airloads
applicable to large aspect ratio wings to be used in the
prediction of flutter boundaries in transonic flow In sum
mary, this method combines calculations of aerodynamic
loads on oscillating two dimensional (2 D) wings in transonic
flow with three dimensional (3 D) corrections due to wing
span and taper calculated with 1 D and 3 D doublet-Lattice
methods An outline of this so called quasi three dimensional
(Q3D) method is given in Ref 2

An experimental validation of the Q3D method was con-
sidered necessary The most direct way would have been the
performance of pressure measurements on an oscillating
model, but a flutter model test was preferred because tran
sonic flutter characteristics of the wing could be studied,
especially the presence of transonic dips in the flutter
boundaries For that reason it was decided to perform a
flutter test on a supercritical wing model for which many data
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of steady pressure model tests were available already The
flutter model was designed as a study model and did not
represent the aeroelastic behavior of any full-scale design

The first flutter test was carried out in 1979 in the high
speed wind tunnel (HST) of NLR with partial success In
particular, complete transonic dips could not be measured
because of unexpected instabilities at low Reynolds numbers 2

After modification of the model a second flutter test was
carried out in the same wind tunnel in April 1982 An im
proved data acquisition and reduction system also was used
This investigation was very successful The principal demands
made upon the test setup were:

1) The validation of the Q3D method would be performed
mainly by correlating measured and calculated flutter
boundaries, which led to the design requirement that the
flutter boundaries should lie within operational limits of the
wind tunnel The transonic dip should not be measured at a
Reynolds number that is too low to avoid ineffectiveness of
the transition strip 2

2) All data necessary for validation of the Q3D method had
to be measured (during wind off: the vibrational charac
teristics of the model; during wind on: frequencies and
damping values of the model response, mean flow condition,
onset of flow separation and wing angle of attack)

3) Establishing an accurate flutter boundary required a
flutter damper as a safety device during measurements at zero
decay of the model response

4) To allow for any unforeseen aeroelastic behavior of the
model, especially around the transonic dip, an on line
presentation of the model flutter characteristics was required

This paper deals mainly with the experimental test setup
and the measuring equipment. In addition, a number of in
teresting results showing the transonic dips are presented
while computations derived from the subsonic lifting surface
theory (doublet lattice) have been added for comparison The
comparison with calculated flutter characteristics based on
the Q3D metliod and other methods is the subject of a sub
sequent paper 3

II Test Setup
Wind Tunnel

The experiments were carried out in the transonic wind
tunnel HST 4 where the Mach number could be increased up
to MO, = 1 35, while the stagnation pressure could be varied
between P0 = 125 and 400 kPa The 200 x 1 60 m2 rec
tangular test section is provided with slotted upper and lower
walls with an open area ratio of 12 5%
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Wing Model
The test object was a semispan model of a supercritical

transport type wing with an aspect ratio of 11 and an airfoil
thickness distribution of 16% at the root to 11 5% at the tip
The model was made of duraluminum and was fixed to a
turntable in the wind tunnel sidewall by means of a torsional
spring (Fig 1) A half body representing the fuselage was
clamped to the turntable The X shaped torsional spring was
rigid in bending and relatively flexible in torsion, so that in
consequence the flutter characteristics of the model were
determined by the fundamental bending of the wing and the
torsion of the spring

The spring was instrumented with strain gages The mean
values of the strain gage signals were used to measure the
static deformation of the spring (aw) and the mean
aerodynamic loads in terms of lift and pitching moment
coefficients These results could be correlated with results of
the earlier steady pressure model tests mentioned previously

The dynamic part of the strain gage signals was used to
determine frequency and damping values of the model
Vibration levels were detected by two accelerometers mounted
at 80% semispan.

Additional information about the mean flowfield could be
obtained from a wing section with 12 steady pressure orifices
in the upper surface at 70% semispan The most downstream
pressure orifice was situated close to the trailing edge In this
way the onset and the progression of flow separation could be
observed and correlated with changes of the flutter charac
teristics

After the first flutter test, the model mass distribution was
modified especially in the wing tip region to ensure that the
dip in the flutter boundaries would not occur at extremely low
stagnation pressures This modification is discussed further in
Sec III

A larger roughness of the transition strip was selected (150
grit vs 220 grit as applied during the first flutter test) as an
additional precaution to ensure effectivity of the strip also at
the lowest expected stagnation pressuf e

Excitation of the model was provided by residual tur
bulence of the flow in most test runs. In a limited number of
test runs linear frequency sweeps and an impulse also were
used by means of two electrodynamic shakers The purpose
was to investigate different excitation techniques which
required less testing time than turbulence of the flow

To approach the flutter boundary as close as possible and in
a safe way, the shakers could be switched on to act also as a
flutter damper device This method already operated perfectly
during the first flutter test

III Vibrational Characteristics of the Model
As mentioned previously, the flutter model was modified

prior to the wind tunnel test The aim was to limit the
stagnation pressures at which flutter would occur The
maximum stagnation pressure was set at about 300 kPa at
MO, = 0 6 to avoid overloading of the torsional spring The
minimum pressure was set at about 100 kPa in the bottom of
the transonic dip to avoid time consuming evacuation of the
wind tunnel duct. To meet these requirements a modification
of the mass distribution in the tip region was pursued as being
the most sensitive place to influence the flutter characteristics
of the model

The required modification was derived from calculations
and vibration tests In the calculations a finite element
modeling of the flutter model and support was applied to
determine the vibration modes Using these results with
estimated unsteady transonic airloads, the flutter boundaries
were calculated The predictions were verified extensively
both in a bench test during the evaluation and in the wind
tunnel The model data were measured with a Hewlett
Packard Structural Dynamics Analyzer (HP 5423 A) using an
impact testing technique with an instrumented hammer
During these tests it appeared that the analyzer was not

fuselage

labyrinth
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pressure orifices (12)

accelerometers (2)

variable tip mass

Fig 1 Global view of flutter model and support

MODE1
FREQUENCY 7215 Hz
DAMPING 00018(C/C )
MODAL MASS 0167kgm?

MODE 2
FREQUENCY 9317H
DAMPING 0.0028 { C/C ]
MODEL MASS: 0615kgm2

Fig 2 Vibration modes Of the wing model

adequate to determine modal masses of this very lightly
damped wing model For that reason, the modal masses also
were determined by measuring frequency shifts due to added
small masses during sinusoidal excitation The structural
damping was verified by a decay method and agreed fairly
well with the results from the impact testing technique

From the calculations and vibration tests it appeared that
adding a mass of only 5 g along the leading edge in the tip
region was already sufficient The change in model properties
consisted mainly of an increase of the modal mass of mode 2,
a torsion type mode Results of the vibration tests are shown
in Fig 2

Because of uncertainties in establishing the required
modification, two other tip masses were available for a last
minute adjustment in the wind tunnel

IV Instrumentation
The basic components of the measuring equipment were the

HP 5423 A Structural Dynamics Analyzer coupled to a dual
disk based HP 21 MXE minicomputer (Fig 3) The main
advantage of such a setup was the possibility of acquiring
wind tunnel data and model test data simultaneously on the
disk of the computer under the same test identification
parameters For safety reasons, the model test data also were
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stored on the magnetic tape unit of the analyzer Appropriate
software was developed to present on line flutter diagrams
and mean pressure distributions In the flutter diagrams the
stagnation pressure or the Mach number could be selected as
variable In this way a rapid monitoring of frequency and
damping of each vibration mode was possible Because data
reduction and on line presentation were controlled completely
by the computer, more time became available to analyze the
results during the tests, enabling adjustment of the test
program, if necessary It is the opinion of the authors that this
data handling procedure contributed substantially to the
measurement of complete transonic dips and the un
derstanding of the flutter mechanisms during the test

Referring again to Fig 3 the steady parts (dc) of the signals
of the strain gages and scanning valve transducer were
processed by the computer of the data reduction system of the
HST (Quick Look) and stored on the disk of the HP 21 MXE
computer Next, the mean aerodynamic loads and the
pressures were calculated and presented as well
Simultaneously, the Fourier analyzer processed a manually
selected response signal The analyzer was preprogrammed
with a number of keyboard statements by which a band
selectable Fourier analysis (among others) could be per
formed This was required for an accurate determination of
damping close to flutter onset

If turbulence of the flow was used as a source of model
excitation, the power spectrum of the model response was
obtained and averaged during 60s to 80s until the shape of the
spectrum became stabilized Next, a curve fitting technique,
available in the analyzer library was used to determine
frequencies and critical damping ratios (see Fig 4) If it was
decided to obtain similar data from a transfer function (Fig
4b) due to forced model excitation, a circle fit procedure was
applied (Fig 4c) This fitting technique was also a capability
of the analyzer

After completion, the spectral data were transmitted from
the analyzer to the 21 MXE computer and the values of
frequencies and damping were compiled in an on line
graphically displayed flutter diagram Because the pressure
distribution was also available the nature of the model
response could be correlated with that of the flow directly
after each test run

Another essential part in the test setup was the flutter
damper system (Fig 5) This device consisted of a feedback
system on which two signals of the strain gages mounted on

WIND-TUNI _
DATA *" I REDUCTION

the spring were monitored, viz , the rotational displacement a
and the maximum strain o of the spring If one of both signals
exceeded a preset level, the damper hardware was activated,
resulting in a 90 deg phase shift of the a signal This signal
was amplified and fed into both shakers so that a damping
force into the model was introduced

A demonstration of the flutter damper during the wind
tunnel measurements is shown in Fig 6 Vibrations of the
model just beyond flutter onset decreased rapidly by ac
tivating the damper system With these provisions detailed
flutter boundaries could be measured in a short time and in a
straightforward manner

V Test Procedure and Test Program
The test procedure (see Fig 7) to be followed depended a

great deal on the shape of the flutter boundary At subsonic
Mach numbers (approximately Mw =06), the stagnation
pressure was the test variable When adjusting a test con
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Fig 3 Scheme of measuring equipment
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Fig 4 Curve fitting procedures



NOVEMBER 1984 FLUTTER BOUNDARIES 909

conditioner

r——
a

static level
detector

or
dynamic level

detector

max level
detector

1
V ——
high pass
filtering 90 phase

shift
~* "on /off

switch
+ *J

1
manual I
control

, X shaped spring

strain gage bridges

Fig 5 Flutter damper system
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Fig 6 Demonstration of the flutter damper just beyond flutter onset
(Moo = 0 73; P0 = 120 kPa; a0 = 0 85 deg)

—— MEASUREMENT OF FREQUENCY AND DAMPING AT REGULAR INTERVALS
DETECTION OF FLUTTER FREQUENCY AT FLUTTER ONSET

FLUTTER BOUNDARY

Fig 7 Principle of the test procedure

dition, the flutter damper was switched on Having attained
the test condition, the dampers were switched off manually.
When the response of the model remained stable, frequencies
and damping ratios were measured after which the damper
was switched on again After a few test points the flutter
stagnation pressure was estimated with the aid of the on line
flutter diagram and was thereupon verified by increasing
stagnation pressure In this way the time to settle flutter onset
could be kept relatively short

In the transonic flow regime the stagnation pressure was
kept constant while the Mach number was gradually increased
up to flutter onset This method of measuring the flutter
characteristics appeared to be less time consuming Mach
number sweeps were also made in the region beyond the

transonic dips, and the damper was used in the same way as
described previously

The test program covered a Mach number range of
MOO = 0.6 to 0 85 at stagnation pressures of P0 = 80 to 275
kPa The adjusted wing angles of attack were a0= -0 35,
0 85, and 2 05 deg After removing the transition strip, the
condition ot0= -0 35 deg was measured again During that
condition frequency sweeps and an impulse also were applied
as excitation techniques The complete test program contained
about 360 different test conditions measured in a four day
wind tunnel test.

VI Presentation of Results
Flutter Boundaries and Frequencies

A selection of flutter diagrams, as displayed on line, is
presented in Figs 8 10, showing the development of
frequencies and damping ratios of both vibration modes as a
function of either stagnation pressure (Fig 8) or Mach
number (Figs 9 and 10)

From the results at two different wing angles of attack
(ot0 = 0 85 and 2 05 deg) in the subsonic flow regime
(A/oo=0 603), a classical flutter instability can be observed
(Fig 8) Increasing the stagnation pressure, mode 1 becomes
unstable, while mode 2 becomes heavily damped Figure 8
also illustrates that the flutter characteristics at both wing
angles of attack are similar, as may be expected in subsonic
flow

The presence of transonic dips is clearly demonstrated in
Figs 9 and 10 at wing angles of attack of a0 = - 0 35 and 2 05
deg In the upper diagram of Fig 9, the bottom of a dip is
shown at M^ «0 78 for mode 1 A slight variation in Mach
number, however, leads to stable vibrations

Similar results were obtained when the transition strip was
removed (see lower diagram of Fig 9) Without transition the
dip shifts to a somewhat lower Mach number Further, rather
abrupt changes in the frequencies of mode 1 occurred in
constrast with the case of fixed transition

Of much interest is Fig 10 (a0 = 205 deg), where both
vibration modes become unstable at different Mach numbers
At a stagnation pressure of P0 «140 kPa (upper diagram),
mode 1 becomes unstable first, whereas at higher Mach
numbers instability of mode 2 occurs, indicating the presence
of a second unstable region. Lowering the stagnation pressure
to P0«103 kPa (lower diagram), mode 1 remains stable
throughout the Mach number range, illustrating that these
measurements were performed just beneath the first transonic
dip Again, the abrupt shift in frequencies is remarkable when
mode 2 tends to become unstable

After flutter onset was measured at a large number of test
conditions, the flutter boundaries were compared for the three
wing angles of attack Figure 11 shows very clearly the
transonic dips and the second unstable region as measured at
a0 = 2 05 deg The actual wing angles of attack (aw) are
presented as well, since knowledge of these values is essential
for the calculation of unsteady airloads It should be men-
tioned that the bottom of the transonic dips was detected very
precisely Low damped oscillations as measured by NASA
Langley5 were not detected

Figure 12 shows a survey of measured flutter boundaries
together with the flutter frequencies and the mean pressure
coefficient at 95% chord As can be observed, in the bottom
of the dip the flutter frequencies have decreased to a value
close to the natural frequency of mode 1 This points to a
dominating role of mode 1 in the flutter mechanism After
passing the dip, the flutter frequencies increase again
Correlation with the trailing edge pressure curves shows that
at the bottom of the dip the flow is still mainly attached, but
that the right hand sides of the dips are influenced already by
flow separation The flutter characteristics for the condition
a0 = 2 05 deg are very remarkable Between the first and
second dips, the flutter frequency increases rapidly to a value
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equal to the natural frequency of mode 2 This indicates that
the flutter mechanism in the second dip is dominated almost
completely by mode 2 Correlation with the trailing edge
pressure curve shows that the instability takes place in
separated flow

Finally, the comparison with calculated flutter boundaries
using the subsonic doublet lattice unsteady airloads method
illustrates that, at MM =06, flutter onset is predicted with a
somewhat conservative margin which is in agreement with
experience of NLR and other flutter investigations 5 At
transonic Mach numbers the flutter boundaries diverge
strongly from the doublet lattice calculations

Mean Pressure Distributions
The pressure distributions were compared with pressures

from earlier steady pressure model tests In this way the
adjustment of the wing angles of attack (a0) in the wind
tunnel could be verified Further separation onset was
detected from the trailing edge pressures being an indication
of whether the measured transonic dip was associated with
attached or separated flow (see Fig 12) The availability of
this information immediately after each test run proved to be
very helpful in understanding the flutter mechanism

2) Using a flutter damper, the flutter boundaries could be
measured very fast and accurately in a straightforward
manner

3) At MOO «0 6, the measured flutter onset corresponding to
the three wing angles of attack coincided so that the flow
could be considered subsonic

4) Above MO, «06, the measured flutter boundaries
diverged from doublet-lattice calculations due to highsub
sonic and transonic effects

5) Complete transonic dips were measured for each wing
angle of attack In the dip the flutter mechanism was
governed mainly by a bending type mode of the model The
flow was attached. At the highest wing angle of attack a
second dip was found in which the flutter mechanism was
dictated completely by a torsion type mode while the flow was
separated
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VII Conclusions
A wind tunnel flutter test was performed with a semispan

model of a supercritical wing The experiment was a con
tinuation of a flutter test performed earlier with nearly the
same model Three wing angles of attack were investigated
The conclusions are as follows:

1) The flutter test was carried out very successfully
Measuring the model response and a mean pressure
distribution simultaneously was of paramount importance to
correlate flutter characteristics with the mean flowfield Using
on line data reduction and presentation of flutter charac
teristics provided an adequate understanding of the test
results and the possibility to adjust the measuring program,
where necessary
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