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Winglet Effects on the Flutter
of a Twin-Engine Transport-Type Wing

Kumar G. Bhatia* and K. S. Nagarajat
Boeing Commercial Airplane Company, Seattle, Washington

and
Charles L. RuhlinJ

NASA Langley Research Center, Hampton, Virginia

Flutter characteristics of a cantilevered high aspect ratio wing with winglet were investigated. The configura-
tion represented a current-technology, twin-engine airplane. Low- and high-speed models were used to evaluate
compressibility effects through transonic Mach numbers and a wide range of mass-density ratios. Four flutter
mechanisms were obtained in test and analysis from various combinations of configuration parameters. The
coupling between wing-tip vertical and chordwise motions was shown to have a significant effect under some
conditions. It is concluded that, for the flutter model configurations studied, the winglet-related flutter was
amenable to the conventional flutter analysis techniques.

Introduction

T HE interest in using wing-tip-mounted winglets to
reduce drag for transport airplanes was stimulated by

the work reported in Ref. 1. One of the first applications of
winglets was for the KC-135 airplane based on a potential
drag reduction of about 6% as estimated in Ref. 2. The
KC-135 Winglet Flight Research and Demonstration Pro-
gram was formulated to design, fabricate, and flight test a
set of winglets to prove the drag reduction and other
characteristics of the winglet concept. This program included
a low-speed wind tunnel flutter model test and a flight flutter
test program.3 The critical mode during flight flutter test was
a 3.0-Hz low-damped mode occurring with a light fuel
loading at an altitude of 21,500 ft with a 0-deg cant angle
and -4 deg incidence winglets. Flight testing for this con-
figuration was terminated at 370 keas, rather than the test
goal of 395 keas, due to low damping (g = 0.015). The low
damping obtained for this mode was not predicted by flutter
analysis. The lack of correlation was judged to be due to
limitations of current linearized aerodynamic theory and in-
ability to represent transonic effects. Winglets have also been
considered for the B-747 airplane as a part of the NASA
Energy Efficient Transport Program.4 Two flutter modes
were obtained in the low-speed model test for the configura-
tion with winglets. These flutter mechanisms were not pres-
ent for the baseline configuration without winglets and were
shown to result from winglet aerodynamics rather than mass
effects. Flutter speeds for the configuration with winglets
were significantly lower than the baseline configuration. It
was suggested that the flutter mechanisms could be predicted
by incorporating static-lift effects as with T-tail-type flutter
analysis.
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A transonic flutter model study of a supercritical wing
with winglets for an executive jet-transport airplane5

reported a good analysis/test correlation. The winglet addi-
tion decreased flutter speed by 7%, of which a 5% decrease
was due to the wing-tip mass effect. Thus, there was no
significant reduction in flutter speed due to winglet
aerodynamics. Results of another application of winglets for
the DC-10 airplane under the NASA Energy Efficient
Transport Program were published recently.6'7 A low-speed
flutter model test showed that the winglets had generally
detrimental effects on the flutter characteristics with small-
to-moderate degradation in the basic wing flutter mode and
a large degradation in a higher frequency wing flutter mode.
During the flight test of the DC-10 airplane with winglets,
mass balance of 500 Ib was installed in each wing tip to en-
sure adequate flutter margins for flight testing.

It appears from the available data that winglets generally
caused degradation in flutter speed. The actual reduction in
flutter speed varied with the configuration. The KC-135
flight-test experience of encountering an unexpected low-
damped mode highlighted the technical risk involved in flut-
ter assessment of an airplane configuration with winglets.
The only transonic wind tunnel flutter test data available on
a scaled airplane wing was for an executive jet-transport
wing5 which showed a small reduction in flutter speed due to
the addition of a winglet. These considerations led to a joint
Boeing/NASA program to develop a flutter methodology for
winglet-configured wings. A typical, current-technology,
twin-engine-transport wing was selected as the basis for the
study. A test program was outlined as follows:

1) Pressure Model Test for Aerodynamic Data Base
2) Low-Speed Test

a) Model Ground Vibration Test (GVT)
b) Flutter Test and Parametric Studies
c) Analysis/Test Correlation

3) Test in NASA Langley 16 ft Transonic Dynamics Tun-
nel (TDT)

a) Retest of Low-Speed Flutter Model for Mass-Density
Ratio Effects
b) Selection of High-Speed Model Configurations
c) High-Speed Model GVT
d) High-Speed Model Flutter Test
e) Analysis/Test Correlation
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Cantilevered wing models were used in all three tests. It was
judged that once the wing/winglet interaction was represented
adequately, the effect of body and empennage on flutter could
be accounted for.

The details of this program are reported in Refs. 8 and 9. A
summary of the program is discussed subsequently.

Test Configurations and Parameters
The choice of flutter test configurations and parameters

was dictated by the task definition, viz., to develop flutter
methodology. Therefore, the test was planned to obtain dif-
ferent kinds of flutter modes so that the winglet mass and
aerodynamic effects could be identified separately for each
of the flutter modes. The low-speed flutter test was designed
with a larger number and a wider range of parameters taking
advantage of the relative ease of atmospheric low-speed flut-
ter testing compared to high-speed testing. The high-speed
flutter test was designed after establishing analysis/test cor-
relation for the low-speed flutter test. Based on the
knowledge derived from the low-speed flutter test, a reduced
number of configurations and parameters were selected for
testing in the high-speed tunnel. The low-speed flutter test
was conducted at the General Dynamics, Convair Division,
San Diego, wind tunnel facility. The transonic test was con-
ducted in the NASA Langley 16 ft TDT. A schematic
diagram of the wing and wing tips tested is shown in Fig. 1.

Low-Speed Test
The low-speed model wing was of conventional single-spar

construction with the wing sections perpendicular to the
spar. The configurations for the low-speed flutter model test
were:

1) a) Clean wing (without nacelle), b) Wing with winglet
(without nacelle), and c) Wing with winglet mass simulator
(without nacelle).

2) a) Wing with nacelle, b) Wing with nacelle and winglet,
and c) Wing with nacelle and winglet mass simulator.

3) a) Wing with nacelle boom, b) Wing with nacelle boom
and winglet, and c) Wing with nacelle boom and winglet
mass simulator.

The winglet mass simulator was designed to represent
winglet weight, center of gravity, and inertia properties to
help separate winglet inertia and aerodynamic effects. The
results from configurations with nacelle boom were not used
due to good correlation obtained for the configurations with
nacelle. The parameters varied were: 1) angle of attack; 2)
model yaw angle; 3) wing fuel (0, 50, 75, and 100%); 4)
nacelle strut side-bending frequency; 5) nacelle strut vertical-
bending frequency; 6) winglet/simulator cant angle (0, 10,
and 20 deg relative to the vertical); and 7) winglet/simulator
stiffness. The variation of angle of attack and yaw angle was
included to evaluate the static-lift effects.

NASA Langley TDT Test
The main objective of flutter testing in the NASA Langley

TDT was to determine the effects of Mach number on flutter
characteristics. However, the flutter points obtained in a
variable-density, transonic tunnel depend upon the mass-
density ratio as well as the Mach effects. Therefore, the low-
speed model was retested in TDT to determine altitude or
mass-density ratio effects at low speeds. Only two configura-
tions—empty wing with nominal nacelle and with and
without winglet—were tested. The analysis had shown a
switch in flutter mode from nacelle vertical bending to sec-
ond wing bending due to a decrease in the mass-density
ratio. To obtain the mode change in the tunnel, mass-density
ratio was varied by testing the configuration with the winglet
in both air and freon. The strategy was to show that the
mass-density ratio effects for a winglet-configured wing

could be predicted at low Mach numbers. The flutter correla-
tion at higher Mach numbers then could be evaluated on the
basis of compressibility and transonic effects. The high-
speed model was tested in freon for a Mach range of approx-
imately 0.6-0.91 and dynamic pressures up to 200 psf.

The high-speed model was constructed primarily of
fiberglass sandwich components with ribs, spars, stringers,
and skin representing a modern transport wing. The wing
fuel was simulated by water. The model was instrumented
with 20 accelerometers, 23 pressure transducers in two
chordwise arrays, and strain gages to monitor wing and
winglet loads. The following configurations were selected for
testing: 1) wing with nacelle and nominal tip, 2) wing with
nacelle and ballasted tip, and 3) wing with nacelle and
winglet.

The ballasted-tip configuration was selected to determine
the effect of winglet weight separately from winglet
aerodynamics. A winglet mass simulator similar to that used
on the low-speed model would have introduced unknown
aerodynamic effects at high speeds. Therefore, the ballast
weight was incorporated inside the wing contour resulting in
a wing tip aerodynamically identical to the nominal tip. The
test parameters selected were 1) wing fuel (empty and full),
2) nacelle strut vertical-bending frequency, 3) winglet cant
angle (0 and 20 deg relative to the vertical), and 4) angle of
attack. Two nacelle strut vertical-bending springs were used.
The nominal strut vertical-bending spring (nominal nacelle)
and the softer strut vertical-bending spring (soft nacelle) gave
rise to different flutter characteristics due to differences in
coupling of nacelle motion with inboard wing torsion. A
series of high-angle-of-attack runs within the model load
limits was run to verify that there were no single-degree-of-
freedom instabilities at transonic speeds.

Low-Speed Flutter Results
Model GVT

The model ground vibration test (GVT) was performed to
establish analysis/test correlation for the model frequencies

ASPECT RATIO 7.88
QUARTER CHORD SWEEP -31°
LOW-SPEED MODEL SPAN M.l"
HIGH-SPEED MODEL SPAN
(WINGLET/WING)SPAN
(WINGLET/EMPTY WING)WEIGHT .012

(LOW-SPEED)
.016

HIGH-SPEED)

•3.5"

0.139

MASS-SIMULATOR
( LOW-SPEED

MODEL ONLY)

BALLASTED TIP
(HIGH-SPEED

MODEL ONLY )

Fig. 1 Model wing and wing tips.



JULY 1985 WINGLET EFFECTS 589

and mode shapes. The results of modal correlation for the
75% fuel case are shown in Figs. 2a and 2b for configura-
tions with and without winglet, respectively. The agreement
between the analysis and test was judged to be satisfactory.

Modal damping for the model was determined from the
GVT. Structural damping (g) for the modes expected to flut-
ter was about 0.005, except for the nacelle vertical-bending
mode. The nacelle vertical-bending mode had structural
damping of about 0.015.

Flutter Test Results
A total of four flutter modes were observed during the

flutter test. The flutter modes observed were categorized as
follows:

1) The basic nacelle vertical-bending (NVB) mode was
characterized by relatively large nacelle and wing-tip vertical
motions. The flutter frequency of this mode was in the
8.3-8.7-Hz range except with 100% fuel where this mode,
when it occurred, had a frequency of 6.6-6.7 Hz.

2) The wing-tip (WT) mode was characterized by high fre-
quency and sudden flutter onset. It was a classic type of flut-
ter mode where the wing bending and first torsion modes
coalesce into a mode with rapidly reducing damping level
and frequency. When encountered for the clean wing con-
figuration, the flutter frequency ranged from 12 to 22 Hz.
For configurations with nacelle or nacelle and winglet, the
frequency was approximately 14 Hz. The oscillograph traces
for the 14-Hz mode showed wing-tip chord wise motion
almost in phase with wing-tip vertical motion.

3) The second wing-bending (WB2) mode occurred only
with winglet or simulator for certain fuel and nacelle
vertical-bending combinations. It was characterized by flut-
ter frequency in the 10-12-Hz range. The wing-tip chordwise
motion was seen to be distinctly harmonic and of similar
amplitude as the wing-tip vertical motion for winglet con-
figurations. For simulator configurations, the wing-tip
chordwise motion was not evident.

4) The combination wing chordwise and tip (WCT) mode
was characterized by the prominence of a 10.0-Hz wing
chordwise mode along with a higher wing frequency mode of
about 14-15 Hz (in the autospectra from the wing-tip vertical
accelerometer). For several runs, it appeared that the chord-
wise motion first increased with speed and then decreased
before the tunnel was shut down due to excessive wing-tip
vertical response. This flutter mode appeared only for the
100% fuel condition.

Figure 3 summarizes the test results for the three wing-tip
configurations. Flutter characteristics for the three partial
fuel cases (0, 50, and 75% fuel) were similar to each other
and the flutter speeds were within about 3 ktas of each
other. The flutter characteristics of partial fuel cases were
different from the full fuel case. For partial fuel with
nominal nacelle, the flutter mode remained as the basic NVB
mode. The flutter speed with the simulator tip increased by
about 6% over the nominal tip. However, with the winglet
tip, the flutter speed decreased by about 13% relative to the
flutter speed with the simulator tip. With the soft nacelle
configuration, the flutter mode changed from the WT mode
for the nominal tip to the WB2 mode for the simulator and
winglet tips. The flutter speed with the simulator tip de-
creased by about 5% relative to the nominal tip. The winglet
tip reduced the flutter speed by about 19% relative to the
simulator tip.

For configurations with full fuel and either nominal or
soft nacelle, flutter occurred in the basic NVB mode at about
the same speed for both the nominal and simulator wing
tips. However, the flutter mode changed to the WT mode
with the winglet tip, and the speed was lower by about 7%
relative to the simulator tip.

In all cases the winglet's effect was to significantly reduce
the flutter speed. The winglet mass effect was to either in-
crease or slightly decrease the flutter speed. Hence, the ma-

jor contributor to the reduction in flutter speed was winglet
aerodynamics.

The effect of cant angle for the simulator configurations
was found to be insignificant. However, for the winglet con-
figurations, increasing the cant angle reduced the flutter
speed. This suggests that the primary effect is due to the

1 WING BENDING NACELLE SIDE BENDING NACELLE VERTICAL BENDING

TEST(HZ.) 4.42
ANALYSIS(HZ.) 4.42

TEST (HZ.) 12.44
ANALYSIS (HZ.) 12.44

TEST (HZ.) 24.68 28.91
ANALYSIS (HZ.) 25.25 29.82

Fig. 2a Still air vibration correlation for low-speed model wing
(75% fuel)/nacelle (nominal)/nominal tip.

NACELLE SIDE BENDING NACELLE VERTICAL BENDING

TEST (HZ.) 3.9Q
ANALYSIS (HZ.) 3.72

2 WING BENDING

TEST (HZ.) 10.70
ANALYSIS (HZ.) 10.47

3 WING BENDING WING TORSION WITH
WING CHORDWISE BENDING WING TORSION

TEST (HZ.) 20.30
ANALYSIS (HZ.) 19.83

23.30
22.46

TEST (HZ.) 31.40
ANALYSIS (HZ.> 30.66

Fig. 2b Still air vibration correlation for low-speed model wing
(75% fuel)/nacelle (nominal)/winglet (20 deg).
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TIP LATOR

+
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TIP LATOR

NOTE: (a) NUMBERS INDICATE TEST FLUTTER SPEEDS IN KTAS.
(b) NACELLE(NOMINAL) - 11.72 HZ. I NACELLE STRUT VERTICAL

NACELLE(SOFT) - 8.79 HZ. I BENDING FREQUENCY

Fig. 3 Summary of low-speed flutter test results.
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SECOND WING
BENDING
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BENDING

NOTE : (a) NUMBERS INDICATE PERCENT DEVIATION OF PREDICTED(ANALYSIS)
FLUTTER SPEEDS FROM TEST FLUTTER SPEEDS

(b) NACELLE NOMINAL - 11.72 HZ. \ NACELLE STRUT VERTICAL
NACELLE(SOFT) - 8.79 HZ. f BENDING FREQUENCY

Fig. 4 Summary of low-speed test/analysis correlation.

winglet aerodynamics. It appears that flutter speeds would
be minimum for a cant angle which would make the winglet
act as if it were a wing-tip extension. The flutter speeds did
not exhibit sensitivity to winglet/simulator frequency. Angle-
of-attack variation from -2 to 2 deg, and yaw angle varia-
tion from -5 to 5 deg, did not show any significant effect
on flutter speed. Thus, the significant parameters for the
low-speed test were 1) wing fuel, 2) nacelle vertical-bending
frequency, 3) wing-tip configuration, and 4) winglet cant
angle. These parameters were selected for further investiga-
tion with the high-speed model.

Flutter Correlation
The model was analyzed using conventional flutter

analysis techniques. The model spar was represented by
finite beam elements (elastic axis). The nacelle and strut were
attached as rigid lump-masses to the wing elastic axis. The
winglet and ballasted tip were modeled as separate substruc-
tures using branch mode representation. The cantilevered
nacelle strut and winglet frequencies and mode shapes were
input as assumed modes. The calibrated model stiffness
properties were incorporated to improve correlation with the
results of the model GVT. The aerodynamic representation
for flutter analysis was based on strip theory aero-

— ———— ANALYSIS (7.8-8.6 HZ.)
—————— TEST (7.8-8.7 HZ.)

PERCENT WING FUEL
Fig. 5 Low-speed flutter test for wing/nacelle (nominaD/nominal
tip.

LEGEND

O WINGLET (20deg)
• SIMULATOR(20deg)

— ——— ANALYSIS
————— TEST

( ) FLUTTER FREQUENCY

- (8.3 HZ.)

PERCENT WING FUEL

Fig. 6 Low-speed flutter test for wing/nacelle (nominal)/winglet
and simulator.

AIR <

FREON 1

D NAC. VERT. BENDING MODE
IX NAC. VERT. BENDING MODE
D Zn(l WING BENDING MODE

NAC. VERT. BNDC. MODE
2nd WING BENDING MflDE

WING MASS

___ I

T T ( DENSITY )( SPAN) (MEAN CHORD/ 2)"

1/0 . FT. /SLUGS

U. MASS-DENSITY RATIO

Fig. 7 Mass-density ratio effects on flutter (low-speed model) for
wing (empty)/nacelle (nominal)/winglet (20 deg).

dynamics.10 The sectional, static aerodynamic data were
derived from wind tunnel pressure tests.

Analysis of the flutter model predicted the four flutter
modes described previously for appropriate configurations.
Figure 4 shows the flutter modes predicted by the analysis
and the percent deviation from test flutter speeds shown in
Fig. 3. The flutter speed trends generally agreed with trends
from the test. Figures 5 and 6 show a direct comparison of
flutter speeds for the wing/nacelle, wing/nacelle/simulator,
and wing/nacelle/winglet configurations. Flutter speeds for
the NVB mode are plotted for structural damping (g) of
0.015; and flutter speeds for the remaining modes are for
g = 0.005. These damping values are in accordance with the
model GVT results. It can be seen that the analysis/test cor-
relation is reasonably good.

Mass-Density Ratio Effects
The low-speed model was tested in the NASA Langley

TDT in both air and freon to determine mass-density ratio
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effects. The two configurations tested were: the wing with
nominal nacelle, and the wing with nominal nacelle and
winglet (20 deg). Results for the wing with nominal nacelle
and winglet (20 deg) are shown in Fig. 7. The flutter mode
changed from second wing bending to nacelle vertical bend-
ing near a mass-density ratio of 15. The analysis/test correla-
tion was reasonably good. The switch in the flutter mode oc-
curred at a higher mass-density ratio in the test than shown
by analysis. A small difference in actual and predicted damp-
ing could explain this difference.

NACELLE SIDE BENDING NACELLE VERTICAL BENDING

TEST (HZ.) 7.72
ANALYSIS (HZ.) 7.76

19.82
18.60

TEST (HZ.) 24.02
ANALYSIS (HZ.)24.15

TEST (HZ.) 43.75
ANALYSIS (HZ. X2.76

Fig. 8a Still air vibration correlation for high-speed model wing
(empty)/nacelle (nominal/nominal tip.

High-Speed Flutter Results
Model GVT

The model was installed in the NASA Langley TDT, and
was supported by the NASA balance mounted on the wall
turntable. An extensive model ground vibration test (GVT)
was performed prior to model installation in the tunnel.
Figures 8a-c show the vibration analysis/test correlation for
wing (empty)/nacelle (nominal)/nominal tip, wing (empty)/
nacelle (nominal)/winglet (20 deg), and wing (full)/nacelle
(nominal)/winglet (20 deg) configurations, respectively. Struc-
tural damping of the model varied from 0.014 to 0.025.

Flutter Test Results
The test results obtained in the NASA Langley TDT are

shown in Figs. 9a-d. All configurations tested indicated a
sizeable drop in flutter dynamic pressure (QF) due to the
combined effects of Mach number and mass-density ratio, as
expected. There was a significant reduction in QF due to the
winglet aerodynamic effects. For the configuration with
nominal nacelle strut and empty fuel (Fig. 9a), the effect of
the ballasted tip was to slightly lower the flutter boundary
except at higher Mach numbers. However, for the configura-
tion with the nominal nacelle strut and full fuel (Fig. 9b), the
ballasted tip caused a low-damped mode at a slightly lower
dynamic pressure. The reduction in QF due to winglet
aerodynamic effects was more pronounced for this case. The
configuration with the soft nacelle strut and empty fuel (Fig.
9c) showed trends similar to the configuration with nominal
nacelle strut. The effect of winglet cant angle shown in Fig.
9d was found to be similar to that for the low-speed model.
The differences in the effects of winglet aerodynamics on
different configurations were primarily due to the flutter
modes. The four flutter modes encountered were similar to
the four flutter mechanisms found for the low-speed model.
An angle-of-attack variation series was run within model
load limits for the wing (empty)/nacelle (nominal)/winglet
(20 deg) configuration. No single degree-of-freedom in-
stability was found to exist.

NACELLE SIDE BENDING NACELLE VERTICAL BENDING

19.82
18.54

2 WING BENDING NACELLE SIDE BENDING

TEST (HZ.) 5.66
ANALYSIS (HZ.) 5.

15.62
15.75

WING BENDING WING CHORDWISE
BENDING

NACELLE ROLL

TEST (HZ.) 21.09
ANALYSIS (HZ.) 21.08

3 WING BENDING WING TORSION

TEST (HZ.) 40.33
ANALYSIS (HZ.) 38.91

29.69
29.98

Fig. 8b Still air vibration correlation for high-speed model wing
(empty)/nacelle (nominal)/winglet (20 deg).

NACELLE VERTICAL
BENDING

TEST (HZ.) 19.04
ANALYSIS (HZ.) 18.66

NACELLE ROLL

TEST (HZ.) 29.68
ANALYSIS (H2.) 30.24

1 WING CHORDWISE
BENDING

3 WING BENDING

Fig. 8c Still air vibration correlation for high-speed model for wing
(full)/nacelle (nominal)/winglet (20 deg).
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Flutter Correlation
The analytical representation used was identical to the

low-speed model. The built-up, high-speed model wing was
structurally represented by finite beam elements (elastic axis)
as if the wing were of single-spar construction. Strip theory
aerodynamics was used with spanwise lift and moment data
for each Mach number derived from the static wind tunnel
test data. The analysis/test correlation obtained is shown in
Figs. lOa-d for selected configurations. The analysis was
found to be slightly conservative for the wing (empty)/
nacelle (nominal) configuration with nominal tip (Fig. lOa),
while slightly unconservative for the configuration with the
ballasted tip (Fig. lOb). The correlation for the wing (empty)/
nacelle (nominal)/winglet (20 deg) configuration was also con-
sidered to be satisfactory (Fig. lOc). At Mach 0.66, the model
response showed high amplitude in the 17.6-Hz nacelle
vertical-bending mode and the 22.3-Hz second wing-bending
mode. The ratio of acceleration amplitude squared for the
22.3- to 17.6-Hz mode was 1.37. This ratio was based on a
spectrum derived from exponential averaging, with overlap
processing, of 10 ensembles of 5 s each. The corresponding
ratio of displacement amplitudes was 0.72. Therefore, it is
possible to classify the flutter mode as a second wing-bending
mode based on acceleration response, or as a nacelle vertical-
bending mode based on displacement response.

The wing (full)/nacelle (nominal)/winglet (20 deg) con-
figuration results are shown in Fig. lOd. This was the most
complicated configuration in terms of sorting out the flutter
modes. Three flutter modes (nacelle vertical bending, wing
chordwise bending, and wing tip) were observed. At Mach
0.856, there was distinct beating between the 18.5-Hz
(nacelle vertical bending) and 19.1-Hz (wing chordwise bend-
ing) modes. At Mach 0.79, response in both of these modes
was apparent. The higher frequency wing-tip mode was
observed for the test points at Mach numbers of 0.73 and
0.644. The analytical results matched well for the nacelle
vertical-bending and wing chordwise mode at the two higher
Mach numbers. However, the analysis appears conservative
for the wing chordwise mode and unconservative for the
wing-tip mode.

An analytical sensitivity study was conducted to evaluate
the effect of selected parameters on analysis/test correlation.
The primary configuration for the sensitivity study was the
wing (full)/nacelle (nominal)/winglet (20 deg) configuration.
This was judged to be the most interesting configuration
tested since three flutter mechanisms were observed. It was
found to be sensitive to the characteristics of the wing chord-
wise bending. This sensitivity was due to the significant
wing-tip bending and torsion motion in the wing chordwise
mode. The sensitivity to aerodynamic sectional data was as
normally would be expected.

FLUTTER MODES

O NACELLE VERTICAL BENDING ( Q LOW-DAMPED )
D SECOND HIN6 BENDING

TIP CONFIGURATION
NOMINAL

BALLASTED
WINGLET J20 deg|

17.6 Hz Ckl6.9 H
22.3 Hz

MACH N0. :

Fig. 9a Effect of wing-tip configuration on test flutter boundary
for wing (empty)/nacelle (nominal).

FLUTTER MODES
O NACELLE VERTICAL BENOUB
A UIMB HP NODE
O UING CHORDWISE KMUNG
O SECOND UINC BEKOINC (LOW-DAMPED)

TIP CONFIGURATION
. NOMINAL
. BALLASTED

"24.6 HZ \ HlfiM RESPONSES

18.5 Hz
19.9 Hz

18.5 Hz

19.1 Hz

MACH NO.1

Fig. 9b Effect of wing-tip configuration on test flutter boundary
for wing (full)/nacelle (nominal).

FLUTTER MODES

O NACELLE VERTICAL BBIOHM •

O SECOND HIK BENDING (J

TIP CONFIGURATION
. NOMINAL

BALLASTED

- WINGLET(20 deg)

Fig. 9c Effect of wing-tip configuration on test flutter boundary
for wing (empty)/nacelle (soft).

TIP CONFIGURATION

- KINGLET (o deg.)
• KINGLET (20 deg.)

17.8 Hz
19.9 Hz

FLUTTER MOOES

O HACaLE VERTICAL BENDING
Q SECOND WING BENDING

^ NO FLUTTER

Oftl7.6 Hz

17.5 Hz \N

MACH NO.

Fig. 9d Effect of winglet cant angle on test flutter boundary for
wing (empty)/nacelle (nominal)/winglet.
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Conclusions
The experimental database created in this program can be

used for evaluation of different theoretical approaches. The
presence of the winglet caused reduction in flutter speed in
both the flutter model test and analysis. The four flutter
mechanisms predicted by analysis were observed in the test.
The number of flutter test points obtained in the tunnel
cover a wide range of configurations, altitudes, and Mach
numbers. This provides an excellent reference for evaluation
of analytical correlation for a configuration with or without
winglets.

The mass-density ratio effects at low Mach numbers were
correlated (analysis vs test) satisfactorily over a wide range.
The application of conventional analysis techniques proved
to be satisfactory through the transonic Mach regime. No
single-degree-of-freedom flutter mechanism was found to
exist. It was concluded that the flutter characteristics of a
winglet configured high aspect ratio wing can be predicted
satisfactorily with careful application of existing methods for
a wind tunnel model of a twin-engine airplane configuration.
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