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Investigations Concerning the Coupled Wing-Fuselage-Tail Flutter
Phenomenon

W. J. MYKYTOW,* T. E. NoLL,f L. J. HUTTSELL,! AND M. H. SHIRK|
Air Force Flight Dynamics Laboratory, Wright-P alter son Air Force Base, Ohio

Results of subsonic model tests and analyses of a critical mode of flutter of a wing-fuselage-horizontal tail
combination are presented. Increasing wing sweep can lead to lower flutter speeds. Flutter speeds are a mini-
mum for cantilever wing bending to fuselage torsion frequency ratios in the range of 0.3-0.6. Vertical separation
or dihedral angle increases the flutter speed and is more important than longitudinal separation. The aero-
dynamic interference effect of the wing on the tail is important and a detrimental feature for the configuration
used. Flutter analyses using doublet lattice and kernel function unsteady aerodynamics methods were conducted
to evaluate the accuracy of the prediction methods and to define controlling criteria. Also, experimental
flutter model data and theoretical comparisons in the Mach number range of 0.6 to about 1.0 obtained in investi-
gations conducted for the Air Force Flight Dynamics Laboratory are presented. In general, agreement between
predicted and test results for subsonic and transonic investigations is good. Finally, aerodynamic prediction
methods are applied to the wing-horizontal tail configuration selected by AGARD for comparisons.

Nomenclature

b = reference semichord in streamwise direction, ft
b0 = reference semichord measured streamwise and inter-

secting the elastic axis line 75 % of the latter's length, ft
c = local streamwise chord, ft
Ci = local lift coefficient
Cm = local moment coefficient
/ = frequency, Hz
mt = lumped mass at station i, slugs
Moo = freestream Mach number
Qij = generalized force coefficient
4_ — wing semispan, ft
jf, AJSf = wing-horizontal tail longitudinal separation, ft
Z, AZ = vertical offset between wing and horizontal tail

centerline, ft
V = freestream velocity at flutter, fps
p, — model to air mass ratio, m/7Tpb2

a) = flutter frequency, rad/sec
a>h = wing first cantilever bending frequency, rad/sec
o>0 = uncoupled fuselage torsion frequency, rad/sec

Introduction

CI IGNIFICANT changes in the flowfield can be induced by
^lifting surfaces and/or bodies in close proximity. This
interaction or interference can appreciably affect the angle of
attack of the flow, and therefore the pressure or loading over
the nearby lifting surface or body. These significant effects
have long been demonstrated by both tests and theory in the
static aerodynamics area. The aerodynamicist has in fact for
some time used gross correction factors1 in the form of mean
downwash angles or employed more refined approaches using
advances in aerodynamic theory.2 On the other hand, the
aeroelastician has been hampered in design flutter analyses
because theoretical methods to predict unsteady aerodynamic
loads for general cases involving interference have been
lacking. Approximate corrections based on steady-state
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measurements were therefore used in flutter analyses to
account for the aerodynamic interference that occurs around
a T-tail when such designs appeared about 1950. The
criticality of the T-tail design from a flutter viewpoint spurred
emphasis on the development of nonplanar theories to predict
T-tail unsteady aerodynamic loads.3'4 A similar emphasis
to predict unsteady aerodynamic loads for tandem surfaces,
such as wing-horizontal tail combinations, was delayed until
fairly recently since coupling of elastic modes to produce a
critical flutter mode involving mechanical interaction of the
wing, fuselage and tail was not encountered. Fortunately, a
considerable theoretical foundation5"10 had been formulated
in the early 1960's which facilitated the extension of unsteady
load prediction methods to include wing-horizontal tail
interaction. This body of information was rapidly expanded
by further notable contributions.11"14 The first generation
Albano-Rodden doublet lattice method,13'15 the second
generation doublet lattice method16 and the Albano kernel
function method,15 an extension of the Laschka kernel
function method,11 are of particular interest for the subsonic
investigations reported herein.

The impetus for concentrated efforts in theoretical and
further flutter model investigations of the coupled wing-
fuselage-tail flutter problem was provided by Topp et al.17 in
1966. Figure 1 reproduces some of their subsonic flutter
model test results for a fighter having a variable sweep wing.
For low-wing sweep angles, the critical flutter modes are those
mainly involving higher frequency bending and torsion
motions of the lifting surfaces. For wing sweep angles above
58°, increasing the wing sweep angle produces a rapid drop
in the flutter speed in a new flutter mode involving lower
frequency modes of the wing, fuselage and tail. The proper
trend of flutter speed could not be predicted17 until wing-tail
unsteady aerodynamic interference was included.18 The
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Fig. 2 Schematic of AFFDL subsonic wing-horizontal tail flutter
model.

rapid and large drop in flutter speed inferred a potential
criticality which stimulated rapid and excellent contributions
in both theoretical and flutter model trend investigations.19"22

AFFDL Flutter Model

The AFFDL flutter model23 was a half-span simulation of a
potential, variable-sweep-wing fighter. A schematic of the
fuselage mechanism and suspension system is presented in
Fig. 2. The model was tested in the Air Force Institute of
Technology's 5 ft, subsonic, circular wind tunnel. The model
wing stiffnesses were concentrated in a metal spar. The
wing consists of seven separate balsa sections attached to the
spar near the section centers. Typical fighter pivot roll and
pitch stiffnesses were simulated near the wing root. A
variable-length torsion bar arrangement was located within
the fuselage fairing and permitted variation of the effective
fuselage torsional stiffness and thus frequency. The stabilizer
construction consisted of a metal spar covered with balsa
wood. The stabilizer position could be varied horizontally
and rotated to give 45° dihedral relative to the wing plane.
Figure 3 illustrates the geometry variations possible with this
model.

The wing, wing pivot support, fuselage torsion bar and
horizontal tail flexibility coefficients were measured. In
addition, weight, unbalance and inertia characteristics were
also measured where possible. Natural modes and frequncies
were computed using classic methods defined by Bisplinghoff
et al.24 and Dugundji.25 Figure 4 shows typical results for
the four elastic modes used in the flutter analyses. In general,
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Fig. 4 Comparison of calculated and measured vibration node lines
and frequencies.

agreement between measured and predicted modes and
frequencies is excellent. The first two modes primarily
involve coupling between wing bending and fuselage torsion.
The third mode is primarily a wing carry-through pitch mode
coupled with wing bending and fuselage torsion. The fourth
mode is a second wing bending-fuselage torsion mode coupled
with the pitch and wing torsion. Since the model was
suspended from the ceiling by bearings, it was free to roll with
gravity providing a roll frequency near 1.0 Hz.

Subsonic Flutter Model Results and Discussion

Several important variables were investigated during model
wind-tunnel testing. Longitudinal wing-horizontal tail sepa-
ration was varied over a range of practical values. The
fuselage torsional frequency was also varied since it was
expected that a mechanical tuning between wing modes and the
fuselage torsion mode could lead to minimum flutter speeds at
critical frequency ratios. Wing sweep was variable to simu-
late the range achievable in flight (25-70°, Fig. 3). Wing
sweep is a very important parameter since for large wing
sweep angles, bending modes of the wing provide camber-
like distortions along the wing chordlines thereby effecting
changes in downwash and the unsteady aerodynamic loads
essential to incite the flutter instability. It was desirable
to vary vertical spacing between the wing and horizontal tail,
but this was not readily practical for the model design selected.
Most tests were therefore conducted with the wing and tail
in the same plane. However, a limited series of tests were
performed with the tail plane rotated to provide 45° of
dihedral relative to the wing plane.

A summary of some of the model flutter data is given in
Fig. 5. The flutter velocity is plotted against wing sweep for
various ratios between cantilever wing bending and fuselage

Fig. 3 AFFDL Wing-horizontal tail flutter model.
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Fig. 5 Experimental variations of model flutter speed with wing
sweep angle.
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Fig. 7 Effect of tail aerodynamics on calculated flutter speeds, 60°
wing sweep.

torsion frequencies. The dashed lines for frequency ratios of
0.7 and 0.9 at low-sweep angles represent trends of a higher
frequency (11.0 Hz) flutter mode involving wing pitch, due to
flexibilities near the pivot and its support, as well as wing
bending and fuselage torsion motions. The coupled pitching
mode is near 14 Hz at zero airspeed. The solid lines for
frequency ratios of 0.9, 0.4 and 0.7 represent trends of the
lower frequency mode (6-9 Hz), involving primarily wing
bending and fuselage torsion. This is the more critical mode
which causes lower flutter speeds for the higher wing sweep
angles. This flutter mode occurs between the first two zero
airspeed elastic modes just described. These subsonic model
tests show that the trend of the low-frequency flutter mode with
wing sweep is a function of frequency ratio or tuning. For the
higher frequency ratios (0.7-0.9), the trends are generally
quite similar to those reported by Topp et al.,17 as shown in
Fig. 1. For low-frequency ratios, there is very little variation
of flutter speed for high-wing sweep angles. The shaded line
shows the envelope of lowest flutter speeds obtained by varying
the frequency ratio at each sweep angle. The "critical
frequency ratio" for minimum flutter velocity varies from
0.3 for 45° wing sweep to slightly above 0.6 for 70° wing sweep.
Stated in other words, for high-wing sweep angles, minimum
flutter speeds occur if the first antisymmetric wing bending
frequency (model free to roll but fuselage rigid) is slightly
lower (0.9 times) than the fuselage torsion frequency (fuselage
free but wing and tail rigid).

Initial model tests were conducted with an open cavity in the
root fairing to facilitate model parameter changes. Tufts were
placed over the aft fuselage and horizontal tail. The behavior
of the tufts indicated poor flow over the tail with the cavity
open. Tests were conducted to determine the effect of this
open cavity. Results are shown in Fig. 6. There is a 4%
increase in velocity at a frequency ratio of 0.68 and a 12%
increase at a frequency ratio of 0.97. Thus, it is essential in
some cases to simulate the airplane cavity condition in model
tests. The remaining tests were therefore conducted with the
cavity filled with plugs and all data presented herein are for the
filled cavity.

Theoretical Results and Comparison with Test Data

Flutter analyses were conducted using the roll mode and
four flexible natural modes of vibration. Oscillatory aero-
dynamic loads were initially predicted by the first generation
doublet lattice method15 which accounted for the aero-
dynamic interference effects between coplanar wing and tail.
Some check calculations were conducted23 using the kernel
function method15 to predict the airloads. Results were
essentially identical to the doublet lattice method data.

Some theoretical results are given in Fig. 7 for a wing
sweep of 60°. When 100 % (0 % reduction) of the oscillatory
airloads are acting on the tail due to both wing and tail
motions, flutter occurs in the low-frequency wing bending-

fuselage torsion flutter mode. Minimum flutter speeds are
obtained near a frequency ratio of 0.6 due to the tuning
mechanism previously mentioned. Arbitrary reductions were
made in total aerodynamic loads on the tail induced by both
wing and tail motions. The flutter speed in the low-frequency
mode increased proving that airloads on the tail are det-
rimental. However, this flutter phenomenon can occur in
the complete absence of all tail aerodynamic loads (100%
reduction) thereby indicating that the prime coupling or
instability tendency rests in wing and fuselage parameters for
this configuration. The ratio of minimum flutter speeds for
the condition with full aerodynamic loads on the tail to the
condition with no aerodynamic loads on the tail is 0.80.
Another feature which is noticeable is the tendency for the
flutter speed to be proportional to frequency ratio for a small
frequency ratio range just above the minimum velocity
region for full aerodynamic load. The higher frequency
flutter mode is evident in the flutter predictions for frequency
ratios above 0.7. Some of the flutter model strain gage
data indicated response in this higher frequency mode and the
imminence of this flutter. Another interesting result from
analyses (Fig. 8) was that an inch shorter wing semispan
yielded calculated flutter speeds which were 3% and 10%
lower than the flutter speeds of the longer wing for frequency
ratios 0.62 and 0.82, respectively.

Flutter model data obtained for the 60° swept back wing
and the coplanar tail for two different longitudinal separations
are shown in Fig. 9, together with corresponding calculated
results. The analyses predict the flutter velocity trends very
well and indicate little difference in trends for these two
longitudinal separations. The theory is about 18 % conserva-
tive at minimum velocities near a frequency ratio of 0.5-0.6.
For higher frequency ratios, theory shows a more rapid
increase in flutter speed than shown by test data, particularly
for the lower longitudinal separation. The conservative
predictions of theory for minimum velocities may be due to
thickness and viscous effects. The wing is likely blocking the
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Fig. 8 Effects of wing semispan on calculated flutter speeds, 60°
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Fig. 9 Comparison of experimental and calculated flutter speeds, 60°
wing sweep.
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Fig. 10 Comparison of experimental and calculated flutter speeds
for various tail dihedral angles, 60° wing sweep.

tail flow. This explanation seems to be a good possibility
since tuft behavior indicated that flow over the tail was less
than ideal even after the wing root-fuselage fairing cavities
were plugged.

The effects of horizontal tail dihedral are shown in Fig. 10.
Both test and theoretical data show that tail dihedral is
beneficial. It is to be noted that the calculated results are
based on the assumption that the mechanical properties of the
wing-tail-fuselage mechanism remain unchanged as varia-
tions in longitudinal and vertical separation and dihedral
angles are made. Thus, only aerodynamic effects are
determined. The tail is moved out of the strongest influence
of the oscillating wing wake thereby reducing wing interference
loads on the tail and their detrimental influences. Test data
indicate a 13 % increase in flutter speed when the tail dihedral
is changed from 0° to 45° near a frequency ratio of 0.6. The
second generation doublet lattice method16 was used in the
analyses and predicts a slightly higher change of 21 % for the
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Fig. 11 Comparison of experimental and calculated flutter fre-
quencies for various tail dihedral angles, 60° wing sweep.
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Fig. 12 Effect of vertical separation on flutter speed, 60° wing
sweep (analytical results).

same frequency ratio. The general trend of flutter velocity
with frequency ratio for 45° of tail dihedral is predicted.
Theory indicates larger incremental increases in flutter speed
due to dihedral changes at higher frequency ratios (0.82).
Predicted flutter frequencies (Fig. 11) and their variations with
tail dihedral and wing bending to fuselage torsion frequency
ratio agree very well with available test data. The variation
of predicted flutter frequency with tail dihedral for a given
wing bending to fuselage torsion frequency ratio was very
small.

Theoretical calculations were also made for several con-
ditions where the tail plane was displaced parallel to the wing
plane. The results, again obtained by the second generation
doublet lattice method, are shown in Fig. 12. For the
configuration where the horizontal tail has been displaced
from 0% to 160% of the wing reference semichord, an
increase of 16% in flutter velocity results. The variation of
predicted flutter frequency with vertical displacement is small.

The computed flutter speed for the configuration where
wing and tail centerlines are in the same plane, but the tail has
45° dihedral relative to the wing, is 21 % higher than the
coplanar flutter speeds. Approximately equal changes
should be expected between these configurations since the
outer region of the tail has been displaced about the same
amount relative to the wing wake.

Analytical calculations were also made for the case where
the horizontal tail was displaced parallel to the wing and the
tail dihedral angle was varied from negative to positive
angles thereby moving the tip of the tail from the vicinity
of the strong portion of the wing wake to well out of it.
Results shown in Fig. 13 show an increase of 22% in flutter
velocity when the dihedral angle is changed from —12.5° to
45° for a frequency ratio of 0.62.

Transonic Tests and Correlations

To provide information on wing-fuselage-horizontal tail
flutter at high speeds, the AFFDL defined a transonic flutter
model program which was successfully conducted by Balcerak
et al. of Cornell Aeronautical Laboratory in 1966 (Ref. 20).
The wing and tail planforms were similar and of constant
chord. Two wing-tail sweep angles, 45° and 60°, were
investigated. Analyses for some of the test conditions were
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TAIL DIHEDRAL ~ DEGREES

45.0

Fig. 13 Effects of vertical separation and tail dihedral angle on
flutter speed, 60° wing sweep (analytical results).
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Fig. 14 Cornell transonic wing-tail flutter model results, 45° wing
and tail sweep.

made by Albano et al.,15 using a nonplanar kernel function
unsteady aerodynamic method. This development was based
on extensions of methods defined by Laschka and Schmid11 of
Germany.

Figure 14 presents some exceedingly interesting data for a
coplanar case. A rather ingenious approach was used by
Cornell Aeronautical Laboratory. For one series of tests
the more rigid surface was rotated out of the airstream so there
was no aerodynamic interference but the mechanical coupling
was present. For this test, only the more flexible surface was
exposed to the airstream. For the other two conditions, both
surfaces were in the airstream, but their positions were
interchanged. The configuration with only the flexible
surface exposed produces the highest flutter speeds. Notice
again that this flutter is possible without wing-tail aerodynamic
interference. Kernel function theory predicts the correct
trends from 0.6 to 0.85 Mach number and is about 5%
conservative. Intermediate flutter speeds are produced when
the more rigid surface is forward (wing) and the more flexible
surface is aft (tail). Kernel function theory is about 10%
conservative for this configuration. The lowest flutter speeds
are produced when the flexible surface is in the wing position
and the more rigid surface is in the aft tail position. The
flutter speeds are almost 20% lower than the condition with
flexible surface only exposed. Kernel function results
predict the trend with Mach number suprisingly well.

It should be noticed that the flutter velocity near a Mach
number of 1.0 is decreasing so that the phenomenon will
extend into the supersonic speed range. Thus, development
of methods to predict unsteady aerodynamic loads for
interfering surfaces is required for both transonic and low-
supersonic speed regions. li et al.26 of the Boeing Company
are now developing a Mach box method for the supersonic
region for the AFFDL. The methods developed will be
applied to the Cornell flutter models to estimate supersonic
trends.

Fig. 15 AGARD wing-horizontal tail configuration.
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Fig. 16 Spanwise distribution of cCt on the tail due to wing bending.

places the tail tip closer to the wing wake. Large reductions
occur for all wing-induced tail loads as the tail is moved away
from the strong wing wake. The magnitudes and the distri-
butions of both the local lifts and moments over the wing
change very slightly with the tail position and dihedral.

Figures 17 and 18 show the maximum moduli of the local
tail lifts and moments for the wing bending vibration mode.
The maximum tail local lift parameters decrease 81 % when the
tail dihedral is changed to 45° from the coplanar tail position.
They increase 120% when tail dihedral changes from 0° to
— 14° for a configuration with 0.25<? vertical displacement

AGARD Wing-Horizontal Tail Configuration

The NATO Advisory Group for Aerospace Research and
Development has selected standard configurations and
parameters to make comparisons among various unsteady
aerodynamic load prediction methods. Figure 15 shows the
wing-horizontal tail configuration and the four antisym-
metric modes selected. The spanwise variation of local lifts
and moments due to these modes were calculated by AFFDL
for both wing and tail for a Mach number of 0.8 and a
reduced frequency of 1.5 based on wing semispan using the
second generation doublet lattice method.16 All data com-
puted are not shown since variations of the different inter-
ference loadings over the tail span are broadly similar.

Figure 16 shows the local lifts over the tail for the wing
bending mode when the tail is displaced vertically 25 % of the
wing semispan (0.25<?) and the dihedral is varied. The loading
is increased and shifted outboard on the tail when dihedral
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Fig. 17 Maximum | cCt \ on the tail due to wing bending.
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Fig. 18 Maximum | cCm/4 \ on the tail due to wing bending.

between the wing and tail. The reduction in the maximum
local moment is 75 % when the dihedral is changed from 0° to
45° (coplanar case) and the increase is 109% when the tail
is displaced vertically 0.25d and dihedral is changed to —14°
from 0°. Similar results were obtained for the wing twist
mode.

Figure 19 shows the variation of the magnitude of the
generalized force coefficients for the tail modes due to un-
steady aerodynamic pressure induced on the tail by the wing
bending mode. A vertical displacement of 0.25^ reduces all
the generalized forces by more than 50% for zero dihedral
angle. Also, a positive dihedral angle change from 0° to 15°
for 0.25^ displacement reduces the coefficients by approxi-
mately 50%. Negative dihedral (—14°) with 0.25^ positive
vertical displacement causes approximately a doubling of the
zero dihedral angle, generalized force coefficient. Again
similar results were obtained for the wing twist mode.

The above percentage changes would not necessarily be
reflected directly in flutter velocity changes since the wing
aerodynamic loads contribute in large part to the instability
as demonstrated by the analyses for the AFFDL flutter model
and for the transonic Cornell flutter model discussed previ-
ously.

Closing Remarks

In summary, wing-fuselage-tail interacting flutter can
cause low-flutter speeds and can be a critical design factor.
Both mechanical-tuning and aerodynamic-interference coup-
lings are important considerations. A valuable body of
analytical and flutter model test information now exists for
predicting and preventing this phenomenon. There are,
however, several urgent needs. One is the development of
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Fig. 19 Tail generalized force coefficient induced by wing bending
vs tail dihedral.

reliable nonlinear transonic-low-supersonic unsteady aero-
dynamic load prediction methods. These are required for all
configurations including isolated surfaces. Unsteady aero-
dynamic pressure measurements are also required to evaluate
the theories and provide empirical corrections when analytical
methods are inadequate. Exploratory supersonic analyses
need to be completed to define an optimum supersonic
flutter model program. This flutter model program should
then be conducted to evaluate trends in the low-supersonic
speed region, since test data indicate a decrease in flutter
velocities beyond a Mach number of 1.0. These tests will
also provide data to evaluate accuracies of supersonic
unsteady aerodynamic load prediction methods. There is
also a need to investigate the theoretical assumptions used
for closely spaced wing and horizontal tails and determine
proper flow conditions for the wing trailing edge and for the
tail. Finally, methods are needed to account for the actual
location and characteristics of the wing wake when determin-
ing their effects on tail flow and tail loading for practical
lifting and maneuvering flight conditions.
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