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Flutter of Pairs of Aerodynamically Interfering Delta Wings

Richard R. Chipman,* Frank J. Rauch?

Grumman Aerospace Corporation, Bethpage, N.Y.

AND

Robert W. Hessi
NASA Langley Research Center, Hampton, Va.

To examine the effect on flutter of the aerodynamic interference between pairs of closely spaced
delta wings, several structurally uncoupled 1 /80 th-scale models were studied by experiment and
analysis. Flutter test boundaries obtained in NASA Langley’s 26-in. transonic blowdown wind tun-
nel were compared with subsonic analytical results generated using the doublet lattice method.
Trends for several combinations of vertical and longitudinal wing separation were detérmined, show-
ing flutter speed significantly affected in the closely spaced configurations. For some configura-
tions, a flutter mechanism coupling flexible modes of both surfaces at a disinctive flutter frequency
was predicted and observed. The flexibilities of both surfaces were concluded to be essential to the

analysis.

Nomenclature

= reference semi-chord of trailing wing

= mean aerodynamic chord of leading wing
= frequency, Hz

damping

biplanar (vertical) wing separation
stiffness matrix

streamwise (longitudinal) wing separation
mass matrix

= Mach number
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q = displacement vector of the degrees of freedom

Q = aerodynamic force vector

V; = flutter velocity

Vi(=) = V,of flutter-critical isolated wing

Vi(h,l) = V; of a configuration with biplanar and streamwise
separations, i and [

u = mass density ratio

w;y = flutter frequency, rad./sec.

wr = reference frequency

Introduction

THE aderodynamic interaction of lifting surfaces in prox-
imity can create aerodynamic forces sufficient to destabil-
ize surfaces otherwise flutter-free within their flight enve-
lope. This problem on various aircraft designs has stimu-
lated the efforts of several investigators: T-tail flutter was
found to be a problem by Stahle.! To predict unsteady
aerodynamic loads on a T-tail, Stark? subsequently devel-
oped a subsonic nonplanar doublet-lattice theory. Simi-
larly, Laschka® extended the so called kernal function
method to multiple coplanar surfaces. Experiments re-
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Table 1 Wing Designs

TYPE TRAILING | LEADING |LEADING
CROSS-SECTION Q Q
DESIGNATION 100 070/040 070/032
CORE (IN.) 0.100 0.070 0.070
ROOT CHORD (iN.)| 135 9.0 8.0
TIP CHORD (IN.) 2.50 1.66 1.66
M.A.C. (IN.) 9.27 6.18 6.18

| HINGE (IN.) - 0.040 0.032
f (Ha) 104. 129.8 129.5
Ty (Hz) 223. 233.8 261.4

ported by Topp et al.* showed a dramatic degradation in
the flutter speed of a variable sweep aircraft, due to aero-
dynamic and structural coupling of the wing, tail, and fu-
selage. Only by accounting for aerodynamic interference
between the wing and tail, could this trend be calculat-
ed.5 Exploring this phenomenon in depth, Mykytow et
al.% conducted flutter tests on a wing-fuselage-tail model
and correlated findings with predictions made using both
doublet-lattic and kernel function methods developed by
Albano and Rodden.”-8 Using structurally coupled modes
in the analysis of a similar configuration, Triplett et al.®
showed that the flutter mechanism could go entirely un-
detected if aerodynamic forces were calculated on both
the wing and tail without including their aerodynamic in-
terference. _

More recently the problem of interference flutter was of
concern on flyback booster space shuttle configurations.
Wind tunnel tests conducted by NASA Langley Research
Center on pairs of equally sized low-sweep wings indicated
that close proximity could severely affect the flutter
boundary.1¢

To determine the effect of close spacing on unequally
sized, highly swept delta wings, a joint analytical and ex-
perlmental study was performed on pairs of 1/80th-scale
shuttle wings. Specifically, various model deltas were de-
signed, fabricated, and analyzed and were tested at the
Langley Research Center’s 26-in. Transonic Blowdown
Wind Tunnel. For various horizontal and vertical separa-
tions of the leading and trailing wings, test flutter
boundaries were determined for the Mach number range
0.6 to 1.4. These were compared subsonically with trends
derived from the application of the doublet lattice meth-
od,! which had been used successfully to predict interfer-
ence flutter on the aforementioned low-sweep wings.1?
The results of this test program and the comparison with
theory are the basis of this paper.

Test Apparatus .

Models

The basic design for both the leading (orbiter) and the
trailing (booster) wings was a cropped delta with a 59°
L.E. sweep and an aspect ratio of 0.794. The trailing wing
had a fifty % greater length and span than the leading
wing. As shown in Fig. 1, each model consisted of a homo-
geneous aluminum alloy core plate with cut-outs designed
to provide a realistic torsion-to-bending frequency ratio.
The core plates had a constant thickness of 0.070 in. and

Fig.1 Core of leading delta wing.

0.100 in. for the leading and trailing wing, respectively.
An 8% airfoil profile was obtained by bonding to each core
end-grain balsa wood with a thin mylar covering. The
leading wing was equipped with a full-span control surface
with sets of interchangeable hinges of various stiffnesses
made of thin strips of beryllium copper. A section of the
wing is shown in Fig. 2. By a simple change of hinges, the
control surface could alternately be set at one of two se-
lected stiffnesses: With the first (stiff) set, the leading
wing would have a flutter boundary higher in dynamic
pressure than that of the isolated trailing wing. With the
second (flexible) set, the boundary would be about the
same as that of the trailing wing. Table 1 summarizes the
design of the three surfaces tested and lists the measured
first two natural frequencies of each.

To achieve variations in the streamwise and vertical
wing separations without introducing structural coupling,
a rigid mountlng block with various slots was made. The
tangs of the wings were clamped into the desired slots and
the entire assembly was bolted to a holding block and its
affixed splitter plate, which were fastened to the wing
tunnel wall. A typical installation is shown in Fig. 3.

Instrumentation

Each model was instrumented with strain gages which
through their response to bending and torsional motions,
were used to detect the onset of flutter and to measure
flutter frequency. Models with control surfaces were addi-
tionally equipped with a solenoid having its coil and core
plug on opposite sides of the hinge line.

MYLAR COVERING

END GRAIN BALSA

BERYLIUM COPPER HINGE

' | ' |II
e ‘ ,
1
== 0,060 IN.
ALUMINUM ALLDY CORE

032 IN.

MAC 6.18 IN |

Fig. 2 Section of leading wing showing control surface detail
(not to scale).
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MOUNTING BLOCK
AND SPLITTER PLATE

ORBITER WING

FLOW DIRECTION
{INTQ PAPER)

BOOSTER WING

WALLS OF OCTOGONAL
WIND TUNNEL SECTION

Fig. 3 Test wings in tunnel.

Wind Tunnel

Flutter tests were conducted in the NASA Langley Re-
search Center 26-inch Transonic Blowdown Wind tunnel
for a Mach number range of 0.6 to 1.4.

Test Procedure

Vibration Survey

Prior to wind tunnel testing, each model was subjected
to a vibration survey. Modal shapes,. frequencies and
damping coefficients were determined for one model of
each of the three types. Subsequent models of each type
weré checked for likeness of frequencies and damping
coefficients. Noncontacting excitation and measurement

— (BOOSTER) 100
-~ {ORBITER) 070/032

S —

(Hz)

0 ' 4% 800 1200
V(EAS), KNOTS

Fig. 4 Flutter analysis of delta wings without aerodynamic
coupling.

J. AIRCRAFT
02

2/c= 0.0
h/e = 0.405

—— (BOOSTER) 100

-.024 - -~ (ORBITER) 070/032
400
f { e

T P T T
Y 400 800
V{EAS), KNOTS

Fig. 5 Flutter analysis of closely spaced delta wings includ-
ing aerodynamic coupling.

systems were utilized to assure distortion-free mode
shapes and frequencies. The output of the noncontacting
inductance-type pickup was conditioned, and displayed
on a vacuum tube voltmeter and oscillograph to extract
mode shapes and damping data. During the survey, the
models were clamped in the mounting block that would
be used in the wind tunnel so that root conditions would
be the same in the tunnel installation.

Flutter Tests

Before each tunnel run, the models to be used were vi-

sually examined for signs of damage due to previous runs.
In addition, after being installed in the tunnel, each
model was excited, and oscillograph records of the strain
gage outputs were monitored to check frequencies and
dampings of the first four modes.
" On the basis of the results of previous runs, a desired
tunnel operating “path” was selected for the run. This
path was followed until either the tunnel air supply was
exhausted or flutter was detected visually. High speed
films were taken during the runs to record any dynamic
instability encountered. Several runs following different
paths were made on each configuration to determine a
boundary of flutter speed vs Mach number.

Flutter boundaries were obtained for the pairing of each
of the two leading wings with the trailing wing at the vari-
ous horizontal and vertical separations shown in Table 2.
Additionally, boundaries for each of the three isolated
wings were obtained.

Analysis

Since the present study is restricted to the effects of
aerodynamic coupling, the equations of motion for a two-
component system may be written

[mAA 0 :| da [kAA 01194 Qaa+ Qas
+ =

0  mpp ds 0  kgslfgs Qpa + QBB:|
The aerodynamic forces, including the coupling forces,
Qap and Qp,, are calculated for subsonic Mach numbers
through use of the doublet lattice method.’® Using mea-
sured normal modes and frequencies, flutter solutions are
determined by the classical V-g method.1® The flutter
speeds ‘and frequencies are chosen based on measured
structural damping.

Representative' V-g and V-f plots are shown in Figs. 4
and 5 for one of the tested configurations at a Mach num-

ber of 0.7 with and without aerodynamic coupling. For
simplicity, only roots corresponding to the lowest four
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Fig. 6 Experimental and theoretical flutter speed and fre-
quency indices for isolated 100 delta wing.

modes of the system are shown. Without coupling, the
basic flutter mechanisms are associated with a coales-
cence of the first bending and first torsion modes of each
surface. In this case, aerodynamic interference lowers the
orbiter flutter speed about 10%, while the booster root is
raised slightly. Additionally, at a speed 18% lower than
the isolated-orbiter flutter speed, an area of marginal in-
stability occurs in which the orbiter bending and booster
torsion modes coalesce. An inspection of the eigenvector
associated with this instability reveals significant contri-
butions from three modes which are (in order of impor-
tance) orbiter torsion, orbiter bending, and booster tor-
sion.

Experimental Flutter Results

Shown in Figs. 6-8 are the flutter speed and flutter fre-
quency indices for the three isolated delta wings. The
flutter speed of each has a shallow transonic dip charac-
teristic of delta wings—11%, 10%, and 6% for the 100,
070/040, and 070/032, respectively—while the frequency
of flutter is seen to vary considerably with Mach number.
A sharp recovery in flutter speed is common to all three
wings, and both control-surface models exhibit a buzz re-
gion at low supersonic Mach numbers.

Testing of the 100 delta, paired with each of the two 070
deltas, was performed for the separations indicated in
Table 2. Two types of interference effects were observed.
The first was a simple change in flutter speed on one or
both of the surfaces, while the second was a coupled flut-
ter of both surfaces characterized by a common flutter
frequency. Films of this mechanism show in one case the
surfaces oscillating 180° out of phase; and, upon the flut-
-ter destruction of one surface, the other surface can be
seen to stabilize.

Flutter boundaries for representative tested interference
configurations are shown in Figs. 9-13. In configurations
pairing the 070/032 with the 100 delta wing, the subsonic
flutter speeds of the flutter critical leading wing are gen-
erally reduced. Although no supersonic flutter could be
found on the isolated surfaces within wing tunnel bounds,

Table 2 Configurations?

/e
h/c 0.00 - 0.73 1.45
0.20 A A&E A
0.40 A&E A&E A
0.60 A&E A&E A

2 A = analysis performed. E = experiment performed.

MACH NUMBER — M

Fig. 7 Experimental and theoretical flutter speed and fre-
quency indices for isolated 070/040 delta wing.

supersonic flutter occurs on both surfaces for many of
these interfering configurations.

For the 070/040 - 100 pairings, the critical subsonic
flutter speeds are raised but the leading surface flutters
lower than it does without interference. The supersonic
recovery is still too high to measure on the leading sur-
face, but that of the 100 wing has been lowered enough to
be recorded for several configurations.

In Fig. 14, for each configuration, the ratio of the mini-
mum flutter speed in the transonic dip region to that of
the isolated wing is plotted as a function of separation be-
tween wing apexes. Only the minimum flutter speed of
the flutter critical wing could be determined, since wind
tunnel excursions much above the boundary of the flutter
critical wing could result in its destruction. Sizable reduc-
tions in measured flutter speed of as much as 16% occur
for the smaller separations.

Correlation with Analysis

Analyses were run for the configurations denoted in
Table 2 over a range of subsonic Mach numbers to pro-
duce flutter boundaries. From analyses at a representative
tunnel air density, trends of minimum flutter speed as a
function of wing separation were determined. Interference
typically lowered the flutter speed of the leading wing,
while slightly raising that of the trailing wing. Since the
flutter critical wing of the 070/032-100 pairing was the
leading wing, the minimum flutter speed of that configu-
ration was lowered by interference. Conversely, on the
070/040 - 100 configuration, the trailing wing was critical

0.7
.
Vi 054
- [ ]
b T . °
rw wWH - 0. . ®* e o ° *” & o x
x
x
0.3
TEST POINTS
119 x STABLE
® FLUTTER
wi . o BUZZ
w, ° ANALYSIS ——
S
o
0.8 T T T Ll T 1
0.6 0.8 1.0 1.2

MACH NUMBER — M

Fig. 8 Experimental and theoretical flutter speed and fre-
quency indices for isolated 070/032 delta wing.
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Fig. 9 Comparison of experimental and adjusted analytical
flutter boundaries for 070,032 and 100 wings, h/c = 0.4, ljc =
0.0.

and interference caused a slight increase in the minimum
flutter speed of the pairing. These trends are drawn in
Fig. 14 and compare well with test data.

For the 070/032 - 100 configuration the effect of inter-
ference diminishes rapidly with streamwise separation; at
an apex separation of one mean chord, the flutter-speed
reduction is less than 3% for all values or h/c shown.
For the 070/040 - 100 configuration, the effect of inter-
ference peaks at a nonzero streamwise separation; the
flutter-speed is higher for [/c = 0.73 than for I/c = 0.0 or
1.45. The effect of decreasing vertical separation is period-
ic in streamwise separation: At [/c = 0 or 1.45, the change
in flutter-speed increases with decreased vertical separa-
tion, while for the intermediate //c = 0.73, the trend is
reversed.

To determine the ability of the theory to account for
compressibility effects, the analytical flutter boundaries

TEST POINTS ADJUSTED ANALYSIS
A BOOSTER FLUTTER —— ORBITER FLUTTER
o ORBITER FLUTTER -—--BOOSTER FLUTTER
= COUPLED FLUTTER - COUPLED FLUTTER (M= 0.7}
o ORBITER BUZZ
x STABLE
0.6+
Vv A 00 X
§ . .
— e —— A ’{ o 0@ &
IS a2 Y
. L /\
1.1 .8 g0
0o 2 « ' . » 0’0 o
“i . .
' ° .
! —
o4 ——— .
T~ b T 3
Nof
0.5 1 T T T 1 1
0.6 0.8 1.0 1.2

MACH NUMBER - M

Fig. 10 Comparison of experimental and adjusted analytical
flutter boundaries for 070/032 and 100 wings, h/c = 0.6, l/c =
0.0.
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Fig. 11 Comparison of experimental and adjusted analytical
flutter boundaries for 070/0302 and 100 wings, h/c = 0.4, l/c =
.73.

were compared with the test boundaries. This correlation
was complicated by the nature of the wing tunnel; in a
blowdown tunnel the air density is a function of the dy-
namic pressure and Mach number. Hence, different
points on a measured flutter boundary correspond to dif-
ferent air densities, and the effect of compressibility can-
not be isolated. To account for differences in air density,
the analyses were run for several densities and interpolat-
ed to measured tunnel values at various Mach numbers on
each boundary.

The analytical boundaries derived by this technique are
shown for the isolated wings in Figs. 6-8. Excellent corre-
lation is obtained in the flutter speed of the 100 booster
wing: At Mach numbers below the transonic dip, the
maximum discrepancy is only 3%. The flutter frequencies
predicted for this wing, however, are 12 to 40% larger than
measured. On the 070 control surface models, the theoret-
ical flutter speeds are 11 to 19% lower than those occur-
ring in the wind tunnel, while the analytical and test flut-
ter frequencies agree within 5% for the 070/040 and within
12% for the 070/032. The poorer flutter speed prediction
on these wings is probably due to the presence of the con-
trol surface and the hinge-line gap. On all three wings
there are anomalies in the transonic dip prediction. The
measured dip is localized to a small band in Mach num-
ber while the theory predicts a gradual, less severe trend.
Since linearized aerodynamic theory neglects thickness
and hence local Mach number effects, it cannot be ex-
pected to accurately predict the transonic dip region.

The discrepancies between test and theory found for the
isolated wings are, of course, present in the interfering
configurations as well. To appraise the theory’s ability to
predict interference alone, these discrepancies had to be
removed. Consequently, the predicted flutter speed and
flutter frequency indices of the interfering configurations
were adjusted by the ratios of the test-to-analysis indices
of the isolated wings. These adjusted indices are present-
ed for five configurations in Figs. 9-13. Except for two
areas, the agreement between the flutter speeds of test
and analysis is now excellent, indicating that the interfer-
ence effects have in fact been adequately represented in
the analysis.

The first discrepancy is typified by the configuration of
Fig. 9 where the analytical orbiter flutter speed does not
show the proper recovery. Apparently, the use of isolated
surface measured flutter data to correct the theory empir-
ically is not entirely successful at Mach numbers of 0.9
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Fig. 12 Comparison of experimental and adjusted analytical

flutter boundaries for 070/040 and 100 wings, h/c = 0.6, l/c =
0.0.

and greater. One reason may be that the venturi effect of
the wings in the closer configurations causes the local
Mach numbers in the region between them to be signifi-
cantly different from those of the isolated wings.

The second area of poor agreement exists around M =
0.7 on the configuration of Fig. 10, where a coupled insta-
bility occurs 15% lower than the predicted level. Strain
gage readings taken during testing confirm that sizable
motions occur on both surfaces. In further examining the
test data that generated this flutter point, it was found
that the measured structural dampings of the booster
wing used in that tunnel run were much lower than the
norm. In fact, the damping of the torsion mode was 50%
lower. Referring to Fig. 5, it is seen that the marginal in-
stability neglected thus far in the correlation could be sig-
nificant for small dampings, and that it lies 11% lower
than the next instability. This agrees within 3%% of the
measured point. The flutter frequency index calculated
for this instability is also reasonable; its value of 0.82 lies
between the orbiter and booster flutter frequencies as does
the measured value of 0.86. If a similar approach is taken
in Fig. 12 at the point near M = 0.72, the marginal ana-
lytical instability gives a flutter speed index of 0.4, as
compared to the test point at 0.41.

To determine the relative importance in aerodynamic
interference of wing flexibility as compared to aerodynam-
ic reflections, analyses were rerun for the configuration of
Fig. 9 treating the trailing wing as rigid. The reduction in
flutter speed due to interference was 11% in this case as
opposed to the 16% obtained by test and by analysis with
a flexible trailing wing. The flutter frequencies were 11%
higher on the average than in the previous analysis. Fur-
thermore, the additional discovered flutter mechanism
that couples modes of one wing with those of the other
wing are excluded in any such analysis. It can be conclud-
ed that treating one wing as rigid and thereby as capable
only of reflecting the aerodynamic perturbations of the
other wing does not accurately predict the flutter behavior
of the coupled pair of wings.

Conclusions

Interference flutter of closely spaced pairs of structural-
ly uncoupled delta wings was studied by experiment and
analysis. Significant reductions in the subsonic flutter
speed of the leading wings were predicted and observed on

A BOOSTER FLUTTER
e ORBITER FLUTTER
= COUPLED FLUTTER
O ORBITER BUZZ

ORBITER FLUTTER
—-— — BOOSTER FLUTTER

0.8 1.0 1.2
MACH NUMBER - M

Fig. 13 Comparison of experimental and adjusted analytical
flutter boundaries for 070/040 and 100 wings, k/c = 0.4, l/c =
0.73.

configurations with small wing separations. The subsonic
flutter boundary of the large trailing wing was slightly in-
creased by interference. Large reductions in the superson-
ic flutter boundary of both wings were encountered in’
testing, indicating the need for analytical methods to in-
vestigate this regime. )

Except for a difficulty associated with control surfaces,
correlation between the flutter speeds of the theory and
test in the subsonic range was generally good; the effects
of aerodynamic interference were predicted within experi-
mental accuracy.

A new coupled flutter mechanism was predicted and
observed in testing models with low structural damping.
The instability was characterized analytically by the cou-
pling of the first bending mode of the leading wing with
the first torsion mode of the trailing wing and resulted in
an 18% lowered flutter speed.

TEST RESULTS ANALYSIS
* 070/032-100 — 070/032-100
A 070/048-100 ——1070/040-100

(FAIRING BASED ON POINTS'
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- < — e
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Fig. 14 Effect of wing separation on the minimum transonic
flutter speed.
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Aerodynamic Boundary Layer Effects on Flutter and
Damping of Plates
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A previously developed shear flow model for describing the aerodynamic pressures on a moving
flexible wall in a boundary layer type flow is utilized to perform stability (flutter) and response
analyses for elastic plates. Results for flutter boundaries and damping in the subflutter range are
presented and compared to available experimental data. Agreement between theory and experiment
is generally good except for damping at low supersonic Mach numbers.

Nomenclature
a,a. = plate length, also speed of sound
b = plate width
D = plate stiffness
E = modulus of elasticity
h = plate thickness
K = wlpnha*/D]*2
M = U./as, Mach number
g = pUs?/2, dynamic pressure
U = air velocity
z = coordinate perpendicular to plate
\* = 2ga3/D, nondimensional dynamic pressure
n = p. @/pmh, air-to-panel mass ratio
8 = boundary layer thickness
p = air density
om = plate density
w = frequency
¢{ = damping ratio
Subscripts
f = flutter
« = freestream
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Introduction

IT is now firmly established on experimental grounds that
the adjacent fluid shear (boundary) layer can be of impor-
tance in modifying the flutter behavior of plates as a re-
sult of the recent investigations by Muhlstein, Gaspers
and Riddle* and Gaspers, Muhlstein and Petroff.2 The
present author has developed a relevant theoretical model
which is fully discussed in Ref. 3. Basically the model is
an inviscid small perturbation theory with the viscous
boundary layer only taken into account through the speci-
fication of a nonuniform mean flow. The boundary layer
thickness is taken as constant everywhere over the panel.
A more complete analysis would include viscous effects in
the perturbations as well, i.e., one would employ a dynam-
ic linearization of the Navier-Stokes equations about the
same mean flow. Whether this latter model is needed for
some applications is still an open question. However the
simpler theory of Ref. 3 has already proven useful, and
here we explore its potentiality further. Specifically we
make comparisons with experimental flutter data over a
larger parameter range than that considered in Ref. 3 and
also make initial comparisons with experimental data for
the aerodynamic damping for conditions below the flutter
boundary. By aerodynamic damping we mean the damp-
ing provided to the plate by the aerodynamic flow. The
structural model is a rectangular isotropic plate clamped
on all edges. This paper is a continuation of Ref. 3 where
the interested reader may find the mathematical details
of the analysis.



