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FLUTTER ANALYSIS AND TESTING OF
PAIRS OF AERODYNAMICALLY INTERFERING
DELTA WINGS

By Richard Chipman and Frank Rauch
Grumman Aerospace Corporation

SUMMARY

To examine the effect on flutter of the aerodynamic interference between
pairs of closely spaced delta wings, several structurally uncoupled 1/80th-
scale models were studied by experiment and analysis. Flutter test boundaries
run in the NASA Langley 26-in. Transonic Blowdown Wind Tunnel were compared
with subsonic analytical results generated using the doublet lattice method.
Trends for several combinations of vertical and longitudinal wing separation
showed that flutter speeds can be significantly lowered in closely spaced
configurations. For some configurations, a new flutter mechanism, charac-
terized by coupling of the flexible ques from both surfaces at a distinctive

flutter frequency, was predicted and observed.

INTRODUCTION

The aerodynamic interaction of lifting surfaces in proximity can create
aerodynamic forces sufficient to destabilize surfaces otherwise flutter-free
within their flight envelope. This problem on various aircraft designs has
stimulated the efforts of several investigators: T-tail flutter was found to
be a problem by Stahle (ref. 1). To predict unsteady aerodynamic loads on a
T-tail, Stark (ref. 2) subsequently developed a subsonic nonplanar doublet-
lattice theory. Similarly, Laschka (ref. 3) extended the so called kernel
function method to multiple coplanar surfaces. Experimenté‘reported by Topp
et al, (ref. b) showed a dramatic degradation in the flutter speed of a
variable sweep aircraft, due to aerodynamic and structural coupling of the
wing, tail, and fuselage. Only by accounting for aerodynamic interference

between the wing and tail, could this trend be calculated (ref. 5). Exploring




this phenomenum in depth, Mykytow et al,(ref. 6) conducted flutter tests on a
wing-fuselage-tail model and correlated findings with predictions made using
both doublet-lattice and kernel function methods developed by Albano and
Rodden (ref. T and 8). Using structurally coupled modes in the analysis of a
similar configuration, Triplett et al.(ref. 9) showed that the flutter
mechanism could go entirely undetected if aerodynamic forces were calculated

on both the wing and tail without including their aerodynamic interference.

More recently the problem of interference flutter was of concern on fly-
back booster space shuttle configurations. Wind tunnel tests conducted by the
NASA Langley Research Center on pairs of equally sized low-sweep wings indicated

that close proximity could severely affect the flutter boundary (ref. 10).

To determine the effect of close spacing on unequally sized, highly swept
delta wings, a joint analytical and experimental study was performed on pairs
of 1/80th-scale shuttle wings. Specifically, various delta wing models were
designed, fabricated, and analyzed, and were tested at the Langley Research
Centef’s 26-inch Transonic Blowdown Wind Tunnel. TFor various horizontal and
vertical separations of the leading and trailing wings, test flutter boundaries
were determined for the Mach number range of 0.6 to 1.4, These were compared
for subsonic flow with trends derived from the application of the doublet lat-
tice method (ref. 11), which had been used successfully to predict interference
flutter on the aforementioned low-sweep wings (ref. 13). The results of this

test program and the comparison with theory are the basis of this report.

Many individuals at Grumman contributed to the work reported herein. The
authors wish especially to acknowledge the efforts of Messrs. E. Pasyanos and
P. Kelly for assisting in the performance of the analyses, Mr. D. Marco for
designing the wings and mounting block, Messrs. M. Shapiro and J. Markowitz
for aid in automating the test data reduction process, and Mr. J. Smedfjeld

for technical supervision and criticism.



SYMBOLS

complex aerodynamic operator matrix, N/m
wing semichord, m

reference semichord of trailing wing, m
mean aerodynamic chord of leading wing, n
frequency, Hz

damping

biplanar (vertical) wing separation, m
stiffness matrix, N/m

streamwise (longitudinal) wing separation, m
mass matrix, kg

mass of wing, kg

Mach number

dynamic pressure, N/m2

dynamic pressure adjusted for deviations in model stiffnesses,

N/m2

volume of a conical frustum surrounding the wing with its root
chord as the base diameter, tip chord as the top diameter, and
3

semispan as the height, m

free-stream velocity, m/sec

flutter velocity, m/sec

Vf of flutter-critical isolated wing, m/sec

Vf of a configuration with biplanar and streamwise separations,

h and £, m/sec

)
. _ —f _
flutter speed index = brwr/ﬁ



z displacement vector of the degrees of freedom

m
H mass density = ¥
. op .V
sl w

. . 3
Pl air density at sea level, kg/m
o) ratio of air density in tunnel to that at sea level
W, flutter frequency, rad/sec
W, reference frequency, rad/sec

MODELS

General Description and Design Technique

The models used in this investigation were 1/80th-scale semispan plate
models based on typical configurations considered during preliminary shuttle
studies. The basic design for both the leading (orbiter) and the trailing
(vooster) wings was a cropped delta with a 60° sweep and an aspect ratio of
0.794. The trailing wing has a fifty percent greater chord and span than the
leading wing. As shown in figures 1 and 2, each model consisted of a homo-
geneous aluminum alloy core plate with cut-outs designed to provide a realis-
tic torsion-to-bending frequency ratio. The core plates had a constant thick-
ness of 1.78mm (0.0T70 in.) and 2.54mm (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 figure 3. By a simple change of hinges, the control
surface could alternately be set at one of two selected 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 leading wing boundary would be about the same as that of
the trailing wing.



To assure the flutter boundary would be within the tunnel operating range,
mode shapes and frequencies were measured on a preliminary set of models
(using techniques described below in the section on Ground Vibration Survey)

and preliminary flutter analyses were run using these data.

Model Designations

A total of 13 models were used during the investigation-- seven of the
orbiter wing and six of the booster wing. The designs for these models were
designated by codes, as shown in Table I, identifying the stiffness level of
the plate and the spring rate of the control-surface flexures in the case of
the orbiter models. Additionally, each individual model was assigned a number.
For example, a model designation of 070/032-1 would represent orbiter model #1
with a plate thickness of .070 in. (determining the overall stiffness level)

and control surface flexures .032 in. thick (determining spring rate).

Mounting Block

To provide variations-in the streamwise and vertical wing separations
without introducing structural coupling, a rigid mounting 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 wind tunnel wall. A typical installation is

shown in figure L.

TESTING

Ground Vibration Survey

Prior to wind tunnel installation, one model of each of the three types
was subjected to a vibration survey to determine its resonant frequencies and
associated mode shapes. The models were mounteéd on the tunnel mounting block
and solidly clamped to a stand, to simulate the root condition of the tunnel

installation. To check similarity between subsequent models of each type, a

survey of the frequencies and node line locations was made.




To obtain accurate resonant frequencies and distortion-free mode shapes,
noncontacting measurement and excitation systems were used. An air shaker
consisting of an exponential cone attached to the front of a 10 cm diameter
speaker was used to excite the modes. A noncontacting inductance-type pickup,
sensitive to the separation between the pickup coil and metallic surface, was
used to measure vibration amplitude. Mode shape measurement points are listed
in Table II. Figures 5 through 7 present the mode shape data in tabular and
graphic form for design 070/032, OTO/OMO and 100. Mass distributions were

calculated for the designs and are given in Table ITT.

Wind Tunnel

Flutter tests were conducted in the NASA Langley Research Center 26-inch
Transonic Blowdown Wind Tunnel for a Mach number range of 0.6 to 1.4. One
hundred and ninety tunnel runs were made to obtain flutter boundaries for the
pairing of each of the two leading wings with the trailing wing at the various
horizontal and vertical separations shown in Table IV. Additionally, bound-

aries for each of the three isolated wings were obtained.

instrumentation

Each model was instrumented with eight strain gages grouped in two four-
arm bridges, as shown in figures 1 and 2. Through their response to bending
and torsional motions, these bridges 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 to detect elevon rotation. An 18 channel oscillograph

was used to record the following items:

(1) oOutput of model strain gage and magnetic coil circuits

(2) Total test section pressure (PO)

(3) Total test section temperature (To)

(h) Static test section pressure (PS)

(5) Reference trace used in determining Po’ PS and To trace deflection

(6) Movie camera correlation trace



A high speed movie camera was used to obtain a visual record of model behavior

during the tunnel runs.

Test Procedures

Before each tunnel run, the models were visually examined for signs of
damage due to previous runs. To confirm model integrity after installation,
each model was excited and oscillograph records of the strain gage outputs
were monitored to check the frequencies and dampings of the first three modes.

These frequencies are presented in Table V.

On the basis of the results of previous runs, a desired tunnel operating
path was selected for the run. Appropriate tunnel adjustments were made in-

cluding:

(1) Setting the gate valve which determines the ultimate desired Mach
number for the test run.
(2) Programming the rate of increase of dynamic pressure and Mach

number in the test section.

Instrumentation calibrations and checks were performed and the test run begun.
The selected 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. After the run, the models were
inspected and modal frequencies checked to detect any model damage. Several
runs following different paths were made on each configuration to determine a

boundary of flutter speed vs. Mach number.

Data Reduction and Presentation

Flutter points were initially determined from the oscillograph record
and visual observations during the run, and then either confirmed or adjusted
by subsequent reduction of the movie data. The flutter point was taken as
the point during the run where the model(s) circuit traces indicated a fre-
quency regularity and/or significant increase in the model vibrational ampli-
tude. Tunnel data converted to the parameters Mach number, air density ratio,

and dynamic pressures are presented in Table VI.




For each flutter point (or significant stable point), the Mach number and
dynamic pressure are presented as coded symbols in figure 8. Since in many
cases different sets of models were used to define the flutter boundary of a
particular configuration, it was deemed necessary to adjust for the slight
stiffness differences between models. Since for these delta wings the modes
are highly coupled, the more conventional practice of correcting g based on
only the torsional frequency was found to be unsatisfactory. The squares of
the first and second modal frequencies are approximately proportional to
bending and torsional stiffnesses of the wing; hence, an overall stiffness
level correction was assumed to be given by the average of the ratio of each
frequency to its respective norm. The dynamic pressure of each test point

was adjusted by this assumed stiffness correction:

e
|
-

<fﬁl > + fR2 a
fml fm2 est ,

where fml and fm2 are the first two modal frequencies measured on a model
. i 1 v

adj

during its pre-run, and le and fR2 are the nominal values of the first two '
modal frequencies of that type wing. The nominal (reference) frequencies

are recorded in Table I and were chosen for each of the three model types
after inspecting the entire set of pre-run frequency checks shown in Table V.
For a test run involving paired orbiter and booster wings, two adjustments
are possible: one based on the deviation of the orbiter stiffness from the
nominal value as revealed through its pre-run modal frequencies and one based
on that of the booster. Both adjustments are presented in Table VI for each
test point. To avoid confusion from an overabundance of symbols, only the
unad justed dynamic pressures are plotted in figure 8. The test flutter bound-
aries in this figure, however, are drawn with the adjusted values in mind and,
hence, do not always pass through the unadjusted symbols. Furthermore, since
two adjustments are possible, two boundaries are presented in configurations
where the adjusted values are significantly different from one another - as

in figure 8(e).



Using the semichord, mass density, and nominal torsional frequency of the
booster as common reference parameters, flutter speed indices were calculated
from the adjusted dynamic pressure for each test point. Together with flutter
frequency indices and mass density ratios, flutter speed indices are presented
in Table VI and plotted as a function of Mach number in figure 9 for each con-

figuration.

In addition to data presented in Table VI and figures 8 and 9, several
non-flutter points during each run were studied to determine the tunnel path
taken during the run. These paths are plotted in figure 8 to help define the

suggested flutter boundaries.

Test Results

Shown in figures 8 (a) - (c¢) are the dynamic pressures for the three
isolated delta wing models. The flutter boundary of each has é relatively
shallow transonic dip characteristic of delta wings -- equivalent to 11%,

10% and 6% decrease in flutter speed relative to the flutter speed at

M = 0.75 for the 100, 070/040 and 070/032 respectively. A sharp recovery in
flutter speed is common to all three wings, and both control-surface models
exhibit what appears to be a buzz region at low supersonic Mach numbers. The
variation of flutter frequency with M is shown in figures 9 (a) - (c). It is

seen that a more pronounced variation is exhibited by the 100 wing.

Testing of the 100 delta, paired with each of the two 070 deltas, was
performed for the separations indicated in Table IV. Results are plotted in
figures 8 (d) - (m) and 9 (d) - (m). Two types of interference effects were
observed. The first was simply the alteration of the flutter speed(s) of
one or both surfaces with each surface retaining its unique flutter frequency,
while the second was a new mechanism characterized by the coupled flutter of
both surfaces at a new, common frequency and an altered flutter speed. Films
of phis mechanism in one case show the surfaces oscillating 180° out of phase;
and upon the flutter destruction of one surface, the other surface can be seen

to stabilize.

In figure 10, for each configuration, the ratio of the minimum flutter

speed in the transonic-dip region to that of the more flutter-critical isolated
9



wing is plotted as a function of streamwise and vertical separation between
wing apexes. For interfering configurations, 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. The Mach number at which the minimum flutter speed occurs is

plotted as a function of wing separation in figure 1l.

For configurations pairing the 070/032 with the 100 delta wing, figure
10 reveals that the subsonic flutter speed of the flutter critical leading
wing is reduced by as much as 15%. In the 070/040 - 100 pairings, the flutter
speed of the flutter critical trailing wing is generally increased but only by
moderate amounts - 6% maximum. Although not sPown on this figure, the flutter

speed of the leading wing has decreased.

Further inspection of the 070/032 - 100 flutter data points show
(figures 8 (d) - (h)) an interesting phenomenon. Since the Mach number at the
transonic dip is not the same for both of these wings and their isolated
flutter speeds are almost equal, the flutter boundaries of the paired con-
figurations have two dips. As shown in figure 11, interference lowers the
Mach number of both dips -~ the leading wing's being lowered more. This
double dip is not observable on most O70/OL0 - 100 pairings since the flutter

speeds of these two wings in isolation differ appreciably.

Although no supersonic flutter could be found on the isolated surfaces
within tunnel bounds, points of supersonic flutter occurred on both the
070/032, 070/040 and the 100 wing models for several of the interfering con-
figurations. The data is insufficient, however, to determine quantitative
trends. Also noticeable is the fact that the recovery of the transonic dip
occurred at a higher Mach number for the interfering cases than for the

isolated wing.

An snomaly revealed in testing is the occurrence of instances of flutter
at a much higher frequency than the norm. Such cases are shown in figures 8(b)
and 8(k). These instabilities were not found to be reproducible from tunnel
run to run. It is conjectured that a mild instability, sensitive to structural
damping, occurred involving vibration modes higher in frequency than are pre-~

sent in the primary flutter mechanism.
10



ANALYSTS

Method

Unsteady aerodynamic influence coefficients were calculated by the doublet-
lattice method described in reference 11. From these coefficients and measured
normal modes, generalized aerodynamic forces were then computed. The measured
modes and measured modal frequencies were used in conjunction with calculated
mass distributions to calculate the generalized masses and stiffnesses. Flutter
solutions were determined by the classical V-g method (ref. 13). In obtaining
the flutter speeds and frequencies, a nominal structural damping level of 0.02

was assumed.

Shown in Figure 12 is a representative V-g-f plot for the 070/032 and 100
wings without aerodynamic interference. For clarity, only the lowest two modes
of each surface are shown; the analysis, however, includes the lowest five
modes of each surface. The principal flutter mechanism of each wing is
associated with the coalescence of the coupled first bending and coupled first
torsion modes (see, for example, the modes in figures 5 (a) - (b) and 7 (&) -
(b)). For the orbiter , this first torsional mode consists primarily of tor-

sion and control surface rotation.

Since the present study involves structurally uncoupled components, the

equations of motion for the two-component system may be written:

By O A kpp O °A ®an %A [{°A
+ (1 + ig) = (1)
0 Tgp || °B o Em{{’s s %m||°B],

where a.lj is the complex aerodynamic operator, bij a/a t+V cij 3/3 x. 1If

one surface is rigid, a simplified equation can be written:

[‘“AA] {EA} + (1 + ig) [kAA:I {CA} - I:aAA] {CA} (2)




Even in this case, aerodynamic interference is present due to the simple
reflection by component B of the perturbations originating on surface A.
Figure 13 illustrates the effect of this simple reflection for the 070/032
and a rigid 100 planform with a vertical separation of 0.4 mean chords and
0.0 streamwise separation. By comparing these results with those of figure
12, we see that the flutter speed of the 070/032 is reduced T% and the fre-
quency 4%,

Inclusion of the flexibility of surface B gives the coupled equation
(1) and produces the V-g-f plot of figure 14. The reductions in flutter
speed and frequency are 12% and ll%% in this case -- 1.7% and 2.5 times
greater, respectively, than predicted by simple reflection. In fact, the
flutter mechanism. itself appears to have changed to a coalescence of the
070/032 bending and 100 torsion modes. On the damping plot, the 100 torsion
mode appears flutter critical. This is somewhat misleading, however, since
aerodynamic coupling changes the character of a mode as airspeed is increased.
An inspection of the eigenvector reveals that the flutter critical mode is a
combination (in order of importance) of 070/032 torsion, 070/032 bending,
and 100 torsion. Similarly, the flutter mode of the noncritical mechanism is
found to be a combination of sizable contributions from all four principal
normal modes. Consequently, it is apparent that the inclusion of the &g and
8oa coupling terms in equation (1) is essential to the analysis and results in
coupled flutter involving undamped motion on both surfaces at a frequency

substantially different from that predicted without these terms.

Analytical Results

Flutter analyses were run for each of the three isolated surfaces and
for the 100 wing paired first with the 070/032, then with the OTO/OhO in each
of the nine configurations shown in Table IV. Flutter speed and frequency in-
dices were obtained for several values of aif'density ratio over a range of
subsonic Mach numbers. These flutter speed boundaries are shown for the iso-
lated wings in figures 15 (a) - (c¢). The flutter speed varies little with M

until high Mach numbers are reached, where the variation experienced is

12-



strongly dependent on air density. Hence, in detailed correlation with test

data, the air density ratio must be matched by analysis.

The analytical flutter boundaries for the paired configurations are
typified by those shown in figures 16 (a) and (b), where the 070/032 and the
100 wings are separated vertically by 0.4 mean chords and have no streamwise
separation. Figure 16 (a) represents the flutter speeds predicted by the
instability branch associated with the orbiter torsion mode, while 16 (b) shows
the flutter branch associated with the booster torsion mode (see figure 1k4).
The latter flutter speed trends are similar to those of the isolated booster
but are at a slightly higher velocity. The trends of figure 16 (a), however,
are markedly different from those of an isolated orbiter. At the higher air
dénsities, the flutter speed increases with increasing M at first. then dips
before the Mach 1.0 recovery is approached. The initial increasing flutter
speed is associlated with moderate coupling between the booster torsion mode
and the orbiter bending and torsion modes as shown in figure 17, and is es=-
sentially the same velocity as predicted by simple aerodynamic reflection.
As higher Mach numbers are approached, the coupling becomes stronger causing
the new flutter mechanism described in reference to figure 14. Thus, both

the flutter speed and frequency drop appreciably.

For thé other configurations analyzed, the flutter boundaries are much
the same as those of figure 16. As the separation between the wings is in-
creased, the dip disappears from the orbiter associated branch of the solution,
and the flutter trends come to resemble those of the isolated orbiter. If
separation is decreased, the dip is accentuated and the flutter speed is
reduced further. The booster associated branch defines trends resembling the
isolated booster for all separations studied Analysis of the 070/040 - 100
configuration yields nothing qualitatively different from the phenomena des-
cribed for the 070/032 - 100. Since the flutter speeds of the isolated
070/040 are higher than those of the 070/032, the orbiter associated branch of
the solution is higher for the 070/040 - 100 than for the 070/032.

From the analyses at a representative tunnel air density, trends of mini-
mum flutter speed as a function of wing separation were determined and are

shown in figure 10, where they are seen to compare well with test data. Inter-
13



ference, as discussed above, typically lowered the flutter speed branch of the
orbiter (leading) wing, while slightly raising that of the booster (trailing)
wing. Since the flutter critical wing of the 070/032 - 100 pairing was seen

in testing to be the leading wing, the minimum flutter speed of that configura-
tion was lowered by interference. Conversely, on the O?O/OHO - 100 configura-
tions, the trailing wing was critical and interference caused a slight increase

in the minimum flutter speed of the pairing.

For the 070/032 - 100 configuration, the effect of interference diminishes
rapidly with both increased streamwise and vertical separations: At a stream-
wise separation of one mean chord, the flutter speed reduction is less than 3%
for all values of h/c shown. For the OTO/OMO - 100 configuration, the effect
of interference is much less, and seems to have a periodic component in both
vertical and streamwise separations: 1In the cases analyzed, the flutter speed
is higher at %/c = 0.73 than at &/c = 0.0 or 1.45. Also at %/c = 0, the
flutter speed is lower at h/c = 0.4 than at either h/c = 0.2 or 0.6.

CORREILATTION

The correlation between test and analysis was complicated by the nature
of the wind tunnel: In a blowdown tunnel the air density is a function of the
dynamic pressure and Mach number. Hence, different points on a measured flut-
ter boundary correspond to different air densities, and the effect of compres-
sibility cannot be isolated. To account for differences in air density, the
analyses were run for several densities and interpolated 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 figures 9 (a) - (c). Excellent correlation is obtained in
the flutter speed of the 100 booster wing: At Mach numbers below the tran-
sonic dip, the maximum discrepancy is only 3%. The flutter frequencies pre-
dicted for this wing, however, are 12 to 40% larger than measured. On the 070
control surface models, the theoretical flutter speeds are 11 to 19% lower than
those occurring in the wind tunnel. while the analytical and test flutter fre-
quencies agree within 5% for the 070/04O and within 12% for the 070/032. The
1k



poorer flutter speed prediction on these wings is probably due to the presence
of the control 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 number while the theory predicts a gradual, less severe
trend. Since linearized aerodynamic theory neglects thickness and hence local
Mach number effects, it cannot be expected 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 ap-
praise the theory's ability to predict interference alone, these discrepan-
cies 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 presented for the test configurations in figures 9 (d) - (m).
Both adjusted roots are presented -- one associated with the mode which at
zero air speed is orbiter torsion, the other with a mode which is originally
booster torsion. As has been discussed, however, these roots are highly
coupled at flutter so that identification of these roots with flutter on one
surface alone is inaccurate in many cases. The test points could be expected
to correlate with the critical (lowest in airspeed) root. Except for three
areas, the agreement between the flutter speeds of test and analysis is now
excellent, indicating that the interference effects have in fact been ade-

quately represented in the analysis.

The first discrepancy is typified by the configuration of figure 9 (d)
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 empirically is not entirely successful at Mach numbers of 0.9 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

significantly different from those of the isolated wings.

A second area of poor agreement in flutter speed exists around M = 0.7 on
the configuration of figure 9 (e), where a coupled instability occurs 1hi%

lower than the predicted level. 1In examining the test data associated with
15



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. 1In fact,
the damping in the torsion mode was 50% lower. The low damping is insufficient,
it is conjectured, to stabilize the marginal instability predicted by theory in
figure 18. This V-g-f plot reveals a point of neutral aerodynamic stability

8% lower in air speed than that of the primary mechanism, and is a transition
between the aerodynamic damping trends typified in figures 14 and 17. The
flutter frequency index calculated for this instability 1s also reasonable;

its value of 0.82 lies between the orbiter and booster flutter frequencies as

does the measured value of 0.86.

The third discrepancy is the failure of the theory to predict the shift
in the Mach number at which the transonic dip occurs. As shown in figure 11,
this point varies with vertical separation and occurs quite low on the 070/032
=100 configuration. Theory predicts no such variation. Once again, the
absence of local Mach number effects from the theory is the probable cause of

this failing.
CONCLUSTIONS

Interference flutter of closely spaced pairs of structurally 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 configurations with smell wing separations. The subsonic flutter
boundary of the large trailing wing was slightly increased by interference.
Sizable reductions in the supersonic flutter boundary of the wings were en-

countered in testing.

Except for the difficulty associated with control surfaces, correlation
between the flutter speeds of the theory and test in the subsonic range was
generally good: The reductions in flutter speed due to aerodynamic inter-
ference were calculated within experimental accuracy; however, the shift in
Mach number of the transonic dip was not predicted, indicating that local M
effects were more important 6n closely paired wing configurations than on an

isolated wing.

16



Analysis showed that the flexibilities of both surfaces were essential
to the flutter mechanism and that predictions made assuming one wing to be a
rigid reflecting plane were often inaccurate. Inclusion of flexibility on
both wing causes a new flutter mechanism to be predicted wherein the normal
modes of both wings aerodynamically couple at a unique flutter frequency.

Such coupling was observed in many wind tunnel test runs.
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TABLE I. - PHYSICAL PROPERTIES OF MODELS

TRAILING _ LEADING LEADING
TYPE (BOOSTER) (ORBITER) (ORBITER)
> e -l
Cross-Section
4 ’ e
Designation I 100 070.040 070/032
Core - m (in) 0.00254(0.100) 0.00178(0.070) | 0.00178(0.070)
Hinge - m (in) - 0.00102(0.040) 0.00081(0.032)
b - m (in) 0.118(%.63) 0.0784(3.09) 0.0784(3.09)
Aspect Ratio 0.79k 0.794 ‘No—l?u_- B
Leading Edge Sweep 60° 60° 6Q° %
m, - kg(ﬂugs) 0.2026(0.0139) 0.0690(0.004T) 0.0690(0.0047) 'f
S DU - |
v - w(£t7) 0.00606(0.214) | 0.0018(0.0635) 0.0018(0.0635) ;
N - - - - e - —— . }
Airfoil Designation | NASA0008-6L4 NASA0008-64 NASAQ008-64 i
fl - Hz o 10)+-_MWW | 1298 o 129.5
f2 - Hz 223. 283.8 _ 261.4 \




TABLE I

VIBRATION SURVEY MEASUREMENT AND MASS POINT LOCATIONS

ORBITER
POINT X X POINT X b
METERS | INCHES |} METERS | INCHES METERS| INCHES | METERS | INCHES
1 L0173 .68 .006L .25 13 .0986 3.88 .0hk55 1.79
2 .0490 1.93 . 006k .25 14 .1Lk20 5.59 | .o455 1.79
3 .0986 3.88 ,006kL .25 15 .1811 7.13 | .ol55 1.79
4 L1420 5.59 . 0064 .25 16 2004 7.89 | .0bus5 1.79
5 .1811 7.13 . 0064 .25 17 .2256 8.88 | .oLks5 1.79
6 ,2004 7.89 .0064 .25 18 L1420 5.59 | .0800 3.15
7 .2256 8.88 . 0064 .25 19 .1811 7.13 | .0800 3.15
8 | .okoo 1.93 .0254 1. 20 .2256 8.88 | .0800 3.15
9 .0986 | 3.88 .0254 1. 21 .1811 7.13 } .102k 4.03
10 L1420 5.59 L0254 1. 22 .2004 7.89 | .1049 4,13
11 .1811 7.13 .0254 1.0 23 .2256 8.88 | .10k49 4,13
12 .0838 3.30 .0455 1.79 i
7
oy L,‘/ /2 N
://. . ~ \‘\ ) {7
S r-fk . . ) @
4. L/l . ~ S I“'/ N Yo
;L{/ Q\ H.\\:j\__.// \\‘ RS
i g . - . - @
. it ® S R0 N ~
3 0 o N 127 N o
T ae ® 47 TS T NN 22
@ \ ~ o ® < ’% - \\‘ . (W
2 NI EENE iy S s
Pt el O~ 3 - > ¢ T,
y/U‘} P g - ‘) .4 - -7 I S '2’
1 R e - - @ .- S o
,//.‘/ /_:/:,,::‘.‘— - ‘3
J/;y44<:‘””ﬂ e
A ' \t,#
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TABLE II. - Continued
_BOOSTER

1 .0259 1.02 .0095 P 3751 13 .1478 5.82 | .0683 2.69
2 L0762 3.00 .0095 3751 14 .2134 8.40 | .0683 2.69
3 .1478 5.82 .0095 3751 15 2743 | 10.80 | .0683 2.69
i .2134 8.4ko .0095 L3751 16 .3007 | 11.84 | .0683 2.69
5 2743 }10.80 .0095 3751 17 .3383 | 13.32 | .0683 | 2.69
6 .3007 }11.84 .0095 .375 1 18 .213k 8.40 | .1201 4.73
7 .3383 [13.32 .0095 i 3751 19 .2743 | 10.80 | .1201 L.73
8 .0762 3.00 L0381 § 1.5 20 .0843 3.32 | .1201 4.73
9 .1478 5.82 .0381 1.5 21 .2743 { 10.80 | .1537 6.05
10 .2134 8.40 .0381 1.5 22 .3007 | 11.84 } .1575 6.20
11 .2743 }10.80 .0381 1.5 23 .3383 | 13.32 } .1575 6.20
12 .1257 4.95 .0683 2.69
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TABLE III

CALCUIATED MODEL MASS DISTRIBUTION

ORBITER BOOSTER

POINT KILOGRAMS SLUGS KILOGRAMS "f SLUGS

: leO—g x 107

1 .0019 % .0131 .0063 oh32
2 .0025 : .0168 .0082 .0560
3 .0084 .0578 .0211 .1khs

L .0058 .0396 .0156 .1066 5

5 .0036 .0249 .0068 .0k66

6 .0018 .0126 .0043 : .0292 f

7 .0007 .00l5 0021 0143

8 .0018 .0120 .0059 : .0Lok ;

9 L0071 .0L86 .0232 § 15,2
10 .0072 .0L95 .0237 % .1622
11 .0017 .0118 .0056 2 .0385
12 .001k .0093 .ook3 .0292
13 .0013 .0091 .ook2 .0289
1k .0071 .0489 .0234 .160k
15 .0037 .0256 i .0113 .C7TH
16 002l .0163 : .0068 .0l66
17 .0010 .0068 ’ .0032 .0221
18 .0039 .026l4 % .0126 .0861
19 .0012 .0081 : .0039 .0270
20 .0018 .0122 | .0035 .0239
21 .0009 .0064 .0021 L0146
22 .0012 .0085 .0036 .0249
23 .0005 .0035 .0009 .0059
SUB-TOTAL .0690 720 —i2626 1.3877
TANGS .0208 L1427 .0298 .2038
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TABLE IV - CONFIGURATIONS

Lle

Fore | Middle Aft
" 0.00 | 0.73 1.45
e |0 | e |
Médiée A&E A&E A
I(;""égr ARE A&E A

A = ANALYSIS PERFORMED

E = EXPERIMENT PERFORMED
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END GRAIN BALSA

BERYLIUM COPPER HINGE
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Figure 3. Section of Leading Wing Showing Control
Surface Detail (Not to Scale)

Orbiter Wing

Mounting Block

Walls of Octagonal

Splitter Tunnel Test Section
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(Flow Direction -
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Booster Wing

Figure 4. Test Wings in Tunnel
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(a) Frequency = 129, 5 Hz Damping Coefficient . 016"

Normalized Normalized" Normalized
Point Deflection Point Deflection . Point Deflection

1 -,003 9 .030 17 .556

2 . 002 10 . .059 18 .211

3 . 007 11 .098 19 .378

4 .011 12 . 047 20 .800

5 .014 13 .060 21 .578

6 A11 14 111 , 22 . 856

7 .244 15 .178 - 23 1.00

8 .008 16 .300 -

b2

Figure 5. Mode Shape Data, 1/80th Scale 070/032 Orbiter




(b) Frequency = 261,4 Hz

Damping Coefficient . 018

Normalized Normalized Normalized

Point Deflection Point Deflection Point Deflection
1 -.015 9 .150 17 -.,980
2 . 009 10 .150 18 .600
3 .050 11 . 065 19 .470
4 . 040 12 . 240 20 -.690
5 -.003 13 .280 21 .650
6 -.370 14 ., 300 22 .280
7 -1 ,000 15 .170 23 -.400
8 . 050 16 -.170

Fig. 5 Continued
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(c) Frequency = 385 Hz

Damping Coefficient . 023

Normalized Normalized Normalized

. Point Deflection Point Deflection Point Deflection
1 ,022 9 -.182 17 - .455
2 -.011 10 -.127 18 -.,400
3 -.069 11 -.073 19 -.045
4 -.036 12 -.327 20 .236
5 -.,018 13 -.345 21 .182
6 -.309 14 -.236 22 .509
7 -1.,00 15 -.127 23 .745
8 ~-.615 16 -.182

Ly

Fig.5 Continued




(d) Frequency = 581.2 Hz

Damping Coefficient . 013

Normalized Normalized Normalized

Point Deflection Point Deflection Point Deflection
1 -.042 9 .242 17 -.048
2 . 027 10 . 045 18 .021
3 .106 11 -.197 19 -.455
4 . 024 12 .455 20 .606
5 -.055 13 424 21 -.455
6 -.167 14 .058 22 .085
7 -.273 15 -.303 23 1,000
8 .145 16 -.303

Fig.5 Continued
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(e) Frequency = 656 Hz

Damping Coefficient . 015

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection

1 -,010 9 .019 17 -.308

2 0 10 -.035 18 .036

3 ,012 11 -.169 19 0

4 -.,013 12 .042 20 - .462

5 -,032 13 .035 21 .462

6 .033 14 -.046 22 .423

7 1,000 15 -.254 23 .112

8 .015 16 -,362

Fig. > Concluded




(a) Frequency = 129.8 Hz

Damping Coefficient . 014

Normalized Normalized Normalized

Point Deflection Point Deflection Point .| Deflection
1 -.003 9 .021 17 .441
2 . 002 10 .036 18 . 227
3 . 003 11 . 061 19 412
4 . 005 12 . 033 20 .739
5 . 006 13 .042 21 .588
6 . 047 14 .101 22 .756
7 .149 15 .160 23 1.000
8 . 005 16 .261

Figure 6. Mode Shape Data, 1/80th Scale, 070/040 Orbiter .
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(b) Frequency = 283.8 Hz

Damping Coefficient . 017

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection
1 L0111 9 -.088 17 1,000
2 -.009 10 -.091 18 -.488
3 -.029 11 -.029 19 -.319
4 -.017 12 -.194 20 .800
5 . 003 13 -.213 21 -.569
6 .219 14 -.225 22 -.225
7 .950 15 -.084 23 .456
8 -.,041 16 275

Fig. ¢ Continued




(c) Frequency = 393.6 Hz

Damping Coefficient . 013

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection
1 .028 9 -.137 17 - .554
2 -.009 10 -,117 18 ~-.400
3 -.038 11 -.,123 19 -.109
4 -.018 12 -.274 20 - .240
5 -.011 13 -.286 21 .132
6 -.209 14 -.248 22 .538
7 -.754 15 -.203 23 1,000
8 -.062 16 -.308
Fig.6 Continued L9



(d) Frequency = 592.8 Hz

Damping Coefficient . 015

Normalized

: Normalized Normalized
Point Deflection Point Deflection Point Deflection

1 -,061 9 .245 17 .013

2 . 032 10 077 18 071

3 . 087 11 -.148 19 -.419

4 .019 12 .516 20 .645

5 -.,019 13 .452 21 -.452

6 -.077 14 . 097 22 0

7 -.090 15 -.271 23 1,000

8 .161 16 -.310

50

Fig. 6 Continued




(e) Frequency = 726.9 Hz Damping Coefficient , 015

Normalized Normalized Normalized

Point Deflection Point Deflection Point | Deflection
1 | o 9 -.006 17 .104
2 .004 10 .024 18 -.086
3 .004 11 .116 19 .018
4 .008 12 -.010 20 .416
5 .010 13 -.008 21 -.360
6 -.240 14 .042 22 -.280
7 -1-,00 15 .210 23 .068
8 - :.006 16 .240

Fig. ¢ Concluded
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(a) Frequency = 104.0 Hz

Damping Coefficient . 022

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection
1 - .009 9 - .021 17 .385
2 .006 10 . 046 18 .266
3 .006 11 .076 19 .474
4 0 12 .043 20 .155
5 .006 13 .052 21 .651
6 .006 14 .113 22 .835
1 . 058 15 .199 23 1,00
8 .003 - 16 .260
Figure 7. Mode Shape Data, 1/80th Scale, 100 Booster




() Frequency = 223.0 Hz

Damping Coefficient . 026

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection

1 ,015 9 .338 17 -,863

2 .050 10 .263 18 .999

3 . 097 11 . 034 19 .346

4 .061 12 .605 20 -1,00

5 .018 13 .639 21 .D26

6 -,097 14 .528 22 -.148

7 -.588 . 15 .130 23 -1,00

8 .196 16 -.199

Fig. 7 Continued
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(c) Frequency = 328.0 Hz

Damping Coefficient . 025

Normalized . Normalized Normalized
Point Deflection Point Deflection Point Deflection

1 .018 9 .119 17 1,00

2 .031 10 .108 18 .192

3 .039 11 .200 19 . 049

4 . 035 12 .214 20 204

5 . 062 13 .219 21 -.463

6 .109 14 .164 22 -.623

7 .880 15 . 292 23 -.683

8 .084 16 .017

Fig. 7 Continued




(d) Frequency = 460 Hz

Damping Coefficient .025

Normalized Normalized Normalized
Point Deflection Point Deflection Point Deflection

1 .126 9 -.349 17 .074

2 .034 10 . 040 18 .343

3 -.040 11 .246 19 .794

4 .086 12 -.840 20 -.691

5 .126 13 -.737 21 .949

6 .166 14 . 063 22 .160

7 171 15 .440 23 -1,00

8 -.269 16 .405

55

Fig.7 Continued
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(e) Frequency = 613 Hz

Damping Coefficient .02k

Normalized Normalized Normalized

Point Deflection Point Deflection Point Deflection
1 .073 9 .029 17 .136
2 . 068 10 112 18 .039
3 .058 11 . 146 19 .092
4 .083 12 ~-.,024 20 .500
5 .078 13 0 21 -.364
6 -.2b2 14 .136 22 -.209
7 -1,00 15 . 248 23 . 068
8 .024 16 .238

Fig. 7 Concluded
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Figure 10.
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Damping and Frequency as a Function of Airspeed for 070/032 and 100

Wings without Aerodynamic Interference.

Figure 12.
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