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Transonic Aeroelastic Models of Highly Swept Hypersonic
Lifting Surfaces

Edmund Pendleton* and Greg Moster*
U.S. Air Force Wright Laboratory, Wright— Patterson Air Force Base, Ohio 45433

and

Donald Kellert
NASA Langley Research Center, Hampton, Virginia 23681

Transonic aeroelastic wind-tunnel models simulating geometric and dynamic properties of lightweight, highly
swept hyperseonic lifting surfaces have been designed, fabricated, and tested. The aeroelastic model designs were
consistent with preliminary designs of lifting surfaces for single-stage-to-orbit vehicles. The models were tested
in the NASA Langley Research Center’s Transonic Dynamics Tunnel. This article summarizes the design and
tests conducted for each of the two models. Wind-tunnel test results are presented showing aeroelastic instability
boundaries. Aeroelastic analyses, conducted for correlation with wind-tunnel results, are also presented.

Introduction

ECENT efforts in the development of hypersonic ve-

hicles have been directed toward the development of a
single-stage-to-orbit vehicle that travels through the atmo-
sphere at subsonic to hypersonic speeds. Analyses and some
experimental data'? show that this class of vehicles can ex-
perience aeroelastic instabilities, particularly in the transonic
region. The models described in this article were developed
to provide an understanding of the transonic aeroelastic char-
acteristics of single-stage-to-orbit hypersonic lifting surfaces.
The first model described is based upon the preliminary design
of a lightweight hypersonic horizontal lifting surface stabila-
tor. The second model described is based upon a lightweight
hypersonic vertical lifting surface stabilizer and rudder. De-
scriptions of the design, fabrication, ground tests, aeroelastic
analyses, and wind-tunnel test results are provided for each
low AR transonic aeroelastic model.

Horizontal Lifting Surface Model

The transonic horizontal lifting surface model consists of a
stabilator lifting surface with scaled mass and stiffness prop-
erties, a spindle, a splitter plate, and instrumentation. The
stabilator has a 70-deg leading-edge sweep and a 22-deg trail-
ing-edge sweep with a pitch pivot boundary condition at the
root. The stabilator airfoil is symmetric with leading and trail-
ing edges modeled as sharp edges that taper to a maximum
wing thickness to chord ratio of 4.0%.

The stabilator model is attached at the model root to the
spindle. A 0.1-in. air gap exists between the model root and
the model’s splitter plate. Attachment fittings located at 50
and 65% root chord permit the spindle axis of rotation lo-
cation at the stabilator root to be adjusted. The stabilator
spindle passes through the 65% root chord and the splitter
plate and into a housing. The spindle housing, located behind
the splitter plate, contains two sets of bearings that restrain
the spindle to only the pitch degree of freedom. The model
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pitch degree of freedom 1s limited to 15 deg positive to 15
deg negative, or can be locked out.

A variable stiffness spring assembly simulating actuator spring
stiffness restrains the inboard end of the spindle. The housing
is built to be positioned on the wind-tunnel turntable for
model angle-of-attack adjustment. The splitter plate is mounted
to the wind-tunnel wall using a series of brackets and has 45-
deg swept leading edges to reduce the possibility of choked
tunnel flow. The splitter plate was utilized during wind-tunnel
tests for both lifting surface models. Figure 1 shows the model
and the splitter plate.

Aeroelastic Design

The stabilator geometry, mass, and stiffness were scaled
from a full-scale NASA structural analysis (NASTRAN?) fi-
nite element model representation. The stabilator aeroelastic
wind-tunnel model design, shown in Fig. 2, was laid out based
upon engineering procedures typical of beam-type aeroelastic
models. The model design selected relied on aluminum spars,
simulating the wing’s elastic stiffness, to support a chordwise
aerodynamic sleeve constructed of balsa wood. The balsa
formed the wing contour to provide proper aerodynamic forces
and, in combination with ballast weights, simulated the scaled
inertial characteristics. Model scaling levels were set to achieve
an aeroelastic instability within the NASA Langley 16-ft Tran-
sonic Dynamics Tunnel (TDT) Freon test envelope.

Fig. 1 Horizontal lifting surface model in the wind tunnel.
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Fig. 2 Stabilator aeroelastic model structural layout.

The stiffnesses of the wind-tunnel model’s primary beams
were determined from stiffness characteristics present in the
full-scale finite element description. Deflections due to unit
loads were computed along the wing from the root leading
edge to the stabilator aft end. Deflections were also computed
from the root at 65% chord outboard to the leading-edge
attachment line. The beams’ stiffness levels were computed
using the beam equations* and scaled using the scaling rules.>

The model’s stiffness levels were adjusted through three
design iterations. The first design (design I) resulted in a close
simulation of the full-scale finite element representation. The
second design (design IT) contained adjustments to the first
design iteration’s primary beam’s stiffness levels to make beam
construction practical. The third design iteration (design IIT)
contained adjustments to the stabilator pivot to make it prac-
tical. This final design improved upon the initial design of the
wind-tunnel model pivot shaft. The initial design included a
very weak flexible spring that reflected the original spindle
found in the full-scale finite element model, but was unable
to withstand any reasonable airloads in the wind tunnel.
Therefore, a pivot spring was designed that could withstand
maximum wind-tunnel airloads up to 7-deg angle of attack.
The beam stiffness levels were also adjusted in the final design
to compensate for the stiffness added by the continuous balsa
aerodynamic sleeve. Preliminary stiffness tests conducted on
a model specimen revealed the balsa sleeve added approxi-
mately 9% to the model’s stiffness.

The location of the model’s two primary beams is shown
in Fig. 2. The beams were designed and constructed with
hollow cross sections to achieve the stabilator stiffness and to
meet the lightweight stabilator mass properties. Aluminum
6061 was selected as the beam material since it is light, strong,
and weldable.

Table 1 gives the required values of area moments of inertia
I, and polar moments of inertia J, for the two primary beams.
Two sets of required torsional stiffness values are shown for
the main beam. The first set depicts stiffness values deter-
mined from the first design iteration. The second set reflects
practical stiffness values determined from a second design
iteration. The second design iteration was conducted to adjust
the main beam torsional stiffnesses to a practical J/I ratio of
less than 4.0.

Aluminum 6061 ribs were welded to the main beam. These
ribs were constructed from flat aluminum sheet stock. The
heights of the ribs had to be set at nearly full aerodynamic
contour so that the bending loads and shear stresses could be
carried. The rib thicknesses were set at 0.032 in. for ribs at
the forward seven stations and 0.06 in. for ribs at the aft three
stations. Some aluminum shear material from the rib interiors

was removed to reduce weight. These ribs were used to help
transfer the airloads from the balsa wood aerodynamic sleeve
to the main beams. The airloads pass from the rib reinforced
balsa sleeve into the main beam, then through the pivot beam
and into the pivot shaft.

A small aluminum “I” beam was positioned between the
main beam and the root block at approximately 50% chord.
This tie beam was not attached to the model root structure
and added only spanwise rigidity to the model when the model
pivot was located at 65% chord. The beam was fastened into
the root structure when the pivot was located at 50% chord
to provide an additional load path to the pivot shaft.

Mass properties were represented by over 300 distributed
lumped masses in the full-scale finite element model. These
masses were reduced, using mass scale factors, to wind-tunnel
model scale target values of mass, static unbalance, and mass
moment of inertia. Table 2 gives mass, static unbalance, and
mass moment of inertia values for the model.

A beam finite element model was developed based upon
the model design for use in the analysis package within the
ASTROS”#® computer code. The model consisted of two beams
with distributed stiffnesses and over 300 lump masses. The
finite element model was used to predict aeroelastic charac-
teristics of the stabilator model.

Modal and Deflection Tests

A set of load-deflection tests was performed on the wind-
tunnel model] to assess how the model deformations compared
with scaled full-scale predicted deformation. Each of the tests
was performed by placing a unit load at one of four locations:
1) the root leading edge, 2) the tip leading edge, 3) the root
trailing edge, or 4) the tip trailing edge. Deflections were
measured for the same locations using a dial gauge. The model
performed fairly well, particularly for the root leading-edge
deflection due to a load at the root leading-edge point.

Modal tests and analyses were conducted for the model to
determine the model’s natural frequencies and mode shapes.
These modes were used to perform aeroelasticity analyses.
An additional goal of the model analyses was to define the
similarities and differences between the scaled targets and the
model analytical and measured results. The ASTROS finite
element model was used to perform modal analyses for each
of three design iterations for the model. Table 3 presents
model target frequencies, ASTROS predictions for each of
the design iterations, and measured data from the model. The
initial modal analysis conducted using the stiffness levels from
the first design iteration showed good correlation between the
first four out-of-plane vertical vibration modes and the vi-
bration modes predicted by the full-scale finite element model.
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Table 1 Stabilator aluminum beams’ cross-sectional area moments of inertia

Main beam Pivot beam
Design Design
. I, I, and III I II and III . I, II, and III I, I, and 111
Chordwise - - J———— Spanwise I oo
station, in. I, in.* J, in.* J, in.* station, in. 1,in.* 7, in.*
0.00-12.18 0.00066 0.001711 0.003422 Root-1 4.40933 4.182037
12.18-36.57 0.01092 0.028505 0.057009 1-8.29 0.38302 1.0
36.57-47.96 0.04653 0.121477 0.242954 — —_ —
47.96-54.55 0.07765 0.202719 0.405438 e —_— —_—
54.55-70.00 0.02529 0.066020 0.132040 — — —
Table 2 Mass properties for horizontal surface model
Location of
learzjli?gs-zggieiéot Mass Mass moment Mass moment
unbalance of inertia of inertia
X, Y, (about Y = 0), (about c.g.), (about Y = 0),
in. in. Mass, g gm-in, gm-in.? gm-in.?
6.71 2.11 53.35 112.35 40.67 277.26
15.55 3.89 175.74 685.21 290.61 2,962.28
26.19 4.83 236.98 1,144.22 2,049.46 7,574.12
35.47 6.53 285.81 1,866.99 4,460.78 16,656.59
46.25 4.29 663.50 2,850.74 19,303.69 31,551.93
54.58 9.51 447.46 4,253.78 15,937.11 56,375.68
64.08 10.89 618.99 6,737.97 30,309.53 103,655.23
74.74 13.59 876.34 11,907.69 45,032.46 206,833.94
Total 53.52 8.80 3,358.17 29,558.96 165,706.09 425,886.94
Table 3 Comparison of stabilator natural frequencies, Hz
ASTROS
ASTROS ASTROS (model with
Model (model with (model with practical beam
target with flexible spindle), practical beam), and spindle), Measured Measured
Mode flexible spindle design 1 design 2 design 3 sine dwell random
Rigid rotation 10.1 10.2 10.2 15.2 16.8 16.8
First chordwise bending 15.4 15.3 15.3 16.8 18.0 18.4
First chordwise torsion 32.6 32.6 29.2 34.1 51.2 51.2
Tip bending 34.5 —_— _ —_— 34.5 —
Second chordwise bending 50.3 52.3 449 57.5 55.2 55.6
Second chordwise torsion 60.2 —_— — e 75.6 78.8

Table 4 Comparison of natural frequencies, Hz

Stabilator pivot location

65% root chord

50% root chord

Spindle locked

Includes actuator

Spindle locked Includes actuator

Mode ASTROS Test ASTROS Test ASTROS Test ASTROS Test
Rigid rotation 15.3 16.8 9.8 9.6 15.2 14.2 8.4 8.4
First chordwise bending 16.8 18.0 16.6 18.4 20.1 22.0 19.6 22.0
First chordwise torsion 34.1 51.2 32.8 43.2 34.0 46.5 31.9 38.0
Second chordwise bending 57.5 55.2 49.3 55.6 75.6 68.9 459 54.4

A second modal analysis was conducted using the stiffness
levels from the second design iteration. The analysis showed
a reduction in the third and fourth mode natural frequencies
to 29.2 and 44.9 Hz, respectively. A final modal analysis was
conducted for the final design iteration. Table 4 shows natural
frequency comparisons for the model with the pivot located
at 50 and 65% root chord, respectively. Modal tests were
conducted on the wind-tunnel model using both sine dwell
and random techniques. Table 4 also depicts results from these
tests for comparison with analysis.

Aeroelastic Predictions

Analyses were performed to identify aeroelastic instabilities
using ASTROS and the P-k solution method. Doublet lattice®

aerodynamics were used to model aerodynamic forces. Anal-
yses were performed at Mach 0.5, 0.7, and 0.9 for both the
65% chord pivot location and the 50% chord pivot location
configurations in order to determine match point aeroelastic
predictions for correlation with wind-tunnel results. A doublet
lattice aerodynamic box pattern consisting of 10 chordwise by
10 spanwise boxes was used.

Three separate actuation spring conditions were analyzed
for the 65% configuration. These spring conditions included
one condition where the spring was locked out and two con-
ditions where the actuation spring was active in the sys-
tem. With the actuation spring included, analyses were per-
formed for the spring conditions where the actuation spring
resulted in the model rigid rotation mode natural frequencies
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Fig. 3 V-g and V-w plots, stabilator pivot locked at 65% root chord.

of 10 and 8 Hz for the 65% chord pivot location configura-
tion.

For each configuration, the aeroelastic procedure predicted
divergence to be the primary aeroelastic instability. The di-
vergence dynamic pressure prediction for the 50% case is
considerably higher than the predictions for the 65% case.

For each configuration, as the dynamic pressure increases,
the analysis predicts the rigid rotation mode decreases in fre-
quency until divergence results. Figure 3 depicts the V-g and
V-w plots of aeroelastic analyses for the configuration with
the pivot located at 65% root chord and the actuation stiffness
locked out. The first chordwise bending mode increases in
frequency while the third, fourth, and fifth mode frequencies
tend to decrease slightly as dynamic pressure increases.

Wind-Tunnel Tests Results

The stabilator aeroelastic model was tested in the NASA
Langley 16-ft TDT. Though the model was scaled for the TDT
with Freon as the test medium, actual testing was restricted
to air. Using air as the test medium, wind-tunnel test data
were gathered that defined the aeroelastic instability bound-
ary for the 65% root chord pivot configuration for two ac-
tuation stiffness levels. The 50% root chord pivot configu-
ration was also tested in air. However, limits on the dynamic
pressure level when testing in air prevented the determination
of an aeroelastic instability boundary for this root configu-
ration. There were no test flutter instabilities identified for
either configuration within the wind-tunnel envelope.

The primary aeroelastic instability identified during wind-
tunne} testing was aeroelastic divergence. The Southwell di-
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Fig. 5 Example, Southwell divergence projection method.

vergence projection method' was the primary method used
to determine the divergence dynamic pressures. Basic load
data, such as the strain gauge data shown in Fig. 4, were
plotted vs model angle of attack. These load data were ob-
tained from four strain gauges located on the model’s primary
beams as shown in Fig. 2. Accelerometers, located fore and
aft on the model, were used to monitor the model’s frequency
response in the airflow. Model root and turntable angle-of-
attack measurements were also taken.

The Southwell divergence projection method accurately
projects divergence when test dynamic pressures reach 60—
90% of the actual divergence dynamic pressure. Basic strain
load vs angle-of-attack data are plotted at these subcritical
dynamic pressures. Slopes are calculated from least-square-
fits applied to the basic load vs angle-of-attack data plots.
These slopes are reduced for each dynamic pressure test point.
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The slope of each load vs angle-of-attack plot is normalized
by the dynamic pressure value where the data was generated.
Plots depicting slope/q vs slope are developed for each Mach
number. The slopes of least-square-fits of these data are the
divergence projections. Figure 5 presents an example plot
generated at Mach 0.9 for the 65% root chord, 10-Hz rigid
rotation configuration. The slope of this slope/q vs slope plot
is the projected divergence dynamic pressure at Mach 0.9.
The model rigid rotation mode natural frequency, the critical
aeroelastic mode, was also tracked during wind-tunnel testing.
When the rigid rotation mode frequency drops to 0 Hz, static
aeroelastic divergence occurs. Figure 6 depicts the tracks of
the rigid rotation frequency tracking between the airflow off,
model rigid rotation frequency, and the projected divergence
dynamic pressure.

Mach 0.5, 10 Hz
Mach 0.7, 10 Hz
Mach 0.9, 10 Hz
Mach 1.1, 10 Hz
Mach 0.5, 8Hz
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Mach 0.9, 8Hz
Mach 1.1, 8Hz

>roeoupPoen

Rigid Rotation Frequency (Hz2)

NASP Stabilator Aeroslastic Modef
1 Rigid Rotation Mode

Frequency Track with

Increasing Dynamic Pressure

[

Southwell Projections

T T . T

0 100 200 300 400
Dynamic Pressure, q (psf)

Fig. 6 Rigid rotation mode track vs dynamic pressure.
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Fig. 7 Stabilator model divergence boundaries.

The stabilator model was also tested with the pivot located
at the 50% root chord pivot location. The model was tested
to a dynamic pressure of 270 psf at Mach 0.5. The divergence
dynamic pressure was too high for subcritical divergence tech-
niques to effectively project a divergence dynamic pressure.

Figure 7 depicts the two divergence boundaries identified
for the 65% root chord pivot location model. Each of the
divergence boundaries correspond to a different actuation
stiffness. The higher divergence boundary was projected for
the model with actuation stiffness resulting in a 10-Hz rigid
rotation mode. The lower divergence boundary was projected
for the model with actuation stiffness resulting in an 8-Hz
rigid rotation mode. Aeroelastic divergence predictions using
the ASTROS code with doublet lattice aerodynamics were
conducted up to Mach 0.9 and are also shown for both con-
figurations. No supersonic analyses were conducted.

The subsonic divergence boundaries for both configurations
exhibit no transonic dip. This is most likely due to the model’s
70-deg leading-edge sweep. The divergence dynamic pres-
sures are higher at supersonic speeds than at subsonic speeds
due to the aft shift in aerodynamic center with supersonic
flow.

Vertical Lifting Surface Model

The transonic vertical lifting surface model consists of a
stabilizer and attached rudder, a fuselage fairing, a splitter
plate, and instrumentation. The vertical stabilizer has an AR
of 0.29, a 70-deg leading-edge sweep, a 5-deg hinge-line sweep,
and a 5-deg trailing-edge sweep. The airfoil has a sharp lead-
ing edge and is nonsymmetric, wedge-shaped, and flat on the
port side. Figure 8 shows the transonic vertical stabilizer model.

The aeroelastic model is mounted to a solid steel root mount
fixture that provides a rigid root boundary condition. The
steel fixture was bolted at five locations to the same splitter
plate used during the horizontal model tests. A nonsymmetric,
aerodynamic fairing was fabricated to cover the root mount
fixture and simulate the local fuselage surface interface on
the port side of a twin vertical tail aircraft.

Aeroelastic Design

The vertical stabilizer and rudder model’s geometric prop-
erties and overall mass and stiffness levels were derived from
a full-scale hypersonic lifting surface preliminary design de-
scription present in a NASTRAN finite element mpdel rep-
resentation.

The design approach for the stabilizer model was selected
based on the extreme lightweight requirement quoted in the
full-scale preliminary design. The model had to weigh as little
as possible, yet retain strength levels appropriate to withstand
transonic loading. To simulate overall mass and stiffness re-
quirements, the design approach relied on the use of the
thinnest possible composite skins separated by the lightest
available core material. Mass, strength, and stiffness levels
were driven by the properties and practical gauge limits of
existing materials. Aerodynamic properties were simulated
by maintaining the vertical lifting surface’s exterior contour

Fig. 8 Vertical lifting surface model in the wind tunnel.
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through geometric scaling. A ballast mass was used to achieve
an aeroelastic instability within the wind-tunnel envelope. A
detailed layout of the vertical stabilizer wind-tunnel model is
shown in Fig. 9. Five linear springs, also shown in Fig. 9,
simulated fuselage attachments that connected the model root
to the rigid steel mount fixture.

Paper honeycomb was selected as the core material for the
sandwich construction because it provided the required level
of model strength for the least total structural mass and could
be machined to maintain the lifting surface’s aerodynamic
contour. Thin fiberglass was selected for the skins because its
stiffness characteristics, when stabilized by the honeycomb
core, provided an acceptable level of model stiffness to achieve
an aeroelastic instability within the TDT.

The model’s mass and stiffness characteristics were pri-
marily determined by the particular honeycomb and fiberglass
selected. The paper honeycomb was formed to match model
geometry and exterior contour to provide proper aerodynamic
forces. The fiberglass skins were made of four plies of Bur-
lington 107 fiberglass weave. The 107 fiberglass weave has
approximately three fiber strands running 0 deg for every two
strands running in the 90-deg direction. Each ply of the fi-
berglass had a nominal thickness of 1.7 mil. The plys were
stacked 0/45-45/0. The skins were temperature cured under
vacuum pressure using Hysol EA 93/96 epoxy resin.

The fin and rudder cores were made from Nomex HRH-
10 aramid fiber/phenolic resin honeycomb with a #-in. cell
diameter and a 1.8-1b/ft* density. The honeycomb was ma-
chined to external contour by a computer numerical control
(CNC) miil using a high-speed air-grinding head and a sanding
disc. The 3-in. cell size was selected to prevent fiberglass
dimpling in the skin and the 1.8-1b/ft* density was selected to
minimize weight.

After the cores were contoured, narrow contoured balsa
wood strips were cemented to the perimeter of the Nomex®
cores to stabilize the edges. Fiberglass channels were fabri-
cated and placed around the perimeter of the balsa-stabilized
honeycomb cores. The fiberglass channels overlapped the
honeycomb core ; in. along the perimeter. Aluminum ma-
chined flexure fittings were placed over the fiberglass channels
located along both the fin and rudder hinge line.

The fiberglass skins were placed over the core assembly
and attached using Hysol® EA 93/94 epoxy resin. The skins
were attached to the core assembly by vacuum bagging and
curing the resin epoxy under temperature.

Actuator stiffness was provided by one of two aluminum
torsion spring actuators. One actuator simulated a rigid stiff-
ness condition, the other defined the baseline configuration
and was scaled based on a practical stiffness level represen-

tative of hypersonic aircraft. The actuator was located at the
root near the centerline hinge.

Finite element analyses were performed using NASTRAN
to determine the vertical stabilizer’s structural dynamic and
aeroelastic characteristics. The analytical modeling of the ver-
tical fin’s structural characteristics was accomplished using
NASTRAN due to the availability of a CHEX element that
was unavailable within ASTROS.

Following fabrication, modal tests revealed that the model’s
mass goal was achieved, but the stiffness level was excessive.
Mass ballast, in the form of a 154-g lead ballast weight, was
added to the fin model aft tip to obtain an aeroelastic insta-
bility within the TDT boundary.

Modal and Deflection Tests

A set of load-deflection tests was performed on the vertical
lifting surface for comparison with NASTRAN finite element
model predictions. Each of the tests was performed by placing
a unit load at one of five locations: 1) a point midway along
the fin leading edge, 2) the fin tip leading edge, 3) the fin tip
at the hinge line, 4) the rudder tip at the trailing edge, or 5)
the rudder aft end at the tip. Deflections were measured at
the same locations using a dial gauge. A favorable comparison
was made between results from the finite element model and
those from the deflection tests. Modal tests were also per-
formed for the vertical lifting surface model to determine the
model’s natural frequencies and mode shapes. Table 5 pre-
sents the comparisons made between test and analysis results
from NASTRAN. The results between measured model shapes
and predicted mode shapes agreed well for the rudder rotation
and first fin bending modes.

Aeroelastic Predictions

Analyses were performed to identify aeroelastic instabilities
using the NASTRAN flutter module. The P-k flutter solution
method was used. Doublet lattice aerodynamics were used to
model aerodynamic forces. Aeroelastic analyses were per-
formed to determine match point aeroelastic predictions for
correlation with wind-tunnel results. The analyses were per-
formed at Mach 0.3, 0.4, 0.6, 0.7, 0.8, and 0.9 for the baseline
configuration.

The primary flutter instability predicted using these anal-
yses involved coupling between the first fin bending mode
and the rudder rotation mode. The flutter dynamic pressure
was predicted to increase slightly with Mach number and is
shown in Fig. 10. Control surface buzz was not predicted using
the doublet-lattice aerodynamic method. However, empirical
data was available to suggest that this fin and rudder com-
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Table 5 Comparison of vertical model natural
frequencies, Hz

Mode NASTRAN Measured
1. Rudder rotation 21.1 21.0
2. Fin first bending 34.3 35.2
3. Second fin mode 103.6 102.8
4. Third fin mode 160.6 166.2
500
O flutter - 31 Hz, experiment
© control surf. buzz - 27 Hz
A flutter, NASTRAN analysis
400
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Fig. 10 Vertical fin/rudder model flutter boundaries.

bination with a 5-deg swept hinge line was subject to transonic
control surface buzz.

Wind-Tunnel Tests

The vertical lifting surface aeroelastic model was tested in
the NASA Langley 16-ft TDT using air as the test medium.
Wind-tunnel test data were gathered to define the aeroelastic
instability boundary for the baseline configuration. Two
aeroelastic instabilities: 1) a mild fin/rudder flutter mode and
2) a mild control surface buzz mode, were identified.

A subcritical flutter response prediction method known as
the inverse amplitude method' was used to plot strain gauge
and accelerometer outputs to project flutter dynamic pres-
sures. Using this method, each of the model’s wind-on natural
frequencies were obtained using an on-line spectrum analyzer.
The frequencies were plotted vs the inverse of the frequency’s
amplitude to project a flutter point. However, the actual flut-
ter and buzz modes identified during testing were sufficiently
mild to permit testing at the flutter dynamic pressures.

The fin/rudder flutter mode occurred at a dynamic pressure
of 150 psf across the range of subsonic speeds from Mach 0.3
to 0.9. The flutter mode boundary was fairly flat throughout
the dynamic pressure envelope, rising only slightly with in-
creasing dynamic pressure. The flutter mode’s frequency,
measured by strip chart recorder, was 30.5 Hz at Mach 0.4
and increased to 32 Hz as Mach number increased.

Control surface buzz began to occur at Mach 0.9 and at a
dynamic pressure of 150 psf. The control surface buzz bound-
ary intersected sharply with the flutter mode boundary. As
Mach number increased to Mach 0.93, the dynamic pressure
where control surface buzz occurred decreased sharply to 85
psf. The buzz mode’s frequency was 27 Hz and has the greatest
excitation level between Mach 0.91-0.93.

Both the fin/rudder flutter boundary and the boundary for
control surface buzz are presented in Fig. 10. The experi-
mental flutter boundary was successfully predicted using
NASTRAN with subsonic doublet lattice aerodynamics. Con-
trol surface buzz predictions require a nonlinear transonic
aerodynamic method and were not made.

The flutter and control surface buzz trends noted in the
wind tunnel for this specific scaled hypersonic model agree
well with test trends observed on other generic hypersonic
configurations.!? This empirical data showing that highly swept
planforms with unswept hinge lines will experience control
surface buzz proved an adequate predictor.

Conclusions

Transonic lifting surface component aeroelastic wind-tun-
nel models were designed and fabricated by Wright Labo-
ratory and tested in the NASA Langley Research Center
TDT. Stiffness tests, modal tests, and proof load tests were
conducted for both models. The horizontal lifting surface model
exhibited scaled aeroelastic responses representative of a full-
scale preliminary design of a hypersonic lifting surface sta-
bilator. The vertical lifting surface model was geometrically
scaled and designed aeroelastically to obtain flutter within the
wind-tunnel boundaries.

The horizontal lifting surface model’s aeroelastic instability
was identified as static aeroelastic divergence. The Southwell
method was used to project the stabilator’s divergence dy-
namic pressures in the wind tunnel. No flutter instabilities
were identified. Aeroelastic analyses conducted using sub-
sonic doublet-lattice acrodynamics were able to predict the
divergence instability boundaries satisfactorily. Both wind-
tunnel test and aeroelastic analyses indicate divergence dy-
namic pressures of approximately 230, 260, or 300 psf, de-
pending on the model pivot actuation stiffness level.

The decreasing rigid rotation frequency of the stabilator
may pose a problem when the stabilator is attached to a lifting
body. The rigid rotation frequency could potentially couple
with any one of several lifting body modes to produce a body
freedom flutter instability.

The vertical lifting surface’s aeroelastic instabilities were
identified as mild fin/rudder flutter and mild control surface
buzz. The mild aeroelastic instabilities were excited directly
in the wind tunnel. Aeroelastic analyses conducted using sub-
sonic doublet-lattice aerodynamics were able to satisfactorily
predict the fin/rudder flutter instability involving coupling be-
tween the model’s first and second natural modes. Both test
and analyses indicated fin/rudder flutter to occur at approx-
imately 31 Hz at dynamic pressures from 150 to 160 psf across
the subsonic speed range.

Control surface buzz began to occur at Mach 0.9 and at a
dynamic pressure of 150 psf. As Mach number increased to
Mach 0.93, the buzz dynamic pressure decreased sharply to
85 psf. Control surface buzz predictions require a nonlinear
aerodynamics method and were not made.

The flutter and control surface buzz trends noted in the
wind tunnel for this specific scaled hypersonic model agree
well with test trends observed on other generic hypersonic
configurations.'?~'® This empirical data, showing that highly
swept planforms with unswept hinge lines will experience con-
trol surface buzz, proved a good predictor. The data further
suggests that increases in leading-edge sweep and airfoil thick-
ness are likely to increase the Mach number at which buzz
occurs. Application of a seal in the area of the hinge gap gives
a destabilizing trend. An increase in the sweep of the control
surface hinge line may be one solution to reduce susceptibility
to transonic buzz.

Overall, the test and analyses results from these models
suggest that aeroelastic predictions for planforms with such
high sweeps may be satisfactorily analyzed using existing sub-
sonic aerodynamic theories up to Mach 0.9. Above Mach 0.9,
care must be taken to avoid aeroelastic problems caused by
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shock waves. At transonic Mach numbers, the horizontal lift-
ing surface model divergence dynamic pressure was unaf-
fected by the transonic shocks. However, the vertical lifting
surface model’s control surface buzz was the result of an os-
cillating shock condition.
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