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Abstract

Dynamic stability testing was conducted on a 2.5%
scale model of the X-33 technology demonstrator sub-
orbital flight-test vehicle. This testing was conducted at
the NASA Langley Research Center (LaRC) 16-Foot
Transonic Wind Tunnel with the LaRC High-Speed
Dynamic Stability system. Forced oscillation data were
acquired for various configurations over a Mach
number range of 0.3 to 1.15 measuring pitch, roll and
yaw damping, as well as the normal force due to pitch
rate and the cross derivatives. The test angle of attack
range was from -2 to 24 degrees, except for those cases
where load constraints limited the higher angles of
attack at the higher Mach numbers. A variety of model
configurations with and without control surfaces were
employed, including a “body alone” configuration.
Stable pitch damping is exhibited for the baseline
configuration throughout the angle of attack range for
Mach numbers 0.3, 0.8, and 1.15. Stable pitch damping
is present for Mach numbers 0.9 and 0.6 with the
exception of angles 2 and 16 degrees, respectively.
Constant and stable roll damping were present for the
baseline configuration over the range of Mach numbers
up to an angle of attack of 16 degrees. The yaw
damping for the baseline is somewhat stable and
constant for the angle of attack range from -2 to 8
degrees, with the exception of Mach numbers 0.6 and
0.8. Yaw damping becomes highly unstable for all
Mach numbers at angles of attack greater than 8
degrees.
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Nomenclature

The dynamic stability data presented are referred to the
body axis system. The balance had 0.0 deg incline
relative to the model WL = 0. The origin of the axes
was located to correspond to the moment reference
position of 66% of the body reference length or 12.514
inches. The model reference length for the pitching
moment coefficients is the body reference length, L, of
18.960 inches. For the yawing and rolling moment
coefficients, the reference length is the wing span, b, of
10.980 inches. The reference area, S, is 1.005 ft%. The
reference values utilized for coefficient computation are
shown relative to the full-scale X-33 vehicle in Table 1.

b = wing span, inches
Ci = rolling moment
coefficient,
(rolling moment/(ooSb)
aCl
Ci = ————, per
’ Apbr2v) P
rad
Ci -
a( pb%/4V )
per rad
Cp + Cl 3 sino = damping in roll parameter,
per rad
Cip = (9Ci/0p), per rad
Clﬁ = _BL ,
a(Bb/ZV)
per rad

Cipsina—k2Cy, =rolling moment due to roll-

displacement parameter, per
rad

Cn = pitching-moment
coefficient, (pitching
moment/ q,,SL)

Cmq = 0Cm/d(qL/2V ), per rad

Cm, = 9Cm/d(GL* /4V?), per rad

Cmg+ Cm, = damping in pitch
parameter, per rad

Cmeo = (dCm/d), per rad
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oCm

Cm, = ————, perrad
" aL/2v)’ P
Cm, —k2Cm, = oscillatory longitudinal
stability parameter, per rad
Cn = yawing moment
coefficient, (yawing
moment/ q,.Sb)
oCn
G = —————, perrad
" arb72v)’ P
Cn; = %, per rad
o(rb°/4V*)

Cn, —Cnjcosa

= damping in yaw
parameter, per rad

Cnyg = (dCn/dP), per rad or deg

Cn[, = ——Q:C"—, per rad
a(Bb/2V)

Cng cosa + k2Cn, = oscillatory directional

k

SR

(7198

®wRE<u
S

stability parameter, per rad
= reduced-frequency
parameter, (00L/2V)in
pitch; (wb/2V) in roll and
yaw, rad

= body reference length,
inches

= freestream Mach number
= angular velocity of model
about X axis, rad/s

= angular velocity of model
about Y axis, rad/s

= freestream dynamic
pressure, psf

= angular velocity of model
about Z axis, rad/s

= reference area, ft’

= freestream velocity, ft/s

= water line

= angle of attack, deg or rad
= angle of sideslip, deg or
rad

= angular velocity, 2af,
rad/s

Introduction

The X-33, a technology demonstrator sub-orbital
flight-test vehicle, is being designed and tested as part
of a larger program to develop a next-generation space
transport vehicle. In the development of the flight
control database for the X-33, Langley Research Center
(LaRC) has supported Lockheed Martin in the
development of the sub-orbital X-33 flight test vehicle
with numerous wind tunnel tests to determine
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experimentally the dynamic derivatives of the X-33
flight test vehicle. The data acquired from this series of
wind tunnel tests were utilized to develop the flight
control law data base for the X-33 program. This test
was part of an overall program to develop a complete
set of damping derivative data for the X-33 covering
subsonic to supersonic Mach numbers. The focus of
this paper will be to characterize the dynamic stability
derivatives for the subsonic and transonic regimes.

The acquisition of the stability damping derivative
data in the subsonic and transonic regimes involved
modifications to the existing LaRC High-Speed
Dynamic Stability System. This system was originally
designed to operate in the LaRC 8-Foot Transonic
Pressure Tunnel, where previous tests of this type have
historically taken place. However, the 8-Foot Transonic
Pressure Tunnel was closed in 1995 as part of an effort
to reduce the Centers’ infrastructure costs. For these X-
33 tests, modifications were made to the Dynamic
Stability System hardware and the software to allow a
successful first time entry in the LaRC 16-Foot
Transonic Tunnel (16’TT). The modifications thereby
restored the capability for forced-oscillation testing at
LaRC in the subsonic and transonic Mach ranges.

Forced oscillation tests of a 2.5% scale-model of
the sub-orbital X-33 flight test vehicle have been
conducted in the LaRC 16°’TT. These tests were
conducted for various configurations over a Mach
number range of 0.3 to 1.15 measuring pitch, roll and
yaw damping, as well as the normal force due to pitch
rate and the cross derivatives: yawing moment due to
roll rate and rolling moment due to yaw rate. The test
angle of attack range was from —2 to 24 degrees except
for those cases where load constraints limited the higher
angles of attack at the higher Mach numbers. The
configurations tested consisted of a baseline body
arrangement with all control surfaces installed (wings
and vertical tails). Breakdown component tests were
then conducted with the wings removed, tails removed
and both wings and tails removed for a “body alone”
configuration.

Dynamic Stability System and Apparatus

The LaRC High-Speed Dynamic Stability system
utilized to conduct the test employs a technique in
which the model is mechanically forced to oscillate in
the tunnel air-stream at a fixed amplitude and
frequency. The model is forced to oscillate in the either
the pitch, yaw, or roll mode at an amplitude of about
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1 degree for pitch/yaw mode and about 2.5 degrees for
the roll mode. A variable speed drive motor is utilized
to oscillate the test model over a variable frequency
range of 3 to 30 Hz. The lower frequency limit is a
result of aerodynamic loads which prevent the model
from maintaining a pure sinusoidal oscillation below a
frequency of 3 Hz. The great majority of these test data
were taken at the frequency for velocity resonance. The
most accurate measurement of the damping coefficient
is obtained at the frequency of velocity resonance.” At
velocity resonance, the mechanical spring in the
balance, plus any aerodynamic spring contribution
balances out model inertia. The only torque then
required to oscillate the model at that particular
frequency is the torque caused by the aerodynamic
damping. The frequency range that these test data were
acquired was approximately 3 to 10 Hz. The aircraft
test section model is viewed as an equivalent spring-
mass-damper system, with damping and spring forces
provided by the interaction between the aircraft and the
surrounding compressible air-stream (see Figure 1).
The differential equation for this system can be
expressed as:

ID + CD+ KD = Feit®

where I is the inertia of the rotating mass, K is the
torsional spring constant, C is the damping
contribution represented by the dashpot and Fe'™is an
applied force or moment. The mass oscillates with
maximum displacement D, and at a frequency @ .
Solving for the derivatives Dand D where:

D = De'@®

and ¢ is the phase angle between displacement and
force as shown on the vector diagram in Figure 2.
By substituting we have:

(—~Iw? +iCo+K)D = Fe” =F cos ¢ +iF sin ¢

The imaginary components equate to give:

CwD=Fsin¢

Arriving at the stability damping coefficient for the
torque component:
Cp = Fsing
wD
Similarly, the real components equate to give the

spring-inertia parameter:

Fcos¢
D

Specially designed oscillating balances are utilized
to mechanically force the model to oscillate. The
balances operate in either pitch, yaw or roll mode. The
type of balance used for both the pitch and the yaw
tests, GA-16 (Figure 3a), is rolled 90 degrees with
respect to the sting to change from pitch mode to yaw
mode. The second type of balance, DS-05R (Figure 3b),
is the roll balance. These balances, coupled with unique
sting hardware, are employed to measure the input
mechanical displacement and the corresponding torque
required to oscillate the test model. The angular
displacement is measured by means of a strain gaged
mechanical spring while the force and moment load
signals are measured by semi-conductor strain
gage bridges bonded to the balance beams. Because of
the temperature-sensitive characteristics of the
semiconductor strain gage, the balances are
temperature-controlled with electrical heating elements
located at the front and rear of the balance beams.
Balance load signals are then resolved into complex
phasors relative to the displacement signal for
computation of stability and damping coefficients. A
recently developed dual-digital resolver system was
employed that supports two complementary real-time
algorithms. The algorithms include a time domain
approach utilizing a numerical complex synchronous
demodulation technique and a frequency domain
approach utilizing Fast Fourier Transform. All data
presented were acquired with the synchronous
demodulation technique. The synchronous
demodulation algorithm provided the needed spectral
resolution required to extract just that portion of the
signal at the drive frequency. Reference [1] includes a
more detailed discussion of the algorithms employed
with the LaRC dynamic stability system. References [2]
and [3] provide a more detailed description of the LaRC
forced oscillation technique and balances.

KF—IF(D2=

Model and Apparatus

All experimental data presented were obtained with
a 2.5%-scale aluminum model with a steel balance
adapter designed and fabricated in-house at NASA
Langley. The 2.5% scale was a design limit due to
tunnel blockage restrictions in the LaRC Unitary Plan
Wind Tunnel where the supersonic dynamic stability
data were acquired. The outer-mold-line geometry of
the model was obtained from Lockheed Martin Skunk
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Works and is designated as the 604BO0002F/G
configuration.*

The model was fabricated from 7075-T651
aluminum and included removable canted fins, body
flaps, and vertical tails. The aluminum model meets a
primary design goal of keeping the model inertia as low
as possible so that the model resonant frequency would
be above 3 Hz when using the forced-oscillation
balances. Historically, operating below this resonance
frequency limit can produce a non-sinusoidal motion
that results in less accurate data.

The X-33 2.5%-scale model was tested in a fixed
control surface baseline configuration. Data were
acquired with this baseline and then with control
components removed individually and globally. A
sketch of the baseline X-33 full-scale model with
dimensions is presented in Figure 4.

The X-33 vehicle design consists of a lifting body
shape with 20-degee dihedral canted fins, two aft
(windward side) body flaps, and twin vertical tails. The
maximum body span between canted fin tips is 76 feet.
The internal fuel tank structure drives the external body
shape. The full-scale length of the X-33 vehicle is 63-
feet.* The reference areas and lengths used to calculate
aerodynamic and dynamic stability coefficient data for
the full-scale vehicle and the 2.5% scale model are
presented in Table 1. Photographs of the 2.5% X-33
model installed in the 16’ TT are shown in Figure 5.

Test Description

The test was conducted in the NASA LaRC 16’TT
which is an atmospheric, closed circuit tunnel with a
Mach number range of 0.2 to 1.25. The test section of
the tunnel is octagonal with a distance of 15.5 ft across
the flats. Boundary layer control during transonic
operation is achieved with a 35,000-hp axial flow
compressor that is designed to remove up to 4.5 percent
of the tunnel flow from the plenum that surrounds the
test section.’” A schematic of the 16’ TT is presented in
Figure 6.

The test results were obtained at Mach numbers
0.3, 0.6, 0.8, 0.9, 0.95, 1.05, and 1.15 over a angle of
attack range from approximately 2.0 to 24.0 degrees.
Table 2 summarizes nominal test conditions for this
entry. The balances were kept at a constant temperature
of 125 degrees Fahrenheit for the duration of data
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acquisition to ensure the stability of the temperature-
sensitive strain gages located on the balances.

To achieve a turbulent boundary layer over the
model, No. 120 grit was applied to the upper and lower
surfaces of the model. For the upper surface, a 0.1-in.
wide band of grit was applied 0.9-in. aft of the fuselage
nose apex and 0.4-in. aft normal to the leading edge of
the canted fins or wings and the vertical tails. For the
lower surface of the model, a 0.1-in. wide band was
also applied 0.9-in. aft of the nose apex. Additional 0.1-
in. wide bands were located 0.3-in. aft of the leading
edges of the body and 0.4-in. aft of the wing normal to
the leading edge.

The forced-oscillation test was conducted primarily
to determine the pitch damping, Cm, + Cm,, the yaw
damping, Cn, —Cngcoscr, and the roll damping,
Clp+ Clgsine parameters. These parameters are all
out-of-phase with the displacement of the oscillating
model. The parameters in-phase with the displacement
are also measured. The in-phase parameters presented
in this paper are oscillatory-longitudinal stability
parameter, Cm, —k?Cm;, oscillatory-directional-
stability parameter, Cngcosa+k%Cn.and rolling-
moment-due-to-roll displacement parameter,
Clgsina—k2C,. A discussion of in-phase and out-of-
phase parameters is provided in Reference 2.

Experimental Results and Discussion

Pitching Characteristics

The oscillatory-stability parameters measured
during the pitching oscillation portion of the test are
presented in Figures 7a and 7b. The figures represent
pitch-damping data acquired over the test Mach number
range. The damping in pitch parameter for the baseline
configuration is shown in Figure 7a. Negative values of
the parameter represent stable damping in pitch as
shown by the arrow indicators in the figures. The pitch
damping is essentially constant and negative throughout
the angle-of-attack range for Mach numbers of 0.3, 0.8,
and 1.15, with the exception of Mach number 0.9 at an
angle-of-attack of 2 degrees. The configuration
becomes slightly unstable at this angle, then quickly
returns to a constant, stable mode with increasing angle
of attack. Stable damping in pitch was present for the
Mach number 0.6 over the test angle of attack range
with the exception of angle of attack of 16 degrees
where the baseline configuration repeatedly exhibited
positive or unstable damping. With the exception of
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these angles, changing Mach number has little effect on
the damping in pitch parameter for the baseline
configuration.

The oscillatory-longitudinal-stability parameter for
the baseline configuration is presented in Figure 7b.
This is also shown over the test Mach number and angle
of attack range. For the lower angles, Mach 0.3 and 0.6
remain relatively neutrally stable until an angle of
attack of 8 degrees where both extend into the unstable
region and grow more unstable with increasing angle of
attack. For the Mach numbers 0.8 and 0.9, the stability
parameter remains in the unstable region throughout the
angle of attack range. The parameter also grows more
unstable with increasing angle of attack. For Mach
number 1.15, tunnel bearing temperature limits did not
permit the acquisition of data at angles of attack greater
than 8 degrees. The results of Mach 1.15 at the lower
angles exhibited stable behavior with decreasing
stability as the model angle of attack was increased.

Due to time limitations and program priorities,
model component breakdown testing in the pitch mode
was not possible during this test entry.

Yawing Characteristics

The oscillatory-stability parameters measured
during the yawing oscillation portion of the test are
presented in Figures 8 and 9. Figure 8 represents yaw
damping over the test Mach number range for the
baseline configuration. The damping in yaw parameter
is shown in Figure 8a. Negative values of this
parameter represent stable damping in yaw. The
damping in yaw for the baseline configuration is
relatively stable and constant over the test angle of
attack range from —2 to 8 degrees, with the exception of
Mach numbers 0.6 and 0.8. Mach numbers 0.6 and 0.8
fluctuate around the neutral stability line through the
lower angles of attack. The damping in yaw of the
baseline configuration enters the unstable region for
Mach numbers greater than 0.6 between 8 and 12
degrees angle of attack. For Mach number 0.6 and 0.3
the parameter fluctuates between stable and unstable as
angle of attack is increased.

The oscillatory-directional-stability parameter for
the baseline configuration is presented in Figure 8b.
Positive values of this parameter are stable. The
parameter remains relatively negative or unstable
throughout the angle of attack range for all the test
Mach numbers. There is a fluctuation about zero, the
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neutrally stable line, at the higher alphas for the lower
Mach numbers of 0.3, 0.6 and 0.8.

The yaw damping, resulting from a breakdown of
model components, is shown in Figure 9a and 9b. The
component breakdown results are shown for Mach
number 0.9. The damping in yaw parameter is
presented in Figure 9a. The yaw damping progresses
into the positive or unstable region at an angle of attack
of 10 degrees for the baseline configuration. As is
expected, when the tails are removed from the baseline
configuration the model goes unstable in yaw at a much
lower angle of attack, approximately 4 degrees. For the
body alone configuration, wing and tails both removed,
the model is unstable at O-degree angle of attack, is
stable at 2 degrees and is unstable for angles of attack
greater than 4 degrees. The X-33 vehicle can be seen to
grow increasingly unstable in yaw as the test Mach
number is increased and the control surfaces are
eliminated.

The oscillatory-directional-stability parameter
results for the component breakdown are presented in
Figure 9b. Once again, positive values of this parameter
are stable. For the baseline configuration, the
parameter shows negative values or an unstable
configuration for the test angle of attack range.
Removing the tails, as is expected, has a destabilizing
effect on the model with parameter values reaching
further in the negative region. For the body alone
configuration, wings and tails both removed, the
parameter exhibits the same values as having only the
tails removed. As could be expected, the wings do not
contribute to the yaw damping.

Rolling Characteristics

The oscillatory-stability parameters measured
during the rolling oscillation portion of the test are
presented in Figures 10 through 13 with the damping in
roll parameter given in 10(a)-13(a) and the rolling
moment due to roll displacement parameter given in
10(b)-13(b). The roll damping characteristics for the
baseline configuration are presented in Figure 10a.
Negative values of this parameter represent stable
damping in roll. The baseline configuration shows
excellent stable roll damping characteristics over the
range of test Mach numbers up to an angle of attack of
16 degrees. The parameter is also fairly constant over
the angle of attack and Mach number range up until
16 degrees. The configuration exhibited less stable roll
damping at the higher alphas, but still maintained a
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negative or stable damping with the exception of Mach
0.6 at 22 degrees and 16 degrees where positive or
unstable roll damping is present.

The damping in roll parameter for a component
breakdown with wings removed is shown in Figures
11a, 12a and 13a for the Mach numbers 0.3, 0.9, and
1.15, respectively. Due to time limitations, the roll
damping parameter was acquired for those Mach
numbers only. As can be expected, with the wings
removed the model remains stable and constant over the
angle of attack range for both Mach numbers tested.
The lifting body design of the X-33 with vertical tails
and body flaps provides stable roll damping. The X-33
remains stable in roll damping even with the wings
removed for all Mach numbers investigated. Also, for
all the Mach numbers the roll stability remains fairly
constant over the test angle of attack range.

For completeness, Figures 10b, 11b, 12b, and 13b
show the results of the baseline configuration on the
rolling moment due to roll-displacement parameter.
This parameter was measured simultaneously with the
damping in roll parameter. The first term in the
parameter, Cygsinal, is the aerodynamic spring term
resulting from the rolling motion about the body axis at
angle of attack. Because of the “sina” multiplier this
parameter is not as useful as the effective-dihedral
parameter.”” However, the rolling moment due to roll-
displacement parameter does serve to indicate gross
effects such as a sign change in the dihedral effect.” As
is shown in the plots, the effect on component
breakdown on this parameter is minimal.

Data Uncertainty for the Damping Parameters

A data acquisition procedure is used with the
dynamic stability system to minimize the effect of
signal fluctuations due to flow separation on the model
and tunnel flow unsteadiness. This procedure involves
sampling a large number of filtered signal voltages for
each channel at each data point and calculating the
arithmetic mean and standard deviation. The arithmetic
means are then used to calculate the aerodynamic
parameters from the two or three data points taken at
each test condition. Reference [7] provides a more
detailed discussion of the dynamic stability system
uncertainty.
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Summary of Results

The LaRC High-Speed Dynamic Stability System
was successful in allowing the acquisition of stability
damping derivatives for the pitch, yaw, and roll modes
in the subsonic and transonic regimes. The dynamic
stability data acquired for the X-33 vehicle may be
summarized as follows:

1. The model exhibited stable pitch damping for
the baseline configuration throughout the test angle
of attack range for Mach numbers 0.3, 0.8, and
1.15. Negative or stable pitch damping was
present for the Mach number 0.9 over the test angle
of attack range with the exception of angle of
attack of 2 degrees. Stable pitch damping was
present for the Mach number 0.6 over the test angle
of attack range with the exception of angle of
attack of 16 degrees where the baseline
configuration exhibited a positive or unstable
damping characteristic.

2. The yaw damping for the baseline
configuration is relatively stable and constant over
the test angle of attack range from -2 to 8 degrees,
with the exception of Mach numbers 0.6 and 0.8.
The yaw damping of the baseline configuration
becomes highly unstable for all Mach numbers at
angles of attack greater than 8 degrees.

3. The yaw damping enters into the positive or
unstable region as the wings and tails are removed
from the baseline configuration. The X-33 grows
increasingly unstable in yaw as the test Mach

number increases and the control surfaces are
eliminated.

4. The baseline configuration showed relatively
constant and stable roll damping characteristics
over the range of test Mach numbers up to an angle
of attack of 16 degrees. The configuration
exhibited less stable roll damping at the higher
alphas, but still maintained a negative value for
damping with the exception of Mach 0.6 at 22
degrees and 16 degrees where unstable roll
damping is present.

5. The X-33 lifting body design has stable
damping in roll for the baseline configuration, and
still remains stable with the wings removed for the
Mach numbers investigated. As the Mach number
is increased the roll stability remains fairly constant
over the test angle of attack range.
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Table 1. Reference Dimensions

2.5%-scale

Dimension Full Scale
Sref 1608 ft2
Lref 63.2ft
Bref 36.6 ft
c.g.ref (66%) 41.7 ft

1.005 ft?
18.960 in
10.980 in
12.514 in

Table 2. Nominal Test Conditions

Mach Reynolds Alpha Oscillation
Number Number Range Type
03 2.00 Al P,YR
0.6 3.45 Al P,Y.R
0.8 3.86 Al P,Y,R
09 . 4.00 Al P,Y,R
0.95 3.82 Al Y
1.05 3.89 Al Y
1.15 4.15 Al P,Y.R

Oscillation Type: Pitch: P, Yaw: Y, Roll: R

Al: - 2to 24 deg. by 2 deg. increment
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Aerodynamic Effects
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Figure 1. Dynamic Stability Spring-Mass-Damper System.

Imaginary
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F(w), force or torque
F(w)sing = CpwD ‘

D(w), displacement

» = Real

F(w)cosd = (Kg ~ Icw?)D

Figure 2. Phasor Diagram for the Dynamic Stability Axes.
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Fixed balance support

Torque bridge
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cross-head
mechanism

Model attachment
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a. GA-16 Pitch-Yaw Balance.

Fixed balance
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Torque bridge location

Heater bands
b. DS-05R Roll Balance.

Figure 3. LaRC Dynamic Stability System Oscillating Balances.

9
American Institute of Aeronautics and Astronautics



19.3m
(63.2 1)

Body
Flaps

Leeward View Windward View

Canted fins
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Front View

Figure 4. Sketch of Full-Scale X-33 604B0002F/G Configuration.

Figure 5. 2.5%-Scale X-33 Model installed in LaRC 16 FT TT.
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Figure 6. Schematic of the 16-Foot Transonic Tunnel. Dimensions in feet.
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o, deg.
M . . .
o 0.30 Baseline Configuration
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o
2 A
N
A
2
Cma'k Cmq' 0 .
(per radian) L L lstable
-2
-3 | ] | | 1 l |
-4 0 4 8 12 16 20 24
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Figure 7. Results of the baseline configuration over the test Mach number range on: a) the damping-in-pitch
parameter and: b) the oscillatory longitudinal-stability parameter.
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o 0.30 Baseline Configuration
o 0.60 '
3 — ¢ 080
A Q.
2 N
D
1 fa

Cy, - C”B cosa 0
(per radian) B

Baseline Configuration

Cpg 005 &+ K2Cp,
(per radian)

4 0 4 8 12 16 20 24
a, deg.

Figure 8. Results of the baseline configuration over the test Mach number range on: a) the damping-in-yaw
parameter and: b) the oscillatory directional-stability parameter.
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Figure 9. Results of component breakdown of the X-33 for Mach number 0.9 on: a) the damping-in-yaw parameter
and: b) the oscillatory directional-stability parameter.
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Figure 10. Results of the baseline configuration over the test Mach number range on: a) the damping-in-roll
parameter and: b) the rolling moment due to roll-displacement parameter.
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Figure 11. Results of the baseline and the wing off configuration for Mach number 0.3 on: a) the damping-in-roll
parameter and: b) the rolling moment due to roll-displacement parameter.
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Figure 12. Results of the baseline and the wing off configuration for Mach number 0.9 on: a) the damping-in-roll

parameter and: b) the rolling moment due to roll-displacement parameter.
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Figure 13. Results of the baseline and the wing off configuration for Mach number 1.15 on: a) the damping-in-roll-
parameter and: b) the rolling moment due to roll-displacement parameter.
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