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Measured and Theoretical Supersonic Dynamic Stability
Characteristics of a National Aero-Space Plane Configuration

David A. Dress,” Richmond P. Boyden,* and Christopher I. Cruz¥
NASA Langley Research Center, Hampton, Virginia 23681

Wind-tunnel tests of a National Aero-Space Plane configuration were conducted in the NASA Langley Unitary
Plan Wind Tunnel (UPWT). The model used is a Langley designed blended body configuration. Dynamic stability
characteristics were measured on this configuration at Mach numbers of 2.0, 2.5, 3.5, and 4.5. In addition to
tests of the baseline configuration, component breakdown tests were conducted. The test results show that the
baseline configuration generally has stable damping about all three axes, with only isolated exceptions. In
addition, there was generally good agreement between the in-phase dynamic parameters and the corresponding
static data which were measured during another series of tests in UPWT. Also included are comparisons of the
experimental damping parameters with results from the engineering predictive code aerodynamic preliminary
analysis system. These comparisons show good agreement at low angles of attack; however, the comparisons
are generally not as good at the higher angles of attack.

Nomenclature

The static and dynamic stability data presented are referred
to the body axis system (inclined 4.25 deg relative to WL =
0) shown in Fig. 1. The dynamic stability balance and sting
were offset 4.25 deg from the model centerline to avoid any
alteration of the upper aft surface of the model. The origin
of the axes was located to correspond to the moment reference
position shown in Fig. 2. The model reference length for the
pitching moment coefficients is the body reference length of
33.6 in. (see Fig. 2). For the yawing and rolling moment
coefficients, the reference length is the overall wing span of
12.00 in. The reference area of 161.04 in.? is the theoretical
wing planform area (including elevons) with the wing leading
edges projected to the centerline of the vehicle. The area of
the body flap at the rear of the body and the canard are not
included in the reference area.

b = wing span, ft
G = rolling-moment coefficient,
(rolling moment/q.,.Sh)
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C -
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pitching-moment coefficient,
(pitching moment/q..SL)

9 er rad
a(gL2v)y P
W, per rad

damping-in-pitch parameter,
per rad

(3C, /@), per rad
a(aLi2vy Per rad

oscillatory longitudinal-stability
parameter, per rad
yawing-moment coefficient,
(yawing moment/q..Sb)

_9C, g
agrb2vy P

aC,
a(buav)y Per rad

damping-in-yaw parameter, per rad

(0C,/3pB), per rad or deg

2(BbI2VY per rad

oscillatory directional-stability
parameter, per rad

frequency of oscillation, Hz
reduced-frequency parameter,
(wL/2V) in pitch; (wb/2V) in roll
and yaw, rad

body reference length, ft
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

dynamic stability body system of
axes

angle of attack, deg or rad

angle of sideslip, deg or rad
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angular velocity, 2«f, rad/s
indicates a first derivative with
respect to time

[

Model Component Designations

body

nacelle

outboard vertical tails
wings

o
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Introduction

S part of the development effort for the National Aero-

Space Plane (NASP) program, a task was initiated at
the Langley Research Center to measure experimentally the
dynamic stability parameters of several configurations. Var-
ious configurations have been investigated during develop-
ment of the NASP, including a cone body, blended body,
fuselage/wing combination, and a waverider. These designs
are uniquely shaped in order to meet their performance goals.
In particular, the underside of the vehicle is generally inte-
grated into the propulsion system.'> These unique shapes,
however, present problems in suitably mounting models of
these designs for aerodynamic wind-tunnel tests. Specifically,
there are concerns with the mounting system interfering with
either the propulsion system’s expansion ramp or the aft upper
surface of these models. Therefore, the primary objective of
this task was to develop and demonstrate high-speed dynamic
stability test techniques for nonpowered NASP-type config-
vrations. This small-amplitude, forced oscillation technique
is labeled high-speed to distinguish it from similar low-speed
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Fig. 1 System of axes used in investigation. Arrows indicate positive
direction of moments, forces, and angles.
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Fig. 2 Model geometry; linear dimensions are in inches.

techniques,? although this high-speed technique works equally
well at subsonic, transonic, and supersonic speeds.

As a part of this task, supersonic dynamic stability results
were measured for the Langley designed blended body con-
figuration, designated the test techniques demonstrator (TTD).
These results were acquired in the Langley Unitary Plan Wind
Tunnel (UPWT)* at Mach numbers of 2.0, 2.5, 3.5, and 4.5.
Some unpublished static results on the same model tested in
the UPWT are included for comparison purposes. Component
effects were obtained by testing with and without the wings,
vertical tails, and nacelle. The range of angle of attack was
from —2to 18 deg. In addition to the test results, comparisons
of the experimental damping parameters with results from the
engineering predictive code aerodynamic preliminary analysis
system (APAS)* are also included.

Model and Apparatus

A sketch of the baseline TTD configuration is presented in
Fig. 2. The wings have a 75-deg leading-edge sweep, an aspect
ratio of 0.89, and a taper ratio of 0.13. The wings have a flat
bottom with a half-diamond airfoil section on top. The half-
diamond section is 3% thick with the maximum thickness at
the 50% chord location. The wings are mounted 1.5-deg nose-
down with respect to the fuselage reference line. The vertical
tails have a 35-deg leading-edge sweep, an aspect ratio of
1.22, and a taper ratio of 0.65. These vertical tails have a
diamond airfoil section with the maximum thickness varying
linearly from 6% thick at the 25% chord location at the tip
to 4% thick at the 50% chord location at the root. The vertical
tails are also mounted at a —1.5-deg angle with respect to
the fuselage reference line. The rectangular-shaped flow-
through nacelle has a varying cross-sectional area along its
length. The sidewalls of the nacelle at the inlet have a 60-deg
leading-edge sweep. In addition, the sidewalls and the bottom
wall at the inlet have 60-deg chamfers perpendicular to the
leading edges.

Descriptions of the small-amplitude, forced oscillation dy-
namic stability technique and balances are given in Refs. 7
and 8.

Test Description

The tunnel total pressure was varied with the Mach number
so that all of the data were taken at a constant Reynolds
number per foot of 2.0 million. This corresponds to a stag-
nation pressure of 1254 psf for Mach 2.0, 1699 psf for Mach
2.5, 2882 psf for Mach 3.5, and 4666 psf for Mach 4.5. The
total temperature of the airflow was held constant at 125°F
for Mach 2.0 and at 150°F for the other Mach numbers, and
the dew point was held below the minimum value at which
condensation effects become significant.

At 2.0 Mach number, boundary-layer transition strips con-
sisting of a 0.063-in. band of no. 50 grit were located 1.2 in.
aft of the fuselage nose apex and 0.4 in. aft streamwise of the
wing and vertical tail leading edges. The grit was applied to
both surfaces of the wings and vertical tails. In the case of
the nacelle, strips were applied 0.4 in. aft streamwise on the
inside surfaces of the sidewalls and bottom wall. The chamfer
located on the outside surfaces of the sidewalls and bottom
wall precluded locating strips 0.4 in. aft streamwise. In this
case, the strips were located just ahead of the downstream
end of the chamfered surface. At the higher Mach numbers,
single-spaced boundary-layer transition grit (no. 35) was ap-
plied at the same locations described above. Reference 9 was
used to properly size the grit to provide fully turbulent flow
over the model.

The forced-oscillation tests were conducted primarily to
determine the pitch damping C, + C,,., yaw damping C,,
— C,; cos «, and roll damping C,, + Cj; sin « parameters.
These parameters are all out-of-phase with the displacement
of the oscillating model. The parameters in-phase with dis-
placement are also measured. The in-phase parameters pre-
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sented here are C, - k°C,,. C, cos a + k°C,, and
Cy, sin @ — k*C,,. A discussion of in-phase and out-of-phase
parameters, as well as the data reduction procedure, is given
in Ref. 7. For the pitch oscillation tests, the value of k varied
from 0.0109 to 0.0267. During the yaw oscillation tests, k
varied from 0.0041 to 0.0079, and for the roll oscillation tests,

k varied from 0.0127 to 0.0232.

Experimental Results and Discussion

Pitching Characteristics

The oscillatory stability parameters measured during the
pitching oscillation tests at Mach numbers of 2.0 and 4.5 are
presented in Fig. 3. The upper portions of Figs. 3a and 3b
show the results of component breakdown of the baseline
configuration (BWVN) on the damping-in-pitch parameter.
Negative values of the parameter represent stable damping
in pitch. At 2.0 Mach number, all four configurations have
mostly stable and essentially constant pitch damping over the
angle-of-attack range, indicating that the main body of the
model is dominant in determining the pitch damping for this
configuration. There is an exception to this trend for the BN
configuration where the damping increases significantly and
unexpectedly between 10— 14-deg angle of attack. At 4.5 Mach
number, the trends are similar, but the damping level has
decreased slightly through the angle-of-attack range. Instead
of a sharp increase for the BN configuration at the higher
angles of attack, there is an isolated peak in the damping at
10-deg angle of attack.

The lower portions of Figs. 3a and 3b show the oscillatory
longitudinal-stability parameter results. The baseline config-
uration (BWVN) is stable at 2.0 Mach number up to an angle
of attack of 6 deg. The effect of removing the wings is large
as shown for the BN configuration, which is unstable through
the angle-of-attack range at both 2.0 and 4.5 Mach numbers.
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Fig. 3 Results of component breakdown of TTD configuration on the
damping-in-pitch parameter and the oscillatory longitudinal-stability
parameter: a) M = 2.0 and b) M = 4.5,
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Fig. 4 Results of component breakdown of TTD configuration on the
damping-in-yaw parameter and the oscillatory directional-stability pa-
rameter: a) M = 2.0 and b) M = 4.5.

At 4.5 Mach number, the baseline configuration is also un-
stable through the angle-of-attack range. In fact, the results
at 4.5 Mach number for all configurations with wings have
shifted upward into the unstable region, while the BN con-
figuration results have remained at a fairly constant level.
This is due to a loss of wing effectiveness with increasing Mach
number. A comparison of C,, computed from the static test
results with the oscillatory longitudinal-stability parameter is
also shown in the lower portions of Figs. 3a and 3b. This
comparison is for the baseline configuration and shows good
agreement between the static and dynamic results, and thus
indicates that, as expected, the k>C,,. term is small in com-
parison to the C,, term. In addition, this good agreement
gives confidence that the dynamic stability measurement tech-
nique is working properly. Note that comparisons between
static and dynamic results are shown in Figs. 3—5. To make
proper comparisons in these figures, the static data were trans-
ferred to the dynamic stability body axes and moment ref-
erence center.

Yawing Characteristics

The oscillatory stability parameters measured in the yaw-
ing oscillation tests are shown in Fig. 4 for Mach numbers of
2.0 and 4.5. The upper portions of Figs. 4a and 4b show the
results of component breakdown of the baseline configuration
(BWVN) on the damping-in-yaw parameter. At 2.0 Mach
number the baseline configuration has stable damping in yaw
(negative values of the parameter), except for near zero damping
at 16-deg angle of attack. As expected, removing the outboard
vertical tails (BWN configuration) generally decreases the
damping level. Removing the wings and the outboard verticals
from the baseline configuration generally decreases the damp-
ing even further. At 4.5 Mach number the trends are very
different. In particular, there is a reduction in the damping
level at 4-6-deg angle of attack, followed by a gradual in-
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Fig. 5 Results of component breakdown of TTD configuration on the
damping-in-roll parameter and the rolling moment due to roll dis-
placement parameter: a) M = 2.0 and b) M = 4.5,

crease in the damping with increasing angle of attack. Despite
the reduction, the baseline configuration has stable damping
through the angle-of-attack range. Once again, removing the
outboard vertical tails generally decreases the damping level,
while removing the wings and the outboard verticals from the
baseline configuration generally decreases the damping even
further for angles of attack above 6 deg.

The lower portions of Figs. 4a and 4b contain the oscillatory
directional-stability parameter resuits. At 2.0 Mach number
for the baseline configuration, the directional-stability param-
eter has mostly negative values, indicating a destabilizing ef-
fect. As expected, removing the outboard vertical tails de-
stabilizes the configuration even further, whereas removing
the nacelle generally tends to stabilize the configuration since
the nacelle is ahead of the model’s c.g. At 4.5 Mach number,
the results for the configurations with vertical tails (BWVN
and BWV) have shifted further into the unstable region, while
the results for the configurations without vertical tails have
remained at a fairly constant level. This is due to a loss of
vertical tail effectiveness with increasing Mach number. This
effect was also measured on a conical aerospace plane con-
figuration as discussed in Ref. 10. Also included in this figure
is C,, cos a computed from the static test results. Results are
included for the baseline configuration and the baseline con-
figuration with the vertical tails removed. For the baseline
configuration at 2.0 Mach number, there is generally good
agreement between the oscillatory directional-stability param-
eter and C,, cos @ computed from the static test results. At
4.5 Mach number, the agreement is good up to about 12 deg,
and only fair at the higher angles of attack. In particular, the
oscillatory directional-stability parameter is nonlinear above
12 deg. Recall that the dynamic results are based on a +1-
deg yaw oscillation amplitude, whereas the static results were
obtained using B = 3 deg. Therefore, these differences may
be due to the larger B value for the static results which may

have missed a nonlinearity present at 8 = 1| deg. For the
BWN configuration at 2.0 and 4.5 Mach numbers, there is
good agreement between the oscillatory directional-stability
parameter and C,,, cos o computed from the static test results.

Rolling Characteristics

The oscillatory stability parameters measured in the rolling
oscillation tests are shown in Fig. 5 for Mach numbers of 2.0
and 4.5. The upper portions of Figs. 5a and 5b show the results
of component breakdown of the baseline configuration
(BWVN) on the damping-in-roll parameter. The baseline con-
figuration generally has stable roll damping characteristics
(negative values of the parameter) up to about 16 deg for 2.0
Mach number. Removing the outboard vertical tails or the
nacelle from the baseline configuration generally has a very
small effect on this parameter. Removing the wings and out-
board vertical tails from the baseline configuration generally
decreases the damping to the point where the BN configu-
ration is neutrally damped through the angle-of-attack range.
At 4.5 Mach number, the baseline configuration has stable
roll damping through the angle-of-attack range. Again, the
most significant effect of component breakdown is shown for
the BN configuration, which has decreased damping through
the angle-of-attack range.

For completeness, the bottom portions of Figs. 5a and 5b
show the results of component breakdown of the baseline
configuration on the rolling moment due to roll-displacement
parameter, since this parameter was measured simultaneously
with the damping-in-roll parameter. The first term in this
parameter, C,, sin «, is the aerodynamic “spring™ term re-
sulting from the rolling motion about the body axis at angle
of attack. Because of the *‘sin &’ 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. The effect of component breakdown on this
parameter is minimal. The only change worth noting is a
reduction in this parameter for the BN configuration at the
higher angles of attack. These differences between the results
for the baseline and the BN configurations decrease as Mach
number increases. Data are also presented in Fig. 5 showing
a comparison of this parameter and C,, sin « computed from
the static data. The comparison for the baseline configuration
generally shows good agreement between the static and forced
oscillation results. However, at 2.0 Mach number above 14
deg, the results do not agree due to a trend change in the
dynamic data. The reason for the different trends at the higher
angles of attack is unknown.

Data Uncertainty for the Damping Parameters

The data acquisition method used during these tests was
based on sampling 40 filtered signal voltages for each channel
at each data point for about 25 s. An arithmetic mean and
standard deviation were calculated for each set of 40 signal
voltages, and the arithmetic means were then used to calculate
the aerodynamic parameters. Typically, two or three of these
data points were taken for each test condition. Single aero-
dynamic parameter values at each test condition were achieved
by calculating the arithmetic mean of the two or three aero-
dynamic parameter values. The standard deviations of these
averaged aerodynamic parameters were also calculated at each
test condition. This data acquisition procedure is used to min-
imize the effect of fluctuations of the signal voltage outputs
caused by such things as separated flow on the model and
unsteadiness of the tunnel flow.

Figure 6 gives a sample of data uncertainty for the baseline
configuration by showing the damping-in-pitch parameter along
with error bars representing plus or minus one standard de-
viation of this parameter. These error bars replace the symbols
used in the preceding plots. In some cases, the standard de-
viation is so small that the error bars blend in with the line
or the standard deviation is less than 0.00005, in which case
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Fig. 6 Sample of measurement uncertainties for the damping-in-pitch
parameter for the baseline configuration.

the deviation is assumed to be negligible and error bars are
not shown. Figure 6 shows that the uncertainty of this param-
eter decreases as Mach number increases from 2.0 to 4.5. In
addition, at 2.0 Mach number, the uncertainty generally in-
creases with increasing angle of attack.

APAS Description

The APAS is an interactive computer program which allows
an experienced user to quickly estimate aerodynamic forces
and moments of arbitrary aerospace vehicles. Once the anal-
ysis geometry has been defined, a low-speed or high-speed
analysis module is executed to perform the aerodynamic force
and moment estimations. For the comparisons in this article,
the high-speed analysis module was used. In this module, a
noninterference finite surface element model of the vehicle
is analyzed using empirical impact pressure and approximate
skin friction methods. This high-speed or supersonic/hyper-
sonic analysis module of APAS is an enhanced version of the
Hypersonic Arbitrary Body Program Mark III (HABP3). De-
tailed information concerning APAS, including program for-
mulation and comparisons with experimental data and CFD
results, can be found in Refs. 5 and 6, and 11-15.

APAS Analysis of the TTD

The supersonic/hypersonic analysis module of APAS was
used to estimate damping derivatives (C,,, C,,, and C,) for
the baseline configuration (BWVN) and the body-nacelle con-
figuration (BN). Figure 7 illustrates the TTD as modeled and
analyzed. At each tunnel condition, four separate APAS anal-
yses were performed (one analysis with no vehicle rotation,
and one each with p, g, and r, equal to one rad/s). The APAS
recommended default methods for surface pressure estima-
tion were utilized. They included the tangent-cone approxi-
mation for the body surface and the tangent-wedge approx-
imation for the nacelle, wings, and outboard vertical tail
surfaces. The rotation rates p, g, and 7, entered the APAS
calculation process as local velocity increments. The moment
increments used in calculating the dynamic damping deriva-
tives were then calculated by differencing two APAS results
(one with a one rad/s rotation and one with no vehicle ro-
tation).

Comparison of APAS Results with Wind-Tunnel Data

The results of APAS comparisons with the wind-tunnel data
are shown in Figs. 8—10. Note that APAS can estimate only
the first of the two combined terms in each of the damping
parameters. For the baseline configuration, there was better
agreement for the damping-in-pitch parameter than for either
the damping-in-yaw or damping-in-roll parameters. This is
also true for the BN configuration for angles of attack up to
about 10 deg. Generally, good agreement was shown between
APAS results and the wind-tunnel data for both the baseline
and the BN configurations at low angles of attack (—2 deg
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Fig. 7 APAS model of baseline TTD configuration: a) side view, b)
frontal view, and ¢) bottom view.
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Fig. 9 Comparison of APAS results with damping-in-yaw parameter.
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Fig. 10 Comparison of APAS resuilts with damping-in-roll pa-
rameter.

< a < 6 deg). As angle of attack increases, agreement be-
tween the APAS results and the wind-tunnel data was gen-
erally not as good. There are two possible reasons for this
angle-of-attack trend. The first can be explained in a quali-
tative sense by looking closely at the calculation procedure
in the high-speed module of APAS. First, APAS divides the
vehicle surface into quadrilateral elements. Next, the surface
pressure coefficient and local skin friction coefficient on each
panel are estimated independent of the presence of the rest
of the panels which make up the configuration. For example,
a body surface element whose tangent vector is inclined by 5
deg from the freestream velocity vector is assumed to have
the surface properties associated with a sharp, 5-deg cone at
0-deg angle of attack at the specified analysis conditions. The
fact that this surface element may be located downstream of
the nose of the body and/or the wing leading edge is neglected.
Thus, as angle of attack increases, an increasing deviation
between APAS estimates and wind-tunnel data is not sur-
prising. The second possible reason for the less favorable
comparisons at the higher angles of attack is the fact that
APAS does not estimate the second of the two combined
terms (either the & or B terms) in each of the damping
parameters. As shown in Refs. 11-15, however, good agree-
ment between APAS results and static wind-tunnel data is
often encountered throughout the angle-of-attack range.

Summary of Results

The small-amplitude, forced-oscillation dynamic stability
technique was successfully used to test a nonpowered NASP
configuration in the pitch, yaw, and roll modes. In particular,
this investigation was conducted to determine the supersonic
dynamic stability characteristics of a Langley designed blended
body configuration designated the TTD. These tests were
made over a range of Mach numbers from 2.0 to 4.5, and
over a range of angles of attack from —2 to 18 deg. The
results are summarized as follows:

1) For both the longitudinal and lateral-directional data
there was generally good agreement between the in-phase
dynamic parameters and the corresponding static data.

2) The baseline configuration generally has stable damping
about all three axes with only isolated exceptions.

3) The measurement uncertainties for the damping param-
eters are generally small and decrease with increasing Mach
number.

4) There is generally good agreement between the APAS
results and the wind-tunnel data at low angles of attack (—2
deg < o < 6 deg). As angle of attack increases, the agreement
was generally not as good.
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