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Aircraft that operate at hypersonic speeds must adhere to stringent aerodynamic design restrictions. Typical
designs incorporate complete integration of the fuselage and propulsion system. Unfortunately, these designs tend
to perform poorly at subsonic speeds and demonstrate unfavorable propulsion/aerodynamic interactions when
operated in ground effect for takeoff. Significant work has been done to quantify this interaction including pressure
measurements using a two-dimensional model. This paper presents basic aerodynamic coefficients and centerline
lower surface-pressure distributions that were measured on a three-dimensional hypersonic configuration of the

National Aero-Space Plane.

Nomenclature
b = wing span, m
C = overall model length, m
Cp = drag coefficient (drag/q~S)
C, = three-dimensional lift coefficient (lift/gs.S)
C, = two-dimensional lift coefficient (lift/g.,S)
Cy = pitching-moment coefficient (moment/qgn.S.)
Cr = three-dimensional thrust coefficient (static thrust/q..S)
C, = two-dimensional thrust coefficient (static thrust/qg..c)
h = model height above ground plane, m
g~ = tunnel dynamic pressure, Pa
Re = Reynolds number
S = planform area including wings and fuselage, m>
X = chordwise position measure from model nose, m
a = angle of attack, deg

Introduction

HERE have been many studies into the low-speed ground-

effect Characteristics of hypersonic vehicles. The general con-
clusion was that when these airbreathing configurations are operated
in ground effect (IGE) there is a significant lift/thrust interaction.
Gatlin'? tested the Generic Hypersonic Configuration with an over-
all length of 2.867 m (Fig. 1) in the NASA Langley Research Center
14 x 22 ft subsonic tunnel. This model used a high-pressure ejector
system for thrust generation. Testing this model at Re = 1.3 x 108/t
and o = 12 deg over a range of thrust coefficients from 0.0 to 0.8, he
discovered the ground effect lift loss as plotted in Fig. 2. This figure
shows the lift coefficient as a function of nondimensional height
above the fixed ground plane (//b). In the power-oft configuration,
these data show that the model exhibits conventional ground-effect
characteristics, which is an increase in C, with reduction in height
above the ground. However, this trend reverses at high trust power
so that there is a lift reduction when the model is in close ground
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proximity. In fact, when the model is operated at takeoff condi-
tions of « =12 deg, Cy =0.6, and & /b =0.07 the lift produced is
approximately zero.

Gatlin and Kjerstad® performed further investigation into
the power-on ground effect characteristics. They used a 2.9-m
(6.5%-scale) model of the National Aerospace Plane (Fig. 3) called
the Test Technique Demonstrator (TTD). The TTD was a more re-
fined hypersonic configuration including wings, a dual-angle nose
ramp, and curved upper and exhaust ramp surfaces. This model also
used a high-pressure ejector system for thrust simulation and was
tested in the NASA Langley Research Center 14 x 22 ft subsonic
tunnel at Reynolds numbers on the order of 1.2 x 10°/ft. Figure 4
shows the lift coefficient data that were obtained using o« = 10 deg. It
can clearly be seen that as the model height is reduced, at a power-on
condition, the lift coefficient is significantly reduced. The charac-
teristic worsens at increased thrust and tends to make the lift coef-
ficient nearly the same for all thrust levels at lift-off conditions of
a=10deg, C7 =0.6, and h/b =0.05.

Smith* and Smith et al.’ performed tests in the West Virginia
University 6 x 4 ft test section using a model based on the National
Aerospace Plane (NASP) Display Model, Version 2 (Refs. 6 and 7)
(Fig. 5). This model and had an overall length of 1.52 m (5 ft).
Smith et al. showed that the lift coefficient first increased as the
model was lowered from out of ground effect (OGE) to a ground
proximity of #/b=0.5. When the model was lowered further into
ground effect, it demonstrated the power-on lift loss problems of the
other models. These data are not shown, but they are very similar to
those presented later for the current investigation.

Additional work was performed by Bond® and Bond et al.%!®
using a two-dimensional configuration based on the centerline ge-
ometry of the NASP Display Model, Version 2 (Ref. 6). The two-
dimensional model used a high-pressure ejector system for thrust
and was equipped with pressure measurement taps along its sur-
face. When tested IGE, at the takeoff angle of attack of « = 10 deg,
this model demonstrated the characteristic ground-effect character-
istics of the three-dimensional models. Figure 6 shows that with-
out thrust there is an increase in lift coefficient when the ground
spacing //c is reduced. When the thrust coefficient was increased
to higher values, this trend reversed to a strong lift loss IGE. The
model surface-pressure distributions were then plotted for the high-
est thrust condition of C; = 0.6 with the model OGE (&/c=1) and
at the approximate wheel touchdown height of /¢ =0.075. These
data, shown in Fig. 7, clearly show the change in pressure distribu-
tion caused by the proximity of the ground plane. Highlighted on
this plot are the areas of increased suction on the lower surface of
the model. Based on the results of this study, it was concluded that
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Fig. 1 Generic hypersonic configuration.’
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Fig. 3 Test technique demonstrator.3

model pressure distributions allowed for the identification of the
single expansion ramp nozzle as the region primarily responsible
for the ground-effect lift loss characteristic.

Experimental Apparatus

Experimental tests for this research were run in the West Virginia
University 4 ft x 6 ft low-speed test section. This test section has
provisions for the placement of a fixed ground plane ranging from
touching the model lower surface to an approximate 0.5-m spac-
ing depending on model angle of attack. OGE data were acquired
with the ground plane completely removed to minimize wall ef-
fects. For these tests, the tunnel was operated at a dynamic pressure
of ¢ =200 Pa (4.18 1b/ft?) for a Reynolds number of Re = 1.7 x 10°
based on overall model length C.
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Fig. 4 Effect of h/b on Cy, for NASP TTD? (=10 deg, various Cr).

Fig. 5 NASP schematic.’
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Fig. 6 Effect of h/c on Cy, for two-dimensional conﬁguration8 (a=
10 deg, C1 =0.6).

The model used for this work was based on the NASP Display
Model, Version 2 (Ref. 6) and before modification was tested by
Smith et al.*® It was constructed from a fiberglass shell with an
internal ejector system for thrust simulation. The basic dimensions
were 1) wing span b=71.1 cm (28 in.), 2) total planform area
including fuselage S =0.545 m? (5.87 ft?), and 3) overall model
length C =1.52 m (5 ft).

The model was mounted using a three-component force mea-
suring balance attached to the upper surface of the fuselage at
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approximately C /4. Although this placement caused significant dis-
turbances along the upper surface, it was used to minimize adverse
effects on the primary area of interest, lower portion of the model.
It was also designed to allow for testing with the wings removed.
This way the ground-effect aerodynamic/thrust interactions could
be more easily observed without the masking effects of the wing.
The same model reference area/total model planform area of the
wings and fuselage was used with the wings on and off so that aero-
dynamic and thrust coefficients would be consistent for the different
model configurations.

Model thrust was accomplished by using a high-pressure ejec-
tor system located in the model nacelle (Fig. 8). This system was
powered by eight choked nozzles each with a throat diameter of
5.3 mm (0.209 in.) that yields a total primary area of 1.77 cm?
(0.274 in.?). These nozzles were located near the inlet of the na-
celle, which was used as a constant-area mixing chamber and gave
a secondary flow area of 103 cm? (16.0 in.?) for a primary to sec-
ondary area ratio of 0.0171. The primary air was supplied from a
large capacity high-pressure tank through a system that bridged the
force balance without affecting the force readings. The system was
calibrated by taking experimental data for the static thrust (¢., = 0)
as a function of the supplied manifold pressure. Figure 9 shows ex-
perimental data that were acquired plotted along with the final linear
calibration curve. During model testing, the calibration was used to
set the desired thrust coefficient during tunnel operation as defined
by

CT = Tstatic/qoos
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Fig. 9 Static thrust vs manifold pressure for ejector system.

The experimental error for this project was estimated using the
accuracy of the various measurement systems. Evaluation of the
force measuring balance showed an accuracy of +0.7% FE.S. for
lift, £3.5% E.S. pitching moment, and £5.0% E.S. for drag with
a full-scale value of 533 N (120 lb¢), 108 Nm (80ft - Ib;) and 67N
(15 Iby), respectively. When converted to coefficient form using typ-
ical test conditions from these experiments, these values correspond
to ACp ~ £0.025, AC,, = £0.02, and ACp ~ £0.03. The pressure
measurements were taken using a Scanivalve PDCR22 transducer
with a full-scale range of 1 psid. This device was calibrated prior to
every test and has an accuracy of +0.06% E.S., which corresponds
to an error of AC, ~ £ 0.02 for the experimental test conditions.

Experimental Results

The results of this investigation were obtained at the maximum
obtainable Reynolds number of Re=1.7 x 10° based on overall
model length. Although this value is orders of magnitude lower
than that of the flight vehicle at takeoff and landing conditions, it
is comparable to the Reynolds numbers used in the literature for
similar studies.

The coefficient data presented herein are uncorrected values. As
such, they have not been corrected for tunnel blockage, wall effects,
support structure interference, or to model the actual Reynolds num-
ber of a flight vehicle.

Out-of-Ground-Effect Data

Before investigating the ground-effect characteristics of the
model, OGE data were acquired. The first parameter explored was
the lift coefficient as a function of angle of attack and thrust coeffi-
cient. These data are presented in Fig. 10. The zero-thrust (C = 0.0)
curve shows error bars that are representative of all of the lift
coefficient data acquired. Close inspection of this figure shows a
slight S bend in the data; however, lift-curve slopes were assigned
to each of these data sets using a linear curve fit. It is evident
that the lift-curve slope increases with increasing thrust coefficient
from dC; /da =1.97 (0.0334/deg) for Cr =0.0 to dC, /de =3.66
(0.0638/deg) for C; =0.6. The thrust-on curves (Cy > 0) intersect
at approximately C; =0.32 and o = 11 deg, where the zero-thrust
curve falls below this intersection at « = 11 deg. Although no ad-
ditional data exist on this characteristic, it is believed to be because
of the effective thrust line being at an 11-deg down angle with the
aircraft. This would mean that at « =11 deg the effective thrust
would be aligned with the freestream and therefore not contribute
to overall model lift.

Before presenting the drag coefficient data, it is important to dis-
cuss the measurement of these data. The drag coefficient data are a
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Fig. 11 Out-of-ground effect Cp vs c.

combination of the drag and thrust. As such, negative drag coeffi-
cients are realized when the thrust exceeds the aerodynamic drag.
This can be seen in Fig. 11 along with the error bars applied to the
zero-thrust condition. Here all of the curves differ approximately
by the change in thrust coefficient. These curves are very similar in
shape, with minimum drag occurring at ¢ =0 deg and maximum
values at @ =20 deg. When the model is operated at zero angle of
attack and a thrust coefficient of 0.6, the drag coefficient is slightly
less than —0.6. As the aerodynamic drag cannot be less than zero,
this indicates that the actual thrust, including interference effects,
must be slightly higher than the static thrust that was used to define
the thrust coefficient.

Pitching moment data obtained from these tests are presented in
Fig. 12. These data are referenced to a point located at the fuselage
quarter-chord (C /4). The negative slope of these curves indicates
positive static stability, and the addition of thrust increases the sta-
bility. Furthermore, all of the curves intersect at « ~ 11 deg.

Having quantified the basic aerodynamic performance of the
baseline NASP configuration, the wings were removed and the tests
repeated. Recall that the coefficients presented for this configuration
are based on the baseline planform area including the wing planform
area.

The trends of the lift with o and Cy are similar with or without the
wings. The primary differences are that the lift is greatly reduced and
the lift-curve slopes are lower with the wings removed. Tabulated

Table 1 Lift-curve slopes for model operating out of ground effect

dcy, /dOt
Cr Wing installed Wing removed
0.0 1.97 0.67
0.2 2.72 1.45
0.4 3.27 2.03
0.6 3.66 2.57
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Fig. 13 Out-of-ground effect C;, vs a for fuselage only (no wings).

values for the lift-curve slopes are shown in Table 1. The intersection
of the lift curves when thrust is applied also changes to C;, ~0.08
at o &~ 10 deg (see Fig. 13).

To better demonstrate the effect of the wings, the lift coefficient
data were plotted for both configurations at zero thrust and maxi-
mum thrust (Cr =0.6) in Fig. 14. Examination of these data clearly
shows the negligible effect of the wings at zero angle of attack,
which would be expected. As the angle of attack increases, the
wings have an increasing effect, eventually increasing the lift coef-
ficient by AC; =0.41 at C;7 =0.0 and AC;, =0.34 at C7 =0.6 at
the maximum angle of attack of 20 deg. Based on these results, it
can be seen that the wing has greater effect at high angles of attack,
as expected, and at low thrust levels. However, when the centerline
pressure data are plotted with and without the wings at o« =20 deg
and maximum thrust coefficient (Fig. 15) there is very little differ-
ence in the data. No error bars appear on this figure as the error is
on the order of the symbol size.
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Removing the wings had very little effect on the drag as a func-
tion of angle of attack, and so these data are not presented. The
pitching-moment data showed significant effect of the wings. When
comparing the data for the wings in place (Fig. 12) with Fig. 16
for the wings removed, it is clear that the wings contribute signif-
icantly to the moment data. This behavior would be expected, as
the quarter-chord of the mean aerodynamic chord of the wings is
located well behind the measured moment center.

Ground-Effect Data

Once the OGE data had been acquired, the ground plane was
installed and the ground-effect characteristics studied. Data acquired
at the takeoff representative angle of attack of 10 deg are presented
in this paper.

The lift coefficient as a function of nondimensional ground plane
spacing is shown in Fig. 17 at various thrust coefficients. In this
figure the OGE data are shown as /b =1.0, which is the approx-
imate value that would be obtained if the lower tunnel wall were
considered the ground plane. For reference, the vertical dashed line
shows the location of the approximate wheel touchdown height of
h/b=0.07. From this figure it can be seen that all of the thrust
coefficient curves show an increase in lift coefficient from OGE to
the /1/b = 0.5 spacing and then they all fall as the model is lowered

Table 2 Total and percent change in lift coefficient from
out-of-ground-effect to touchdown height with a =10 deg

Cr ACL % change
0.0 0.002 0.8
0.2 —0.047 —19.3
04 —0.091 —40.0
0.6 —0.136 —64.4
0.3
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Fig. 16 Out-of-ground effect C,, vs o for fuselage only (no wings).
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further into ground effect. However, the curves start to diverge sig-
nificantly for //b values less than 0.5 with Cy =0.6 showing the
greatest lift loss. The total change in lift coefficient and percent lift
loss when the model is lowered from OGE to the touchdown repre-
sentative location of /b =0.07 is shown for each thrust coefficient
in Table 2.

To further examine this ground-effect characteristic, the effect
of ground plane spacing on the lower surface-pressure distribution
was studied. Figure 18 shows the data for the maximum thrust co-
efficient of Cr =0.6 at the takeoff-representative angle of attack
of @ =10 deg. At first glance both of these curves appear to be
nearly identical contradicting the ground-effect lift loss. However,
upon closer inspection it is evident that when the model is in close
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ground proximity, the lower surface pressure is somewhat lower
than for the OGE condition. This small pressure change is signifi-
cant enough to greatly reduce the total lift coefficient of the model.
Although this curve is not as dramatic as the data Bond et al. acquired
using a two-dimensional model (Fig. 7), the total lift and change in
lift coefficient is much less for the three-dimensional model.

The effect that the wings have on the ground-effect lift charac-
teristics is shown in Fig. 19. In this figure, the two higher curves
were generated with the wings installed and the two lower curves
with the wings removed. This greatly increased lift with the wings
installed is expected and was discussed earlier. Of more interest are
the ground-effect characteristics. When the model was tested with
the wings removed at zero thrust, there was very little change in the

lift coefficient with ground plane spacing. However, when the trust
coefficientis increased to 0.6 the model shows similar characteristics
with or without the wings. One significant difference is that when the
wings are removed the lift loss in ground effect of AC, =—0.038
is significantly reduced when compared to the winged model with
AC, =—0.136.

Conclusions

Experimental results obtained from this research showed similar
ground-effect characteristics as those reported in the literature for
hypersonic configurations with a significant lift loss when a powered
model is lowered into ground effect. This trend was present with the
wings installed and removed. However, removal of the wings had an
almost immeasurable effect on the centerline pressure distribution.

Centerline pressure measurements taken using the three-
dimensional National Aerospace Plane configuration were very sim-
ilar to those reported in the literature using a two-dimensional model
indicating similar flow properties. Although the pressure data were
similar, the change in pressure coefficients was greatly reduced for
the three-dimensional model. For this reason, a two-dimensional
model is most valuable in the study of the effect of various fuselage
configurations or modifications on the pressure distribution. Once
the two-dimensional configuration is optimized, based on these pres-
sure profiles, the modification could then be applied to the three-
dimensional model and optimized for these flow conditions.
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