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AERODYNAMIC CHARACTERISTICS OF A BOOSTER AND AN ASCENT
SHUTTLE CONFIGURATION FRCM MACH 0.28 TO MACH 10.4

By Peter T, Bernot and Jarrett X, Huffman
Langley Research Center

SUMMARY

Longitudinal and lateral-directional aerodynamic characteristics were obtained in
wind-tunnel tests on a clipped-delta-wing booster and the ascent configuration comprised
of the booster and the HL-10 orbiter,

The results of this investigation indicated that the booster was longitudinally and lat-
erally stable over the planned operational flight regimes and was directionally stable at
Mach numbers up to 0.70, At supersonic speeds, directional stability existed only at lower
ranges of angle of attack while instability occurred over the entire angle-of-attack range at
hypersonic speeds. At low-subsonic speeds, a maximum trim lift-drag ratio of about 7
was obtained at a Reynolds number of 11.4 X 105 pased on model length, At Mach 10.4,

a maximum trim lift coefficient of 0.63 was measured at an angle of attack near 50°.

The ascent configuration was longitudinally unstable at Mach 10.4, which is repre-
sentative of nominal staging velocity. Interference-drag losses for the configuration are
highly sensitive to angle of attack and can result in payload reductions up to 4.8 percent
for a 15.2-MN (3.4-million-pound) lift-off weight.

INTRODUCTION

In the development of an economical space-transportation system, the two-stage
fully reusable concept is being given considerable attention and several configurational
approaches are now being studied by industry and government. The purpose of this paper
is to present the results of wind-tunnel force tests over a Mach number range of 0.28 to
10.4 of a two-stage system similar to that studied recently for NASA. (See ref. 1.) The
booster had a clipped~delta wing and a vertical tail; the HL-10 vehicle was the second
stage. For the wind-tunnel investigation, the orbiter length was one-half that of the
booster, their bases were alined, and their reference center lines parallel., Longitudinal
and lateral-directional aerodynamic data were obtained from balance measurements for
the booster and ascent configuration in facilities at the Langley Research Center. Aero-
dynamic characteristics of the HL-10 orbiter over the Mach number range are thoroughly
documented and are not repeated in this paper.
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SYMBOLS

Longitudinal aerodynamic data are referred to the stability-axis system while the
lateral-directional aerodynamic data are referred to the body-axis system. The moment
reference center for the booster alone was located on the model center line at 66 percent
of model length from the nose. For the ascent configuration, the moment reference cen-
ter employed in the subsonic and supersonic tests was located at 45 percent of booster
length behind the nose and 2 percent below the booster center line while, for the hyper-
sonic tests, the moment reference was 74.1 percent behind the booster nose and 6.6 per-
c¢ent below the booster center line. These reference centers are representative center-
of-gravity locations for the ascent configuration at lift-off and burnout, respectively.
Values are given in both SI and U.S. Customary Units. The measurements and calcu-
lations were made in U.S. Customary Units.

b booster wing span
Cp' drag coefficient, Drag
qs
CL lift coefficient, l‘isf—t
q
G rolling-moment coefficient, Rolling moment
QqSb
) . AC,
G 8 effective~dihedral parameter, —KB— per degree
Cm,s pitching-moment coefficient, Pitchin;glsrlnoment
Cq yawing-moment coefficient, Yawing moment
aSh
N s ACy
Ch 8 directional stability parameter, YR per degree
Cp pressure coefficient
Cy side-force coefficient, ﬁdeofs___o_l_‘g_%
CYB side-force parameter, Y, per degree
C %
K interference parameter, D.ascent

CD pooster * CDy,orbiter



Cy,

L/D lift-drag ratio, C—D-,-

l booster length

M free-stream Mach number

Py stagnation pressure

q free-stream dynamic pressure

R Reynolds number based on booster length and free-stream conditions
r radius

S booster reference planform area

To stagnation temperature

X axial distance measured firom booster nose

4 vertical distance measured from booster center line, positive downward
a angle of attack, based on booster center line, deg

B angle of sideslip, deg

0e elevon deflection, deg, positive with trailing edge down

Subscript:

max maximum

APPARATUS AND METHODS

Models

Drawings and photographs of the test configurations are presented in figures 1 to 3.
The booster fuselage cross section (fig. 1) had a flat top and bottom with semicircular
sides. This configuration incorporated a low wing having 55° of leading-edge sweep and
a clipped delta-wing planform. The airfoil was a modified NACA 4415 section mounted



at 30 incidence so that the flat lower surface of the airfoil was coincident with the fuselage
lower surface. The vertical tail employed a 6° wedge section with a blunted leading edge
having a 50° sweep angle. Two booster models were constructed, one with a 40.64-cm
(16-inch) aluminum fuselage with brass wing and tail and the other with a 25.4-cm
{10-inch) all-aluminum fuselage. The 25.4-cm (10-inch) model, used only for high-
angle-of-attack tests at hypersonic speeds, was supported by a 30° bent sting. This type
of mounting necessitated removal of parts of the vertical tail and fuselage afterbody.

(See fig. 3(c).) Geometric characteristics of both booster models are presented in

table I.

The ascent configuration (fig. 2) consisted of the larger booster model and a cast
aluminum model of the HL-10 orbiter having a length of 20.3 cm (8 inches). The models
were mated with their reference center lines parallel and their bases alined. A photo-
graph of the ascent configuration is presented in figure 3(b).

Facilities

The low-subsonic tests were performed in the Langley low-turbulence pressure
tunnel which is a variable-pressure, continuous-flow facility. The test section is
0.915 meter (3 feet) wide by 2.29 meters (7.5 feet) high. Mach number can be varied
from about 0.1 to 0.4 with a Reynolds number variation of 3.3 X 108 to 49,2 x 106 per
meter (1 % 108 to 15 x 106 per foot) at M = 0.22.

Data up to Mach 0.85 were obtained in the Langley high-speed 7~ to 10-foot tunnel
which is an atmospheric, continuous-flow facility. The test section is 2.01 meters
(79 inches) high and 2.92 meters (115 inches) wide with a usable length of about
1.52 meters (60 inches). (See ref. 2.)

Supersonic data were obtained in the Langley Unitary Plan wind tunnel which is a
variable-pressure, continuous~flow tunnel. This facility has two test sections measuring
1.22 meters (4 feet) square and 2.14 meters (7 feet) long. The nozzles are of the asym-
metric sliding-block type which permit continuous variation of Mach numbers from 1.5
to 2.86 in one test section and from 2.3 to 4.63 in the other. (See ref. 3.)

The high-speed tests of this investigation were conducted in the Langley continuous-
flow hypersonic tunnel, which is designed to operate over a pressure range of 1.52 to
15.2 MN/m?2 (15 to 150 atmospheres) at temperatures up to 1090° K (1960° R). Air is
heated by an elecirical-resistance multitube heater prior to entry into a water-cooled
nozzle which has a 79~-cm-square (31-inch-square) test section. Continuous operation
is achieved by recirculating the airflow through a series of compressors. Mach number
varies from about 10.25 to 10.40 with corresponding Reynolds number range of about
1.6 x 108 to 7.5 x 106 per meter (0.50 x 100 to 2.3 x 106 per foot). (See ref. 4.) The
test conditions are summarized in table II,
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Methods

Force and moment data were measured by internal, sting-mounted six-component
strain~gage balances connected to remotely controlled strut mechanisms. The mode of
operation of these mechanisms was different for each facility. For instance, yaw angles
were obtained in the low-turbulence pressure tunnel with a bent sting. The high-angle-
of-attack sting of the 7- by 10-foot tunnel used a combination of pitch angle and roll angle
to obtain the desired sideslip angle. In the hypersonic tests, the entire balance-strut
assembly was mounted on an injection mechanism that permitted model injection into the
hot air stream from a cooling chamber located adjacent to the test section. (See ref. 4.)
Balance temperatures were continuously monitored with thermocouples; thus, the model
could be retracted into the chamber when temperature limits were reached without inter-
ruption of tunnel flow.

For those tests in the subsonic and supersonic speed ranges, transition strips were
used on the booster model according to the methods described in reference 5. In the sub-
sonic tests, the strips consisted of No. 100 carborundum grains and were located 1.52 cm
(0.6 inch) aft of the leading edges of the wing and vertical tail and 2.54 cm (1 inch) aft
of the fuselage nose. In the supersonic tests, strips of No. 60 carborundum grains were
located 1.02 cm (0.4 inch) behind the leading edges and 3.05 cm (1.2 inch) aft of the nose,
Similar locations were also used on the orbiter model. All transition bands had a width
of about 0.16 cm (0.063 inch).

Angles of attack and sideslip were calculated accounting for model-sting deflections
due to aerodynamic load. Jet-boundary and blockage corrections were applied to the
subsonic data by the methods of references 6 and 7. The drag coefficients presented
herein are uncorrected for base pressure with the exception of those tests at Mach 10.4
where base drag coefficients were less than 0.0007,

The reference areas and lengths for the large and small boosters are listed in
table I. The reference values for the large booster were also used for the ascent
configuration,

PRESENTATION OF RESULTS AND DISCUSSION

All wind-tunnel data are summarized in the following figures:

Figure
Longitudinal stability characteristics of booster for various elevon
deflections; M=0.28t010.4 . . . . ¢ ¢« s o o s o o o = o a e s s e e c e e s 4
Lateral-~directional stability characteristics of booster for various elevon
deflections; M=0.28t010.4 . . . . . . . . ¢ ¢ e s v o s o o v 6 o 0 v s o o 5



Figure

Longitudinal trim characteristics of booster M =0.28,0.6,and 104 . . . . . . . 6
Longitudinal stability characteristics of ascent configuration; 6¢ = 0°;
M=028t0104 . ... .... s s e s s et e s s e s e e e s se e s oo s s 7
Lateral-directional stability characteristics of ascent configuration,
0 =00 M=0.28t0286.......0000000000.. e e e e s 8
Variation of drag coefficient with Mach number . . . . ¢ . . ¢ o o s o s o o c o o 9
Variation of interference parameter with Mach number ... ... . . . . .. .. 10

Drag coefficients for ascent configuration over the Mach number range. ., . . . . 11

Booster Characteristics

Longitudinal,~ The longitudinal stability data for the booster over the Mach number
range of 0.28 to 10.4 are presented in figure 4 for a center of gravity at 66 percent of
booster length. The booster was longitudinally stable except for angles of attack near
CL,max at subsonic speeds and below (L/D)yax at M= 10.4. These unstable regimes
are of no consequence operationally where high-angle-of-attack entry near CL,max after
staging is followed by transition to angle of attack near (L/D)y,ax at lower speeds.
Maximum untrimmed L/D values of 1.6 and 7.5 were obtained at M = 10.4 at
R, =1.33x100 and M=0.28 at R;=11.4x 105, respectively.

In figure 4(h), Newtonian theory using the method of reference 8 is presented for an
elevon deflection of 0°, Using a Cp,max equal to 2.0 and Prandtl-Meyer expansion
values for the shadowed parts of the booster, the theory agrees well with lift and drag
coefficients up to about 20° angle of attack. However, both coefficients were underpre-
dicted as angle of attack was increased. Good agreement was obtained for L/D gener-
ally over the angle-of-attack range. Theory gave poor estimate of pitching-moment coef-
ficient at angles of attack greater than 10° as evidenced by the predicted trim angle of
attack which was about 12° higher than that measured.

Lateral directional.- The lateral-directional stability characteristics over the

Mach number range for the booster are presented in figure 5. Positive effective dihedral

~-Cy ;) is indicated at the lower angles of attack at low subsonic speed and for all angles
tested at the other Mach numbers, The booster was directionally stable over most of the
anglé-of-attack range tested at Mach numbers up to 0.70. At supersonic speeds, however,
stability existed only at the lower angle-of-attack ranges; for instance, instability began
to occur at 8° angle of attack for M = 2.86 (fig. 5(g)). At M = 10.4, the booster was
directionally unstable over the entire angle-of-attack range. Newtonian theory (fig. 5(h))
gave good estimates of the data trends at angles of attack up to about 30°,

Longitudinal trim.- In figure 6, booster longitudinal trim characteristics are pre-
sented for Mach 0.28, 0.60, and 10.4. The results at the subsonic speeds were obtained




by interpolation procedures. A trimmed (L/D)ma.x of 7.1 was obtained at M = 0.28 for
an elevon setting of -13.7° occurring at 7.50 angle of attack. A Mach number increase

to 0.60 reduced the trimmed (L/D)max to 6.5 at 6° angle of attack. At Mach 10.4, a
trimmed (L/D)yax of 1.55 was obtained near 20° angle of attack for a 0° elevon setting,
Deflecting the elevons to -20° resulted in trim at a CL,max of 0.63 occurring at about
500 angle of attack,

Ascent Configuration Characteristics

Longitudinal.~ The longitudinal stability characteristics of the ascent configuration
from 0.28 to 10.4 are presented in figure 7. During ascent flight, the center of gravity ~
moves rearward considerably because of fuel consumption. The estimated center of
gravity at lift-off (x/l = 0.45 and z/l = 0.02) was used as the moment reference center
for the subsonic and supersonic tests. The moment reference center used for the hyper-
sonic tests was the burnout center of gravity (x/I = 0.741 and 2/l = 0.066). Minimum
drag occurs near -3° angle of attack over the Mach number range. Stability levels are
unaffected as speed increased in the subsonic range; however, a destabilizing effect is
indicated as Mach number increased to 2.86. With the rearward shift in center of gravity
with M that would occur operationally, instantaneous static margins would have to be
calculated to ascertain how much, if any, stability augmentation would be required. At
Mach 10.4, this configuration is unstable based on the burnout center of gravity and aug-
mentation could be required at burnout.

Lateral directional.- The lateral-directional stability parameters are presented in
figure 8 at Mach 0.28 to 2.86. Positive dihedral effect was obtained for angles of attack
up to at least 15°. Decreases in directional stability occurred as Mach number increased
from 1.50 to 2.86.

Interference Drag

In the design of a two-stage shuttle system, the aerodynamic drag of the ascent con-
figuration and that part of the total drag ascribed to mutual interference effect from lift-~
off to staging is significant in obtaining booster performance. The energy required to
overcome ascent drag losses represents a velocity increment of about 232 m/sec
(760 ft/sec) of a total increment of about 9.5 km/sec (31 000 ft/sec) for a system with
a 15.2-MN (3.4-million-pound) lift-off weight. (See ref. 1.) Nearly 90 percent of these
drag losses occur at Mach numbers below 3.0. The limited data available to date indi-
cate that the drag of the mated orbiter and booster usually exceeds the sum of the two
vehicles from isolated tests. For the present configurafion, however, the drag of the
ascent configuration exceeded the drag of the isolated components by as much as
50 percent at Mach numbers below 2.0 and up to a 15-percent reduction was measured



at Mach 10 (figs. 9 and 10). Drag coefficients for the orbiter were obtained from refer-
ences 9 to 13,

By using a calculated ascent trajectory, integrated values of interference drag
represented by the K parameter of figure 10 resulted in losses of 14 and 28.7 m/sec
(46 and 94 ft/sec) greater than those for interference-free drag (K = 1) for angles of
attack of -5° and 49, respectively. By using the sensitivity values of reference 1, the
corresponding increases in gross lift-off weight are 0.11 to 0.22 MN (24 300 to
49 600 pounds) for a constant payload weight. Based on a constant gross lift-off weight,
this translates into a payload reduction of 2.4 and 4.8 percent.

During ascent flight, the actual angle of attack will vary with fuel expenditure and
speed. For the rocket thrust passing through the center of gravity, the angle of attack
will be positive. For this condition, ascent drag and losses will be greatest for the
angles of attack shown in figure 11; however, the values of K for these same angles
are smallest (fig. 10).

CONCLUSIONS

A wind-tunnel investigation was conducted at Langley Research Center on a two-
stage shuttle concept similar to that studied recently for the NASA. Longitudinal and
lateral-directional stability characteristics were obtained for the booster and the ascent
configurations over a Mach number range of 0.28 to 10.4. The following results were
obtained from this investigation:

1. The booster was longitudinally and laterally stable over the planned operational
flight regimes and was directionally stable at Mach numbers up to 0.70. At supersonic
speeds, directional stability was limited to lower ranges of angle of attack while at
hypersonic speeds, instability occurred over the entire angle-of-attack range.

2, At trim conditions, a maximum lift-drag ratio of about 7 was obtained at low
subsonic speeds at a Reynolds number of 11.4 X 106 based on model length. A trim maxi-
mum lift coefficient of 0.63 was measured at about 50° angle of attack at Mach 10.4,

* 3. The ascent configuration was longitudinally unstable at nominal staging condi-
tions (Mach 10.4),

kY

4, Interference drag losses for the ascent configuration are highly sensitive to
angles of attack and represent as much as a 4,8-percent reduction in payload for a
15,2-MN (3.4-million-pound) lift-off weight.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., April 16, 1971,
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TABLE 1.- GEOMETRIC CHARACTERISTICS OF BOOSTER MODELS

Large Model

Length « v v v o v v v v oo v v ns 40.64 cm (16 in.)
Total planform area . . . . . . e e e e e e s e s e e e s aae e s 0.0595 m2 (0.641 ft2)
WIng Span . . « o o o o o s o o e e s s o s s s e s s s e e e e ... 31.55cm (12.42 in.)
Wingtotal area . . . . o v v v v v b u . s e e e e e e e ... 0,0466 m2 (0.502 ft2)
Aspectratio . . . ¢ ¢ o o 4 6 0 6 o 0 6 e s o s 8 b5 o s s s s s e s o s s o s s o s s 2,13
Leading-edge sweep angle. . . . . e e e e e e e e e e e e e e e 559
Root chord at model center line. . o o ¢ v ¢ o o 0 o 0 o o o o &« .. 26,01l cm (10.24 in.)
Tipchord . . c v v s ¢ v o o 6 ¢ s o o o 0 0 6 8 ¢ s s o o e e .. 354cm (1.392in,)
Dihedralangle . . . o o o o o+ » & S e e e e e e e e e e e e e e e 15°
Taper ratio . . . . . o o s s s s 5 o & s e o s o o o o 5 s s s s 6 5 s s o s a s o s . 0.136
Vertical tail Qrea . v v o v v v v v o v v o b e e e e e e e e 0.0059 m2 (0.0636 ft2)
Verticaltail sweep angle . . . ¢ o o o o o o o s o o o s o ¢ s s 2 s o 5 s s s o o o o 50°
Elevontotal area . ....... e e e e e e e . 0.0087 m2 (0.0934 ft2)

Length . . . .. e o 6 0 e a s s o 5 s s s e s 6 0 s s o e o s s 0 25.4 cm (10 in,)
Total planform area . . . . . . . e e s s o e e o s s e e e e 0.0233 m2 (0.2504 ftz)
WIng Span . . « « o o o o ¢ o o o « e o e e e s s e s s e e s o o a s 19.71 cm (7.76 in,)
Wing totalarea . .. ... .... e e e e 0.0182 m2 (0.196 £t2)
Root chord at model centerline., . . . o o » o ¢ o 6 « o & & . e s e 16.28 cm (6.41 in.)
TIiPChord . . . ¢ v 4 o o o o o o s o 6 6 o s 6 o o a s o o oo o s e 2,21 cm (0.87 in.)
Vertical tailarea . . . ... .. e e e e e e e e . 0.0023 m2 (0.0248 ft2)
Elevontotalarea . ... ... .. e e s e e e e e e s e . 0.0034 m?2 (0.0365 ft2)
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TABLE II.- TEST CONDITIONS

P T a range B
Facility Configuration | M 0 ° R,
kN,/m2 psia oR I R deg . deg
Low-turbulence Large booster | 0.28 482 70 Ambient 211.4 x 106 -8to26 | 0,5
pressure tunnel Ascent } i i ¥ i 8 to 16 {
0.40 | 101 14.7 Ambient 3.3 % 108 8to40 | 0
.60 4.5 L l
70 4.7
Large booster
0.40 3.3x 108 3to40 | 3
.60 4.5 L
_ 70 4.7
High-speed
7- by 10-foot 0.40 3.3 x 106 -8to16 | O
tunnel .60 4.5
.70 4.7
.85 5.2
Ascent
0.40 3.3x 108 3to16 | =3
.60 4.5
.70 4.7
.85 5.2
1.50 79.9 11.6 339 610 4.0 % 106 ~10 to 25 0,3
Large booster | 2,16 | 102 14.9
Unitary Plan 2.86 | 147 21.4
ind t 1 ’
wind tunne 1.50 | 179.9 11.6 -8 to 16
Ascent 2,16 { 102 14.9
2.86 | 147 21.4
Continuous- Large booster |10.4 5170 750 994 | 1790 1.33 x 108 -2t029 | 0,5
fmw lllypersmic Small booster 7230 1050 994 | 1790 | 1.15x 108 | 30t059 | 0,5
unne
Ascent 5170 750 1006 1810 1.33 X 106 -4 to 10 0
2Additional tests at R; of 3.1 X 108 to 19.8 x 106 for g = 0° indicated negligible effects on slopes of Cj,

and Cm,s up to 12° angle of attack with (L/D)max values ranging from 7.35 to 7.55.
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