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AERODYNAMIC CHARACTERISTICS OF A

60° SWEPT DELTA-WING SPACE SHUTTLE ORBITER AT

MACH NUMBERS OF 2.50, 3.90, AND 4.60

By Ernald B. Graves
Langley Research Center

SUMMARY

Tests have been performed in the Langley Unitary Plan wind tunnel to determine
the static aerodynamic characteristics of a 60° swept delta-wing space shuttle orbiter
at Mach numbers of 2.50, 3.90, and 4.60. Various control-effectiveness tests were also
included.

The results of the tests indicate that the elevens are effective in producing pitching
moment but the trim angle of attack is limited to about 15° at a Mach number of 2.50 and
to about 36° at Mach numbers of 3.90 and 4.60. The flared rudder is effective in pro-
ducing drag at low angles of attack but became ineffective at high angles of attack. The
rudder is effective in producing yawing moment; however, the effectiveness is consider-
ably reduced at high angles of attack. Ventral fins provide somewhat less yaw-control
effectiveness than the rudder at low angles of attack, but the effectiveness is maintained
with increase in angles of attack. The basic model was directionally stable only at a
Mach number of 2.50 and only to an angle of attack of about 10°. With the maximum-
flared rudder, directional stability was maintained at all test Mach numbers but only to
an angle of attack of about 13°. Modifications to the fuselage chine had essentially no '
effect on the model aerodynamic characteristics at the test Mach numbers.

INTRODUCTION

The National Aeronautics and Space Administration in conjunction with industry is
currently involved in developmental studies of reusable space shuttle systems capable of
placing large pay loads in near-earth orbit. As part of these studies, wind-tunnel tests
of a 60° swept delta-wing space shuttle orbiter have been performed in the Langley
Unitary Plan wind tunnel.

The tests performed at Mach numbers of 2.50, 3.90, and 4.60 provided static aero-
dynamic data for the basic configuration and for model variations, such as the addition of
ventral fins and changes in wing longitudinal location. Longitudinal-control effectiveness



of the elevators, as well as the lateral-control effectiveness of the ventral fins, rudder,
and rudder flare, was investigated. The tests were conducted over an angle-of-attack
range from -4° to 42° and over an angle-of-sideslip range from -4° to 8°.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and cal-
culations were made in U.S. Customary Units. Aerodynamic coefficients are referenced
to the body-axis system except for lift and drag which are referenced to the stability-
axis system. The moment reference was located 27.569 cm (10.854 in.) aft of the model
nose (67.1 percent body length).

b reference wing span, 27.574 cm (10.856 in.)

yjc
qS

CA axial-force coefficient, AxiaIJorce

CD drag coefficient,
M"

CD b base drag coefficient, Base drag
"'" qS

Cp c chamber drag coefficient

Cj-j drag coefficient at zero lift

CL lift coefficient,
T.**

Cf lift-curve slope (near a = 0°)
'-'a

C, rolling-moment coefficient, Rolling moment
1 qSb

/AC7\C; effective dihedral parameter, —- , per degree
V \A0//M>° f3°

_ ., , . , , . , . . . , Pitching momentCm pitching-moment coefficient, ^^
qSc

Cm o pitching-moment coefficient at zero lift

AC
-j
e

mCm pitch-control parameter, — -j^- at a. = 0 , per degree



CN normal-force coefficient, Normal force

Cn yawing-moment coefficient,
qSb

/AC
directional stability parameter, [-^-1 , per degree

\AP/j3=0°,30

side-force coefficient, Side force

qS

ACYCv side-force derivative, AQ I , per degree
13 &

c reference wing chord, 15.916 cm (6.266 in.)

L/D lift-drag ratio

(L/D)max maximum lift-drag ratio

M Mach number

q dynamic pressure

S reference area, 0.0329 m2 (0.3542 ft2)

aerodynamic-center location, percent body length
I

a angle of attack, deg

/3 angle of sideslip, deg

6e elevon pitch deflection angle (positive when trailing edge is down), deg

6^ rudder flare deflection half-angle, deg
J

6U ventral-fin deflection angle (positive when trailing edge is left), deg

6y rudder deflection angle (positive when trailing edge is left), deg



Model nomenclature:

BQ basic fuselage

Bj modified fuselage

WQ basic wing position

Wj ' wing in forward position

W2 ' wing in aft position

V vertical tail

U ventral fins

APPARATUS AND METHODS

Model

Detailed drawings of the model are shown as figure 1, and a photograph of the model
is shown as figure 2. The orbiter model consisted of a 60° swept delta-wing—body and a
single center-line-mounted vertical tail. The low-mounted wing had -5.0° of aerodynamic
twist about the trailing edge (0° incidence at the root and 5.0° incidence at the tip) and
7.0° of dihedral angle. Wing airfoil sections tapered from NACA 0009-64 at the root to
NACA 0012-64 at the tip. The wing, which basically was positioned so that the trailing
edge was flush with the base of the body, could be placed either forward or aft of this
position by 0.970 cm (0.382 in.). (See fig. l(b).) The full-span elevens could be deflected
in 10° increments from -30° to 10°. The vertical tail had a 10° wedge section with a
blunt trailing edge and 45° of leading-edge sweepback. Provision was made to deflect
the rudder -20° (trailing edge right), and in addition, a rudder that could be flared with
half-angle increments of 15° and 30° was provided on the trailing edge of the vertical
tail. (See fig. l(c).) Two all-movable ventral fins could be mounted at the base of the
body. (See fig. l(d).)

A modified fuselage which had a smaller chine flare forward of the wing was also
provided. (See fig. l(e).) The basic model is designated BQWQV. All control surfaces
are at zero deflection unless otherwise noted.



Tunnel

The investigation was performed in the high Mach number test section of the
Langley Unitary Plan wind tunnel, which is a variable-pressure, continuous-flow facil-
ity. The test section is about 1.49 m2 (16 ft2) in area and 2.13 m (7 ft) long, and the
asymmetric-sliding-block nozzle leading to the test section permits a continuous vari-
ation in Mach number from about 2.3 to 4.7.

Test Conditions

Tests were conducted at the following conditions:

Mach number

2.50
3.90
4.60

Stagnation pressure

kN/m2

101
225
312

psia

14.7
32.6
45.2

Stagnation temperature

K

338.7
352.6
352.6

OF

150
175
175

Reynolds number was held constant at 8.2 x 106 per meter (2.5 x 106 per ft). The
model was tested at angles of attack from about -4° to 42° and at sideslip angles from
about -4° to 8°. Test-section dewpoint temperature was maintained sufficiently low to
assure negligible condensation effects.

Transition strips composed of single-spaced No. 45 sand placed 3 diameters apart
were affixed to the wing and tail surfaces 1.0 cm (0.4 in.) aft of the leading edges in a
streamwise direction and 3.05 cm (1.2 in.) aft of the nose apex.

Measurements and Corrections

Aerodynamic forces and moments on the model were measured by means of an '
internally mounted, six-component electrical strain-gage balance, which, in turn, was
rigidly fastened to the sting-support system. Pressures in the model chamber and at the
model base were measured by means of single static-pressure orifices.

Angles of attack have been corrected for tunnel airflow misalinement, and angles of
attack and sideslip have been corrected for sting-balance deflection due to aerodynamic
loads on the model. The axial-force- and drag-coefficient data have been adjusted to
correspond to free-stream static conditions acting over the total model base. Typical
values of base and chamber drag coefficients may be seen in figure 3.



PRESENTATION OF RESULTS

The results of the tests are presented in the following figures:
Figure

Effect of model components on longitudinal aerodynamic characteristics 4
Effect of wing position on longitudinal aerodynamic characteristics 5
Eleven pitch-control effectiveness 6
Effect of rudder deflection on longitudinal aerodynamic characteristics 7
Effect' of ventral-fin deflection on longitudinal aerodynamic characteristics ... 8
Effect- of rudder flare deflection on longitudinal aerodynamic

characteristics. 6y = 0° 9
Effect of rudder flare deflection on longitudinal aerodynamic

characteristics. 6V = -20° 10
Effect of modified fuselage on longitudinal aerodynamic characteristics 11
Summary of longitudinal aerodynamic characteristics 12
Rudder yaw-control effectiveness. /3 = 0° 13
Ventral-fin yaw-control effectiveness. /3 = 0° 14
Effect of rudder flare deflection on lateral aerodynamic characteristics.

6V = 0°; /3 = 0° 15
Effect of rudder flare deflection on rudder yaw-control effectiveness.

Sy = -20°; 0 = 0° 16
Lateral aerodynamic characteristics of model in sideslip 17
Effect of model components on lateral stability parameters 18
Effect of wing position on lateral stability parameters 19
Effect of rudder flare deflection on lateral stability parameters. 6V = 0° . . . . 20
Effect of modified fuselage on lateral stability parameters 21

DISCUSSION

Longitudinal Aerodynamic Characteristics

The pitching-moment variation with lift coefficient and the lift-coefficient variation
with angle of attack for the basic configuration are relatively linear throughout the angle-
of-attack range at all test Mach numbers. (See fig. 4.) Moving the wing forward about
6 percent c~ causes a noticeable decrease in the stability level, whereas moving the
wing aft causes a noticeable increase in the stability level. (See fig. 5.) Although there
is little or no effect of wing position on lift-curve slope at M = 2.50, there is a slight
increase in CT for both the forward- and aft-located wing configurations at the higher

•"a
test Mach numbers.



The elevens are effective in providing pitching moments at all test Mach numbers
and angles of attack. (See fig. 6.) The data indicate that for the test center of gravity
and elevon deflection of -30°, the trim angle of attack of the orbiter is about 15° at
M = 2.50 and about 36° at M = 3.90 and 4.60. The generally expected loss in lift with
the negative elevon deflection for trim is apparent.

Other than an increase in drag coefficient, there is little effect of rudder or ventral-
fin deflection on the longitudinal aerodynamic characteristics of the model. (See figs. 7
and 8.)

The rudder flare is an effective means of producing drag (figs. 9 and 10), and for
the test vehicle, this effectiveness is considerably increased with increase in rudder flare
deflection angle. The effectiveness does decrease with increase in angle of attack, and
the flared rudder becomes ineffective in producing drag at a. ~ 40° for M = 2.50 and at
a ~ 24° for M = 4.60. It appears that the flared rudder induces a high-pressure field
on the aft top of the body that leads to a decrease in lift coefficient and a positive Cm 0.
The chine flare change on the modified fuselage had essentially no effect on the body or
wing-body longitudinal aerodynamic characteristics. (See fig. 11.)

A summary of longitudinal aerodynamic characteristics is shown in figure 12, and
the generally typical decrease in CL , (L/D)max, and CD o with increase in Mach
number is indicated. Essentially the same amount of forward movement in aerodynamic-
center location with increase in Mach number may be noted for all wing positions
investigated.

Lateral Aerodynamic Characteristics

The rudder is effective in producing yawing moment; however, the effectiveness
reduces with increase in Mach number and particularly with increase in angle of attack.
For example, the rudder is ineffective in producing Cn at a ~ 40° for M = 2.50 and
at a ~ 30° for M = 4.60. (See fig. 13.) The ventral fins, although not as effective as •
the rudder at low a, maintain a small amount of control effectiveness throughout the test
angle-of-attack and Mach number range. (See fig. 14.) The data of figure 15 indicate
that there is little or no effect of the rudder flare deflection on the lateral aerodynamic
characteristics with the rudder at 0°. The data of figure 16 however, indicate that when
the rudder is deflected -20°, the flared rudder induces more positive yawing moments
with increased flare angle in the low to moderate angle-of-attack range.

Variations of the lateral aerodynamic characteristics of the model in sideslip are
relatively linear throughout the angle-of-attack and test Mach number range. (See
fig- 17.)

The basic model is directionally stable only to an angle of attack of about 10° at
M = 2.50 and is directionally unstable at Mach numbers of 3.90 and 4.60 throughout the



entire test angle-of-attack range. (See fig. 18.) Addition of the ventral fins has little or
no effect upon the directional stability of the vehicle. The data of figure 19 indicate that
the small changes in the longitudinal position of the wing do not significantly affect the
lateral stability of the model. The rudder flared to 30° produces an increase in Cn

such that the vehicle is directionally stable at all test Mach numbers to an angle of attack
of about 13°. (See fig. 20.) The data of figure 21 indicate that the modified chine flare
has little effect on the lateral stability characteristics of the body alone or the wing-body
configuration.

CONCLUSIONS/

Tests have been performed in the Langley Unitary Plan wind tunnel to determine
the static aerodynamic characteristics of a model of a 60° swept delta-wing space shuttle
orbiter at Mach numbers of 2.50, 3.90, and 4.60.

The results of the tests indicate the following conclusions:

(1) For the test center of gravity, the elevons are effective in producing pitching
moment and provided a stable trim angle of attack of about 36° at a Mach number of 3.90
and 4.60 and about 15° at a Mach number of 2.50.

(2) The rudder flare is effective in producing drag at large flare angles and low
angles of attack but becomes ineffective at high angles of attack. Increase in rudder flare
also produces an accompanying increase in pitching-moment coefficient at zero lift.

(3) The rudder is effective in producing yawing moments at low angles of attack,
but the effectiveness is reduced considerably at high angles of attack. The ventral fins,
although not as effective as the rudder at low angles of attack, maintain effectiveness
throughout the test angle-of-attack range.

(4) The basic model was directionally stable only for a Mach number of 2.50 and
angles of attack less than 10°. Full rudder flare deflection provided directional stability
at all test Mach numbers but only at angles of attack up to about 13°.

(5) The modified fuselage chine had essentially no effect on the aerodynamic char-
acteristics at the test Mach numbers.

Langley Research Center,
- National Aeronautics and Space Administration,

Hampton, Va., April 21, 1972.



CU-M

§
CU
CQ

<D

£
O-
CQ
CQ

co'cu
u.s
CQ

ĈD
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(a) M = 2.50.

Figure 4.- Effect of model components on longitudinal aerodynamic characteristics.
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Figure 7.- Effect of rudder deflection on longitudinal aerodynamic characteristics.
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Figure 8.- Effect of ventral-fin deflection on longitudinal aerodynamic characteristics.
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Figure 9.- Effect of rudder flare deflection on longitudinal aerodynamic
characteristics. 6y = 0°.
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Figure 10.- Effect of rudder flare deflection on longitudinal aerodynamic
characteristics. 6V = -20°.
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Figure 11.- Effect of modified fuselage on longitudinal aerodynamic characteristics.
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Figure 12.- Summary of longitudinal aerodynamic characteristics.
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Figure 17.- Lateral aerodynamic characteristics of model in sideslip.
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