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AERODYNAMIC CHARACTERI§TICS O F  A FMED-WING MANNED 

SPACE SHUTTLE CONCEPT AT A MACH NUMBER OF 6.0 

By David R. Stone 
Langley Research Center 

SUMMARY 

The longitudinal, directional, and lateral stability and control characteristics of 
the orbiter stage of a two-stage space shuttle concept proposed by the NASA Manned 
Spacecraft Center have been determined at a Mach number of 6.0 and a free-stream 
Reynolds number of 1.24 X 107 per  meter (3.79 X 106 per ft) .  
obtained at angles of attack from -5' to 60°, and lateral and directional data were 
obtained at sideslip angles of Oo, -2O, and -5' over this angle-of-attack range. 

Longitudinal data were 

The resul ts  of this investigation indicate that for the moment reference center at 
25 percent of the mean aerodynamic chord (53.48 percent of body length), the configura- 
tion t r i m s  near the maximum lift  coefficient at an angle of attack of about 48' with the 
maximum allowable elevator deflection of -40°, and obtains a t r im lift coefficient of 2.05 
and a trim lift-drag ratio of 0.78. A shift in the center of gravity of approximately 5 per-  
cent of the mean aerodynamic chord (0.54 percent of body length) rearward would t r im 
the configuration near an angle of attack of 60' for the present test conditions. The two 
sting arrangements used had almost negligible effects on the longitudinal forces and 
moments and only small effects on lateral  and directional stability characteristics. The 
addition of the wing did not change the lift-drag ratio of the basic body shape for angles 
of attack greater than that for maximum lift-drag ratio. Consequently, the vehicle could 
be operated at high angles of attack as a fixed-wing or a variable-wing configuration with 
about the same lift-drag ratio for both configurations. Modified Newtonian theory, in 
general, underpredicted the forces due to the wing and horizontal tail, and overpredicted 
the t r im  angle of attack for the complete configuration with negative elevator deflections. 

INTRODUCTION 

Considerable emphasis is currently focused on the development of reusable space 
transportation systems which offer potential for transportation of large payloads from 
and to earth. One such concept proposed by the NASA Manned Spacecraft Center is a 
two-stage, all-reusable manned space shuttle with conventional horizontal-landing capa- 
bility. Both stages consist of a blunted lifting body with a modified trapezoidal c ros s  



section and a fixed low wing and horizontal tail. The wing has an aspect ratio of 6.95 
with a leading-edge sweep of 15O and a dihedral of 7'. The entry mode for the orbiter 
is considered to be at an angle of attack of approximately 60°, this attitude being main- 
tained until subsonic Mach numbers a r e  achieved. The vehicle is then considered to  be 
rotated by means of aerodynamic controls and reaction controls t o  attitudes suitable for 
landing. Reference 1 presented low-subsonic aerodynamic data for an early version of 
this concept. A later version of the orbiter stage, presented herein, contains design 
changes as a result  of the subsonic tests. The fuselage was made l e s s  blunt, the tail 
sweep angle was reduced to give more tail lift, and the fuselage cross-sectional shape 
was modified to give better cross-flow characteristics. 

The 'purpose of this investigation is to present the longitudinal, directional, and 
lateral  stability and control characteristics at a Mach number of 6.0 of the later version 
of the orbiter stage of the two-stage space shuttle conceptual design proposed by the 
NASA Manned Spacecraft Center. The present investigation was conducted in the Langley 
20-inch Mach 6 tunnel. The tes ts  were conducted at angles of attack from -5' to 60' and 
at a Reynolds number of 1.24 X lo7 per meter (3.79 X lo6 per  ft). 

SYMBOLS 

The data for the present investigation are referred to the body-axis system except 
for the lift and drag coefficients, which a r e  referred to  the stability-axis system. The 
center of moments, unless otherwise specified, is located 1.090 cm above the reference 
axis at 25 percent of the wing mean aerodynamic chord (53.48 percent of the body length). 
All coefficients are based on wing planform area, mean aerodynamic chord, and wing 
span. 

b wing span, 17.65 cm 

CD 

CL 

C2 

Drag drag coefficient, - 
qws 

Lift lift coefficient, - 
q.2 

Rolling moment 
rolling-moment coefficient, 

qwSb 

2, per degree effective dihedral parameter at /3 = Oo, - AC 
c2P 4 

Cm 
pitching- moment coefficient, Pitching moment 

qw= 

rate of change of pitching moment with normal-force coefficient a Cm 
aCN 
- 
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X 

xcg 

xCP 

Y 

a! 

normal-force coefficient. Normal force 

yawing -moment coefficient , Yawing moment 

directional stability parameter at p = Oo, s, per degree 
AB 

P - P, 
pressure coefficient, - 

qco 
Side force side-force coefficient, 

qws 

, per degree side-force stability parameter at p = 00, - ACY 
AP 

wing chord 

mean aerodynamic chord of wing, 2.73 cm 

lift-drag ratio 

Mach number 

static pressure 

dynamic pressure 

total wing area including area  within body, 44.84 cm2 

reference axes 

distance along airfoil chord line from leading edge 

moment reference center measured from leading edge of mean aerodynamic 
chord along reference axis 

location of center of pressure measured from leading edge of mean aerody- 
namic chord along reference axis 

vertical distance from airfoil chord line 

angle of attack, deg 
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P angle of sideslip, deg 

6e elevator deflection (negative for trailing edge up), deg 

Subscripts : 

max maximum 

t stagnation 

00 ' f ree  stream 

Model component designations : 

B1 fuselage 

H6 horizontal tail 

v3 vertical tail 

w2 wing 

Subscripts on model components refer to nomenclature used in the NASA Manned 
Spacecraft Center design evolution, 

DESCRIPTION OF MODEL 

The vehicle tested was an approximate 0.00725-scale model based on the August 
1969 revised baseline orbiter for the two-stage manned space shuttle concept originated 
by the NASA Manned Spacecraft Center. Details of the model tested are shown in  fig- 
ure 1. The wing had a leading-edge sweep of 1 5 O .  The concept as proposed by the 
NASA Manned Spacecraft Center had a sweep angle of 14O; however, when the model was 
constructed, the wing was inadvertently made with a sweep angle of 15O. Photographs of 
the model installed in the Langley 20-inch Mach 6 tunnel using both a straight sting and 
a 60' bent sting a r e  presented in figure 2. A portion of the vertical tail and body were 
removed to allow clearance for the 60° bent sting tests. (See fig, 2(c).) The projected 
a rea  of the vertical tail for both sting arrangements is given in table I. Elevator deflec- 
tion was varied from 0' to -40' which was the maximum allowable negative deflection 
that would permit adequate clearance of the rocket nozzles. Data were also obtained 
with an elevator deflected at -40' with a par t  removed in the a rea  of the fuselage base 
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when the straight sting was used. 
a r e  presented in table I. 

(See fig. 1.) Geometric characteristics of the model 

APPARATUS AND METHODS 

Tunnel 

The tes t  program was conducted in the Langley 20-inch Mach 6 tunnel. The wind 
tunnel is of the blowdown type, and exhausts through a variable second minimum either 
to a 3200-cubic-meter vacuum sphere or to the atmosphere with the aid of an annular 
ejector. The Mach 6.0 nozzle is two-dimensional and contoured, and can be operated at 
stagnation pressures  of 3 to  35 atmospheres (1 atmosphere = 101.325 kN/m2) and stagna- 
tion temperatures to 556' K. A calibration of the test  core (approximately 41 cm X 41 cm) 
indicates a nominal Mach number of 6.0 * 0.02. A more detailed description of this tunnel 
is given in reference 2. 

Test  Conditions and Methods 

The tests were conducted at an average stagnation pressure of 1.48 MN/m2 
(215 psia) and a stagnation temperature of 478O K (400' F). 
s t ream Reynolds number was 1.24 X 107 per  meter (3.79 X 106 per ft). Six-component 
force and moment data were obtained with the straight sting for an angle-of-attack range 
from -5' to 55' and with the 60° bent sting from 26O to 60'. For all tests, force and 
moment data were obtained at angles of sideslip of Oo, -2O,  and -5'. Elevator deflection 
was varied from 0' to -40'. 

The corresponding free-  

Force and moment data were obtained by use of a six-component strain-gage bal- 
ance housed inside the model. Angles of sideslip were obtained by offsetting the model 
support system to the desired angle; thus, the data were obtained at an essentially con- 
stant sideslip angle over the angle-of-attack range. The t rue angles of attack and side- 
slip were set  optically by the use of a point source of light and a small  lens-prism 
mounted on the model. The image of the light source was reflected by the prism and 
focused by the lens onto a calibrated chart. Straight-line slopes between the basic data 
at sideslip angles of 0' to -5O were used to obtain the lateral and directional stability 
parameters.  The data at -2' sideslip were used to verify the linearity of the slopes. 
Model base pressures  were measured during each test ,  and the axial-force component 
was adjusted to correspond to a base pressure equal to the free-stream static pressure.  
The average of two base-pressure tubes, one on the top and one on the bottom of the 
sting, was  used for all tests. 

Accuracy 

On the basis of accuracy in balance calibration, zero shift of the balance during 
tests, computer readout, dynamic pressure,  and pressure transducer accuracy, the 
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probable uncertainties in  the force and moment coefficients are estimated by the method 
of least squares to be as follows: 

C D . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C L . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.02 
Czp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.0004 

CyB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.0035 
Cnp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.0006 

L/D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *o.i 
Cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.02 

The accuracy of the angles of attack and sideslip is estimated to be *O. lOo and the f ree-  
stream Mach number is estimated to be accurate to rt0.02. 

RESULTS AND DISCUSSION 

The resul ts  of this experimental investigation are presented in figures 3 to 8. An 
examination of the shock structure for a! = 54.2' indicates a bulge in the basic body 
shock caused by the addition of the wing. (See fig. 3(b).) The addition of the wing 
(fig. 3(d)) also caused a change in the shock structure in the area of the horizontal tail 
from that observed with the wing removed (fig. 3(c)). These types of component inter- 
actions can result  in stability problems. 
fields of this type a r e  extremely sensitive to model attitude and free-stream conditions, 
more detailed investigations will  be required. 

(See, for example, ref. 3.) Since complex flow 

Plots comparing the effects of sting arrangement, elevator deflections, center-of- 
gravity location, and component contribution to the aerodynamic characteristics are pre- 
sented in figures 4 to 6. Also, a comparison of the experimental data with analytical 
estimates from a computer program is presented in figures 7 and 8. 

Because of the preliminary nature of the configuration investigated, a detailed 
analysis of the data has been omitted from this paper; however, a few areas of apparent 
inter e st a r e  discussed briefly . 

Aerodynamic Characteristics 

A comparison of the aerodynamic characteristics presented in figures 4 and 5 indi- 
cates that sting arrangement (compare figs. 2(a) and 2(c)) had an almost negligible effect 
on the longitudinal forces and moments and had only a small  effect on lateral  and direc- 
tional stability characteristics. In particular, the pitching-moment coefficients were in 
excellent agreement for the common elevator deflections tested on both sting- support 
arrangements. 
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For the specified moment reference center xcg 72 = 0.25 , figure 6 indicates that 
the configuration t r ims  fairly close to CL,max for the maximum elevator deflection of 
-40'; thus, a t r im CL of 2.05, a t r im L/D of 0.78, and a t r im angle of attack of 48' 
for this elevator deflection result. Mission considerations have indicated a desire for 
operation with fixed controls at a higher t r im angle of attack (a = 60') throughout the 
hypersonic-supersonic par t  of entry. Removal of the part  of the elevator directly behind 
the fuselage base, as indicated in figure 5, increased the t r im  angle of attack beyond 60' 
because of a decrease in the static stability level of the configuration at these angles of 
attack, Consequently, either a smaller horizontal tail, an increased percentage of ele- 
vator a rea  relative to the total horizontal-tail a rea ,  or  a shift in center-of-gravity loca- 
tion could t r im  the configuration at a = 60'. 
of gravity of approximately 5 percent of F rearward would be sufficient to  t r im near 
a! = 60'. Either of these methods would probably produce approximately the same value 
of CL at a = 60'. (See figs. 5(a) and 6.) Pr ior  to any changes, t r im conditions with 
the present tail-elevator combination should be evaluated experimentally at higher Mach 
numbers. Secondly, any modifications to achieve t r im at CY = 60' must not degrade the 
subsonic stability and performance. 

( 1  ) 

Figure 6 indicates that'a shift of the center 

The vehicle had positive effective dihedral and was statically directionally stable 
at the design t r im point of a = 60'. (See figs. 5(c) and 6.) It developed a static direc- 
tional instability below a = 53'; however, separate studies (unpublished) conducted at 
both NASA Manned Spacecraft Center and Langley Research Center indicate that the 
magnitudes of the effective dihedral parameter and vehicle inertias a r e  sufficient to 
maintain directional stability down to a = 40'. 

Figure 7 contains the longitudinal, directional, and lateral stability data for the 
component buildup with zero elevator deflection angle, The individual components 
increased the CL and CD of the configuration by an equal factor for angles of 
attack greater than that for (L/D)mm; therefore, no appreciable change was appar- 
ent in untrimmed L/D. Consequently, the vehicle could be operated as a fixed-wing 
or a variable-wing configuration and would have about the same value of L/D for both 
configurations . 

Comparison of Analytical and Experimental 

Aerodynamic Characteristics 

A limited comparison is made of the present experimental data with analytical lon- 
gitudinal, directional, and lateral stability and control characteristics by use of the com- 
puter program of references 4 and 5. For the calculation of pressure forces in compres- 
sion regions, modified Newtonian theory (Cp,t = 1.818 was used; in expansion regions Cp 
was assumed to be zero. Laminar skin-friction calculations assuming adiabatic wall con- 
ditions were made according to the method outlined in reference 4 by using Eckert 's  

) 
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reference-temperature (TI) method. (See ref. 6.) A comparison of the computer pro- 
gram resul ts  with wind-tunnel data for the component buildup is presented in figure 7. 
Longitudinal force characteristics of the body alone were predicted reasonably well; 
however, the incremental forces due to the wing and horizontal tail were generally under- 
predicted. The good agreement of pitching moment for  the complete configuration with 
the theory was fortuitous since the theory failed to predict the incremental contribution 
of the components. The t r im angle of attack for the complete configuration with negative 
elevator deflections was significantly overpredicted, as indicated in figure 8. 

CONCLUSIONS 

An investigation was conducted in the Langley 20-inch Mach 6 tunnel to determine 
the hypersonic aerodynamic characteristics of the orbiter stage of a two-stage space 
shuttle concept proposed by the NASA Manned Spacecraft Center, The tests were 
conducted at angles of attack from about -5' to 60' to examine the longitudinal perfor- 
mance and at sideslip angles to -5' and elevator deflections to -40° to obtain static 
directional and lateral  stability and control characteristics. The tes t s  were conducted 
at a Mach number of 6.0 and a free-stream Reynolds number of 1.24 X lo7  per  meter 
(3.79 X 106 per  ft) .  Results of the investigation indicate the following conclusions: 

1. For the moment reference center at 25 percent of the mean aerodynamic chord 
(53.48 percent of body length), the configuration t r ims  near the maximum lift coefficient 
at an angle of attack of about 48O with the maximum allowable elevator deflection of -40'; 
a t r im  lift coefficient of 2.05 and a t r im lift-drag ratio of 0.78 result. 

2. A shift in the center of gravity of approximately 5 percent of the mean aerody- 
namic chord (0.54 percent of the body length) rearward would t r im the configuration near 
an angle of attack of 60' for  the present test conditions. 

3. Sting arrangement had an almost negligible effect on the longitudinal forces and 
moments and had only a small effect on lateral and directional stability characteristics. 

4. The addition of the wing did not change the lift-drag ratio of the basic body shape 
for angles of attack greater than that for maximum lift-drag ratio. 
vehicle could be operated at high angles of attack as a fixed-wing or a variable-wing con- 
figuration with about the same lift-drag ratio for both configurations. 

5. Modified Newtonian theory, in general, underpredicted the forces due to the wing 
and horizontal tail, and overpredicted the t r im angle of attack for the complete configura- 
tion with negative elevator deflections. 

Consequently, the 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., June 25, 1970. 
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TABLE 1.- GEOMETRIC CHARACTERISTICS OF MODEL 

Wing. W2: 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.95 
Span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17.65 cm (6.95 in.) 
Planform area. total . . . . . . . . . . . . . . . . . . . . . . .  44.84 cm2 (6.95 in2) 
Planform area. exposed . . . . . . . . . . . . . . . . . . . . .  30.32 cm2 (4.70 in2) 
Root chard at fuselage center line . . . . . . . . . . . . . . . .  3.75 cm (1.48 in.) 
Tip chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.33 cm (0.53 in.) 
Mean aerodynamic chord . . . . . . . . . . . . . . . . . . . . .  2.73 cm (1.08 in.) 
Airfoil section. root . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0014-64 
Airfoil section. tip . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0010-64 

Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.356 

Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25.40 cm (10.00 in.) 
Base area used in base-pressure correction . . . . . . . . .  4.79 cm2 (0.74 in2) 
Planform area . . . . . . . . . . . . . . . . . . . . . . . . .  93.29 cm2 (14.46 i d )  

Leading-edge sweep angle. deg . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

Fuselage. B1: 

Horizontal tail. H6: 
Planform area . . . . . . . . . . . . . . . . . . . . . . . . .  19.04 cm2 (2.95 in2) 
Airfoil section . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0012-64 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.26 
Elevator planform area . . . . . . . . . . . . . . . . . . . .  10.65 cm2 (1.65 in2) 
Elevator planform area. removed section . . . . . . . . . . .  7.36 cm2 (1.14 in2) 

Projected area . . . . . . . . . . . . . . . . . . . . . . . . .  11.86 cm2 (1.84 in2) 
Projected area. 60' bent sting tests . . . . . . . . . . . . . .  10.68 cm2 (1.66 in2) 
Airfoil section . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0012-64 

Vertical tail. V3: 
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X-stat ion = 0.185 

5.54 - 20.27 

1.05 

X-station 

0.92 

11.05 
13.82 
15.55 
20.27 

a 

2.22 
2.79 
3.25 
3.56 
3.91 
4.06 
4.19 
4.14 
3.94 
3.94 

- 

- 

- Q -  

t-4 a; 

.g2 - 3.68 

b 

0.46 
-73 
.97 

1.14 
1.37 
1.42 
1.52 
1.63 
1.52 
1.21 

- 

- 

23.95 

(b) Cross sections. 

25.4 

1.05 
1.05 
1.05 
1.05 

Figure 1. - Concluded. 
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Flow direction 

(a) Side view of model in tunnel using straight sting. L-69- 7484.1 

(b) Model and horizontal tails used with straight sting. L-69-7478.1 

Figure 2.- Photographs of model and horizontal tails used for each sting arrangement. 
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( e )  Side view of model i n  tunnel  using 60' bent  s t ing .  L-69-8624 

( a )  Model and hor izonta l  ta i ls  used with 60° bent  s t i n g .  L-69-8623. 1 

Figure 2 .  - Concluded. 
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Figure 3 . -  Schlieren photographs indicating some of the shock structure for the body 
buildup. a. = 54.2'. 



(a) LongitudinaL force  c h a r a c t e r i s t i c s  ~ 

Figure 4. - Longitudinal, l a t e r a l ,  and d i r e c t i o n a l  
s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  var ious e l eva to r  
def lec t ions  obta.ined by w i n g  t h e  s t ra , igh t  
st-ing I 
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(b ) h n g i  t ud ina l  s t a b i l i t y  c h a r a c t e r i s t i c s  . 
Figure 4. - Continued, 
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(c) Lateral and directional stability characteristics. 

Figure 4. - Concluded. 
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4 

( a )  Longitudinal force  c h a r a c t e r i s t i c s .  

Figure 5.  - Longitudinal, lateral, and d i r e c t i o n a l  
st a b i l i t y  c h a r a c t e r i s t i c s  for various e leva tor  
def lec t ions  obtained on t h e  60' bent s t i n g  with 
a comparison t o  t h e  s t r a i g h t - s t i n g  da ta .  
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(b ) Longitudinal stability characteristics . 
Figure 5.- Continued. 
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( e )  Lateral and directional stability characteristics. 

Figure 5 .  - Concluded. 
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Figure 6.- Longitudinal, lateral, and directional stability characteristics at 
trim condition for the baseline configuration and using the 60’ bent sting. 
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(a)  CL and CD. 

Figure 7.- Longitudinal,  lateral, and d i r e c t i o n a l  c h a r a c t e r i s t i c s  f o r  
configuration buildup and comparison with modified Newtonian theom. 
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Figure 7.- Continued. 
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(c) Lateral and directional stability characteristics, 
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