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LOW - SUBSONIC LONGITUDINAL AE RODYNAEVZIC CHARACTERISTICS 

OF A TWIN-BODY SPACE-SHUTTLE BOOSTER CONFIGURATION 

By Bernard Spencer, Jr., and George M. Ware 
Langley Research Center 

SUMMARY 

An investigation has been conducted in the Langley low-turbulence pressure tunnel 
to determine the low-subsonic longitudinal aerodynamic characteristics of a twin-body 
space-shuttle booster configuration having fore  and aft wings separating the bodies and 
outboard horizontal and vertical stabilizers. The tests were conducted at Mach numbers 

6 below 0.35 over a range of Reynolds numbers (based on body length) from 4.34 X 10 to 
26.00 X lo6* During the tests, the angle of attack was varied from about -4O to 20°. 

Results of the investigation indicated that the model was sensitive to change in 
Reynolds number; for example, increasing the Reynolds number (based on body length) 
from 4.34 X lo6 to 17.30 X lo6 increased the untrimmed maximum 1st-drag ratio of the 
minimum-span-wing model from 4.9 to 5.8. Doubling the wing span increased the maxi- 
mum untrimmed lift-drag ratio from 5.8 to 8.5 but did not affect longitudinal stability o r  
trim. The model with the fore wing in the most forward position was longitudinally 
unstable about the design center of gravity. Moving the fore wing rearward on the model 
increased longitudinal stability but did not affect lift, drag, or t r im at low angles of attack. 
The outboard horizontal stabilizers contributed significantly to longitudinal stability and 
lift-drag ratio; the untrimmed lift-drag ratio of the intermediate-span-wing model was 
increased by an increment of about 2.0. The model had about the same longitudinal aero- 
dynamic characteristics with the wing in either the high or low position. 

The National Aeronautics and Space Administration and industry a re  at present 
investigating, both experimentally and analytically, configurations suitable for  transporta- 
tion of large payloads to and from near-earth orbit. The concept as presently envisioned 
consists of vertically launched booster and orbiter stages which are capable of aerody-’ 
namically controlled return flight from orbit with horizontal landing capability. An inves - 
tigation has been made with a preliminary conceptual booster, similar to an industry pro- 
posal, which has twin bodies and fore and aft wings separating the bodies. Outboard 
horizontal and vertical stabilizers were located at the base of the bodies, 



The present investigation was made in the Langley low-turbulence pressure tunnel 
at Mach numbers below 0.35 over a range of Reynolds numbers (based on body length) 
from 4.34 X lo6 to 26.00 X lo6* The effects of both high and low wing positions were 
studied as well as the effects of fore wing longitudinal position, horizontal-stabilizer 
dihedral angle, and increasing the wing span. The investigation also included the effect 
of removing a portion of the trailing edge of the fore wing which simulated a closed blunt 
exit for cruise engines buried in the wing. The angle-of-attack range was generally from 
about -4O to 20° at Oo sideslip. 

SYMBOLS 

The longitudinal data a r e  referred to the stability-axis system. All coefficients 
a r e  normalized with respect to the actual projected planform area  of a given model tested 
(excluding the horizontal stabilizers) and overall length of the model (constant for all con- 
figurations). Table I presents reference dimensions for the various wing-body configura- 
tions. The longitudinal location of the moment reference point was taken as 61.6 percent 
body length aft of the body apex, with the vertical location on the center line of the body 
and the lateral location at the lateral  center of the configuration. (See fig. 1.) Values 
a r e  given in both SI and U.S. Customary Units. The measurements and calculations were 
made in U.S. Customary Units. 

Drag drag coefficient, - 
qs 

Lift lift coefficient,’ - 
qs 

pitching-moment coefficient, 
Pitching moment 

qs1 

lift -drag ratio 

maximum untrimmed lift-drag ratio 

length of body, m (ft) 

f r e e  -stream dynamic pres  sur  e, N/m2 (lb/’ft 2, 

Reynolds number based on body length 

projected planform a rea  of a given configuration excluding the horizontal 
stabilizers, m2 (ft2) 



a! angle of attack, deg 

horizontal-stabilizer dihedral angle, positive with tip chord up, deg rH 

ing designations: 

w 1  minimum -span wing 

w 2  intermediate -span wing 

w 3  maximum -span wing 

APPARATUS, TESTS, AND CORRECTIONS 

Tests were made in the Langley low-turbulence pressure tunnel at Reynolds num- 
bers  (based on body length) ranging from a minimum of 4.34 X lo6 to a maximum of 
26.00 X lo6 at Mach numbers below 0.35. The angle of attack was generally varied from 
about -4O to 20° at Oo sideslip. 

The model was supported by a single doglegged sting inserted into one of the bodies 
(fig. 2). The doglegged section or break point in the sting was greater than a model length 
behind the model base so that no forward flow or upwash interference would be expected. 
The balance and sting were calibrated for the effects of bending under load. The maxi- 
mum deflection in roll  was about 0.5O when a load of 1780 N (400 lb) was applied to the 
moment a rm of the maximum-span wing. 
this value and, therefore, no corrections to model roll  angle have been applied. The 
higher Reynolds numbers were obtained by increasing tunnel density. In all data pre-  
sented, the drag represents gross  drag in that base drag is included. Lift interference 
and tunnel blockage effects were found to be small  and corrections for these have not 
been applied to the data. 

For all tests, total normal load was held below 

DESCRIPTION OF MODEL 

Sketches of the model are presented in figure 1 and a photograph of the high-wing 
model is presented as figure 2. The model consisted of twin ogive-nose cylindrical c i r -  
cular bodies joined by a fore wing and an aft wing. These wings were identical in plan- 
form and had symmetrical NACA 632A015 airfoil sections., Wings of three different 
spans were tested in a high and a low position; the span variations were 0.3041, O.456Zgs 
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and 0,6082 as measured between the body center lines, These wings are designated 
herein as W19 W2, and WsP respectively, The fore  wing could be moved rearward and the 
leading-edge longitudinal position was  varied from 0,7122 to 0.5201 as measured from the 
base of the model. These fore wing positions are 0.5'121 (position I), 0.6647, (position 2), 
0,6162 (position 3), 0.5672 (position 4), and 0.5202 (position 5), In addition, a fore wing 
insert  constituting 32.79 percent wing chord was removable from the trailing edge to 
simulate p closed blunt exit for cruise engines buried in the wing (fig. f(c)). Horizontal 
and vertical stabilizers, identical in planform, extended outboard at the base of each body 
(fig. l(a))., The stabilizers were flat plate in section with half-round leading edges and 
beveled trailing edges, Horizontal-stabilizer dihedral angle was Oo, 20°, or  -20° 
(fig. l(a)). During the investigation when the model was inverted to simulate the low 
wing position, the vertical tails were removed. 

RESULTS AND DISCUSS1 

Reynolds Number 

The effects of Reynolds number on the longitudinal aerodynamic characteristics of 
the complete model with the minimum-span wing (Wl), the intermediate-span wing (Wz), 
and the maximum-span wing (W3) are presented in figures 3, 4, and 5, respectively, In 
each test the Reynolds number was increased to the maximum value attainable in the 
wind tunnel or to a value that caused the rolling moment limit of the strain-gage balance 
to be reached. The lateral offset between the balance (mounted in one of the twin bodies) 
and the center of lift of the model resulted in much higher than usual rolling moments 
about the balance and, thus, became a limiting factor during the tests. 

The data in figures 3 and 4 indicate that for the model with W1 and W2 there was 
no change in lift-curve slope or in stability level at low angles of attack as Reynolds num- 
ber was increased. There was, however, an increase in the angle of attack for the onset 
of fore wing stall, which resulted in improved drag due to lift, and an increase in maxi- 
mum untrimmed lift-drag ratio, Above a Reynolds number of 17.30 X lo6 for the W1 con- 
figuration (fig. 3) and 63.90 X I O 6  for the W2 configuration (fig. 4), there was  essentially 
no change in aerodynamic characteristics. The untrimmed maximum lift-drag ratio was 
increased from 4.9 to 5.8 for the W1 configuration and from 6.3 to 7.3 for the W2 config- 
uration by increasing the Reynolds number from 4.34 X IO6 to 17,30 X lo6# The highest 
Reynolds number possible for the maximum-span wing (W3) was 13,OO X I O 6  because of 
the rolling moment limitation. The data for this configuration (fig. 5) show that, although 
the most significant changes due to Reynolds number had occurred by R = 63,OO X IO6, 
the maximum lift-drag ratio was still increasing and the break in the lift-coefficient, 
drag-coefficient, and pitching-moment -coefficient curves was  occurring at increasingly 
higher angles of attack which indicated that full leading-edge suction had not been reached. 
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In addition, the maximum angle of attack for the onset of wing stall had not been attained. 
Therefore, the data presented for the W3 configuration are believed to be conservative at 
the higher angles of attack, The value of (L/D),= for this configuration was increased 
over the Reynolds number range of the tes ts  from 7.6 to 8.5 (fig. 5). 

Wing Span 

The effects of wing span on the longitudinal aerodynamic characteristics df the 
model a r e  shown in figure 6. The data are plotted for the nearest test Reynolds number 
below that value at which no change in aerodynamic characteristics occurred in" an attempt 
to present data for each wing configuration at approximately the same effective Reynolds 
number, 

The data show the expected effects of an increase in aspect ratio, namely, an 
increase in lift-curve slope, an increase in untrimmed lift-drag ratio due to the improved 
drag due to lift, and a small change in low-lift longitudinal stability. 

Wing Position 

The effects of low and of high wing position on the model with W1, W2, and W3 a r e  
The low wing position was simulated by inverting the basic (high presented in figure 7. 

wing) model and testing it through the same angle-of-attack range as that used in the 
investigation of the high wing position. Also, since the basic model had provision for 
only upper surface vertical stabilizers, the comparison of the data for the high and low 
wing position was made with the vertical stabilizers off. The data for the high and low 
wing positions were obtained at different Reynolds numbers and are therefore comparable 
only at the lower angles of attack. As may be determined from figure 7, the longitudinal 
aerodynamic characteristics of the two configurations were quite similar. The lift -curve 
slopes for the high-wing model as wing span is increased were, however, slightly higher 
than those for  the low-wing model but there was essentially no difference in the level 
of longitudinal stability. The lift-drag ratios for the two configurations, although not 
directly comparable, were not significantly different. 

Longitudinal Position of Fore Wing 

The effects of moving the fore wing from wing leading-edge position 1 to position 5 
on the three wing-span configurations (W1,Wz,W3) with and without fore wing insert a r e  
presented in figures 8 to 10. The data indicate that for the wing insert  in, longitudinal - 
position of the fore wing had no appreciable effect on the lift and drag characteristics of 
the model. The longitudinal stability was increased as the wing was moved rearward. 
The model with the fore wing in the most forward position was unstable (static margin of 
-5 to -6 percent body length) about the design center of gravity at 61.6 percent body length 
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and became stable (static margin of about i-2 percent body length) only at the most r e a r -  
ward position tested. (See figs. 8(a), 9(a), and lO(a).) 

Fore Wing Insert Out 

Reducing the wing area  ahead of the center of gravity by removing the trailing edge 
of the fore wing increased the longitudinal stability for all fore wing longitudinal positions 
tested. (See figs. 8 to 10.) The model, however, was still unstable with the fore wing 
in the most forward position. Removing the fore wing insert  also resulted in a loss in 
untrimmed ( L /D)max for all configurations. 

Horizontal Stabilizers and Stabilizer Dihedral Angle 

The effects of horizontal stabilizers and stabilizer dihedral angle on the longitudinal 
aerodynamic characteristics of the model with W2 in high position and fore wing in longi- 
tudinal position 3 a r e  presented in figure 11. 
and without horizontal stabilizers indicates that the stabilizers were very effective in 
increasing longitudinal stability and contributed significantly to increasing the lift-curve 
slope and untrimmed lift-drag ratio (an increase in untrimmed (L/’D)m= of about 2). 
Changing the horizontal-stabilizer dihedral angle from the initial Oo to  20° or -20° 
resulted in only minor differences in the basic longitudinal aerodynamic characteristics 
of the model. 

Comparison of the data for model with 

SUMMARY OF RESULTS 

Wind-tunnel tes ts  have been made to determine the low-subsonic longitudinal aero-  
dynamic characteristics of a twin-body booster configuration having fore and aft wings 
separating the bodies. The configuration also had outboard vertical and horizontal sta- 
bilizers at the base of each body. The results of the investigation may be summarized 
as follows: 

1. The model was sensitive to change in Reynolds number; for example, increasing 
the Reynolds number (based on body length) from 4.34 X lo6 to 17.30 X lo6 increased the 
untrimmed maximum lift-drag ratio of the minimum-span-wing model from 4.9 to 5.8. 

2. Doubling the wing span of the model increased the maximum untrimmed lift-drag 
ratio from 5.8 to 8.5 but did not affect longitudinal stability o r  trim. 

3. Longitudinal instability about the design center of gravity was noted for the model 
with the fore wing in the most forward position. Moving the fore wing rearward stabilized 
the model without affecting lift, drag, or t r im at low angles of attack. 
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4, The horizontal stabilizers were very effective in increasing longitudinal stability 
and contributed significantly to increasing the lift-curve slope and untrimmed lift-drag 
ratio (an increase of about 2). 

5. The model had about the same longitudinal aerodynamic characteristics with the 
wing in either the high or low position, 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., February 25, 1971. 
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TABLE I.- REFERENCE DIMENSIONS FOR WING-BODY c F.Km?A'FIONS 

Wing 

Minimum-span wing ( ~ 1 ) :  
Inse r t in  e a a e e 

Insert out a e e e e e 

Intermediate-span wing (W2): 
In se r t in  e * .  e e . e 

Insertout e e a e (I 

Maximum -span wing ( ~ 3 ) :  
In se r t in  e e . . e . a a e 

Insert out I) I e e ID e e 

Area, S 

0.09308 
0.08630 

0.10862 
0.09526 

0.12417 
0.10408 

ft2 

1.00191 
0.9 2900 

1.16920 
1.02 540 

1.33660 
1.12028 

Body length, 1 

m 

0.5283 1 
0,5283 1 

0,52831 
0.52831 

0,5283 1 
0.5283 1 

ft 

1.73333 
1.73333 

1.73333 
1.73333 

1.73333 
1.73333 
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- 0.712 

- _ _ _ _ -  

-0.384 

L- Moment Reference 

L 0.507 

r 

WING A I R F O I L  S E C T I O N  
6 3 , A 0 1 5  

(a) Model with wing I, 

Figure 1.- Sketches of model used in investigation, All dimensions are normalized 
with respect to a body length of 528 centimeters (20.8 inches), 
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4 0.183 I- 0.183 

(b) Model with wings 2 and 3, 

Figure 1. - Continued. 

10 



Fore Wing Insert Detail 

(c) Fore wing positions. 

Figure 1. - Concluded. 

11 



L-70-2692 
Figure 2. - High-wing model mounted in Langley low-turbulence pressure tunne 1. 
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Figure 3. - Effects of Reynolds number on longitudinal aerodynamic characteristics 
of model with minimum-span wings (W1) in high position. Fore wing in longitu- 
dinal position I; vertical tails on; rH = oO, 
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Figure 3, - Continued, 
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c, 
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Figure 4. - Effects of Reynolds number on longitudinal aerodynamic characteristics 
Fore wing in lon- of model with intermediate-span wings (W2) in high position. 

gitudinal position 1; vertical tails on; ]rH = Oo. 
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Figure 4,- Continued, 
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Figure 4, - Concluded, 
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Figure 5. - Effects of Reynolds number on longitudinal aerodynamic characteristics 
of model with maximum-span wings (W3) in high position, Fore wing in longi- 
tudinal position 1; vertical tails on; l?H = Oo, 
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Figure 5. - Continued. 
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Figure 5. - Concluded, 
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Figure 6* - Effects of wing span on longitudinal aerodynamic characteristics 
of model with wings in high position, 
vertical tails on; rB = oo. 

Fore wing in longitudinal position 1; 
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Figure 6. - Continued. 
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Figure 7, - Continued. 
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Figure '7.- Concluded. 
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(a) Fore wing insert  in, 

Figure 8, - Effects of fore wing longitudinal position on longitudinal aerodynamic 
characteristics of model with minimum-span wings (Wl) in high position, 
R = 21-6 x 106; vertical tails on; rH = oO, 
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(a) Continued, 

Figure 8. - Continued, 
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(a) Concluded. 

Figure 8. - Continued. 
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(b) Fore wing insert S U ~ .  

Figure 8, - Continued, 
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(b) Continued, 

Figure 8, - Continued. 
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Figure 8, - Concluded, 
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(a) Fore wing insert  in. 

Figure 9. - Effects of fore wing longitudinal position on longitudinal aerodynamic 
characteristics of model with intermediate-span wings (Wz) in high position. 
R = 17,4 X lo6; vertical tails on; I'H = 0'. 
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Figure 9 e - Continued, 

42 



8 

7 

6 

5 

4 

3 

2 + 
I 

0 

- 1  

-2 

- 3  

-4 

-5 

-6 

.w 

0 

Cm 

-.w 

--.OB 
-.2 -.I 0 .I .2 .3 .4 .5 .6 .7 

c, 

(a) Concluded. 

Figure 9. - Continued, 
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Figure 9, - Continued, 
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Figure 9, - Continued, 
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Figure 9. - Concluded. 
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Figure PO. - Effects of fore wing longitudinal position on longitudinal aerodynan 
characteristics of model with maximum-span wings (W3) in high position, 
R = 10.4 X PO6; vertical tails on; r H  = Oo. 
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Figure PO, - Continued. 
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Figure 10. - Continued. 
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Figure PO, - Continued, 
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Figure 10, - Continued. 
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Figure 10. - Concluded. 
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Figure 11. - Effects of horizontal stabilizers and stabilizer dihedral angle on longitudinal 
aerodynamic characteristics of model with intermediate -span wings (W2) in high posi- 
tion. R = 17,4 X IO6; fore wing in longitudinal position 3; vertical tails on, 
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