
NASA 'I'd4  emra ran dun 101641 

AERODYNAMIC CHARAClClERISTIClS OF A PRDPOSED 
PERSONNEL LAUNCH SYSTEM (PLS) LIF'TINGBODY 
CONFIGURATION AT MACH NUMBERS FRDM 0.05 TO 20.3 

Christopher I. h, George M. Ware, 
Sue B. - Grafton, William C. Woods, 
and James C. Young 

NOVEMBER 1989 

NASA 
I 

( N A S A - T M - 1 0 2 6 4 1 8  A F R O D Y M A M f t  N93-24522 
CHARACTERISTICS OF A PROPOSED 

National Aeronautics and 
Space Administration 

PERSONNEL LAUNCH SYSTEM IPLS) 
LIFTING-80DY CONFIGURATION A T  MACH Uncl a s  

Langley Research Center NUMBERS FROM 0-05 TO 20-3 {Diskette 
Hampton, Virginia 23665-5225 Supp 1 ement 1 ( N A S A  ) 163. p 

G3J3.5 0159782 



AERODYNAMIC CHARACTERISTICS OF A  PROPOSED PERSONNEL LAUNCH 
SYSTEM (PLS) LIFTING-BODY CONFIGURATION AT MACH NUMBERS 

FROM 0.05 TO 20.3 

Chr is topher I. Cruz, George M. Ware, Sue B. Grafton, 
W i l l i am C. Woods and James C. Young 

SUMMARY 

A  wind-tunnel i n v e s t i g a t i o n  has been performed t o  determine the  

aerodynamic c h a r a c t e r i s t i c s  o f  a  proposed l i f t i n g - b o d y  personnel launch system 

(PLS) c o n f i g u r a t i o n  over a  Mach range o f  0.05 t o  20.3. The t e s t  c o n f i g u r a t i o n  

had a  low-aspect- rat io  body w i t h  a  f l a t  undersurface and th ree  f i n s  on the  

upper a f t  body. Data are  presented w i t h  a  minimum o f  analys is .  

INTRODUCTION 

The purpose of t h i s  r e p o r t  i s  t o  present  i n  one document the  publ ished 

r e s u l t s  o f  two experimental  i n v e s t i g a t i o n s  ( re fs .  1 and 2) and the  p rev ious l y  

unpublished r e s u l t s  from two a d d i t i o n a l  i n v e s t i g a t i o n s  o f  a  l i f t i n g - b o d y  

c o n f i g u r a t i o n  which i s  being s tud ied  by the  NASA Langley Research Center as a  

candidate f o r  the  NASA Assured Crew Return C a p a b i l i t y  (ACRC, r e f .  3) vehic le.  

References 1 and 2  presented the  t ranson ic  and supersonic wind-tunnel 

resu l t s .  Th i s  r e p o r t  inc ludes  r e s u l t s  o f  the  low-speed and i n i t i a l  hypersonic 

(Mach 20.3 i n  hel ium) experimental i nves t i ga t i ons .  References 1 and 2  

d iscuss the  l i f t i n g - b o d y  con f i gu ra t i on  as an ACRC candidate, whereas t h i s  

r e p o r t  proposes the  c o n f i g u r a t i o n  f o r  a  l a r g e r  r o l e  i n  the n a t i o n ' s  space 

t r a n s p o r t a t i o n  system as a  personnel launch system (PLS) conf igura t ion .  The 

PLS has been proposed as a  p r i o r i t y  cargo veh ic le  t o  be used t o  supplement the  

Space S h u t t l e  system. The PLS w i l l  be v e r t i c a l l y  launched on an expendable 

booster  and w i l l  be used p r i m a r i l y  t o  c a r r y  supp l ies  o r  crew t o  and from the  

Space S t a t i o n  Freedom. The l i f t i n g  body c o n f i g u r a t i o n  f o r  the  ACRC study was 

s ized t o  (1) c a r r y  an eight-man crew, (2) f i t  i n s i d e  the  S h u t t l e  payload bay, 
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and (3) meet space s t a t i o n  docking requirements. The same s i ze  veh ic le  i s  

being re ta ined  as the  i n i t i a l  l i f t i n g - b o d y  con f igu ra t i on  considered f o r  the  

PLS ro le.  The design i s  24.6 f e e t  long and fea tures  a  low-aspect- rat io  body 

w i t h  a  f l a t  undersurface and th ree f i n s  on the  a f t  upper body. The outboard 

( t i p )  f i n s  a re  r o l l e d  outboard 40" from the v e r t i c a l .  The concept has two 

sets o f  l o n g i t u d i n a l  con t ro l  surfaces: (1) elevons on the  a f t  p o r t i o n  o f  t he  

outboard f i n s  and (2) f o u r  body f l a p s  on the  a f t  fuselage. La tera l  con t ro l  

can be maintained by d e f l e c t i o n  o f  the  center f i n  o r  d i f f e r e n t i a l  d e f l e c t i o n  

o f  the  elevons o r  body f laps .  

A wind-tunnel i n v e s t i g a t i o n  has been i n i t i a t e d  a t  Langley t o  de f ine  the 

aerodynamic c h a r a c t e r i s t i c s  o f  the  l i f t i n g  body over a  Mach number range from 

0.05 t o  20.3. The complete aerodynamic data base f o r  t he  proposed l i f t i n g -  

body PLS con f igu ra t i on  i s  s t i l l  being defined. The study i s  now en te r ing  the  

"CFD code c a l i b r a t i o n M  phase whereby h i g h - f i d e l i t y  models are being designed 

and f a b r i c a t e d  t o  ob ta in  h i g h l y  accurate measurements o f  forces, moments, 

pressure d i s t r i b u t i o n s ,  and heat t rans fer  d i s t r i b u t i o n s .  

The use o f  h i g h - f i d e l i t y  models i s  necessary t o  determine the  i n f l uence  , 

o f  Mach number, Reynolds number, r a t i o  o f  s p e c i f i c  heats, dens i t y  r a t i o  across 

the bow shock, and w a l l  temperature on the l i f t i n g - b o d y  con f igu ra t i on  through- 

ou t  i t s  f l i g h t  regime. At  hypersonic f l i g h t  condi t ions,  a  blunt-nosed shape 

such as the  proposed PLS w i l l  genera l ly  experience most ly  supersonic f l ow  over 

the  windward sur face a t  low angles o f  a t tack ;  thus, the con f igu ra t i on  would 

e x h i b i t  "s lender bodyu behavior (s t rong dependence on Mach number, Reynolds 

number, r a t i o  o f  s p e c i f i c  heats, and wa l l  temperature). A t  h igh  angles o f  

a t tack  ( a t  hypersonic cond i t ions) ,  however, the  con f igu ra t i on  would experience 

most ly  subsonic f l o w  over the windward surface, thereby invok ing the Mach 

number independence p r i n c i p l e  and lessening the  e f f e c t s  o f  Reynolds number and 

w a l l  temperature, bu t  having a  poss ib l y  s t rong dependence on shock dens i t y  
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r a t i o .  A t  t h i s  t ime, th ree d i f f e r e n t  scale models o f  moderate f i d e l i t y  have 

been tested: (1) a 0.02-scale model i n  the  Langley Hypersonic Helium Tunnel 

F a c i l i t y ,  (2) a 0.07-scale model i n  the  Un i ta ry  Plan Wind Tunnel and Calspan 

&Foot Transonic Tunnel, and (3) a 0.20-scale model i n  the  Langley 30 x 60 F t  

Tunnel. The t e s t s  encompassed a wide range o f  angles o f  a t tack  and s ides l i p .  

Contro l  e f fec t i veness  was s tud ied f o r  a l l  Mach numbers except 20.3. The 

system o f  axes used f o r  t he  determinat ion o f  forces, moments, v e l o c i t i e s ,  and 

angles i s  shown i n  f i g u r e  1. Data are presented i n  t h e  form o f  p l o t s  and data 

f i l e s  on an enclosed f loppy disk. I n s t r u c t i o n s  f o r  reading the  d i s k  and 

accessing t h e  data a re  g iven i n  the  appendix. 

SYMBOLS 

body span, f t  

drag c o e f f i c i e n t ,  drag/qSref 

1 i ft c o e f f i c i e n t  , 1 i ft/qSref 

r o l l  i ng-moment c o e f f i c i e n t ,  r o l l  i n g  moment/qSrefb 

ACllA$, pe r  deg 

AC7/A6a, pe r  deg 

AC1/A6r, pe r  deg 

p i  tching-moment c o e f f i c i e n t ,  p i t c h i n g  moment/qSref 

yawing-moment c o e f f i c i e n t ,  yawing moment/qSrefb 

ACn/A$, pe r  deg 

ACn/A6a, pe r  deg 

bCn/A6r, per  deg 

Pressure coe f f i c i en t ,   local - Pfree stream)/q 

s ide- force c o e f f i c i e n t ,  s ide force/qSref 

ACy/A$, per  deg 

ACnlA6a, pe r  deg 

ACy/AGr, pe r  deg 



LID 1  i f t l d r a g  r a t i o  

1 l eng th  o f  r o o t  chord (body length) ,  f t  

M Mach number 

P  pressure, l b / f t 2  

q free-stream dynamic pressure, 1  b / f t 2  

Sre f  bas ic  body p lanform area (exc luding t i p  f i n s ) ,  ft2 

X l o n g i t u d i n a l  model body a x i s  

Y l a t e r a l  model body a x i s  

Z v e r t i c a l  model body a x i s  

a angle o f  a t tack ,  deg 

$ angle o f  s i d e s l i p ,  deg 

6 e , ~  - 6 e 3 ~  
6  a  d i f f e r e n t i a l  c o n t r o l  d e f l e c t i o n  angle 

2 
~ B F , L  - ~ B F ~ R  

o r  , deg 
2  

~ B F  body f l a p  d e f l e c t i o n  angle ( p o s i t i v e  when d e f l e c t e d  downward), deg 

6e elevon d e f l e c t i o n  angle ( p o s i t i v e  when d e f l e c t e d  downward), deg 

6  r rudder d e f l e c t i o n  angle ( p o s i t i v e  when d e f l e c t e d  w i t h  the  t r a i l i n g  

edge t o  the  l e f t ) ,  deg 

Subscr ip ts  

L 1 e f t  

max maximum value 

R r i g h t  

t r i m  t r imned c o n d i t i o n  (zero moment) 

DESCRIPTION OF MODELS 

The th ree  t e s t  models were scaled from the  design f l i g h t - s c a l e  PLS 

veh ic le  shown i n  f i g u r e  2. The models were o f  moderate f i d e l i t y  and were 
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constructed t o  ob ta in  p re l im ina ry  fo rce  and moment c h a r a c t e r i s t i c s  o f  the  

l i f t i n g - b o d y  conf igura t ion .  A  photograph o f  each o f  t he  models i s  shown i n  

f i g u r e  3. The proposed PLS veh ic le  cons is ts  of a  low-aspect- rat io  body w i t h  a  

f l a t  undersurface and a  b l u n t  base. Three f i n s  are mounted on the  upper a f t  

p o r t i o n  o f  t h e  model. The base l ine  center  f i n  i s  r e l a t i v e l y  small, and t h e  

l a rge  outboard ( t i p )  f i n s  are  r o l l e d  outward 40" from the v e r t i c a l .  A  

l a r g e r  center  f i n  was tes ted a t  low speeds on the  0.20-scale model. A  

comparison between the  basel ine center  f i n  and the  l a rge  center  f i n  i s  shown 

i n  f i g u r e  2(c).  A l l  f i n s  are  character ized by a  t h i c k  f l a t  p l a t e  cross 

sec t ion  w i t h  a  c y l i n d r i c a l  leading edge and a  b l u n t  t r a i l i n g  edge. The 

l o c a t i o n  o f  t he  con t ro l  surfaces on the con f igu ra t i on  i s  shown i n  f i g u r e s  1-3, 

and the  geometric c h a r a c t e r i s t i c s  o f  the  basel ine f l i g h t - s c a l e  PLS veh ic le  are  

shown i n  t a b l e  1. Add i t i ona l l y ,  a  l i s t  o f  body coordinates i s  enclosed on a  

f loppy d isk ,  and in format ion  on accessing the coordinates i s  g iven i n  the  

appendi x. 

DESCRIPTION OF TESTS 

The low-speed t e s t s  were conducted i n  the Langley 30 x  60-Foot Wind 

Tunnel ( r e f .  4) a t  a  Mach number o f  approximately 0.05. The tunnel i s  a  

c losed-c i r cu i t ,  double-return, continuous f l ow  design w i t h  an open th roat .  

The t ranson ic  t e s t s  were conducted i n  the  Calspan 8-Foot Transonic Wind 

Tunnel ( re f .  4) a t  Mach numbers o f  0.6, 0.8, 0.9, 0.95, 1.1, and 1.2. The 

tunnel i s  a c losed-c i r cu i t ,  s ing le- re turn ,  var iab le-dens i ty  f a c i l i t y .  The 

Reynolds number f o r  the  t ransonic t e s t s  was he ld  constant a t  3.5 x  106 per  

foot. 

The supersonic t e s t s  were conducted i n  the  Langley Un i ta ry  Plan Wind 

Tunnel ( r e f .  4) a t  Mach numbers o f  1.6, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.5. The 

tunnel i s  a  supersonic, c losed-c i r cu i t  design w i t h  two t e s t  legs. The 

Reynolds number f o r  the supersonic t e s t s  was he ld  constant a t  2  x  106 per  

foot .  



The hypersonic t e s t s  were conducted i n  the Langley Hypersonic Helium 

Tunnel F a c i l i t y  (HHTF, r e f .  4) a t  a  Mach number o f  20.3. The tunnel  i s  an 

i n t e r m i t t e n t ,  blowdown design which u t i l i z e s  p u r i f i e d  helium. The Reynolds 

number f o r  t h e  hypersonic t e s t s  was he ld  constant a t  6.8 x  106 per  foo t .  

Fur ther  d e t a i l s  on a l l  o f  the t e s t  f a c i l i t i e s  can be found i n  reference 

4. A l l  drag data  presented a re  uncorrected f o r  base pressure. Where 

app l icab le ,  customary co r rec t i ons  f o r  s t i n g  d e f l e c t i o n ,  balance d e f l e c t i o n ,  

and tunnel i n t e r f e r e n c e  were app l i ed  t o  the  data. A wind-tunnel t e s t  schedule 

d e t a i l i n g  model c o n f i g u r a t i o n  and t e s t  cond i t ions  i s  g iven i n  t a b l e  2. 

RESULTS AND DISCUSSION 

Low-Speed Aerodynamics - The low-speed aerodynamic c h a r a c t e r i s t i c s  o f  the  

proposed PLS veh ic le  a r e  shown i n  f i g u r e s  4-10. The bas ic  con f i gu ra t i on  i s  

l o n g i t u d i n a l l y  s tab le  w i t h  nea r l y  l i n e a r  l i f t  and pitching-moment c o e f f i c i e n t s  

up t o  an angle o f  a t t a c k  o f  23" ( f i g .  4(a)). The c o n f i g u r a t i o n  i s  a l s o  seen 

t o  be d i r e c t i o n a l l y  and l a t e r a l l y  s tab le  up t o  an angle o f  a t t a c k  i n  excess o f  

25" ( f i g .  4(b)). As shown i n  f i g u r e  5, t he  body f l a p s  prov ide  t r i m  f o r  t he  

veh ic le  over a  wide angle-of -at tack range. E f f e c t s  o f  rudder, center  f i n  

s ize,  and al l -movable center  f i n  a re  a l s o  presented. 

Transonic Aerodynamics - The t ranson ic  aerodynamic c h a r a c t e r i s t i c s  o f  the  

proposed PLS v e h i c l e  a r e  shown i n  f i g u r e s  11-19. The complete model was found 

t o  be l o n g i t u d i n a l l y  and l a t e r a l l y  s tab le  throughout t he  t ranson ic  speed 

range. Elevon, body f l a p ,  and center  f i n  e f fec t i veness  data a re  presented. 

The model t r imned near the  maximum l i f t - t o - d r a g  value (3.1) a t  a  Mach number 

o f  0.6 and a t  low angles o f  a t tack  (between 2" and 3") through the  t ranson ic  

speed range. 

Supersonic Aerodynamics - The supersonic aerodynamic c h a r a c t e r i s t i c s  o f  the  

proposed PLS veh ic le  a re  shown i n  f i g u r e s  20-27. The PLS model was 

l o n g i t u d i n a l l y  s tab le  about the  design cen te r -o f -g rav i t y  loca t ion .  With p i t c h  

c o n t r o l s  undef lected, the  model tr imned a t  negat ive angles o f  a t t a c k  a t  Mach 



numbers from 1.6 t o  3.0. Above Mach 3.0, the  bas ic  l o n g i t u d i n a l  t r i m  angle 

increased, and the  con f igu ra t i on  tr imned near maximum LID. The d i r e c t i o n a l  

s t a b i l i t y  l e v e l  a t  l o n g i t u d i n a l  t r i m  cond i t ions  decreased w i t h  increas ing 

speed and became zero a t  Mach numbers from 2.5 t o  3.0 before  rega in ing  
- 

s t a b i l i t y  a t  h igher  speeds. 

- Hypersonic Aerodynamics - The hypersonic aerodynamic c h a r a c t e r i s t i c s  o f  the  

proposed PLS v e h i c l e  are  shown i n  f i g u r e s  28 and 29. Experimental data a t  

Mach 20.3 i n  hel ium a re  g iven along w i t h  est imates made using the  Aerodynamic 

Pre l  iminary Analys is  System (APAS) ( r e f .  5). The c a l c u l a t i o n s  used Newtonian 

impact theory  t o  approximate the pressures on the  sur face o f  the  vehicle. The 

viscous shear stresses were ca lcu la ted using the reference temperature and 

reference enthalpy methods. These techniques a re  discussed i n  d e t a i l  i n  

reference 5. 

The maximum hypersonic LID o f  the PLS model i n  hel ium was found t o  be 

1.43. The v e h i c l e  was tr imned a t  an angle o f  a t tack  o f  26.5", very near 

maximum LID. Theore t ica l  ca l cu la t i ons  p r e d i c t  a  maximum LID value o f  1.41 and 

a  t r i m  angle o f  a t tack  o f  27.8" i n  hel ium a t  Mach 20.3. As another reference, 

APAS c a l c u l a t i o n s  a r e  shown f o r  the  PLS veh ic le  a t  Mach 10 i n  a i r .  The 

maximum p red ic ted  LID i n  a i r  was 1.36, and the  t r i m  angle o f  a t t a c k  was 

i d e n t i c a l  t o  the  APAS hel ium ca lcu la t ion .  The experimental da ta  showed the  

proposed PLS veh ic le  t o  be d i rect iona1l .y  s tab le  i n  the  angle-of-attack range 

f o r  l o n g i t u d i n a l  tr imned cond i t ions  a t  hypersonic speeds. No con t ro l  

d e f l e c t i o n s  were tested. 

Experimental Data Base - A l l  experimental data obtained on the  proposed PLS 

veh ic le  have been placed on two f loppy d i sks  enclosed i n  the  back o f  t h i s  

report .  The data base can be accessed using the  R:BASE ( re f .  6) system. 

Informat ion on accessing the  data us ing R:BASE can be found i n  the  appendix. 
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CONCLUDING REMARKS 

A  wind-tunnel i n v e s t i g a t i o n  has been made t o  determine the  aerodynamics 

o f  a  proposed PLS l i f t i n g - b o d y  veh ic le  throughout t he  speed range f rom Mach 

0.05 t o  Mach 20.3. The c o n f i g u r a t i o n  was found t o  be l o n g i t u d i n a l l y  and 

l a t e r a l l y  s t a b l e  about the  design center -o f -g rav i ty  o f  54 percent  o f  t he  body 

length. The c o n f i g u r a t i o n  was c o n t r o l l e d  i n  the  p i t c h  p lane w i t h  e i t h e r  

elevons on the  t r a i l i n g  edge o f  the  ro l l ed -ou t  t i p  f i n s  o r  body f l a p s  mounted 

on the  a f t  fuselage. A  small al l -movable center  f i n  o r  rudder prov ided yaw 

con t ro l .  A  l a r g e r  ve rs ion  o f  the  center  f i n  was tes ted  a t  low subsonic 

speeds. No c o n t r o l  d e f l e c t i o n  data were a v a i l a b l e  a t  hypersonic speeds. The 

hypersonic he l ium data  agreed w e l l  w i t h  t h e o r e t i c a l  ca l cu la t i ons .  Based on 

these c a l c u l a t i o n s  and pas t  hypersonic t e s t s  f o r  t h i s  c lass  o f  veh ic le ,  no 

major d i f fe rences a r e  expected between the  hypersonic hel ium data  and the  

hypersonic a i r  data when they become ava i l ab le .  A l l  o f  the  experimental da ta  

have been p laced i n  a  s t ruc tu red  data  base us ing the  R:BASE system and a re  

inc luded on two f l oppy  d i sks  enclosed i n  the  back o f  t h i s  repor t .  
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APPENDIX 

Aerodynamic Data, The data presented i n  p l o t t e d  form w i t h i n  t h i s  r e p o r t  a re  

a v a i l a b l e  on t h e  enclosed magnetic personal computer d isk .  The f l oppy  d i s k  

w i l l  a l l o w  access t o  bo th  body a x i s  and s t a b i l i t y  a x i s  data i n  ASCII t e s t  f i l e  - 
format. I d e n t i f i c a t i o n  o f  the  a v a i l a b l e  da ta  i s  presented i n  the  Wind Tunnel 

* 

Schedule ( t a b l e  2). 

To be ab le  t o  use the  d i sk ,  the  f o l l o w i n g  equipment i s  requi red:  

(1) An IBM Personal Computer (o r  equ iva len t )  w i t h  a minimum o f  

640K o r  RAM. 

(2) A 5-114 i nch  1.2M d i s k  dr ive .  

(3) A hard d i s k  dr ive .  

The f i l e s  inc luded on the  d i s k  are: 

(1) READ-NOW.BAT - t e s t  f i l e  p rov id ing  i n fo rma t ion  n o t  inc luded herein. 

(2) LB0001Fl.RBF - M I C R O R I M  R:Base data base f i l e s .  These b i n a r y  

LB0001F2.RBF f i l e s  requ i re  R:Base sof tware t o  access. Data 

LB0001F3.RBF base name i s  LB0001F. 

(3) LB0001.EXE - Compiled a p p l i c a t i o n  f i l e s  which w i l l  a l l o w  the  

LBOOO1.OVL R:Base data base f i l e s  t o  be manipulated as 

LB0001.MSG o u t l i n e d  i n  t he  f o l l o w i n g  paragraph. 

(4) 1NSTALLH.BAT - I n s t a l  l a t i o n  program. 

The LBO001 a p p l i c a t i o n  program w i l l  a l low:  

(1) Creat ing  ASCII t e x t  f i l e s  o f  the  data i n  e i t h e r  s t a b i l i t y  o r  body 

a x i s  system format f o r  use i n  a v a r i e t y  o f  mainframe and PC software. 

( 2 )  P r i n t i n g  the  da ta  i n  t abu la r  form. 

(3) P r i n t i n g  a d e t a i l e d  run l o g  f o r  a l l  the  tes ts .  

To access the  data base, i n s e r t  the d i s k  i n  the  1.2M d r i ve ,  en ter  

<INSTALLH>, and f o l l o w  the  i n s t r u c t i o n s  d isp layed on t h e  screen. 
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Test F a c i l i t y  I d e n t i f i c a t i o n .  The f o l l o w i n g  i d e n t i f i c a t i o n  codes will 

f a c i l i t a t e  t h e  r e t r i e v a l  o f  the  data on the  f l oppy  d isk.  

S i t e  - Faci 1  i ty  - Test 

30 x 60 FST 1 C 9993 

CALSPAN 3 D 100 

UPWT TS #1 1 I 1636 

UPWT TS #2 1 L 1497 

HHTF 1 Q 497 

Surface Geometry. A f i l e  conta in ing  the  sur face coordinates f o r  the  sur face 

of the  proposed l i f t i n g - b o d y  PLS veh ic le  i s  s to red  on the enclosed f l oppy  

d isk.  The geometry i s  based on a  subset o f  the  coordinates used by t he  

numerical m i l l i n g  machine used t o  cons t ruc t  the  0.20-scale and 0.07-scale 

models. There a re  a  t o t a l  o f  1429 sur face g r i d  p o i n t s  tabulated. The 

fuselage i s  de f ined a t  21 s t a t i o n s  and the  number o f  p o i n t s  per  s t a t i o n  va r ies  

from 1 ( a t  t h e  nose) t o  130 ( a t  t he  base). The name o f  the  geometry f i l e  on 

the  d i s k  i s  PLS.FUS. 



Table 1 . Geometric Character is t ics  o f  F l ight-Scale PLS Vehicle 

Body alone: . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Aspect r a t i o  . . . . . . . . . . . . . . . . . . . .  Length (reference length) .  f t . . . . . . . . . . . . . . . . . . . . . .  Span (reference span). f t  . . . . . . . . . . . . . . . . .  Planform area (reference area). f t 2  . . . . . . . . . . . . . . . . . . . . . . . . .  Baseline area. f t 2  . . . . . . . . . . . . . . . . . . . . . . . .  Height (maximum). f t  

Body w i t h  f i n s :  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Length. f t  . . . . . .  Span . f t  . ..................... . . . . . . . . . . . . . . . . . . . . . . . . .  Planform area f t 2  . . . . . . . . . . . . . . . . . . . . . . . . . . .  Base area. f t 2  . . . . . . . . . . . . . . . . . . . . .  Height ( t o  t i p  o f  f i n ) .  f t  

El evons: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Chord. f t  
S p a n . f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  Area (each). f t 2  . .  

~ o d y  f laps:  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Chord. f t  
Span . f t  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  Area (each). f t 2  







Table 2. Continued. 

-- 

NUMBERS UNDER MACH HEADING ARE RUNS IN DESIGNATED FACILITY 
A = ANGLE-OF-ATTACK SWEEP 
B = ANGLE-OF-SIDESLIP SWEEP 
X = DATA NOT AVAILABLE 

TEST PARAMETERS 
-- F-- a, B, 43,. CNTR ~ B F  MACH 

J 

0.05 

UPWT TS 112 He 
- 

CALSPAN UPWT TS R 1  
--- 
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--- 
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0 

X  

X  

0 
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12 
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0 
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0 
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0 
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- 

5 

0 
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16 

A 
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X 
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Table 2. Continued. 

NUMBERS UNDER MACH HEADING ARE RUNS IN DESIGNATED FACILITY SUPERSCRIPTS 
A = ANGLE-OF-ATTACK SWEEP 1 = LARGE CENTER FIN 
B ;- ANGLE-OF-SIDESLIP SWEEP 2 = ALL-MOVABLE FIN 
X = DATA NOT AVAILABLE 

TEST PARAMETERS -TI FsT 

r 
Q\ 

CALSPAN 

0, 

deg 

MACH 
0.6 

MACH 

UPWT TS #I 

deg 
L/R 

MACH 
0.8 

CNTR 
FIN 

MACH 
1.6 

p, 
deg 0.05 

f 

He 

MACH 
20 

6ef 

deg 
L/R 

UPWT TS t2 

MACH 
0.9 

MACH 
2.0 

MACH 
3.0 

- 

MACH 
2.5 

MACH 
0.95 

MACH 
3.5 

MACH 
1.1 

MACH 
4.0 

MACH 
1.2 

MACH 
4.5 





Lift 

Pitching moment 

w ~ i g u r e  1. Sketch of s y s t e n  o f  axes used i n  the i n v e s t i g a t i o n ,  s h o w i ~ g  

p o s i t i v e  d i r e c t i o n  of f o r c e s ,  moments, v e l o c i t i e s ,  and 
a n q l e s .  



Body flap 

Elevon 

(a) Three-view 

Figure 2. Sketch of f l ight -sca le  PLS vehic le .  Dimensions are i n  f ee t .  





Baseline center fin (total area = 8.70 ft2, rudder area = 4.29 ft2) 
--- Large center fin (total area = 15.00 ft2, rudder area = 6.33 ft2) 

k- 1.78 

0 ------ 
0 / 1 

I 
I 
I 
I 

Axis of rotation 
/ 
/' T 2.36 

v 

(c) Center fin geometry 

Figure 2. Concluded. 
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Tip Fins Center F i n  

0 On 
C . On 
0' Off 

Baseline 
Off 
Off 

(a) Longitudinal charactsristics. 

F i n u r e  4. Effect of center fin and tip f i n s  on low-speed 
aerodynamics. 



(b) Lateral-directional characteristics. 

Tip Fins Center Fin 

O On Baseline 
G On Off 
0 O f f  Off 

Figure 4. Concluded. 



( a )  P o s i t i v e  body f l a p  d e f l e c t i o n s .  

F igure  5. Effec t  of body f l a p s  on low-speed aerodynamics. 

Base l ine  Conf igura t ion .  



( b )  Negative body flap delections. 

Figure 5. Concluded. 



Figure 6. Effect of sideslip on low-speed lateral-directional 
aerodynamics. Baseline Configuration. 



Center F in  
G Basel ine  
2 Large 
,3 Off 

Figure  7. E f fec t  of s i z e  of c e n t e r  f i n  on low-speed l a t e r a l -  
d i r e c t i o n a l  aerodynamics. 



Figure 8. Effect of differentially deflected body flaps on low-speed 
lateral-directional aerodynamics. Baseline configuration. 







(a) M = 0.6. 

B B B ~ ~ o ~ ~ ~ ~ ~  El 

(b) M = 0.8. 

o " o  

0 '  

- .2 

c, -.4 

-.6 

- .8 

Figure 11. Model base and sting-cavity pressures measured in transonic tes ts .  
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( c )  il/l = 0.9. 

(d) iV1 = 0.95, 

Figure  11. Continued. 



( f )  2 1 1  = 1.2. 

Figure  11. Concluded. 



a ,  deg 

1 (bi cD versus a .  
0 '  

- 4 o 4 a 12 16 20 24 28 
a ,  deg 

Figure  17. Comparison of data taken using sweep and pitch/pause methorls. ,%l = 0.6. 



a ,  deg 

Fiaure 1 2. Continued. 
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Figure 13. Concluded. 
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CENTER FN OFF 
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.2 

0 
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a, deg 

-.4 

Figure 13. Effect of fins on longitudinal aerodynamic characteristics 
of model at transonic speeds. 

(a) CL versus a at M = 0.6. 
I I I 

-4 0 4 8 12 16 20 24 28 



Figure 1 3. Continued. 

'f ' 

! 
I 

(a: CL versus cr at .\I = 0.95. Continued. 
, 

-.4 : 
- 4  o 4 a 12 16 20 24 28 

a, deg 



4 8 12 16 20 28 
a, deg 

Figure 13. Continued. 
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a ,  deg 

Figure  13. Continued. 

I (b) CD versus a: at ,M = 0.6. . I I 
I I i 

I I I 
I 

0 1 
-4  0 4 8 12 16 20 24 28 
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0 

Fip i re  13. Continued. 

(b )  CD versus a at ib1 = 0.9. Continued. I 
I 

I 

- 4 0 4 8 12 16 20 24 28 
a, deg 

(b )  CD versus a at ?/I = 0.95. Continued. 
0 1 , - 4 o 4 a 12 16 20 24 28 

a ,  deg 



(b) Co versus rr at &I = 1.1. Continued. I 
4 8 12 16 20 24 28 

a, deg 

j (b )  CD versus a at -PI = 1.2. Concluded. I 
I .  I I 

so8. * 0 4 8 12 16 20 24 28 

a, deg 

Tigure 13. Continued. 



Figure 13. Continued. 

-.04 
( c )  C ,  versus fi at II = 0.2. Continued. 

-4 0 4 d 12 16 20 24 28 
a ,  deg 



I ( c )  C,, versus a at :Vf = 0.9. Continued. ! I 1 

a ,  deg 

I 

( c )  Cm versus a at -11 = 0.95. Continued. I 
1 I 

- .04 I I 

o 4 a 12 16 20 - 4 24 28 
a ,  deg 

Figure 13. Continued. 



(c) C,, versus n at .\.I = 1.1. Continued. 

a ,  deg 

a, deg 

Figure 1 3 - Continued. 



! 1 
(d) C, versus CL at .b1 = 0.6. i 

I i 
I 

(d) 15*, versus CL at 11.1 = 0.8. Continued. 
-.04 

1 
-.4 - 7  .- 0 .- .4 .6 .8 1.0 3 1.2 

CL 

Figure 13. Continued. 



Figure 13. Continued. 



.08 I 
(d) C, versus CL at M = 1.1. Continued. 

F igure  13. Continued. 



a, deg 

Figure 13. Continued. 



Figure 13. Continued. 
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e )  L / D  versus 0 at :\I = 1.1. Contin~lec!. , 
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. 1" I (a) CL versus a at M = 0.8. Continued. I I 
a, deg 

Figure 14. Effect of elevon and body flap on longitudinal aerodynamic 
characteristics of model at transonic speeds. i 

I 



a, deg 

a, deg 

Figure  14.  Continued. 



1 I (a) CL versus a at 4bf = 1.2. Concluded. I I 

Figure 14. Continued. 



1 (b) CD versus o: at kf = 0.6. 1 1 I 
o 1 
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Figure 14. Continued. 

0 
I (b) CD versus o: at .%I = 0.8. Continued. / 
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a,  deg 
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Figure 14. Continued. 

(b) CD versus a at M = 0.9. Continued. 
I I I 

! I ' i  I 

0 

-4 0 4 8 12 16 20 24 28 

a, deg 

(b) CD versus a at A4 = 0.95. Continued. I I 

I I I ! I 
- 4 0 4 8 12 16 20 24 28 

a, deg 



Figure 14.. Continued. 
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(c) Cm versus a at M = 0.6. : . 
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versus a at Af = 0.8. Continued. 
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a ,  deg 

Figure 14. Continued. 



Figure 14. Continued. 
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I -.04 , 

( c )  Cm versus a at kl = 0.95. Continued. , 
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I I 

- 4 0 4 8 12 16 20 24 28 
Q, deg 



a ,  deg 

Figure 14. Cotlti~iued. 



F i g u r e  10. Continued. 



I (d) C, versus Cr, at M = 0.95. Continued. I 
i t 

F i g u r e  14. Continued. 



I 1 
(d) C, versus CL at 1M = 1.1. Continued. I 
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i I (d) C, versus Cr, at M = 1.2. Concluded. / 
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Figure  14. Continued. 



a, deg 

Figure 14. Continued. 



F i g u r e  14. Continued. 
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I (e) L / D  versus a at :\I = 0.95. Continued. I 

- 3 ,  I 
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a ,  deg 
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(e) L I D  versus cr at &l = 1.1,. Continued. 
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Figure 14. Concluded. 
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(e) L/D versus a at hl = 1.2. Concluded. I 
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MACH NUMBER 
- 

Figure 15. Variation of transonic longitudinal trim characteristics of baseline 
configuration with Mach number. No controls deflected. 



(a) M = 0.6. 

Figure 16. Variation of transonic lateral aerodynamic characteristics with 
sideslip. 



(b) M = 0.8. 

Figure  15. Continued. 



( c )  AT!! = 0.9. 

Figure  16. Continued. 



Figure 16. Continued. 



(e) h1 = 1.1. 

Figure 16. Continued. 



( f )  &I = 1.2. 

Figure 16. Concluded. 



0 ALL FINS OFF - .ma 

(a) M = 0.6. 

Figure 17. Effect of fins on transonic lateral-directional stability 
characteristics. 
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a, .deg 

(b) M .= 0.8. 

Figure 17. Continued. 
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-.oo 
0 CENTER FIN OFF 
C) ALL FINS OFF 
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a, deg 

(c) M = 0.9. 

Figure 17. Continued. 



(d) M = 0.95. 

Figure 17. Continued. 
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-.008 , --- 

a ,  deg 

(e) M = 1.1. 

Figure 17. Continued. 
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a ,  deg 

(f) M = 1.2. 

Figure 17. Concluded. 
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I 0 BODY FLAP 

-.008 , 

(a) M = 0.6. 

Figure 18. Transonic roll control effectiveness. 



BODY FLAP 

0,  deg 

(b) M = 0.8. 

Figure 18. Continued. 



(c) M = 0.9. 

Figure 18. Continued. 



8 12 
a ,  deg 

(d) M = 0.95. 

F i g u r e  18. Continued. 



(e) M = 1.1. 

Figure  18. Continued. 



( f )  M = 1.2. 

Figure  18. Concluded. 
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(a) M = 0.6. 

Figure 19. Transonic yaw control effectiveness. 



Figure 19. Continued. 



(c) M = 0.9. 

Figure 19. Continued. 



Figure 19. Contiriued. 



( e )  iVf = 1.1. 

Figure 19. Continued. 



( f )  M = 1.2. 

Figure 19. Concluded. 



Figure 20. Model. base pressures measured in supersonic investigation. 



Figure 20. Concluded. 
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a, deg 

(a) CL VS Ci and Cg VS CY 

Figure 21. Effect of Mach number variation on the supersonic longitudinal 
aerodynamic characteristics of the model. 



Figure 2 1 Continued . 



(b) U D  VS LY and C, VS C( 
. .--- 

Figure 21. Continued. 



.(b) O D  V 3  f2 and C, VS O( 

: 

Figure  21 . Conciuded. 



(a) CL VS Q and CQ VS a 
Figure 22. Effect of f ins  on the supersonic longitudinal aerodynamic 

characterist ics  of the model. 
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Figure  22. Continued. 
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Figure 22. Contlnued. 
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Figure 22. Continued. 
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Figure 22. Continued. 
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Figure 22.  Continued . 
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Figure 22.  ~ o n t  Ghed.  
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Figure 22. Contlnuad. 
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Figure 22.  Contlnurd. 
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Figure  22. Continued. 
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Figure 22.  Concluded, 
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(a) CL VS a and Cg VS a 

Figure 23. Effect of elwon and body flap on the supersonic longitudinal 
characteristics of the model. 
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Figure 23. Continued. 
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Figure 23. cnntlnt~orl. 



a, deg 

M = 1.8 

/bl V O  VS CY and C, VS CY 

Figure 23. Continued. 
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Figure 23. Continued. 
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Figure  23. concluded. 



Figure 24. Variation of supersonic lateral aerodynamic characteristics with 
angle of sideslip. 
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Figure 25. Effect of fins on the supersonic lateral-directional stability 
characteristics of the model. 
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Figure 27. Supersonic yaw control effect iveness .  
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(a) CL versus a and C,, versus a . 
Figure 28. Longitudinal aerodynamics of the proposed PLS vehicle at hypersonic speeds. 
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