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RESEARCH MEMORANDUM 

EXPEWM!”T~L 3?vTSZGATISE GF A BOUY FLARE FOR OBTAINING 

PITCH STABILITY AND A BODY FLAP FOR OBTAINING 

PITCH CONTROL I N  HYPERSONIC FLIGHT 

By A. J. Eggers, J r . , andCla rence  A* Syvertson 

Tfie e f f ec t iveness  of a body f l a r e  as a p i t c h - s t a b i l i z i n g  device and 
a body f l a p  as a p i t c h - c o n t r o l  device has been i n v e s t i g a t e d  experimen- 
t a l l y  a t  Mach numbers from 3.00 t o  6.25. The b a s i c  t e s t  body w a s  r o t a -  
t i o n a l l y  symnetric and cons is ted  of a f i n e n e s s  r a t i o  3 nose followed by 
a f i n e n e s s  r a t i o  9 afterbody. The body f l a r e  w a s  con ica l  and was added 
a t  t h e  base.  The body f l a p  consis ted of a d e f l e c t a b l e  sec t ion  of t h e  
s u r f a c e  of t h e  c y l i n d r i c a l  afterbody. This sec t ion  was 1-79 body diam- 
e t e r s  long, 7 8 O  of a r c  i n  c i r cumfe ren t i a l  ex t en t ,  and w a s  centered 8.5 
body diameters  a f t  of t h e  nose. 
from - 5 0  t o  +250 and f l a p  def lec t ion  angles  of 00, -100, and -eo. 

Tests were conducted a t  angles  of a t t a c k  

Experimental ly  determined increments i n  l i f t  and drag due t o  f l a p  
d e f l e c t i o n  a r e  compared a t  a Mach number of 5 with  t h e  p r e d i c t i o n s  of t h e  
gene ra l i zed  shock-expansion theory  and Newtonian impact theory.  
t h e m i e s  a r e  i n  reasonably good agreement wi th  experiment a t  s m a l l  angles  
Of a t t a c k .  The trim lift c o e f f i c i e n t s  and l i f t - d r a g  r a t i o s  of t h e  t e s t  
con f igu ra t ion  are found t o  inc rease  s t e a d i l y  wi th  inc reas ing  Mach number, 
becoming g r e a t e r  than  those  of a comparable all-movable-wing c o n t r o l  at 
t h e  h ighe r  Mach numbers of t h e  t e s t s .  
t h e  a t t r a c t i v e  p o s s i b i l i t y  at high supersonic a i r speeds  of provid ing  sta- 
b i l i t y  and c o n t r o l  i n  p i t c h ,  while  a t  t h e  same t i n e  they  should be l e s s  
vu lne rab le  than  p l ana r  a i r f o i l s  t o  aerodynamic heat ing.  

Both 

The body f l a r e  and f l a p  have, then, 

INTRODUCTION 

The design of a i r c r a f t  s u i t a b l e  f o r  f l i g h t  a t  high supersonic  air- 
speeds i s  i n  s u b s t a n t i a l  p a r t  d i c t a t ed  by cons idera t ions  of aerodynamic 
hea t ing .  
Mach number and Reynolds number of f l i g h t  and, of course,  t h e  shape of 

Aerodynamic hea t ing  i s  governed by many f a c t o r s ,  i nc lud ing  t h e  
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t h e  a i r c r a f t .  
ence of aerodynamic hea t ing  on shape w i l l  6 e  simpiel; however, it seems 
reasonable  t o  a n t i c i p a t e  t h a t  w i th in  c e r t a i n  l i m i t s ,  reducing t h e  sur face  
a r e a  w i l l  reduce t h e  aerodynamic hea t ing .  Provided t h i s  i s  t h e  case,  it 
fol lows t h a t  t h e  amount of sur face  sub jec t  t o  aerodynamic hea t ing  should 
be kept  t o  a minimum. 
unusual ly  severe cool ing  problems. I n  t h e  l a t t e r  category f a l l  t h e  t h i n  
p lanar  sur faces  normally used f o r  l i f t i n g ,  s t a b i l i z i n g ,  and c o n t r o l l i n g  
a i r c r a f t  i n  f l i g h t .  A t  high supersonic  a i r speeds  t h e r e  i s  cons iderable  
evidence, both t h e o r e t i c a l  and experimental  ( s ee ,  e . g . ,  r e f s .  1, 2, 3,  and 
4), t h a t  l i f t  may be developed on a fuse lage  i n  s u f f i c i e n t  q u a n t i t y  and 
a t  low enough drag  pena l ty  t o  g r e a t l y  reduce, i f  not  a l t o g e t h e r  e l imina te ,  
t h e  need f o r  wings. 
f o r  s t a b i l i z i n g  and c o n t r o l l i n g  hypersonic f l i g h t  can a l s o  be  l a r g e l y  
e l imina ted  or rep laced  by su r faces  less vulnerable  t o  aerodynamic hea t ing .  

It i s  ha rd ly  t o  be expect$ t h a t ,  i n  general ,  t h e  depend- 

Espec ia l ly  i s  t h i s  t r u e  of such su r faces  as p resen t  

It remains t o  be determined whether p l ana r  su r faces  

Two such sur faces ,  one designed t o  provide s t a b i l i t y  i n  p i t c h ,  and t h e  
o t h e r  t o  provide c o n t r o l  i n  p i t ch ,  were t h e r e f o r e  s tud ied  experimental ly .  
The purpose of t h i s  paper i s  t o  r e p o r t  on t h e  r e s u l t s  of t h i s  p re l imina ry  
inves t iga t ion ,  aqd e s p e c i a l l y  t o  determine whether or n o t  t h e s e  su r faces  
have promise and, hence, warrant  f 'urther cons ide ra t ion .  The s t a b i l i z i n g  
su r face  cons is ted  of a con ica l  f l a r e  l o c a t e d  a t  the base of  t h e  t e s t  body. 
The con t ro l  cons i s t ed  of a d e f l e c t a b l e  s e c t i o n  of t h e  su r face  of t h e  body 
and i s  termed a body f l a p .  Force and moment c h a r a c t e r i s t i c s  were obta ined  
f o r  s eve ra l  f l a p  d e f l e c t i o n s  at Mach numbers from 3.00 t o  6.23. E x p e r i -  
menta l ly  determined f o r c e s  due t o  f l a p  d e f l e c t i o n  are compared wi th  p re -  
d i c t i o n s  of theory,  and f l a p  t r i m  e f f e c t i v e n e s s  i s  compared w i t h  t h a t  of 
a corresponding low-aspect-rat io  all-movable c o n t r o l .  

- 

SYMBOLS 

A 

D CD drag c o e f f i c i e n t ,  - 
SA 

c ross - sec t iona l  a r e a  of c y l i n d r i c a l  s e c t i o n  of t e s t  body, sq i n .  

L lift c o e f f i c i e n t ,  - 
SA CL 

normal f o r c e  normal-force c o e f f i c i e n t ,  
@ CN 

moment pitching-moment c o e f f i c i e n t  (moment about  body nose) ,  '7 c m  
q 2  

D drag, lb 
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diameter  of c y l i n d r i c a l  s ec t ion  of t e s t  body, i n .  

f i n e n e s s  r a t i o  

l i f t ,  l b  

l eng th  of t e s t  bcdy, i n .  

l ength  of nose sectic;n o f  t e s t  body, <n. 

Mach nur5-r 

jynairic p-ezsure .  i'C,'s~ i n .  

r a d i s l  ccord ina te  , In. 

l c n g l t u d i n a l  czcrXc;t=: i n .  

c e n t e r  of p re s su re  (Keasured frcn nest.), f r c c t i o n  c f  - 

angle  of a t t a c k ,  d-.g 

c o n t r o l  d e f i e c t l o n  sngle ( p o s i t i v e  f c r  t r a i ?  i n g  edg-  d+f i ec t ed  
dawnward), aeg 

EXPEFIME: i T 

T e s t  Apparatus and Methods 

The tests w e r e  conducted i n  t h e  Ares 10- by 14-inch supersonic  wind 
t u n n e l  a t  Mach numbers of 3.00, L.23 ,  5.05, and 6.25. 
d e s c r i p t i o n  of t h i s  wind tunnel  and i t s  aerodynaxic c h a r a c t e r i s t i c s  see  
r e f e r e n c e  5 .  L i f t ,  drag, and p i t ch ing  rnoment were measured wi th  a th ree -  
component s t ra in-qage  balance.  The balance system measured f o r c e s  pa ra l -  
l e l  and perpendicular  t o  t h e  balance axis an3 t h e s e  f o r c e s  were, i n  t u r n ,  
r e so lved  t o  g ive  t h e  lift, drag,and norrial fo rces .  P i t ch ing  monents were 
rreasured about t h e  body base. Angles of  a t t a c k  up t o  were obtained by 
r o t a t i n g  t h e  model-balance assembly. I n  o rde r  t o  ob ta in  angles  of a t t a c k  
g r e a t e r  t han  5 O ,  ben t - s t ing  model supports were employed. All s t i n g  sup- 
p o r t s  were shrouded from t h e  a i r  stream t.o wi th in  about 0.040 inch of 
t h e  model base ,  thereby  el io; inat ing,  f o r  a l l  p r a c t i c a l  purposes, a l l  aero-  
dynamic loads  on the s t i n g .  

For a d e t a i l e d  

Base p r e s s u r e s  w e r e  neasured i n  a l l  tests and t h e  l i f t  and drag  con?- 
ponents  of t h e  r e s u l t a n t  base force ( r e fe r r ed  t o  free-stream s t a t i c  

. 
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pres su re )  were subtracted from measured t o t a l  l i f t  and drag f o r c e s  t o  
o b t a i n  t h e  aerodynamic f c r c e s  a c t i n g  on t h e  p o r t i o n s  of t e s t  rr,odels ahead 
of  t h e  base. 

Wind-tunnel c a l i b r a t i o n  d a t a  ( s e e  re f .  5 )  were eriployed i n  ccvbina- 
t i o n  with s tagyat ion p res su res  measured w i t h  a Bourdon p res ru re  gage t o  
o b t a i n  t h e  strean1 s t a t i c  and dynamic pres su res  of  t h e  t e s t s .  Feynolds 
numbers based on the  diameter of t h e  c y l i n d r i c a l  p o r t i o n  of t k e  V-odels 
were 

Heynoids number , 
Mach number m i l l i o n  

3.00 
4.23 
5.c5 
6.25 

Mode 1 s 

The yodels t e s t e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  are shown i n  f i g u r e  1 
along K i t h  a sketch giving p e r t i n e n t  o v e r - a l l  d i r e r s i o n s .  
cons i s t ed  of a 1-inch-diameter basic body made up of a f i n e n e s s  r a t i o  3,  
3/4-power nose l  faired i n t o  a fineness r a t i o  9 c y l i n d r i c a l  a f t e rbody .  
secoiid r-odel consis ted of t h e  b a s i c  body modified by a c o n i c a l  f l a r e  a t  
the  base.  This f l a r e  w a s  a frustum of a f i n e n e s s  r a t i o  3 cone. It 
extended 1.242 body diar:eters forward of t h e  base and inc reased  t h e  base 
d i t i l e t e r  by dT. 
with t h e  exceyt toi-  t h a t  a body flap 1.590 body diai::eters I.ong and 78' of 
a r c  i Y L  circumfereii t ial  e x t e n t  i i a s  added forward of t h e  co;..ical f l -a re .  
This flap was ce:T.tered a t  a s t a t i c n  8.3 body diar..eters from t h e  nose. It 
::ad a projected l a t e r a l  dir:.ension equal  t o  0.629 body diameter and a plan 
a rea  equai t o  t h e  square o f  t he  body diameter .  This p a r t i c u l a r  configu- 
r a t j o n  was chosen because it was d e s i r e d  t o  conpare t h e  d a t a  obtained for 
the  f l a p  with those obtained f o r  an all-irovable-wiyg :I;odel. This  l a t t e r  
viodel, which was t e s t e d  i n  t h e  Axes 3.0- by Ik-inch wind tunne l  i n  conjunc- 
t i o n  w i t h  a separate  r e sea rch  progra!?, c o n s i s t e d  of t h e  same b a s i c  body, 
with a rectangular  plan fo rx ,  all-movable c o n t r o l  of a spec t  r a t i o  4/9 (fol- 
the  exposed pa7iels joined t o g e t h e r ) .  
body dia:.et,ers from t h e  nose and had t h e  s a l e  p l a n  area as t h e  body f l a p .  
The chord of t he  coii trol  was equal  t o  1.5 body dian.eters ,  arld t h e  exposed 
se! i span  was equal t o  l / 3  body dianieter.  
foil sec t ion  with a 50-percent-blunt t r a i l i n g  edge w a s  er illoyeil. 

The f i r s t  model 

The 

The t h i r d  nodel  w a s  e s s e n t i a l l y  t h e  same as t h e  second, 

t 

The contr*ol  w a s  a l s o  cen te red  6.5 

A 4-percent- thick,  biconvex aLr- 

3/4 'Specif 'ical?y, t P L i s  nose i s  de f ined  by t h e  r e l a t i o n  r =$(x/Zp-) a )d  

'was chosen t o  Frovide a b a s i c  body of  lower than  average :.iui7.un? d r a c  ( s e t  
recs. 3 a:id 6 ) .  

. 
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Neither  t h e  body-flap node1 nor  t h e  all-movable-wing model i s  
ic tended  t o  r ep resen t  a p r a c t i c a l  a i r c r a f t  conf igura t ion .  Nevertheless ,  
t h e s e  models provide experimental  r e s u l t s  on t h e  r e l a t i v e  m e r i t s  of t h e  
body-flap conf igura t ion .  

Accuracy of  Test Resu l t s  

Stream Mach nwqbers d i d  no t  vary more than  f0.02 frorr t h e  mean v a l -  
ues  of 3.00, 4.23, and 5.05. 
peak tes t  Mach number of 6.25. 
mriber d id  not  depa r t  by  nore than  210,000 f r o x  t h e  mean va lues  givefi i n  
t h e  s e c t i o n  " T e s t  Apparatus and Methods." 

A maxircum v a r i a t i o n  of t0.04 e x i s t e d  a t  t h e  
Stream Reynolds number f o r  a given Mach 

The ove r -a l l  accuracy i n  angle-of-at tack values ,  i x l u d i n g  uncer- 
t a i n t i e s  i n  t h e  c o r r e c t i o n s  f o r  stream angle  and f o r  d e f l e c t i o n s  of t h e  
nodel  support, i s  es t imated  t o  be t0.2'. 

Uncer t a in t i e s  i n  t h e  Eeasurercent of f o r c e s  a c t i n g  on t h e  models and 
i n  t h e  d e t e r n i n a t i o n  of f ree-s t ream dynamic p res su res  inf luenced  the  
accuracy of cor-puted fo rce  c o e f f i c i e c t s .  A t  ang le s  of a t t a c k  up t o  10' 
and Mach numbers up t o  5 ,  t hese  u n c e r t a i n t i e s  r e s u l t e d  i n  z,axilr,um e s t i -  
icated e r r o r s  i n  i i f t ,  drag, and normal-force c o e f f i c i e n t s  of  kO.015. 
A corresponding e r r o r  of kO.030 i s  estircated a t  Mach nur,;ber 6.25. 
angles  of a t t a c k  i n  excess  of loo, the e r r o r  i n c r e a s e s  t o  C0.020 a t  Mich 
nu-bers  up t o  5 and CO.Ob5 at Mach nurcber 6.25. Pitching-n-oment c o e f f i -  
c i e n t s  are e s t i r a t e d  t o  be i n  e r r o r  by not  more than  +0.020, except a t  
Mach nur-ber 6.25 where t h e  va lue  i s  50.045. 
s i zed  t h a t ,  f o r  t h e  most ?art, t h e  expe r inen ta l  r e s u l t s  presented  h e r e i n  
are i n  e r r o r  by  l e s s  than  t h e s e  est imates .  

A t  

F i n a l l y ,  it should be en-pha- 

RESULTS A-VD DISCrJSSION 

A l l  the experimental  data f o r  the t h r e e  models t e s t e d  dur ing  t h e  
i n v e s t i g a t i o n  a r e  presented  i n  t a b l e  I. 
i n  graphical  form i n  f i g u r e s  2 through 4. 
it i s  convenient t o  consider  f i r s t  the e f f e c t i v e n e s s  of t h e  conica l  f l a r e  
i n  s t a b i l i z i n g  the  b a s i c  body. 

Typical  d a t a  are a l s o  presented  
In analyzing t h e s e  r e s u l t s ,  

S t a b i l i t y  of Flared. Body 

Conical  f l a r e s  s i i i l a r  t o  the  one t e s t e d  he re  have been inves t iga t ed  
p r e v i o a s l y  ( see ,  e .  g. , r e f .  7) , though t h e  i n t e n t  w a s  not  t o  reduce t h e  
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S e v r r i t y  of problems a s s c c i a t e d  with aerodynamic hea t ing .  
t h e  cclnical f l a r e  used i n  t h e  p r e s e n t - t z s t s  was f i x e d  by r equ i r ing  t h a t  
t h e  center  of p re s su re  on t h e  body bewshi?%ecT sl$ghtly a f t  of  t h e  midship 
l cca t ion .2  According t o  Newtonian impact t heo ry  t h e  c e n t e r  of p re s su re  
of t h e  f l a r e d  body w a s  nea r ly  ccns t an t  with changes i n  angle of a t t a c k ,  
ranging from 56 percent  of t h e  body length a f t  of t he  nose a t  a=O" t o  
57 percent a t  a=25'. 
a r e  shown i n  figure 5 and a r e  compared : 6 t h  those  of t h e  b a s i c  body. 
It i s  seen t h a t  t h e  f lare i s  e f f e c t i v e  bo th  i n  moving t h e  c e n t e r  of pres- 
sure  of the b a s i c  body a f t  and i n  reducing i t s  t r a v e l  with angle of a t t a c k .  
A t  t h e  lower Mach numbers and angles  of a t t a c k ,  t h e  c e n t e r  of p re s su re  i s  
somewhat ahead of t h a t  es t imated with impact theory.  A t  t h e  h i g h e s t  Mach 
number, however, t h e  estimate o f  56 t o  57 percen t  i s  appa ren t ly  t o o  low. 
Center-of-pressure r e s u l t s  a r e  a l s o  shown f o r  t h e  body with wing. It i s  
seen t h a t  whereas t h e  e f f e c t i v e n e s s  of t h e  c o n i c a l  f l a r e  i n c r e a s e s  wi th  
Mach number, t h e  e f f e c t i v e n e s s  of  t h e  wing dec reases  (as  might be expected 
from t h i n - a i r f o i l  t heo ry ) ,  becoming g e n e r a l l y  i n f e r i o r  t o  t h a t  of t h e  f l a r e  
a t  Mach numbers i n  t h e  nieghborhood of 5 and g r e a t e r .  Movement of t h e  wing 
t o  a more rearward l o c a t i o n  would no doubt s h i f t  t h e  center of p re s su re  
aft ;  however, t h e  effect  of Mach number on t h e  a b i l i t y  of t h e  wing t o  f i x  
c e n t e r  of p re s su re  would seem l i k e l y  t o  remain e s s e n t i a l l y  t h e  same. 
t a i n l y ,  the experimental  r e s u l t s  do c o n f i m  t h e  p r e d i c t i o n  t h a t  a c o n i c a l  
f l a r e  may be errployed t o  provide p i t c h  s t a b i l i t y  t o  a body i n  hypersonic 
f l i g h t .  I t  should a l s o  be noted t h a t  t h i s  s t a b i l i t y  i s  achieved with lit- 
t l e  change i n  l i f t - d r a g  ra t ic  a t  Mach nunbers g r e a t e r  t han  3 s ince  t h e  
f lare  inc reases  both the l i f t  and d rag  of  t h e  body i n  approximately t h e  
same proport ions (see f i g s .  2 and 3 ) .  

The s i z e  Of  

The experimentally detern ined c e n t e r s  of  p re s su re  
3 

C e r -  

E f f e c t  of Body Flap on L i f t  and Drag 

Deflection of t he  body f l a p  in f luences  t h e  f o r c e  c h a r a c t e r i s t i c s  of 
t h e  f l a r e d  body as shown i n  f i g u r e  6 where t h e  v a r i a t i o n s  of 

with f l a p  d e f l e c t i o n  a t  va r ious  angles  of a t t a c k  and Mach numbers a r e  pre-  
sented.  
not an e s p e c i a l l y  powerful c o n t r o l .  
a t t a i n e d ,  however, a t  low ang les  of a t t a c k  f o r  t h e  h ighe r  f l a p  d e f l e c t i o n s .  

2With t h i s  provis ion,  p l u s  t h e  assumption t h a t  t h e  ccne Gf which t h e  
f l a r e  i s  a frustum should have t h e  same f i n e n e s s  r a t i c  5s t h e  ncsn ( f = 3 ) ,  
it w a s  indicated by  Newtonian i i ipact t h e c r y  ( s e e ,  e . g .  , r p f .  8 )  t a a t  t h e  
nor. a l - fo rce  con t r ibu t ion  ;f t h e  f l a r e d  s e c t i o n  should be th?  san'e 3s  thctt 
of t h e  ncse s ec t ion .  I n  consequence cf t h e s e  c o n d i t i o n s ,  t h e  base dianieter 
Of t h e  conical  f l a r e  i s  j u s t  

tally i n  t h e  usual  rra?ner f r c r  d a t a  ( s e e  t a b l e s  I ( a )  avd (b)) on 

('L snd C D  

Examination of t h e s e  r e s u l t s  shcws t h a t  t h e  p r e s e n t  body f l a p  i s  
Reasonable f l a p  e f f e c t i v e n e s s  i s  

6 t imes t h e  d i a y e t e r  o f  t h e  b a s i c  body. 
3The r e s u l t s  presented f c r  c e n t e r  of p r e s s u r e  w e r e  obt3ined g n p h i -  

Cm and CN. 
. 
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Evidently,  too,  t h i s  e f f e c t i v e n e s s  i s  f a i r l y  independent of  Mach number. 
A t  h igh p o s i t i v e  angles  of a t t a c k  the f l a p  i s  e s s e n t i a l l y  i n e f f e c t i v e .  
On t h e  o t h e r  hand t h e  f l a p  remains e f f e c t i v e  a t  l a r g e  nega t ive  ang le s  of 
a t t a c k .  This r e s u l t  suggests  t h a t  the body-flap c o n t r o l  might be most 
e f f e c t i v e  i n  a canard conf igu ra t ion  - one, f o r  example, l ike  t h e  nose f l a p  
i n v e s t i g a t e d  i n d e y n d e n t l y  hy Lazzeroiil < rei. 9) a t  lower supersonic 
speeds. 
mind; namely, it w a s  intended t o  provide p i t c h  c o n t r o l  f o r  a missile air- 
frarre having small la teral  dimensions. It seems l i k e l y ,  however, t h a t  a 
canard arrangement o r ,  f o r  t h a t  mat ter ,  alrrost any arrangement w i t h  the 
f l a p  d e f l e c t e d  on t h e  windward s i d e  of t h e  body r:ould be uns t ab le  i n  r o l l .  
P l ana r  f i n s ,  such as those  emplcyed i n  r e fe rence  9, would, of course,  pro- 
v i d e  roll damping.4 
i c a l l y  i n  t'ne absence of p l a n a r  surfaces ,  t h e  body f l a p  should be l o c a t e d  
a f t  on what i s  n o m a l l y  t h e  lee  side of  t h e  body - t h a t  i s ,  i n  a p o s i t i o n  
sorrethTng l ike  t h e  one used i n  t h e  p re sen t  i n v e s t i g a t i o n .  I n  t h i s  event,  
hcvrver ,  t h e  f l a p  does mt,  i n  Yne l i g h t  of t h e  experimental  d a t a  j u s t  dis-  
cussed, appear p rcn i s ing  f o r  a p p l i c a t i o n  a t  high angles  of  a t t a c k .  
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'The nose f l a p  w a s  designed, however, with a d i f f e r e n t  o b j e c t i v e  i n  

I f  s t a b i l i t y  and c o n t r o l  are t o  be obtained aerodynam- 

T r i m  Conditions 

The boGy f l a p  3.eflected -25' i n f luences  t h e  cen te r  of p re s su re  as 
s h m n  i n  f i g u r e  7. 
un;eflecteZ. Ey assuming a reasonable s t a t i c  margin, we  can determine 
t h e  trin; lift c o e f f i c i e n t s  f o r  t h e  f lared body wi th  f l a p  over t h e  Mack: 
number range. 
a t  
f i c i e n t s  ere f m n d  t o  vary with Mach number as shown i n  figure 6. 
a t iDn ~f t h e  cDrresponding cDeff ic ients  f o r  t ke  model with all-movable 
wing d e f l e c t e d  -25' i s  a l s o  shown. It i s  seen t h a t  t h e  l i f t  c o e f f i c i e n t s  
a t  t r i m  f o r  t h e  body-flap model increase s t e a d i l y  with Mach number. I n  
c m t r a s t  t o  t h i s  r e s u l t ,  t h e  t r i m  l i f t  c o e f f i c i e n t s  f o r  t h e  model w i t h  
al l-movable wing decrease markedly with Mach number, f a l l i n g  below those  
of t h e  body-flap model a t  t h e  k ighes t  Mach number. 

Resu l t s  are a l s o  shown f o r  t h e  f lare$ bDdy wi th  f l a p  

If a s t a t i c  margin equal t o  3 pe rcen t  of t h e  body l e n g t h  
a=3" i s  taken and t k e  r e s u l t s  Df f i g u r e  7 are used, t h e s e  l i f t  coef- 

V a r i -  

The l i f t - d r a g  r a t i o s  corresponding t c  t h e s e  t r i m  l i f t  c o e f f i c i e n t s  
are shzrm i n  f i g u r e  4 f o r  t h e  two configurat ions.  
t h e  l i f t - d r a g  r a t i o s  a l s o  f avor  t h e  body-flap model a t  t h e  higher  t es t  
Mach numbers. 5 

4While t h e  a d d i t i o n  of such f i n s  may p resen t  no problem a t  low super- 
s o n i c  speeds,  t h e i r  afi-dition 'would lead t o  aerodynamic-heating problems a t  
k i g h  supersonic  speeds, tending t o  de fea t  t h e  advantage sought he re  w i t h  
t h e  p r e s e n t  body-flap configurat ion.  

v a r i 3 u s  t e s t  Mack numbers might make a b e t t e r  conparison. Hawever, &ue t o  
t h e  l i m i t e d  number sf c o n t r o l  de f l ec t ions  t e s t e d  i n  t h e  p r e s e n t  i nves t iga -  
t i o n ,  i t  was n o t  p o s s i b l e  t o  determine t h e s e  q u a n t i t i e s  accu ra t e ly .  

The t r e n d s  observed i n  

5The maximum t r i m  l i f t - & r a g  r s t i o s  a t t a i n s b l e  wi th  each c o n t r o l  at t h e  
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e f f e c t s  of 
a cgn ica i  f l a r e  and body f l a p  on  t h e  aercdyr-an,ic c h a r a c t e r i s t i c s  of a body 
of revolut ion.  I n  t h e  i n t e r e s t s  of b e t t e r  understanding how these  devices  
inf luence flow about t h e  body, i t  i s  aFpropriate  next t o  d i scuss  r e s u l t s  
o f  flow v i s u a l i z a t i o n  s t u d i e s .  

Flow Visua l i za t ion  S tud ie s  

Two types of stuliy w?re uade. F i r s t ,  chadowgrapb p i c t u r e s  were 
taken o f  t he  flow i n  t h e  region of t he  f l a p  and f l a r e  a t  Mach numbers of 
4.23, 5.05, and 6.25 .  The model was set  a t  0' angle  of a t t a c k  with f l a p  
d e f l e c t i o n s  of -10' and -25'. (Note t h e  rrodel w a s  moved downstrear. i n  
t he  tunnel t o  perrri t  t h e  t ak ing  of t hese  p i c t u r e s . )  Second, t h e  flow a t  
the  surface vas observed a t  a Mach nuxber of 4.23 us ing  t h e  China-clay 
technique6 ( s e e ,  e.g., ref, 10). Typical  r e s u l t s  of t h e s e  s t u d i e s  a r e  pre- 
sented ir! f i g u r e  10. It i s  ind ica t ed  by t h e  shadowgraph p i c t u r e s  t h a t  t he  
shock wave produced by t h e  f l a p  has  caused on ly  rroderate th i cken ing  of t h e  
boundary l a y e r  forward of t h e  f l a p .  The China-clay p i c t u r e s  v e r i f y  t h i s  
p o i n t  and show f u r t h e r  t h a t  t h e  boundary layer t ends  t o  b l e e d  around the 
s i d e s  of t h e  f l a p  from t h e  high-pressure region on t h e  t o p  t o  t h e  low- 
pressure region below and behind. 
observed i n  s t u d i e s  o f  boundary-lzyer flow over  razps i n  f r o n t  of i n l e t s  
( s e e  r e f .  11). Accordingly, shock-wavc-boundary-layer i n t e r a c t i o n  would 
not Lppew t o  play ar! irnpcrtsnt r o l e  i n  t h e  perforn,ance of t h e  body f l a p ,  
a t  least a t  intermediate  t o  l a r g e  ang le s  of  d e f l e c t i o n .  

L 

Much t h e  same phenomenon has  been 

Thc flc,w a f t  of t h e  f l a p  i s  appa ren t ly  separated,  however, as i s  
s t r i l i n g i y  ind ica t ed  by t h e  absence of a s t r o n g  shock wave emanating fronl 
t he  u2yer p a r t  of t he  con ica l  f l a r e  ( s e e  f i g s .  lO(a)  and ( b ) ,  M = 4.23) 
and by  the s t r ea r  l i n e  p a t t e r n  i n  t h e  China-clay p i c t u r e s .  This flow sep- 
a r a t i o n  nay bc> expected t o  reduce the  f o r c e s  on t h e  t a i l  cone and should, 
of course, be considered i n  any c a l c u l a t i o n  of f l a p  e f f e c t i v e n e s s .  

W i t h  tk,ese p o i n t s  i n  Kind, .it i s  undertaken next  t o  d e t e r x i n e  how 
we l l  f l a p  c h a r a c t e r i s t i c s  can be p red ic t ed  by  theo ry .  

* 
Con:parison of Theory and Experiment 

4 

A l imited nunber of r a l c u l a t i o n s  have been nade t o  e s t ima te  t h e  
increnlental f o r c e  c o e f f i c i e n t s  due t o  f l a p  d e f l e c t i o n .  Both inipact t heo ry  
( r e f .  8) and t h e  general ized shock-expansion method (refs. 12 and 13) were 

It w a s  not poss ib l e  t o  obtaii i  r e s u l t s  f o r  t h e  h ighe r  t e s t  Mach nuril- 
b e r s  because the  dryinp t b e  of t h c  f l u i d  used i n  t h e  t e s t s  w a s  less than 
the  t i n e  required t o  e s t a b l i s h  f l o w  a t  t h e s e  Mach nurbe r s .  

6 
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employed? I n  these  ca l cu la t ions ,  the i n t e r f e r e n c e  of t h e  f l a p  on t h e  
f l a r e  w a s  determined by  consider ing,  as p resc r ibed  by impact t heo ry  
( s e e  ref. 8 ) ,  t h a t  no f o r c e s  a c t  on any p a r t  of t h e  body shadowed from 
t h e  f r e e  s t ream by  t h e  de f l ec t ed  f l ap .  

The r e s u l t s  of  t h e  ca l cu la t ions  are compared wi th  those  of experinent  

The p r e d i c t i o n s  o f  both t h e o r i e s  are gene ra l ly  i n  from f a i r  
i n  f i g u r e  i l l  f o r  t h e  t e s t  Mach number of 5.05 and angles  of a t t a c k  +loo, 
Oo, and -10'. 
t o  good agreement with the  experimental  r e s u l t s  a t  angles  of a t t a c k  of  0' 
and -loo.' A t  +loo angle  of a t t a c k ,  on ly  q u a l i t a t i v e  agreement i s  obtained 
wi th  e i t h e r  t heo ry  (impact theory  gives zero fo rce  increments s ince  t h e  
f l a p  i s  always wi th in  t h e  shadow of t h e  forward p a r t  of t h e  body). 
dent ly ,  then ,  n e i t h e r  theory  properly accounts  for t h e  f a c t  t h a t  t h e  f l a p  
i s  ope ra t ing  l a r g e l y  i n  t h e  wake of t he  body. 

Ev i -  

The e f f e c t  of f l a p - f l a r e  in t e r f e rence  on incremental  l i f t  c o e f f i c i e n t  
i s  i l l u s t r a t e d  a t  zero angle  of a t t a c k  i n  f i g u r e  l l ( b )  where r e s u l t s  a r e  
shown f o r  t h e  c o e f f i c i e n t s  ca lcu la ted  wi th  impact theory  neg lec t ing  b t e r -  
ference.  Coxparison of t hese  r e s u l t s  wi th  those  inc luding  t h e  i n t e r f e r e n c e  
i n d i c a t e s  t h a t  t h e  shadow concept of impact t heo ry  i s  adequate i n  t h i s  case 
f o r  p r e d i c t i n g  t h e  i n t e r f e r e n c e  e f f e c t s .  These r e s u l t s  a l s o  show t h a t  t he  
i n t e r f e r e n c e  has  a s i g n i f i c a n t  d e t r i a e n t a l  i n f luence  on f l a p  e f f ec t iveness .  
Recommendations f o r  e l i n i n a t i o n  of t h i s  i n f luence  w i l l  be discussed l a t e r .  

CONCLUDING REMARKS ANT) mpmTRE DESIGN CONSIDERATIONS 

Resu l t s  of t h e  experimental  i n v e s t i g a t i o n  of a body of revolu t ion  
having a con ica l  f l a r e  a t  t h e  base t o  provide s t a b i l i t y  i n  p i t c h  and f i t t e d  
wi th  a body f l a p  t o  provide control i n  p i t c h  have been analyzed a t  Mach 
nurnbers from 3 t o  6.25. It w a s  found t h a t  t hese  devices  do, i n  f a c t ,  per-  
form t h e i r  intended func t ion  a t  high supersonic  a i r speeds .  I n  p a r t i c u l a r ,  
t h e  con ica l  fl.are w a s  e f f e c t i v e  i n  f i x i n g  t h e  center-of-pressure l o c a t i o n  
s l i g h t l y  a f t  of t h e  midship po in t  on t h e  body a t  Mach numbers i n  excess  
of 4 and ang le s  of a t t a c k  up t o  25'. 
device over t h e  Mach number range o f t h e  tests. A t  Mach numbers i n  excess  

mined f r o ?  p re s su re  d i s t r i b u t i o n s  (and shock waves) measured f o r  a cone 
having a semivertex angle  of 18.93~. 
t i o n  wi th  an independent s e r i e s  of  t e s t s  i n  t h e  10- by 14-inch supersonic 
wind tunne l . )  The use of t h i s  procedure means, i n  e f f e c t ,  t h a t  f o r  t he  
purposes  of t h e s e  c a l c u l a t i o n s ,  t h e  b lun t  nose of t h e  body w a s  replaced 
wi th  a cone tangent  t o  the  3/4-power p r o f i l e  a t  1.77 percent  of t he  nose 
l eng th .  

and 6=-10°, i s  noted. 
t heo ry  and experiment i s  not  known, it i s  be l i eved  t h a t  it i s  due t o  a more 
ex tens ive  and complex in t e r f e rence  than considered by t h e  t h e o r i e s .  

The body f l a p  improved as a t r i m  

7The i n i t i a l  cond i t ions  f o r  t h e  shock-expansion so lu t ions  were d e t e r -  

(These d a t a  were obtained i n  conjunc- 

One except ion,  t h a t  f o r  t he  incremental  l i f t  c o e f f i c i e n t  a t  a=-lOO 
Although t h e  cause of t h i s  d i f f e rence  between 
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of about 9 ,  t h e  co b i n a t i o n  of  body f l a p  and conical f l a r e  becanie super ior  
t o  an  a l l -  ovable wing, providing l a r g e r  t r i r  l i f t  c o e f f i c i e n t s  and l a r g e r  
t r i m  l i f t - d r a g  r a t i o s  a t  a control  d e f l e c t i o n  of -250. T h e s ~  r e s u l t s  
o f f e r  encourage11 e n t  t o  t h e  po : s ib i i i t y  of designing s t s b l c  hrld contro'  13b-e 
h-Sersonic  a i r c r a f t  e s s e n t i a i l y  f ree  o f  p l ana r  si irfuces which ,Treselit iwr-  
d i n a t e l y  severe aerodyna)-ic-heating problems. 

Experimental~ly de te ra ined  increments i n  l i f t  and drag  due t o  f l a p  
de f l ec t ion  were compared a t  a Mach nu ,be r  of 5 t o  t h e  p r e d i c t i o n s  o f  bo th  
t h e  Eeneralized shock-expansion zethod and t h e  Newtonian impact theory .  
T'ne p red ic t ions  of bo th  t h e o r i e s  were found t o  ke i:i f a i r  t o  good agree-  
-Irent w i th  experi!!ieiital r e s u l t s  a t  s?all. angles of a t t a c k .  I n  t h e  a?pli- 
ca t ion  of t h e  theo r i e s ,  it w a s  found t h a t  cons idera t ion  r tus t  be given t o  
t h e  in t e r f e rence  o f  t h e  f i a p  on t h e  con ica l  f l a r e .  This  f ind ing  was 
brought  out and supported by a se r ies  of v i s u a l  stuc'lies of t h e  f i c w  i n  t h e  
reg ion  of t h e  fl-ap and f l a r e .  

I n  g e n e r e l ,  t h e  eT;?ectiveness o f  t he  f l a p  as erql3yt.d in tkese t e s t s  
was found t o  be low z t  small f l a p  aez l ec t ions  arld, rmre o r  ltss i r r e s p c r -  
t i v e  of f l a p  CLeflection, a t  l a r g e  pos i t i v ,_  angles  of a t t a c k  ( i l l  t.k,e T = L ~ & -  

borhood of 29'). It  seems un1:ikely t h a t  ? laps  of  t h i s  ty-pe lochtt'ii on t k i  
l e e  s ide of a body offer.  muck promise o f  be ing  made e f p e c t i v e  3t l w g e  
angles  nf a t t a c k ,  inasmuch as un je r  t hese  circumstances tkt: tY:j,y is 
l a r g e l y  subnier;ed i n  t h e  wake of t h e  body. 
:lap d f f l c c t i o n s  may, hzwever, be i q r o v e d  3ver thr, t  ob ta ined  i r i  t h e   res- 
e n t  t e s t s  by l o c a t i n g  t h e  f l q  ofi a p o s i t i v e l y  incl- ined surTacc r a t h e r  t k n  
on t h e  cy l ind r i ca l  a f te rbady,  such as w a s  dor,e here .  The con ica l  f l a r e  
provides  a l o g i c a l  sur face  f o r  t h i s  ~ u r p o s e  s ince  t h i s  l3 ,cet ion 51' t h e  :lap 
w i l l  have t h e  added advantage of  el i n o t i n g  t h t  uni'avorable crI'ect,s of 
f l a p - f l a r e  in t e r f e rence .  The r e su l t i n? :  conf igu ra t ion  might z p ~ ~ a r  s311ii - 
t h i n g  l i k e  t h a t  shown i n  f l g u r e  12, t,hough, of C O U ~ S E ,  many vari;tic)ns zi't 
poss ib l e .  This  c o n f i g u r a t i m  has t h e  same over-511 f iner less  r a t i o  as the' 
t c s t  body of  t h i s  r e p o r t ,  b u t  i t  has  a more s l endc r  nosc snd  s t h b i l i z i q  
cone. This modi f icz t ion  should,  oi course,  i nc rease  t h e  a t t a i n z b l e  l i f t-  
drag  r a t i o s  ( s e e  rt.f. 4 ) .  The body f l a p  could be  employed i n  p a i r s  rzt.her 
than  s ingly ,  thereby pe rmi t t i ng  an inc rease  i n  o v c r - a l l  c,f;ect.iveness .z.t 
small and in te rmedia te  f l z p  d e f l e c t i o n s  by al lowing t h e  lowc-r o r  winur&iai.d 
f l a p  t o  be r e t r a c t e d  i n t o  t h e  f l a r e  while  t h e  leeward f l a p  i s  extended 
away from tki. f l a r e .  Rc t r ac t ion  of  t h c  lower or windward f l a p  w3uld, i n  
c i ' f ~ c t ,  reduct. t he  s t a b i l i z i n c  effec:t ot' t,he t a . i l  cone and thereby p w m i t  
a f u r t h e r  inc.rcssl i n  t r i m  l i f t .  It i s  no t i ced ,  too,  t h a t  a p a i r  of yaw 
c o n t r o l  llaps has been j.ncorporated i n  t h i s  dcs ign ,  t h e  assumption being 
t h a t  i i '  t he  body l ' lap i s  cTf'ec:t.ivc: i n  p i t c h ,  i t  should a l s o  be  ei ' fect ive 
i n  yaw.' 
s i d e r  the all-movablc +,ail cone. Also, it is observed t h a t  sonic? s t L b i l i t y  

method of c o n t r o l l i n g  the  body center -of -pressure  l o c a t i o n  and, hence, con- 
t r o l l i n g  thp s t a b i l i t y  o f  t h e  conl ' igurat ion.  

Flap e f f ec t iveness  1-3~- smsl.1 

I t  i s ,  of  rou r se ,  a l o [ , i r a l  ex tens ion  of t h i s  c o n t r o l  t o  con- 

SSirnultaneous d e f l e c t i o n  01' a l l  f o u r  f l a p s  would a l s o  Frovide a. 

T 
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i n  roll should be provided by the  extended f l a p .  
must, of course, be inves t iga t ed  experimental ly  t o  d e t e m i n e  t h e  ex ten t  
t o  which they  can a c t u a l l y  be rea l lzed .  
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Figure 4.- Force and moment characteristics of body with conical flore 
and flap deflected -25: - 
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Figure 6.- Variation of force coefficients with flap deflection. - 
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Feure 8.- Pim lift coeffickwfs for body-flap and all-mowble- 
wing models with constant static margin of 3 percent. 
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( c )  Shadowgraph, M = 5.05; 6 = -10'. 

. *  

( a )  Shadowgraph, M = 5.05; 6 = -25'. 

Fia i re  10. - Continued. 
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( e )  C h i n a  c lay,  M = 4.23; 6 = -10' ( t o p  view).  

(f) C l i i i l a  clay, M = 4.23; 8 = - 2 5 O  (top view). 

Figure 10.- Concluded. 
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Figure I/.- Comparison between theory and experiment for incremental 
force coefficients due to flop deflection at a Mach number of 505 
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