
NASA 
TP 
1143 
c.1 

NASA Technical Paper 1143 

0 
t-' 
W 

Configuration' Heating 
for a Hypersonic Research 
Airplane Concept Having 

Double-Delta Wing Swept a 70°, 
I 

,. 

Lawing 
. .  Pierce. L. 

I 

MAY 1978 

NASA 

I 
~ ~. 
I I I I 1 1 1  1111 I 11 11111 I -I I I II I II I I I I 1 1 1  iiiimimiiiiii IIIIIIIII IIIIIII IIIIIII II IIIIIIII II I I I I II I II I I I1 I l l  

https://ntrs.nasa.gov/search.jsp?R=19780015446 2020-03-22T05:04:16+00:00Z



TECH LIBRARY KAFB, NM 

I lllllllllllllllllllllll~lllllllllll#111 
NASA Technical Paper 1143 

Configuration Heating 
for a Hypersonic Research 
Airplane Concept Having 
a 70" Swept Double-Delta Wing 

Pierce L. Lawing 
Langley Research Center 
Hampton, Virginia 

National Aeronautics 
and Space Administration 

Scientific and Technical 
information Office 

1978 



SUMMARY 

There have been a number o f  conf igu ra t ions  proposed f o r  a hypersonic  
research a i r p l a n e .  The conf igu ra t ion  examined i n  t h i s  r e p o r t  is the  i n i t i a l  
one t o  have ex tens ive  wind-tunnel t e s t i n g ,  i nc lud ing  the p r e s e n t  h e a t - t r a n s f e r  
i n v e s t i g a t i o n .  The format o f  t h i s  paper has been arranged t o  p re sen t  the data 
so tha t  it may be examined c a s u a l l y ,  on a q u a l i t a t i v e  basis, as w e l l  as more 
r igo rous ly  on a q u a n t i t a t i v e  basis. 

The data inc lude  hea t  t r a n s f e r  on a con ica l  fu se l age ,  double-del ta  wing, 
t i p - f i n  effects, d e f l e c t e d  e levons ,  lee-side phenomena, and Reynolds number 
changes s u f f i c i e n t  t o  i n d i c a t e  t he  type  o f  boundary l a y e r s  t o  be expected. An 
a n a l y s i s  s e c t i o n  a l s o  al lows comparison o f  p o r t i o n s  o f  t h e  data wi th  accepted 
t h e o r i e s .  Configurat ion h e a t - t r a n s f e r  data no t  a v a i l a b l e  h e r e i n  inc lude  canopy 
hea t ing  and its effects ,  effect  o f  r a t i o  of  a d i a b a t i c  temperature  t o  w a l l  tem- 
p e r a t u r e ,  roughness,  yaw, pro tuberances ,  leading-edge b lun tness ,  engine case o r  
engine flow i n t e r a c t i o n ,  and negat ive  ang le  of  at tack. 

INTRODUCTION 

Since the te rmina t ion  o f  the X-15 program, there has been an e f f o r t  under- 
way a t  Langley Research Center t o  d e f i n e  a new research a i r p l a n e .  T h i s  e f f o r t  
has  r e s u l t e d  i n  a number o f  d i f f e r e n t  conf igu ra t ions  as the program has been 
modified i n  response t o  new knowledge and/or  responded t o  c o n s t r a i n t s  such as 
launch v e h i c l e ,  a c c e l e r a t i o n  mode, and c o s t .  Some o f  the r e s u l t i n g  configura-  
t i o n s ,  i nc lud ing  the one i n v e s t i g a t e d  i n  t h i s  r e p o r t ,  are d iscussed  i n  
r e fe rence  1 .  

When t h e  phys ica l  c o n s t r a i n t s  on a veh ic l e  have been sa t i s f ied ,  and the  
conf igu ra t ion  has been exe rc i sed  a n a l y t i c a l l y  f o r  accep tab le  aerodynamic per- 
formance, wind-tunnel t e s t i n g  is undertaken t o  d e f i n e  aerodynamic c h a r a c t e r i s -  
t i c s  a c r o s s  the speed range and t o  i n v e s t i g a t e  hypersonic  h e a t - t r a n s f e r  charac-  
t e r i s t ics .  The aerodynamic characterist ics of  t h i s  conf igu ra t ion  are given i n  
r e fe rences  2 and 3 for low speeds and i n  r e fe rence  4 f o r  hypersonic  speeds.  
Information on propuls ion  i n t e g r a t i o n  a s p e c t s  is contained i n  r e f e r e n c e s  5 
and 6 and descent  a n a l y s i s  and a s s o c i a t e d  heat l o a d s  over the  speed range are 
presented  i n  r e fe rence  7. The p r e s e n t  r e p o r t  p r e s e n t s  experimental  heat- 
t r a n s f e r  data and a n a l y s i s  f o r  t h i s  conf igu ra t ion  a t  Mach 6 .  

The hea t ing  data were obta ined  by use  of  t h e  phase-change-paint technique 
described i n  r e fe rence  8. The model was tested over an angle-of-at tack range 
from Oo t o  24O and model l e n g t h  Reynolds numbers from 4 x IO6 t o  15 x lo6.  
tests were conducted i n  the  Langley 20-inch Mach 6 tunnel .  
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SYMBOLS 

When more than  one symbol f o r  a concept is  g iven ,  t he  second symbol is  the 
program symbol. 

p r e s s u r e  c o e f f i c i e n t ,  ( p  - pa)/% 

re fe rence  chord l e n g t h ,  29.55 c m  (see f ig .  2 ( b ) )  

maximum fuse l age  diameter, 6.83 c m  

heat - t ransf  er c o e f f i c i e n t  

area-averaged h e a t - t r a n s f e r  c o e f f i c i e n t  

r e fe rence  h e a t - t r a n s f e r  c o e f f i c i e n t  ( s t a g n a t i o n  cond i t ion  on a 
scaled 30.48-cm r a d i u s  sphere)  

model l e n g t h ,  50.8 cm 

Mach number 

coord ina te  normal t o  wing leading edge 

p res su re  

dynamic p res su re  

Reynolds number based on free-stream cond i t ions  and model l e n g t h  

Reynolds number based on l o c a l  c o n d i t i o n s  and l o c a l  fu se l age  width 

Reynolds number based on l o c a l  cond i t ions  and d i s t a n c e  from l ead ing  
edge or v i r t u a l  o r i g i n  

s u r f a c e  coord ina te  normal t o  model top  c e n t e r  l i n e  

t o t a l  temperature  

adiabatic w a l l  temperature  

phase-change-paint m e l t  temperature  

a x i a l  coord ina te  re ferenced  t o  model nose 

ang le  o f  attack 

s u r f a c e  i n c l i n a t i o n  angle  (see f ig .  2 ( b ) )  

elevon d e f l e c t i o n  ang le  
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Subsc r ip t s  : 

a w  adiabatic 

aD free-stream c o n d i t i o n s  

MODELS AND TEST FACILITY 

Models 

A photograph o f  t h e  conf igu ra t ion  tested is shown w i t h  the  scramjet engine 
attached i n  f i g u r e  1 .  It has a high volume fuse lage  t o  c o n t a i n  the low-density 
l i q u i d  hydrogen f u e l  and the fuse l age  forebody is shaped t o  provide a uniformly 
compressed flow t o  the  research scramjet. The expansion s u r f a c e  behind the  
engine s e r v e s  as the  engine exhaust  nozzle .  Elevons provide p i t c h  c o n t r o l  
whereas the  t i p  f i n s  provide d i r e c t i o n a l  s t a b i l i t y  and yaw c o n t r o l .  The three- 
view drawing and selected c r o s s  s e c t i o n s  i n  f i g u r e  2 ( a )  show the  scramjet loca-  
t i o n ,  f l a t  bottom w i n g ,  and o t h e r  conf igu ra t ion  d e t a i l s .  The engine w a s  no t  
included on t h e  models used i n  t h i s  t e s t .  Note the  increased  inc idence  o f  the 
s t rake,  or forward de l ta ,  as compared w i t h  t h e  main wing. (See f ig .  2 ( b ) . )  

The 0.021-scale t e s t  models were cast by us ing  a mold pa t t e rned  d i r e c t l y  
from a s t a i n l e s s - s t e e l  f o r c e  model descr ibed i n  r e fe rence  2.  The material used 
t o  cast t h e  models w a s  a high-temperature epoxy p l a s t i c  which has a low thermal 
d i f f u s i v i t y ,  good homogeneity, and good r e s i s t a n c e  t o  thermal shock. A sample 
block o f  the  material w a s  cast s imultaneously w i t h  each model and thermal con- 
d u c t i v i t y ;  heat c a p a c i t y  and d e n s i t y  were determined by s tandard  l a b o r a t o r y  
methods over t he  expected ope ra t ing  temperature  range. To provide a d d i t i o n a l  
s t r e n g t h ,  t h e  model was cast w i t h  i n t e g r a l  s t ee l  s t i n g ,  and a s i l i c o n e  rubber  
bu f fe r  was included between the  s t i n g  and the  p l a s t i c  model f o r  i s o l a t i o n  from 
thermal stress. 

Since t h e  models have a l i m i t e d  t e s t i n g  l i f e  because o f  thermal cyc l ing ,  
four  models were cast from the mold i n  order  t o  provide spares. To f u l l y  u t i -  
l i z e  these models, some were f i t t e d  w i t h  e levons ,  deflected i n t o  the  flow on 
the  w i n g  t o p  and bottom as shown i n  f i g u r e  2 ( b ) .  Also, one model w a s  f i t t e d  
w i t h  a c e n t e r  v e r t i c a l  t a i l  i n  a d d i t i o n  t o  the  t i p  f i n s ,  b u t  was used only f o r  
o i l - f low tes ts .  

T e s t  F a c i l i t y  

The test  program was conducted i n  the Langley 20-inch Mach 6 tunne l  which 
is of  the blowdown type  and exhaus ts  t o  a vacuum sphere  through a va r i ab le -a rea  
second minimum. The test  s e c t i o n  has a square c r o s s  s e c t i o n  and the  test  a i r  
is de l ive red  by a two-dimensional contoured nozz le  block. A vacuum-tight cham- 
ber under the  test  s e c t i o n  houses a h y d r a u l i c a l l y  opera ted  model i n j e c t i o n  sys- 
t e m  which a l lows  the model to  be i n j e c t e d  i n t o  the  test chamber after stable 
ope ra t ing  cond i t ions  are obta ined .  Windows on each s i d e  and the t o p  permit  
s imultaneous motion-picture  photography of the  model t o p  (or bottom if r o l l e d  
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1800) and side dur ing  a run.  A more d e t a i l e d  d e s c r i p t i o n  o f  the tunne l  can be 
found i n  r e fe rence  7. 

TEST CONDITIONS AND DATA REDUCTION 

Phase-change-paint h e a t - t r a n s f e r  d a t a  and a l i m i t e d  number o f  o i l - f low 
p a t t e r n s  were obta ined  i n  these tests. A l l  data were taken  i n  t h e  Langley 
20-inch Mach 6 t u n n e l  on the  models p rev ious ly  descr ibed .  
t i o n s  were Mach 6 ,  533 K s t agna t ion  temperature ,  and Reynolds number o f  
14 x lo6 based on model l eng th .  
f e w  tests and r ep resen ted  a range i n  t o t a l  p re s su re  from 35 t o  11 atmospheres.  
( 1  atmosphere = 101.3 kPa.1 Angle-of-attack range was from Oo t o  240. 

Nominal test  condi- 

Reynolds number was as low as 4 x lo6 f o r  a 

Heat Transfer  

The phase-change-paint method ( refs .  8 and 9 )  employs a series o f  p a i n t s  
which melt a t  a known temperature .  They are opaque when unmelted and become 
t r a n s p a r e n t  when melted.  Typ ica l ly ,  whi te  p a i n t  i s  sprayed i n  a t h i n  c o a t  on 
a black model. When the model is i n j e c t e d  i n t o  t h e  test airstream, the p a i n t  
on the  high hea t ing  areas m e l t s  first and a l lows  the b lack  model t o  show 
through. These areas then en la rge  as the  p a i n t  melts and the la te r  melt t i m e  
i n d i c a t e s  success ive ly  lower hea t ing  rates. Knowledge o f  t h e  time a t  which the  
melt occurs ,  the  p a i n t  m e l t  temperature ,  and the  d e n s i t y ,  s p e c i f i c  h e a t ,  and 
thermal conduc t iv i ty  o f  t he  model provides  s u f f i c i e n t  in format ion  t o  determine 
t h e  hea t - t r ans fe r  c o e f f i c i e n t .  The melt t i m e  is measured from t h e  time o f  model 
i n j e c t i o n .  This  is a s t r a igh t fo rward  procedure u t i l i z i n g  the t r a n s i e n t  one- 
dimensional heat conduction equat ion  f o r  a s e m i - i n f i n i t e  s l a b .  Fur ther  d e t a i l s  
of  t h i s  method and a d i scuss ion  of t h e  necessary  assumptions are presented  i n  
r e fe rence  8. 

F igure  3 is a sequence o f  photographs taken  from motion p i c t u r e s  o f  t h e  
model lee s i d e  showing a t y p i c a l  melt p a t t e r n  as it progresses  wi th  time. I n  
t h e  first photograph, only t h e  p a i n t  a t  t he  l ead ing  edge, t i p  fin-wing junc- 
t i o n ,  and the  strake-wing junc tu re  have melted.  The area o f  melted p a i n t  i n  
these reg ions  has inc reased  i n  t h e  second photograph and d e t a i l s  of  t h e  strake 
i n t e r f e r e n c e  heating on the wing t o p  are v i s i b l e  i n  t h e  t h i r d  photograph. The 
f o u r t h  photograph g i v e s  t he  first i n d i c a t i o n  o f  lee-side fuse l age  h e a t i n g ,  and 
the  f i f t h  photograph c l e a r l y  i n d i c a t e s  the  t o p  o f  the wing area inf luenced  by 
t i p  f i n s .  The f i n a l  photograph shows areas where the  p a i n t  has no t  melted and 
i n d i c a t e s  low hea t ing  rates. Data reduct ion  is accomplished by drawing each of 
t he  f i v e  contours  superimposed on the model o u t l i n e  drawing. The h e a t - t r a n s f e r  
c o e f f i c i e n t  f o r  each contour  is c a l c u l a t e d  and the  r e s u l t s  are nondimensional- 
i zed  by the t h e o r e t i c a l  laminar s tagnat ion-poin t  h e a t - t r a n s f e r  c o e f f i c i e n t  t o  a 
30.8-cm-radius hemisphere scaled t h e  same as  the  model (0 .021-scale) .  A table 
on each o f  the contour- l ine  drawings i n  t he  fo l lowing  f i g u r e s  p r e s e n t s  contour- 
l i n e  number, nondimensional h e a t - t r a n s f e r  c o e f f i c i e n t ,  and r a t i o  o f  adiabatic 
w a l l  t o  t o t a l  temperature  Taw/To. Turbulent  va lues  o f  Taw/To were used i n  
reducing t h e  da ta  and were c a l c u l a t e d ,  based on l o c a l  cond i t ions ,  by us ing  t h e  
cube r o o t  of  t h e  P rand t l  number f o r  t h e  recovery f a c t o r .  Var i a t ion  o f  t he  
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P r a n d t l  number with l o c a l  temperature  was considered,  and a t y p i c a l  t u r b u l e n t  
va lue  was assumed f o r  t h e  model lee side. 

Oil-Flow P a t t e r n s  

Oil-flow data were obta ined  by spraying  random p a t t e r n s  o f  whi te  o i l  drop- 
le ts  on f la t  black models. The white  o i l  was made by mixing o l e i c  acid, sili- 
cone o i l ,  and t i t an ium d iox ide .  The model w a s  i n j e c t e d  i n t o  t h e  tunne l  a i r -  
stream after flow s t a b i l i z a t i o n  and t h e  flow o f  o i l  was observed by means of  
c losed -c i r cu i t  t e l e v i s i o n .  When t h e  des i r ed  amount o f  o i l  f low was observed,  
t h e  model was withdrawn from t h e  airstream and subsequent ly  removed from t h e  
i n j e c t i o n  box and photographed. 

DISCUSSION OF RESULTS 

Model Lee Side 

Figure 4 ( a )  shows t h e  hea t - t r ans fe r  c o e f f i c i e n t  contours  on t h e  model t o p  
a t  a = 6.2O and R, = 15 x I O 6 .  A metal- t ipped nose prec ludes  ob ta in ing  

hea t ing  data i n  t h e  nose reg ion  . Highest hea t ing  i s  i n d i c a t e d  by 

the  number 1 contour  and occurs  a t  t h e  wing and s t r a k e  l ead ing  edges, wing-body 
j u n c t u r e ,  and j u s t  inboard o f  t h e  t i p  f i n s .  Increased  hea t ing  due t o  impinging 
flow from t h e  strake may be seen  at t h e  wing-strake junc tu re .  The fuse l age  t o p  
has r e l a t i v e l y  low hea t ing  rates. An i n c r e a s e  i n  a t o  11.9O ( f ig .  Y(b))  
i n d i c a t e s  maximum hea t ing  s t i l l  a t  the  wing and s t r a k e  l ead ing  edges but  no. 
longer  a t  t h e  wing-fuselage j u n c t u r e  or inboard of  t he  t i p  f i n s .  A r eg ion  o f  
high hea t ing  has  developed on t h e  fuse l age  j u s t  above t h e  s t r a k e  on t h e  l e f t  
s i d e .  Inc reases  i n  hea t ing  are st i l l  evident’ a t  t he  wing-strake junc tu re  and 
inboard o f  t h e  t i p  f i n s .  The fuse l age  t o p  p a t t e r n  has  become complicated wi th  
streaks rep resen t ing  t h e  h e a t i n g  from the  flow expansion, s e p a r a t i o n ,  and 
a s soc ia t ed  v o r t i c e s .  

Lee-side o i l  f lows a t  R, = 15 x IO6 are shown i n  f i g u r e  5 f o r  a n g l e s  o f  
a t t a c k  of 6.20 and 11.9O. The model used f o r  a = 6.20 has  deflected e levons  
and a c e n t e r  v e r t i c a l  t a i l  i n  a d d i t i o n  t o  t h e  t i p  f i n s .  I n  f i g u r e  5(a)  a t  
a = 1 1  .go,  t h e  flow is  attached on the forebody f o r  about  one-third t h e  fuse-  
lage l eng th  where it s e p a r a t e s  and forms lee-side v o r t i c e s .  There is also sep- 
a r a t i o n  on t h e  inboard p o r t i o n  o f  the wing, bu t  t h e  flow remains a t t ached  near  
t h e  fuse l age  and corresponds t o  t he  high hea t ing  reg ion  as d iscussed  f o r  f ig-  
ure  4 ( a ) .  A s  t he  ang le  of a t t a c k  is  increased  ( f ig .  5 ( b ) ) ,  s e p a r a t i o n  occurs  
earlier on both the fuse l age  and t h e  wing. The e n t i r e  inboard s e c t i o n  o f  t h e  
w i n g ,  inc luding  t h e  reg ion  near  t h e  fuse l age ,  is now sepa ra t ed  and corresponds 
t o  t h e  low hea t ing  reg ion  o f  t h e  wing ( f ig .  4 ( b ) ) .  Note t h a t  t h i s  model has 
deflected e levons  but  no v e r t i c a l  ta i l .  

F igure  6 p r e s e n t s  r e s u l t s  a t  a lower l e n g t h  Reynolds number o f  
R, = 4 x I O 6 .  
r eg ions  of h i g h e s t  h e a t i n g  t o  occur  on t h e  wing l ead ing  edges and inboard o f  

Data a t  a = 0.60 are shown i n  f i g u r e  6(a) and show the  
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the t i p  f i n .  Inf luence o f  the strake flow is a g a i n  seen on the wing nea r  the  
wing-strake j u n c t u r e .  The h e a t i n g  p a t t e r n  changes from simple on the forward 
p o r t i o n  o f  the  f u s e l a g e  t o  more complex on the  a f t  p o r t i o n .  An i n c r e a s e  i n  CY 
from 0.60 t o  11.90 ( f ig .  6 ( b ) )  b r i n g s  marked changes i n  p a t t e r n s ;  the l e a d i n g  
edges o f  both f i n  and strake have high h e a t i n g  b u t  lack i n f l u e n c e  on the wing 
h e a t i n g  from the strake flow and lack d e f i n i t i o n  o f  effects inboard o f  the t i p  
f i n s .  A complex heating p a t t e r n  now ex tends  the f u l l  l e n g t h  o f  t h e  fuse l age .  

A f u r t h e r  i n c r e a s e  i n  a t o  240 ( f ig .  6 ( c ) )  shows maximum h e a t i n g  s t i l l  
on the wing and strake leading edges and a l s o  extending i n t o  the  r eg ion  inboard 
o f  t he  t i p  f i n s .  I n  a d d i t i o n ,  high h e a t i n g  streaks have developed a t  the 
fuse l age - s t r ake  junc tu re .  The fuse l age  t o p  h e a t i n g  is very low when compared 
with the l e v e l s  o f  the a = 11.90 case ( f i g .  6 ( b ) ) .  

Figure 7 p r e s e n t s  data a t  a = 11.90 and a t  f i v e  va lues  o f  Reynolds num- 
bers from 4.7 x lo6 t o  15.6 x I O 6 ,  based on model l e n g t h .  
of Reynolds number ( f ig .  7 ( a ) )  t h e  d i s c e r n i b l e  heating effects ,  o t h e r  than 
those  expected from simple well-developed boundary l a y e r s ,  are the  leeward 
c e n t e r - l i n e  v o r t e x  h e a t i n g  and the  strake i n t e r f e r e n c e  h e a t i n g  a t  t h e  wing- 
f u s e l a g e  j u n c t u r e .  A s  t h e  Reynolds number i n c r e a s e s  ( f ig .  7 ( b )  ) ,  t he  c e n t e r -  
l i n e  v o r t e x  heating p a t t e r n  becomes broken and more complicated,  the  fuselage-  
w i n g  j u n c t u r e  h e a t i n g  extends f u r t h e r  t o  t h e  rear, and the effect  o f  t h e  strake 
flow is seen a t  the  strake-wing junc tu re  and on a p rev ious ly  undis turbed p a r t  
of t h e  wing, shown by the  c losed  contour loop number 4. 
deflected elevons and the  strake flow is p o s s i b l y  r e s p o n s i b l e  f o r  the  number 3 
contour r eg ion  near  t h e  inboard end of t h e  1 2 O  deflected elevon. 
region o f  high h e a t i n g  (contour  no. 1 )  on t h e  12O elevon due to  t i p - f i n  i n t e r -  
f e r e n c e .  Also, there is no apparent  e levon h inge - l ine  s e p a r a t i o n  phenomena. 

A t  the lower va lue  

T h i s  model had 

Note t he  

As the Reynolds number is  f u r t h e r  i nc reased  ( f i g .  7 ( c ) ) ,  an a d d i t i o n a l  
r eg ion  of high h e a t i n g  appea r s  on the  f u s e l a g e  midway between the  c e n t e r  l i n e  
and the  w i n g  j u n c t u r e .  The d i s t o r t i o n  i n  wing h e a t i n g  contours  is  more ev iden t  
a t  the  strake-wing j u n c t i o n  and the  strake flow impingement on the  1 2 O  elevon 
is more ex tens ive .  Figure 7 ( d )  p r e s e n t s  data a t  the next  higher s t e p  i n  Rey- 
no lds  number. 
m i d w i n g  i n t e r f e r e n c e  heating, p re sen t  i n  f i g u r e s  7 (b )  and 7 ( c ) ,  is no longe r  
e v i d e n t ,  a l though t h e  impingement effect  is st i l l  p r e s e n t  on the  12O deflected 
elevon.  The h ighes t  Reynolds number tested is shown i n  f i g u r e  7 ( e )  and it a l s o  
l a c k s  t h e  midwing i n t e r f e r e n c e  hea t ing .  Note t h a t  the  h e a t i n g  on the  f u s e l a g e  
s i d e  and fuselage-wing junc tu re  i n  p a r t i c u l a r  has inc reased  i n  complexity,  
e x t e n t ,  and s e v e r i t y  (when compared wi th  t he  leading-edge h e a t i n g )  as the Rey- 
no lds  number has inc reased  through these f i v e  s t e p s .  The complexity o f  these 
p a t t e r n s  makes a more detailed or q u a l i t a t i v e  d i s c u s s i o n  impractical, but t he  
data are compared f o r  one fuse l age  s t a t i o n  i n  "Analysis o f  Resul ts ."  

The r e s u l t s  are much the  same as t h o s e  of f i g u r e  6 ( c )  except  t he  

Model Windward S ide  

Figure 8 shows h e a t - t r a n s f e r  contours  a t  a nominal model l e n g t h  Reynolds 
number of 15 x lo6 and f i v e  va lues  of a n g l e  of attack. Data a t  a = 0.60 are 
shown i n  f i g u r e  8 (a) .  
leading edges. I n t e r f e r e n c e  hea t ing  from t h e  t i p  f i n  produces p a t t e r n s  on the  

The most s eve re  heating occurs  on the wing and strake 
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w i n g  bottom t h a t  are similar t o  those  on t h e  wing top  a t  t h i s  a n g l e  of  attack. 
The f e a t u r e  t h a t  is d i f f e r e n t  from the  model top  and dominates t h e  windward- 
side p a t t e r n s  is the  forebody and wing t r a n s i t i o n  phenomena. The end of  t r a n -  
s i t i o n  g e n e r a l l y  produces a sha rp  peak i n  hea t ing  and is e a s i l y  recognized by 
use o f  the  phase-change-paint technique ,  s i n c e  t h i s  reg ion  w i l l  m e l t  e a r l y .  
The end of  t r a n s i t i o n  on t h e  forebody c e n t e r  l i n e  occurs  a t  about  one-fourth 
of the  model l eng th  and is swept from the c e n t e r  l i n e  roughly parallel  t o  the  
fuse lage  o u t l i n e .  On the  wing, t he  presence of an e a r l y  melt is i n d i c a t e d  by 
contour  l i n e s  roughly parallel t o  the  l ead ing  edge; t h u s ,  the  presence o f  t r an -  
s i t i o n  is shown. 
Results.I l)  A s  the  ang le  o f  attack i n c r e a s e s  ( f i g s .  8 (b )  and 8 ( c ) ) ,  the  forebody 
t r a n s i t i o n  p a t t e r n  l o s e s  its Vt shape and the  wing t r a n s i t i o n  moves toward t h e  
l ead ing  edge and d i sappea r s  a t  t h e  h igher  ang le s  o f  a t t a c k .  Also, the  t i p - f i n  
i n t e r f e r e n c e  becomes more seve re  u n t i l ,  a t  ang le s  of  attack of 17.60 and 240, 
it is the most s eve re  hea t ing  on the  windward side. 

(This  t r a n s i t i o n  l o c a t i o n  is a l s o  shown i n  "Analysis  o f  

The lower Reynolds number (RI z 5 x 106) p a t t e r n s  on t h e  windward s i d e  are 
presented i n  f i g u r e  9 a t  ang le s  of  a t t a c k  of  0.60, 11.90, and 240. A t  t h i s  
reduced Reynolds number, t r a n s i t i o n  l o c a t i o n  has moved back from t h e  nose as 
would be expected,  bu t  the  t i p - f i n  i n t e r f e r e n c e  hea t ing  on the  wing is as 
seve re  as a t  t he  l e a d i n g  edges.  A s  ang le  of attack i n c r e a s e s ,  t r a n s i t i o n  moves 
f u r t h e r  from the  nose,  whereas on the wing the  t r a n s i t i o n  l o c a t i o n  becomes more 
d e f i n i t e  a t  Q = 11.90. A t  Q = 24O, there are large areas on the  inboard por- 
t i o n  of t h e  wing s u b j e c t  t o  high hea t ing  from either a t r a n s i t i o n  e f f e c t  and/or  
i n t e r f e r e n c e  hea t ing  from the  strake. 

Windward-side o i l  f lows a t  the  h igher  Reynolds number ( R 1  = 15 X I O 6 )  are 
presented  i n  f i g u r e  10 f o r  a n g l e s  of a t t a c k  of  6.20, 11.g0, and 17.6O. The 
fuse l age  is d iv ided  i n t o  four  s e c t i o n s  of  roughly the  same l e n g t h  i n  o rde r  t o  
f a c i l i t a t e  d i s c u s s i o n  of  t h e  o i l - f low p a t t e r n s  on t h e  fuse l age .  These fou r  
s e c t i o n s  are the  nose, forward f u s e l a g e ,  compression ramp, and exhaust  ramp. 
A t  t h e  lower ang le  o f  a t t a c k  (fig.  1 0 ( a > ) ,  the  o i l  f low nea r  t h e  nose shows 
evidence of  h ighly  d ive rgen t  s u r f a c e  flow; however, upon moving a f t  t o  t h e  
forward fuse l age ,  where t h e  forward delta-wing l i m i t s  flow around the  body t o  
t h e  lee s i d e ,  the divergence is less no t i ceab le .  On the  compression ramp, the  
flow is more free t o  expand sideways because of  a change i n  both inc idence  of 
the l o c a l  w i n g  s u r f a c e ,  4.2O f o r  the  forward delta t o  O0 f o r  the main wing, and 
an i n c r e a s i n g  v e r t i c a l  h e i g h t  i n  p r o f i l e  from the  forebody s u r f a c e  t o  t h e  wing 
s u r f a c e  ( f ig .  2 ) .  T h i s  c r o s s  flow near  t h e  s u r f a c e  causes  h igh ly  curved o i l -  
flow l i n e s  near  t he  compression ramp edges. Near the compression ramp c e n t e r  
l i n e ,  there is a l o n g i t u d i n a l  p r e s s u r e  g r a d i e n t  due t o  the presence of the  
exhaus t  ramp, and t h e  s u r f a c e  f low i n  t h i s  reg ion  shows less tendency t o  
d iverge .  After expanding onto  the  exhaust  ramp, the  flow appears  t o  s e p a r a t e  
a t  approximately 20 pe rcen t  of  the ramp l eng th .  The o i l  flow a t  t h e  rear of  
the  exhaust  is dominated by t h e  vo r t ex  p a t t e r n s  formed by the expansion of  the  
wing flow i n t o  t h i s  reg ion .  The very narrow forward delta wing, or strake,  
e x h i b i t s  o i l - f low p a t t e r n s  that d ive rge  from t h e  c e n t e r  of  the w i n g  s u r f a c e ,  
and i n d i c a t e  a complex flow i n  t h i s  reg ion  poss ib ly  because 'of the t r a n s v e r s e  
f l o w  component from the  forward forebody. The impingement of the t r a n s v e r s e  
flow component from t he  compression ramp onto  t h e  main wing is more ev iden t  and 
causes  an o i l  accumulation l i n e  on the wing similar t o  a s e p a r a t i o n  . l i n e ,  which 
i n d i c a t e s  the fuse l age  has induced a sepa ra t ed  r eg ion  on the wing. The wing o i l  
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flow near  the  leading edge a l s o  i n d i c a t e s  in f low from the  l ead ing  edges and a 
subsequent t u r n i n g  parallel  t o  t h e  main flow d i r e c t i o n .  Near t h e  rear of t h e  
wing, the  flow is inf luenced  by the  t i p - f i n  i n t e r f e r e n c e ,  flow compression due 
t o  e levon d e f l e c t i o n ,  and t r a n s v e r s e  flow due t o  the low p res su re  r eg ion  of the 
exhaust  ramp. The elevons e s s e n t i a l l y  mi r ro r  the wing p a t t e r n s  except  for a 
reg ion  near  t he  hinge l i n e  on the 12O deflected elevon ( t o p  h a l f  o f  the photo- 
g raph) ,  which may i n d i c a t e  l o c a l  s epa ra t ion .  
i nc reased  t o  11.g0, t he  i n f l u e n c e  on the  wing from the  compression ramp is  
decreased and the  s e p a r a t i o n  l i n e  on the exhaust  ramp is more d e f i n i t e .  A t  
a = 17.6O, s u r f a c e  flow divergence is more seve re  on the  e n t i r e  f u s e l a g e ,  
excluding the  exhaust  ramp, which now appears  t o  s e p a r a t e  immediately,  
reattach, and s e p a r a t e  aga in ,  except  the  c e n t e r  l i n e  which remains attached. 
There is no s t r o n g  i n t e r a c t i o n  o f  t h e  fuse l age  on the  main wing, and there is 
no inf low from the  wing l ead ing  edges. 

A s  the  a n g l e  o f  attack is 

Windward Elevons 

F igure  11 p r e s e n t s  hea t ing  data f o r  p o s i t i v e  elevon d e f l e c t i o n s  o f  6O and 
120 measured w i t h  respect t o  the  model r e fe rence  l i n e .  
on t h e  r i g h t  wing.) F igures  l l ( a )  t o  I l ( e )  cover  data f o r  these two elevon 
d e f l e c t i o n s  a t  f i v e  v e h i c l e  ang le s  of  attack a l l  a t  a nominal va lue  o f  Reynolds 
number (RI = 15 x lo6). 
in f luenced  by the  t i p - f i n  i n t e r f e r e n c e  a t  the  elevon outboard,  the  expanding 
flow i n t o  the  exhaus t  reg ion  on the  elevon inboard ,  s e p a r a t i o n  a t  t h e  hinge 
l i n e ,  d i s t a n c e  from the  w i n g  l e a d i n g  edge, and l o c a t i o n  o f  t r a n s i t i o n  on the  
wing. 

(The 60 d e f l e c t i o n  is  

I n  g e n e r a l ,  t he  hea t ing  p a t t e r n s  are complex and are 

The contour- l ine  drawing i n  f i g u r e  I l ( a )  (a = 0.60) is presented a t  twice 
the  s i z e  o f  t he  subsequent f i g u r e s  i n  o rde r  t o  be t te r  show the  detai ls  of  t h e  
elevon hea t ing  p a t t e r n s .  The 60 d e f l e c t i o n  on the  r i g h t  wing (bottom o f  f i g u r e )  
shows the  highest  va lue  o f  hea t ing  i n  the  h inge- l ine  r eg ion  and p o s s i b l y  i n d i -  
cates a pocket o f  separated t u r b u l e n t  f low, even though separa ted  flow would not  
u sua l ly  be expected a t  t h i s  low d e f l e c t i o n  ang le .  (See ref. 10.) Severa l  lon- 
g i t u d i n a l  sp ikes  d e f i n e  the  e x t e n t  o f  t h e  t i p - f i n  i n t e r f e r e n c e  a t  the outboard 
end of  the  elevon.  F u r t h e r  inboard the  hea t ing  appears  first t o  be inf luenced  
by the  w i n g  f low, t h a t  is ,  the  contour  l i n e s  run chordwise,  and s t i l l  f u r t h e r  
inboard the  contours  are spanwise s i n c e  they  are inf luenced  by flow o r i g i n a t i n g  
a t  the hinge l i n e ,  as would be the case f o r  separated flow. The inboard end o f  
the  elevon is r e l a t i v e l y  cool  and ref lects  the  effects of i nc reased  boundary- 
l a y e r  t h i ckness  due t o  high l o c a l  Reynolds number from t h e  inboard wing flow. 
The 12O deflected elevon on the  l e f t  wing ( t o p  o f  f i g u r e )  i n d i c a t e s  t h a t  phe- 
nomena a t  the hinge l i n e ,  poss ib ly  s e p a r a t i o n ,  dominate the  elevon l o c a l  flow 
f i e l d  wi th  an over lay  o f  effects due t o  t he  t i p  f i n  and expansion i n t o  t h e  
exhaust  reg ion .  There are no o i l - f low data f o r  a = 0.6O corresponding t o  
f i g u r e  l l ( a ) .  

Figure I l ( b )  a t  a = 6.20 shows less  effect from the  hinge-l ine flow than 
a t  a = 0.6O f o r  both t h e  60 and 120 deflected e levons .  The elevon flow f i e l d  
appears  t o  be inf luenced p r imar i ly  by the  wing flow f i e l d .  
p i c t u r e  of t h e  o i l  f low f o r  a = 6.20 

Figure  10(a) is  a 
and s u b s t a n t i a t e s  t he  e x i s t e n c e  o f  t h e  
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t i p - f i n  i n t e r f e r e n c e .  Also, no sepa ra t ed  region can be seen i n  the  v i c i n i t y  
o f  the elevon hinge l i n e s .  

F igu res  I l ( c )  and 10(b)  p r e s e n t  h e a t i n g  and o i l - f low data f o r  a = 11.90 
and show no d e t e c t a b l e  s e p a r a t i o n  a t  t he  hinge l i n e .  For the 60 d e f l e c t i o n ,  
t h i s  a l lows the  heating con tour s  t o  t r a n s f e r  from the  wing t o  the  elevon w i t h  
a jump a t  the  hinge l i n e ,  excep t  nea r  the t i p  f i n .  The 120 elevon a l s o  shows 
a more r e g u l a r  flow f i e l d  w i t h  h e a t i n g  contours  a l igned  more w i t h  the wing flow 
f i e l d  than  w i t h  t he  h inge  l i n e .  

A t  a = 17.60 ( f i g .  l l ( d ) ) ,  the  elevon h e a t i n g  a g a i n  changes character 
and e x h i b i t s  contours  a l i g n e d  more w i t h  t he  hinge l i n e  than  w i t h  wing contour  
l i n e s .  O i l  flow f o r  t h i s  case ( f i g .  lO(c)) does not  provide any a d d i t i o n a l  
information t o  e x p l a i n  t h i s  change. 
12O elevon.)  An i n c r e a s e  i n  a n g l e  o f  attack t o  24O ( f i g .  I l ( e > >  now shows pat-  
t e r n s  s t r o n g l y  in f luenced  by the hinge l i n e .  There is no o i l  flow f o r  t h i s  
a n g l e  o f  attack. Note t h a t  the elevon hea t ing  is now the  most s eve re  on the  
v e h i c l e .  

(Note t he  missing t i p  f i n  a d j a c e n t  t o  the 

Fuselage Side 

Heating a t  a nominal R, o f  15 x IO6  and a n g l e s  of at tack of 0.60, 6 -20 ,  
and 11 .go on t h e  f u s e l a g e  s i d e  is shown i n  f i g u r e  12 p r i m a r i l y  t o  show t h e  
i n t e r f e r e n c e  h e a t i n g  on t h e  f u s e l a g e  s ide  from the  strake-wing j u n c t u r e  and the  
w i n g .  Figure 1 2 ( a )  shows h e a t i n g  a t  the s t r ake - fuse l age  j u n c t u r e ,  t h e  areas of 
h i g h e s t  hea t ing  occur r ing  j u s t  forward and j u s t  a f t  o f  t he  strake-wing j u n c t u r e .  
The h e a t i n g  on the  f u s e l a g e  a t  the wing-strake j u n c t u r e  is low and is  d i f f i c u l t .  
t o  i n t e r p r e t  s i n c e  there are no o i l - f low data f o r  a 0.60. However, f o r  
a = 6.20 ( f i g .  1 2 ( b ) ) ,  there is an accompanying o i l - f low p i c t u r e  ( f i g .  1 3 ( a ) )  
which i n d i c a t e s  flow s e p a r a t i o n  a t  t h e  s t r ake - fuse l age  and the  wing-fuselage 
j u n c t u r e s .  However, t h i s  s e p a r a t i o n  is small, or n o n e x i s t e n t ,  a t  t h e  wing- 
s t r ake - fuse l age  j u n c t u r e .  

A s  a i n c r e a s e s  t o  11.90 ( f i g .  1 2 ( c ) ) ,  t he  effect  a t  t h e  wing-strake 
j u n c t u r e  d i sappea r s  and t h e  f u s e l a g e  h e a t i n g  mechanism becomes a f u l l y  developed 
v o r t e x  as shown by the  a p p r o p r i a t e  oi l - f low p a t t e r n s  ( f i g .  1 3 ( b ) ) .  The lower 
l e n g t h  Reynolds number ( R I  5 x I O 6 )  produces q u i t e  d i f f e r e n t  r e s u l t s  and 
shows p a t t e r n s  emanating from the  strake v e r t e x  bu t  l i t t l e  effect from the  
rest o f  t he  strake or wing ( f i g .  1 4 ) .  A s  a i n c r e a s e s ,  less o f  t he  fuse l age  
is affected. There are no o i l - f low p i c t u r e s  a t  R, = 4 x I O 6 .  

ANALYSIS OF RESULTS 

S e v e r a l  r eg ions  o f  the  v e h i c l e  were chosen f o r  a n a l y s i s  t o  r e p r e s e n t  s i z -  
able p o r t i o n s  o f  t h e  thermal p r o t e c t i o n  system. 
r e p r e s e n t a t i v e  o f  the windward f u s e l a g e ,  and the  l i n e  normal t o  the  wing lead- 
i n g  edge is r e p r e s e n t a t i v e  o f  t h e  windward wing s u r f a c e .  
were analyzed as a f u n c t i o n  of a n g l e  o f  attack a t  the  maximum Reynolds number 
c a p a b i l i t y  o f  t h e  f a c i l i t y ,  s i n c e  windward thermal p r o t e c t i o n  systems may be 
designed by high-angle-of-attack requirements .  The aircraft  lee-side a n a l y s i s  

The forebody c e n t e r  l i n e  is 

Windward s u r f a c e s  
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was conducted spanwise a long  the  x/z = 0.8 s t a t i o n  t o  r e p r e s e n t  t he  bulk heat- 
i n g  o f  t h e  wing and f u s e l a g e  top .  
e x t r a p o l a t i o n  o f  t he  wind-tunnel heating r e s u l t s  t o  t h e  h ighe r  Reynolds number 
i n  f l i g h t .  Thus, t h i s  i n v e s t i g a t i o n  was conducted a t  cons t an t  a n g l e  o f  at tack 
and as a func t ion  o f  Reynolds number. Laminar t h e o r i e s  were c a l c u l a t e d  by 
Monaghan's T-prime method (ref. 11) and t u r b u l e n t  t heo ry  by t h e  Spalding-Chi 
method modified f o r  heat t r a n s f e r  as i n  r e f e r e n c e  12. Boundary-layer edge con- 
d i t i o n s  were c a l c u l a t e d  by us ing  the t angen t  cone assumption f o r  t h e  f u s e l a g e  
and tangent  wedge f o r  t h e  w i n g s  and the computer code described i n  r e f e r e n c e  13. 

O f  p a r t i c u l a r  concern i n  t h i s  case w a s  t h e  

Forebody Lower Center  Line 

Figure 15 p r e s e n t s  data, data f a i r i n g ,  and theo ry  f o r  a model l e n g t h  Rey- 
no lds  number o f  approximately 15 x IO6  and a t  a n g l e s  of attack o f  0.6O, 6.2O, 
11.90, 17.60, and 240. Figure 15(a) shows the  r e s u l t s  o f  fou r  s e p a r a t e  tunne l  
runs  a t  the lower ang le .  
from x/z = 0.16 t o  x/z = 0.26 and there is scatter i n  the  h e a t i n g  l e v e l  
from run  t o ' r u n .  The v a r i a t i o n  i n  t r a n s i t i o n  l o c a t i o n  is a t  least p a r t i a l l y  
due t o  the  d i f f e r e n t  s u r f a c e  t e x t u r e s  of the  phase-change p a i n t s  (ref.  14) ;  
whereas t h e  scatter i n  h e a t i n g  l e v e l  is a f u n c t i o n  o f  t r a n s i t i o n  l o c a t i o n ,  
dimensional accuracy of t h e  models, r e p e a t a b i l i t y  o f  a n g l e  o f  at tack, and tun- 
n e l  cond i t ions ,  as w e l l  as the  i n a c c u r a c i e s  i n h e r e n t  i n  t he  phase-change tech- 
nique as discussed i n  r e fe rence  8. To fac i l i t a te  d i s c u s s i o n  o f  t r e n d s  and t o  
s i m p l i f y  subsequent p r e s e n t a t i o n  of t h e s e  data as a f u n c t i o n  o f  a n g l e  of at tack, 
t h e  data are approximated by a f a i r i n g  l i n e .  The t u r b u l e n t  s t r i p  theo ry  pre- 
s en ted  f o r  comparison w a s  c a l c u l a t e d  assuming a v i r t u a l  o r i g i n  t o  e x i s t  a t  
x/z = 0.2. Also, t u r b u l e n t  t heo ry  is presented us ing  Reynolds number based on 
body width.  
basing t h e  Reynolds number on c y l i n d e r  diameter i n  swept c y l i n d e r  t heo ry  as  
a p p l i e d  t o  forebody h e a t i n g  i n  r e f e r e n c e  15. I n  t h i s  case, however, t he  equiv- 
a l e n t  sweep a n g l e  is ou t  o f  the  range of a p p l i c a b i l i t y  o f  the theo ry  used i n  
r e f e r e n c e  15 and t h e  t u r b u l e n t  s t r i p  theo ry  f o r  c o n i c a l  f low is used i n s t e a d  
(ref.  12) .  

The l o c a t i o n  o f  t h e  end of t r a n s i t i o n  is seen  t o  vary 

Reynolds number based on body width  is e q u i v a l e n t  i n  concept t o  

F igu res  15 (b ) ,  1 5 ( c ) ,  1 5 ( d ) ,  and 15 (e )  are treated i n  a manner similar t o  
f i g u r e  15(a). Figure 15(b)  e x h i b i t s  less scatter i n  hea t ing  l e v e l  f o r  the  f o u r  
runs  a t  6.20 d e f l e c t i o n  ang le  and shows a divergence between data and theo ry  
based on l e n g t h  Reynolds number as x/z i n c r e a s e s .  A t  x/1 > 0.4,  when the  
flow is f u l l y  t u r b u l e n t ,  t he  theory g i v e s  better agreement when based on body 
width than  when based on l eng th  from t r a n s i t i o n  l o c a t i o n .  
data scatter and t h e  data and theo ry  show reasonab le  agreement wi th in  t h e  l i m -  
i ts o f  the  scatter. Figure 15(d)  shows more v a r i a t i o n  i n  t r a n s i t i o n  l o c a t i o n  
than  t h e  lower .angles o f  attack as w e l l  as divergence between t h e  data l i n e  and 
theo ry  based on Rx. Theory based on Rw unde rp red ic t s  t h e  data but  e x h i b i t s  
a similar t r end .  F igu re  15(e) has much t h e  same character as f i g u r e  1 5 ( d )  w i th  
v a r i a t i o n  i n  t r a n s i t i o n  l o c a t i o n  but  more confidence i n  data l e v e l .  Figure 16 
is a summary p l o t  o f  f i g u r e s  1 5 ( a )  t o  15 (e )  comparing the  data f a i r i n g  l i n e  w i t h  
t h e  t u r b u l e n t  t heo ry  based on Rx and theo ry  based on Rw f o r  the  body width  
a t  a cons t an t  l o n g i t u d i n a l  s t a t i o n  x / l  = 0.5. Heating l e v e l  is p resen ted  as a 
func t ion  o f  v e h i c l e  a n g l e  o f  a t t a c k  p l u s  l o c a l  d e f l e c t i o n  ang le .  The t u r b u l e n t  
t heo ry  based on Rx is shown t o  c o n s i s t e n t l y  unde rp red ic t  the  data a t  a l l  flow 

Figure 1 5 ( c )  has 
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d e f l e c t i o n  ang le s  b u t  g i v e s  good agreement i n  t r end  up t o  a + 6 = 18O. Theory 
based on g i v e s  b e t t e r  o v e r a l l  agreement with t he  h e a t i n g  l e v e l  bu t  s t i l l  
does not  match e i ther  the  t r e n d  or the l e v e l  a t  a + 6 > 18O. Reference 16 
p r e s e n t s  c e n t e r - l i n e  h e a t i n g  data ( f i g .  52-9 i n  ref. 16) on a 75O swept del ta  
wing a t  
f low-deflect ion ang le  approaching 20°. The s l o p e  of t h e  data first i n c r e a s e s  
and then resumes its o r i g i n a l  t r e n d  as the  flow ang le  reaches 30°, much as the 
data f a i r i n g  l i n e  o f  f i g u r e  16. The data of r e f e r e n c e  16 are p r e d i c t e d  reason- 
a b l y  w e l l  by s t r e a m l i n e  divergence theo ry  a t  d e f l e c t i o n  a n g l e s  of 30°, and 
cross-flow theory as d e f l e c t i o n  a n g l e s  approach 600. 
t h a t  t heo ry  based on w i d t h  Reynolds number Rw, is a p p r o p r i a t e  f o r  t h i s  nar- 
row, s l i g h t l y  (spanwise) convex, h igh ly  swept forebody ( f ig .  21,  u n t i l  t h e  
s u r f a c e  i n c l i n a t i o n  t o  the  flow (a + 6) approaches 180. A t  g r e a t e r  a n g l e s ,  
account must be taken o f  t h e  a d d i t i o n a l  boundary-layer t h i n n i n g  due t o  three- 
dimensional effects such as s t r e a m l i n e  divergence. 

R, 

M = 9.6 which shows good agreement w i t h  laminar s t r i p  theo ry  up t o  the  

Thus, i t  would appear 

Wing Bottom 

I n  o rde r  t o  compare data and theo ry  on the  w i n g  bottom, a l i n e  normal t o  
t he  wing l ead ing  edge and emanating from the  i n t e r s e c t i o n  o f  t h e  wing l e a d i n g  
edge and the  X/I = 0.8 s t a t i o n  was chosen f o r  a n a l y s i s .  T h i s  l o c a t i o n  is 
between wing-body j u n c t i o n  and t i p - f i n  d i s t u r b a n c e s  and should be r ep resen ta -  
t i v e  o f  t h e  nominal delta-wing hea t ing .  I n  a manner similar t o  the  forebody 
a n a l y s i s ,  dimensionless  h e a t i n g  rate is p resen ted  as a f u n c t i o n  o f  d i s t a n c e  
from the  l ead ing  edge, followed by a summary p l o t  o f  h e a t i n g  as a func t ion  of 
ang le  of attack. 

Figure 1 7 ( a )  p r e s e n t s  data a t  a = 0.6 from four  t u n n e l  runs ,  laminar 
t heo ry ,  and t u r b u l e n t  t heo ry  based on a v i r t u a l  o r i g i n  l o c a t i o n  a t  N / C r  of 
0.1. Add i t iona l ly ,  the t u r b u l e n t  data are rep resen ted  by a data f a i r i n g  f o r  
u se  i n  t he  summary p l o t .  
from run t o  run and t r a n s i t i o n  l o c a t i o n  is nebulous.  I n  the  laminar r eg ion ,  
t u r b u l e n t  va lues  o f  t he  r a t i o  o f  adiabatic t o  t o t a l  temperature  were used i n  
t h e  data r educ t ion  which w i l l  raise the value o f  the h e a t - t r a n s f e r  c o e f f i c i e n t  
above the  t r u e  laminar  l e v e l  on the  o r d e r  o f  30 pe rcen t .  Neve r the l e s s ,  the 
laminar t heo ry  is  still shown f o r  r e f e r e n c e  purposes. The t u r b u l e n t  t heo ry  
p r e d i c t s  the  data t r end  and is i n  reasonable  agreement wi th  t he  data l e v e l .  
A s  the ang le  o f  attack i n c r e a s e s  t o  6.20, i n  f i g u r e  1 7 ( b ) ,  the t r a n s i t i o n  loca-  
t i o n  becomes better def ined and t h e  data scatter decreases. Turbulent  t heo ry  
is seen t o  p r e d i c t  the t r e n d  and somewhat unde rp red ic t  the l e v e l  o f  the  d a t a ,  
based on a v i r t u a l  o r i g i n  l o c a t i o n  a t  

For t h i s  low a n g l e  of at tack, there is data scatter 

N/cr = 0.037. 

A f u r t h e r  i n c r e a s e  t o  an a n g l e  o f  attack of 11.90 ( f ig .  1 7 ( c ) )  r e s u l t s  
i n  data which show no d i s c e r n i b l e  peak h e a t i n g  a t  the  end o f  t r a n s i t i o n ,  and 
t h u s  i n d i c a t e  t h a t  t r a n s i t i o n  is ve ry  nea r  the leading edge. The usua l  data 
scatter from run t o  run has decreased, and p o s s i b l y  i n d i c a t e s  a boundary-layer 
d i s tu rbance  more s e v e r e  than  t h e  normal mechanisms which i n f l u e n c e  t r a n s i t i o n  
l o c a t i o n .  The t u r b u l e n t  t heo ry  based on d i s t a n c e  from the  l e a d i n g  edge g i v e s  
reasonable  agreement wi th  t he  d a t a  l e v e l ,  b u t  provides  a less s a t i s f a c t o r y  pre- 
d i c t i o n  o f  the t r e n d  t h a n  w a s  the case a t  the  lower a n g l e s  o f  attack. The data 
are seen t o  be above the  t u r b u l e n t  t heo ry  l i n e  a t  small v a l u e s  of N/+, and as 
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the  leading edge is approached, the d i s p a r i t y  i n c r e a s e s .  The data p o i n t  n e a r e s t  
t h e  l ead ing  edge, N/cr 2 0.003, is near  the r eg ion  o f  i n t e r s e c t i n g  laminar  and 
t u r b u l e n t  theory,  or N/cr 0.002. The l o c a l  Reynolds number a t  N/cr = 0.003 

has a va lue  o f  0.034 x lo6 which is much less than  normally expected f o r  t r a n -  
s i t i o n .  A p o s s i b l e  explana t ion  f o r  t h i s  e a r l y  t r a n s i t i o n  is boundary-layer 
contaminat ion from the strake upstream o f  t he  de l t a  wing ( f i g .  2 ) .  

Only two runs  were a v a i l a b l e  t o  provide data f o r  the  CL = 17.6O case 
shown i n  f i g u r e  1 7 ( d ) ,  bu t  the t r end  of  data is similar t o  tha t  o f  f i g u r e  1 7 ( c )  
and the t u r b u l e n t  theory  now markedly unde rp red ic t s  the  data l e v e l .  T h i s  t r end  
might be expected as the  ang le  of attack i n c r e a s e s  and the character o f  the 
flow t ends  t o  become three dimensional (ref. 16) .  Note once a g a i n  the  flow is 
t u r b u l e n t  very c l o s e  t o  t he  l ead ing  edge. F igure  1 7 ( e )  a t  an ang le  of  attack 
of  240 also shows t u r b u l e n t  f low c l o s e  t o  t h e  l ead ing  edge. Turbulent  t heo ry  
p r e d i c t s  the  t rend  but  underpredic t s  the  h e a t i n g  l e v e l .  The bump i n  t he  data 
i n  the  reg ion  
f e rence  emanating from the  upstream strake. Th i s  r eg ion  is ev iden t  i n  f ig-  
u re  8 (e)  as the  area enclosed by contour  l i n e  number 5 on the wing bottom. 

0.12 < N/cr < 0.18 is  suspected t o  be hea t ing  caused by i n t e r -  

The wing-bottom data are summarized i n  f i g u r e  18 by p resen t ing  hea t ing  as 
a func t ion  o f  ang le  of attack at  A t  angles of  attack o f  12O and 
below, t he  theory  p r e d i c t s  the  t rend  and somewhat unde rp red ic t s  the data. A t  
ang le s  o f  attack greater than 1 2 O ,  the p r e d i c t i o n  o f  the  t r end  is poor and the  
theory  i n c r e a s i n g l y  underpredic t s  t h e  data w i t h  i n c r e a s i n g  ang le  of  attack. 
This is an expected r e s u l t  s i n c e  as t h e  a n g l e  o f  attack i n c r e a s e s ,  three- 
dimensional effects become more prominent. The data curve has  p o i n t s  o f  
i n f l e c t i o n  and is similar t o  the  fuse l age  data o f  f i g u r e  16 as w e l l  as the  
data of  r e f e r e n c e  16 which were d iscussed  earlier. 

N/Cp = 0.12. 

Fuselage and Wing Lee Side 

Figure  19 p r e s e n t s  spanwise h e a t - t r a n s f e r  c o e f f i c i e n t  r a t i o  data a t  a lon- 
g i t u d i n a l  s t a t i o n  x / l  = 0.8 f o r  a nominal angle o f  attack o f  11.9O. The data 
are presented  as a func t ion  o f  S / D  wi th  the  lee-side c e n t e r  l i n e  s e r v i n g  as 
t h e  zero  poin t  on the  f i g u r e  and S / D  = 1.55 r e p r e s e n t i n g  t h e  w i n g  l ead ing  
edge. The fuselage-wing junc t ion  a t  x / l  = 0.8 is a t  S/D = 0.74. Both r igh t  
and l e f t  sides of  the model are presented i n  the f i g u r e s .  S ince  the  wing-top 
leading-edge c r o s s  s e c t i o n  is a c i r c u l a r  arc becoming tangent  ' t o  a f l a t  t o p ,  
the hea t - t r ans fe r  c o e f f i c i e n t  is seen t o  decrease r ap id ly  w i t h  i n c r e a s i n g  d i s -  
t ance  from the  l ead ing  edge (decreas ing  va lues  o f  WD), t h a t  is, the  normal 
r a p i d  decrease expected near  a leading edge is f u r t h e r  enhanced by a r ap id  
decrease i n  f low-def lec t ion  angle .  The data are compared w i t h  t u r b u l e n t  
theory ,  and as the  flow begins  t o  expand, l o c a l  f low p r o p e r t i e s  are c a l c u l a t e d  
by assuming a Prandtl-Meyer expansion u n t i l  the  p res su re  c o e f f i c i e n t  decreases 
t o  the 
r e fe rence  17. A t  t h i s  po in t  the  flow on the  wing is assumed t o  expand no fu r -  
t he r  and the change i n  the  hea t - t r ans fe r  c o e f f i c i e n t  becomes a func t ion  o f  
l e n g t h  Reynolds number only.  
the fuse lage  t o p  (S/D < 0.74) but  Rx is a cons t an t  and h/hs becomes con- 

-1 /M2 va lue  (p/p, = 0.31, which is recommended as a l i m i t  va lue  i n  

The theory  is c a l c u l a t e d  i n  t h e  same manner f o r  
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s t a n t  when Cp becomes equa l  t o  -1IM2. An a d d i t i o n a l  c a l c u l a t i o n  a t  Cp = 0 
(p/p, = 1)  is  shown f o r  r e f e r e n c e  purposes.  

From f i g u r e  7 ,  it may be seen  t h a t  t h e  l ee - s ide  hea t - t r ans fe r  p a t t e r n s  are 
complex and change wi th  Reynolds number. I n  o rde r  t o  i n v e s t i g a t e  t h e  changes 
with Reynolds number, f i g u r e  19 p r e s e n t s  d a t a  and theory  comparison over a 5 
t o  1 range in .Reynolds  number a t  an  ang le  of  a t t a c k  o f  loo,  which is es t imated  
t o  be a t y p i c a l  f l i g h t  ang le  o f  a t t a c k  f o r  t h i s  veh ic l e .  The changes i n  p a t t e r n  
make d i r e c t  comparison of t h e  r e s u l t s  d i f f i c u l t ;  t h e r e f o r e ,  t h e  h e a t - t r a n s f e r  
c o e f f i c i e n t  over t h e  fuse l age  (S/D 0.74) was i n t e g r a t e d  t o  remove t h e  effects 
o f  p a t t e r n  and i n d i c a t e  t h e  area-averaged l e v e l .  These average hea t ing  rates 
are presented i n  f i g u r e  20 as a func t ion  o f  Reynolds number with t h e  Prandt l -  
Meyer expansion p l u s  Cp = -1/M2 l i m i t  and C = 0 l i m i t  included f o r  com- 

Prandtl-Meyer expansion wi th  Cp = -1/M2 l i m i t s  and are besf  p red ic t ed  by t h e  
Prandtl-Meyer expansion wi th  Cp = -1/M2 l i m i t .  

p a r i son  purposes.  Note t h a t  t h e  r e s u l t s  f a l l  E etween t h e  C 0 and t h e  

CONCLUSIONS 

Examination o f  a complete r e sea rch  a i r p l a n e  conf igu ra t ion  wi th  t h e  phase- 
change-paint technique has  shown t h e  hea t ing  p a t t e r n s  t o  be very complex. Spe- 
c i f i c  conclus ions  are as fo l lows:  

(1 )  A t  va lues  of  ang le  of a t t a c k  p l u s  l o c a l  f low-def lec t ion  ang le  less 
than 180, t u r b u l e n t  t heo ry  ad jus t ed  f o r  t r a n s i t i o n  l o c a t i o n  and us ing  tangent  
cone l o c a l  cond i t ions  gave reasonable  agreement wi th  t h e  windward fuse l age  
c e n t e r - l i n e  h e a t - t r a n s f e r  c o e f f i c i e n t  d a t a  f a i r i n g s .  A t  va lues  greater than 
180, t h e s e  simple t h e o r i e s  become inadequate .  

( 2 )  A t  ang le s  o f  a t t a c k  less than 120, t u rbu len t  theory  ad jus t ed  f o r  
t r a n s i t i o n  l o c a t i o n  and us ing  tangent  wedge l o c a l  cond i t ions  gave reasonable  
agreement with t h e  windward s u r f a c e  data f a i r i n g s  a t  a t u r b u l e n t ,  undis turbed 
l o c a t i o n  on t h e  wing. 

(3 )  T r a n s i t i o n  Reynolds numbers recorded on t h e  wing bottom, a t  ang le s  of  
a t t a c k  of  11.9O and greater, are much lower than normally expected and have a 
va lue  no h igher  than 34 000 based on l eng th  normal t o  t h e  l ead ing  edge and 
tangent  wedge edge cond i t ions .  

( 4 )  The lee-s ide  area-averaged h e a t - t r a n s f e r  c o e f f i c i e n t  a c r o s s  t h e  fuse-  
lage (at  t h e  s t a t i o n  i n v e s t i g a t e d )  is bracketed by t u r b u l e n t  theory  based on 
an expansion l i m i t e d  t o  free-stream pres su re ,  p re s su re  c o e f f i c i e n t  Cp equal  
t o  ze ro ,  and expansion l i m i t e d  t o  a p res su re  c o e f f i c i e n t  equa l  t o  -1/M2.  
The d a t a  l e v e l  is better p red ic t ed  by a Prandtl-Meyer expansion where t h e  
p re s su re  is allowed t o  drop no lower than  Cp = -1 /M2.  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
January 24, 1978 

13 



, 1 1 1  

REFERENCES 

'I 

1. Kirkham, F. S.; Jones ,  R.  A . ;  Buck, M. L . ;  and Z i m a ,  W. P.: J o i n t  USAF/NASA 
Hypersonic Research Aircraft Study. A I A A  Paper No. 75-1039, A u g .  1975. 

2. Penland, J i m  A . ;  Fourn ier ,  Roger H. ;  and Marcum, Don C. ,  Jr.: Aerodynamic 
C h a r a c t e r i s t i c s  of a Hypersonic Research Airplane Concept Having a 700 
Swept Double-Delta W i n g  a t  Mach Numbers From 1.50 t o  2.86. NASA 
TN D-8065, 1975. 

3. Creel, Theodore R . ,  Jr.; and Penland, J i m  A , :  Low-Speed Aerodynamic Char- 
acterist ics o f  a Hypersonic Research Airplane Concept Having a 700 Swept 
Delta Wing. NASA TM X-71974, 1974. 

4 .  Clark,  Louis E . ;  and Richie ,  C h r i s t i n e  B . :  Aerodynamic Characteristics a t  
Mach 6 o f  a Hypersonic Research Airp lane  Concept Having a 70° Swept Delta 
W i n g .  NASA TM X-3475, 1977. 

5. Small ,  W i l l i a m  J.;  Weidner, John P . ;  and Johnston,  P. J.: Scramjet  Nozzle 
Design and Analysis  as Applied t o  a Highly I n t e g r a t e d  Hypersonic Research 
Airplane.  NASA TM X-71972, 1974. 

6 .  Edwards, C. L. W . ;  Small, W. J . ;  Weidner, J. P . ;  and Johnston,  P .  J.: 
S t u d i e s  o f  Scramjet/Airframe I n t e g r a t i o n  Techniques f o r  Hypersonic A i r -  
c r a f t .  A I A A  Paper No. 75-58, Jan.  1975. 

7. Lawing, P i e r c e  L.: Analysis  o f  Various Descent T r a j e c t o r i e s  f o r  a 
Hypersonic-Cruise, Cold-Wall Research Airplane.  NASA TN D-7860, 1975. 

8. Jones ,  Robert  A . ;  and Hunt, James L. :  Use of  F u s i b l e  Temperature Indica-  
t o r s  f o r  Obtaining Q u a n t i t a t i v e  Aerodynamic Heat-Transfer Data. NASA 
TR R-230, 1966. 

9 .  Schu l t z ,  D. L . ;  and Jones ,  T .  V. :  Heat-Transfer Measurements i n  Short-  
Durat ion Hypersonic F a c i l i t i e s .  AGARD-AG-165, Feb. 1973. 

IO. Popinski ,  Z . ;  and Ehr l i ch ,  C. F.: Development Design Methods fo r  P red ic t -  
ing  Hypersonic Aerodynamic Control C h a r a c t e r i s t i c s .  AFFDL TR-66-85, U.S. 
A i r  Force,  Sep t .  1966. (Avai lab le  from DDC as AD 644 251 . ) 

11.  Monaghan, R .  J.:  An Approximate So lu t ion  o f  t h e  Compressible Laminar 
Boundary Layer on a F l a t  Plate. R.&M. No. 2760, B r i t .  A . R . C . ,  1953. 

12. Neal, Luther ,  Jr.;  and Bertram, Mitchel H.: Turbulent-Skin-Friction and 
Heat-Transfer Char t s  Adapted From t h e  Spalding and Chi Method. NASA 
TN D-3969, 1967. 

13. Gentry,  Arvel E . ;  and Smyth, Douglas N . :  Hypersonic Arbitrary-Body 
Aerodynamic Computer Program (Mark I11 Vers ion) .  Vol. I1 - Program 
Formulation and L i s t i n g s .  Rep. DAC 61552, Vol. I1 ( A i r  Force Cont rac t  
Nos. F33615 67 C 1008 and F33615 67 C 16021, McDonnell Douglas Corp., 
Apr. 1968. (Avai lable  from DDC as AD 851 812.) 

14 



14. Johnson, Charles  B.:  High Reynolds Number Turbulent  Heating t o  Two Simpli-  
f i e d  S h u t t l e  Conf igura t ions .  Space S h u t t l e  Aerothermodynamics Technology 
Conference, Volume I1 - Heating, NASA TM X-2507, 1972, pp. 347-373. 

15. Mendelsohn, A.  R . ;  Bourbin, M. ;  J e w ,  M . ;  and Osoni tsch,  C. W . :  A Review o f  
t h e  Grumman O r b i t e r  Wind Tunnel Heat Transfer  Tests. Space S h u t t l e  Aero- 
thermodynamics Technology Conference, Volume I1 - Heating,  NASA TM X-2507, 
1972, pp. 297-345. 

16. Bertram, Mitchel  H.;  Fet terman,  David E. ,  Jr . ;  and Henry, John R.:  The 
Aerodynamics o f  Hypersonic Cruis ing  and Boost Vehicles .  Proceedings o f  
t h e  NASA-University Conference on t h e  Science and Technology o f  Space 
Explora t ion ,  Vol. 2 ,  NASA SP-11, 1962, pp. 215-234. (Also a v a i l a b l e  as 
NASA SP-23.) 

17. Mayer, John P . :  A L i m i t  P re s su re  Coef f i c i en t  and an Est imat ion o f  L i m i t  
Forces  on A i r f o i l s  a t  Supersonic  Speeds. NACA RM L8F23, 1948. 

15 





Air fo i l  section at wing t ip 
I 
- . I 6 7 4 4  

. ,5156 L 

-Airfoil section at exposed wing root a Station 1.0 .4294 \ 

- 
Vertical t ip  f i n  

( a >  Three-view drawing o f  model. 

Figure 2 .- Model de ta i l s .  All dimensions have been normalized by body length ( I  = 50.8 cm). 



Reference 
chord  
sections 

Fixed elevon 
deflections, de 

6' 

Right wing 

i 
Left wing 

Forebody 
compression -L-.-- /' 
angle, 6 .2- - 

6' 

( b )  Sketch showing wing re ference  chord,  f ixed  elevon d e f l e c t i o n s ,  sweep ang le s ,  
forebody compression a n g l e s ,  and forward del ta  o r  strake incidence.  

Figure 2.  - Concluded. 



Figure 3 . -  Selected f’rames from motion-picture f i l m  for one run showin& 
pain t  melt-l ine progression wi th  time. V i e w  is from top.  



N 
0 

\ ‘\\ - - I / A  

HS= 1.24031Et03 nbTTS/HETER(SP)-OEG-K 

CONTOUR H / H S  TAW/TO 
2.1731 OE- 0 1 9.3 3950 E- 0 1 1 

2 1 3 74 39E-01 9.33950E-01 
3 7 -93 5 04E- 02 9.33950E-01 
4 6.871 95E- 0 2 9.3395OE-01 

( a )  a = 6.20; Tpc = 339 K. 

Figure 4 . -  Contour-line drawing o f  model lee s i d e  a t  R, = 15 x l o 6 .  



(b) a = 11.g0; Tpc = 313 K. 

Figure 4. - Concluded. 
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(a )  o! = 6.20. 

Figure 5.- Oil-flow photographs of model lee s i d e .  

= 1 2 O  

L-78-7 

6 = 6 O  e 



(b) ~1 = 11.g0. 

Figure 5.- Concluded. 

Missing tip fin 1 
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N 
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HS= 6.96663EtOE WATTS/nETERfSP)-DEG-K 

CONTOUR H/HS T A H / T O  

I 1 
/ 

~ . 3 z n 6 7 ~ - 0 1  9.33160E-01 
1.6466EE-01 9 33160 E- 0 1 
1.16434E-01 9.33 16OE-01 
n . 2 3 3 1 0 ~ - 0 2  9.33160E-01 
5 4 0 8  73E-02 9.33160 E- 0 1 
4.85562E-0 2 9.33160E-01 ~- 
4.2 515 5E- 02 9.33160E-01 7 

(a )  c1 = 0.6O;  Tpc = 313 K .  

Figure 6.- Contour-line drawing of  model lee side a t  R, = 4 x lo6.  



H S r  7.0 0 493Et  02  WATTS/METER ( S 0) -0 EG-K 

CONTOUR H/HS TAWTO 
4.39244E-02 9.36080E-01 1 

2 2.77 a02E- 0 2  9.360 8OE- 0 1  
2.26825E-02 9.360 8OE- 0 1  3 
1.96436E-02 9.36080E-01 4 

5 1.75698E-02 9.36080E- 0 1  

(b) = 11.g0; Tpc = 313 K. 

Figure 6.- Continued. 



HS= 6 * 9 8 1 2 7 E + O 2  WATTS/HETER(SQI-DEG-~ 

CONTOUR H/HS TAW/TO 
1 3 4 5 2 4 2 0 E - 0 2  9.4083OE-01 
2 ’3 4 0 8 3 OE- 0 1 
3 2 * 2 2 8 ’ 3 0 € - 0 2  9.40 83OE-01 
4 ’3 40 8 3 0  E-0 1 
5 

2 72983E-0  2 

2.0 0 70 lE -0  2 
l r 8 1 9 8 9 E - 0 2  9.40830E-01 

( c )  a = 240; Tpc = 313 K. 

Figure 6.- Concluded. 



HS= 7.00493E+02 WITTS/nETER(SPl-OEG'Y 

CONTOUR H l H S  T A W I T 0  
4.39244E-02 9.36080E-01 

9.36080E-01 
I 

2.77 80 2E-02 
9.36080E-01 

2 
3 2.26825E-02 
I 1.964 3 6E-0 2 9.360 8OE- 0 1  
5 1.75698E-02 9.36C8OE-01 

(a) R, = 4.7 x IO6; Tpc = 313 K .  

Figure 7.- Contour-line drawing of  model lee side a t  o! = 11 .go. 



! 

= no 

HS= 7.75288Et02 W A T T S I H E T E R ( S 0 l - O E G - K  

COHTOUR H l H Z  

1 
2 
3 
4 

(b )  R, = 5.3 x IO6; Tpc = 313 K. 

Figure 7.- Continued. 



CONTOUR 
1 
2 
3 
4 

H l H S  r a w r o  
1.02666E-01 9.3OOOOE-01 
3.97622E-02 9 . 3 0 0 0 0 E - 0 1  
2.5147 BE-02 9.30OOOE-01 
1.7782ZE-02 9.3OOOOE-01 

(c) R, = 7.9 x lo6;  Tpc = 313 K. 

Figure 7.  - Continued. 



W 
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I__. 

HS= 9 . 5 0 0 0 1 E t 0 2  ~ L T T S / ~ E T E R l S Q l - D E G - K  

CONTOUR 
1 
2 
3 
4 

H l H S  T a w i T o  
9.3OOOOE-01 
9 . 3 0 0 0 O E - 0 1  

b . 4 9 3 1 5 E - 0 2  

9.30OOOE-01 
3 . 2 k b 5 7 E - 0 2  
2 . 3 4 5 0 5 E - 0 2  
1.77 822E-02 9. JOOOOE-01 

( d )  R, = 13.6 x lo6;  Tpc = 313 K .  

Figure 7 .  - Continued. 



CONTOUR 
1 
2 
3 
4 

H/HS T A W / T O  
7.38633E-02 9.36700E-01 
5.22293E-02 9 3 6 70 0 E- 0 I 
3.19838E-02 9 . 3 6 7 0 0 ~ - a i  
2 33 5 76E-02 9 3670 OE-0 1 

(e )  R, 15.6 x 106; T~~ 313 K. 

Figure 7.- Concluded. 
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(a>  c1 = 0.6'; Tpc = 381 K. 

Figure 8.- Contour-line drawings of model windward s i d e  a t  R, = 15 x lo6.  



1 
2 
3 

4.660688- 0 1  9.336508-01 
3.529198-0 1 9.336508-01 

4 
3.045518-01 9.356508-01 
2.69547E-01 9.336508-01 

5 
6 

2.291778-01 9.336508-01 
2.087908-01 9.336508-01 

7 1.867478-01 9.336508- 0 1  
1.476578-01 9.336508-01 

HS= 1.257128103 H A T T S l M E T E R ( S 0 I - 0 8 6 - K  

CONTOUR HlHS 1AHlTO 

a 

(b) a = 6.20; Tpc = 394 K. 

Figure  8.- Continued. 
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HS= 1.25513.5103 W A T T S l M E T E R ( S O 1 - D E G - r  

CONTOUR H l H S  T A Y I T n  
1 
2 
3 

9 
1 0  

7 . 9 2 1 5 7 E - 0 1  
5 . 6 0 1 3 9 E - 0 1  

3 . 2 3 3 9 7 E - 0 1  
2. BOC7 DE- 0 1  
2 .61  166E-0 1 
2 . 2 8 6  76E- 0 1  
1-91 0 39E- 01 

3 . 9 6 0 7 n ~ - o i  

.. ... , " 
9 . 3 5 7 4 0 E -  0 1  
9 . 3 5 7 4 0 E - 0 1  
9 . 3 5 7 4 0 E - 0 1  
9.35740E- 0 1 
9 . 3 5 7 4 O E - 0 1  
9 . 3 5 7 4 0 E - 0 1  
9 . 3 5 7 4  OE- 0 i 

( C >  = 11.g0; Tpc 367 K. 

Figure 8.- Continued. 

6, = 12' 

6 = 6' 



/ /-- 

I '  S \  '-)I 

-4 I c-; ' -----A _ -  - - _  - - _ _  _ ? _ a  - -  

b 
7 
8 

.- 
9.40 1OOE- 01 
9.bOlOOE-01 
9.40 10 0 E- 0 1 
9.40 10OE- 0 1 
9.40100E-01 
9.401OOE-Oi 
9.40 1OOE- 01 3.51 792E-01 

3.33 739E- 01 

( d )  a = 17.6O; Tpc = 394 K. 

Figure 8. - Continued. 
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HS= 1.26091€+03 WATTSlMETERISQl-OEG-K 

CONTOUR 
1 
2 
3 
4 
5 
6 

H l H S  
1.83222E+00 
9.79362E-01 
8.19393E-01 
6.90053E-01 
6.28446E-01 
5.79398E-01 

T A Y l T D  
9 . l lb lOE-01 
9.41b10E-01 
9.41610E-Dl 
9.41610E-01 
9.41610E-01 
9.41610E-01 

(e) OL = 2 4 O ;  Tpc = 450 K. 

Figure 8.- Concluded. 



(a) a = 0.60; Tpc = 313 K. 

Figure 9.- Contour-line drawings of model windward side at R, = 5 x lo6.  



aJ 

4f 

CONTOUR H/HS TAWTO 
1 7.39105E-01 . 9.37G4OE-01 
2 4 .0  4825E-01 9.37040E-01 

2.56 0 34E- 01 9.3 7040E- 0 1  
9.37040E-01 3 

4 2.0 2 4 1  2E- 0 1 
5 1.65269E-01 9.37040E-01 
b 
7 
8 

1.47 8 2  1E- 0 1 
1.28 0 17E- 0 1  
1.2 20  59E- 0 1 

9.37040E-01 
9.37040E-01 
9.3 7 04  OE- 01 

(b) a = 11.g0; Tpc = 325 K. 

Figure 9.-  Continued. 



HS= 6.83974Et02 YATTS/nETER(SQ)-OEG-K 

CONTOUR H/HS T A W T C  
1.0 2276Et 0 0  9 42 0 0 0 E- 0 1 

3.8268 OE- 0 1  9.42000E-01 
4.94 0 38E- 0 1  9.42000E-01 

I 3.2 3 4 2 4 E -  0 1  9.42 0 0 0 E - 0 1  

6 2.20940E-01 9.42000E- 0 1  
7 1.91340E-01 9.42000E- 0 1  

5 2.70 596E-01 9.420 0 0 E- 0 1 

I 

Figure 9.  - Concluded. 
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(a )  = 6.20. 

F igure  10.- Oil-flow photographs of model windward s i d e .  R, = 15 x lo6 .  

I = 1  
e ,Z0 

0 

L-78-9 



(b)  CI = 11.90. 

Figure 10.- Continued. 

1 2 O  
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7 Missing tip fin 

' -  I 

! 

6 =ti0 e 

( C )  = 17.60. 

Figure 10.- Concluded. 
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4 

ns= 1.25588Et03 W I T T S I ~ E T E S I S G I - O E G - K  

2 3.4U37E-01 9.3259iE-01 
3 
4 
5 

1. 9886 1E-01 9.3259DE-01 
9.3259GE-01 

b 
1.722:9E-U1 

I 
1.4022ZE-01 9.32 59CE-01 
I. 3615 IC-01 9 .3259CE-01  

8 9.3?i90E-C1 1.2094 lE-01  
i. iia4zE-ci 9.32596:-01 9 
1 .1481?E-01  9.32590E-01 

9.32590E-01 
IO 

1.11167E-CI 
9.32590E-01 

11 
12 l . R l 4 8 l E - 0 1  

1 6, = 
CONTOUR H I H S  T A Y I T O  

8.61 J 945- 01 9.32590E-01 

2.72302E-Gl 9 . 3 2 5 9 0 E - 0 1  

( a )  a = 0.60; Tpc = 367 K. 

Figure 11.- Contour-line drawings o f  model windward side wi th  60 and 120 p o s i t i v e l y  deflected e l e  

= 1 2 O  

6' 

mvons . 

& 
W 



3.52919E- 01 9.3365 OE- 0 1 2 
3 3.OSSSlE-01 9.3365 OE- 01 
4 2.69547E-01 9.33650E- 01 
5 2 .29177€-01 9.33650E-01 
6 2. C8790E-01 9.33650E-01 
7 1 .86747E-01 9.33650 E- 0 1  
8 1. 4 7 6 3  7E- 0 1  9.33650 E- 0 1 

0 6, = 12 

6, = 6’ 

(b) a = 6.20; Tpc = 394 K. 

Figure 11.- Continued. 
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HS= 1.25513€+03 WITTS/~ETEQISOI-DEG-K 

CONTOUR 
1 
2 7.92157E-01 9.35740E-01 
3 5.60139E-01 9.3574GE-01 
4 

3.96078E-01 9 . 3 5 7 4 0 ~ - ~ 1  

6 
3.2339 ?E-01 9.3574 CE- 01 

5 2 - 8 0  07CE-01 5.3574 3 E  - 0 1 
? 2.6li66E-01 9.357CCE-01 
8 2.286 76E-Ul 9.  Pi760E-U 1 1.900 39E-0 1 9.35710E-0 1 

9 1.60808E-01 9.357COE-01 
1 0  1.40035E-01 9.3574OE-01 

H/HS T d Y l T O  

6, = 1 2 O  

6, = 6' 

(c) a = 1 1 . 9 O ;  Tpc = 367 K. 

Figure 11.- Continued. 



CONTOUR H/HS T A W l T O  
1 1-12 959E+ 0 C 9.382005-01 
2 7.98 742E- 0 1 9.3820 CE- 0 1  -._- _ _  
3 7 .005435- t  1 9.38200E-01 

9.38 20 0 E- Cl 4 
5 5.05169E-01 9.382OOE-01 

5.95347E-0 1 

'e = 1 2 O  

( d )  a = 17.60; Tpc = 450 K. 

Figure 11.- Continued. 



6, = 12' 

6, = 6' 

( e )  c1 = 2 4 O ;  , Tpc = 464 K. 

Figure  11 . -  Concluded. 



- Wing-strake juncture 

HS= 1 . 2 1 7 2 5 E t 0 3  WATTS/METER(SPI -OEC-K 

CONTOUR 
I 
2 
3 

H / H S  T A W / T C  
6.775 O S € - 0 1  9.3000 OE-01 
2.14246E-01 9.30000E-01 
1.5 1 b95E-01 9.300 C OE- 01 

(a) a = 0.60; Tpc = 325 K. 

Figure 12.- Contour-line drawings of model side a t  R, = 15 x lo6. 



I- Wing-strake juncture 

HS= 1.24031€+03 HATTS/HETERlSP) -OEG-K 

CONTOUR 
1 
2 
3 
4 

H / H S  T A W T O  
1.97423E-01 9.30 0 0 O E - 0 1  
1.39599E-01 9.30000E-01 
8.82900E-02 9.30 0 0 OE- 0 1  

9.30900E-01 6.97 994E-02 

(b) ~1 = 6.2O; Tpc = 339 K .  

F igure  12.-  Continued. 



- 

HS= 1 . 2 3 1 6 6 E t  0 3 WATTS/METER(SQl-OEG-K 

CONTOUR 
1 
2 
3 
4 
5 

H/HS 
6.5395 OE- 0 2 
5.3394 BE-02 
4 . 6 2 4  12E- 02  
3 .17  2 1  2E- 02  
2.3 8 7  89E- c 2 

TAU/TO 
9.30 0 0 0 E- 0 1 
9.30 0 0 0 E - 0 1  
9.30000E-01 
9 . 3 0 0 0 0 E - 0 1  
9-30 00 OE- 0 1 

Figure 12.- Concluded. 



L -78- 12 
(a) 01 = 6.20. 

Figure 13.- Oil-flow photographs of model s ide .  R, z 15 x l o b .  



(b )  c1 = 11.g0. 

Figure 13.- Concluded. 
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CONTOUR 
1 
2 
3 
4 
5 

H / H S  T A H / T O  
3 .  G 39 3 3 E - 0 1  9.30000E-01 
1.17674E- 0 1  9.30 000E-01 
7.442 35E- 02 9.30000E-01 
5. 26253E-02 9.3000CE-01 
4.1604 OF-0 2 9.30 0 0 OE- 01 

Tpc = 313 K. (a> a = 0.6O; 

Figure 14.- Contour-line drawings of model side at R, = 5 x lo6.  
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- 
HS= 7 . G 0 4 9 3 E t 0 2  WLTTS/HFTER(SP)-OEG-K 

CONTOUR 
1 
2 
3 
4 
5 

H/HS T A W / T O  
8 .95C8OE-02 9 . 3 0 3 0 0 ~ -  o i  

2 . 1 3 9 6 5 E - C Z  ~ . ~ O I Y O O E - ~ I ~  

4.0 0 29 2E- 02 
2 . 3 1 1  3 9E- 02 

1 . 7 9 0 1 6 F - 0 2  

9 . 3 0 0  OOE- 01 
9 . 3 0 0 0  O E - 0 1  

9.300 0 OE- 0 1 

(b) = 1 1 . 9 O ;  Tpc = 313 K. 

Figure 14.- Continued. 



L 
2 
3 
4 
5 

n/ HS 
8.152 8iE-o 2 
6.82 11 3F - 0 2 
4.82327E-02 
3.93 81 RE-0 2 
3.2 1 5 5  1E-6 2 

Figure 1 Ir . - Concluded. 
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Data fairing 
--- R , virtual origin at x lZ = 0.2 
_ _ - _ -  RX } Turbulent theory 

W 
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PC * 

Data 

Run 1 0 367 
2 0  339 
3 0  381 
4n 381 

I I I I 1 

0 I 2  I 4  , 6  ,8 L O  
X l  I 

( a>  a = 0.60. 

Figure 15.- Heat- t ransfer  c o e f f i c i e n t  as a func t ion  of a x i a l  l o c a t i o n  
on windward fuse lage  cen te r  l i n e .  R, :: 15 x lo6; 6 = 60. 
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(b) a = 6.2O.  

Figure 15. - Continued. 
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2 0  381 
3 0  394 
4 A  408 

U 
n 

T v  K 
PC 

Data 
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( c >  a = 11.90. 

Figure 15.- Continued. 
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Data fairing --- 1 Turbulent theory R , virtual origin at X / Z  = 0.3 
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W Data TDc 9 
1- 

Run 1 0  394 
2 0  408 
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ia A 
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x/ I 

( d )  ~1 = 17.60. 

Figure 15.- Continued. 
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Data fairing 

RX 1 Turbulent theory R 
--- virtual origin at xlZ = 0.2 

W 
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1 
\ . 1 

0 -- 
Data T PC * K 

Run 1 0 408 
2 0 450 
3 0 450 

I I 1 1 1 

I 4  ,6 ,8 1 8 0  I 2  

xl 1 
(e )  a = 240. 

Figure 15.- Concluded. 



Data fairing 

S h/ h 
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12 
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a + 6 ,  deg 

Figure 16.- Summary of windward fuselage center- l ine heat- t ransfer  coe f f i c i en t  as a funct ion of 
l o c a l  def lec t ion  angle a t  a constant value of X / I  = 0.5. R, =: 15 x lo6.  
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110 
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Run 1 o 367 
2 0  339 
3 0  381 
4 0  381 

X i = 0.8 
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r N l c  

(a) a = 0.60. 

Figure 17.- Heat-transfer coefficient as a function of distance normal 
to wing leading edge. R, 2 15 x lo6.  
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(b)  ~1 = 6.20. 

Figure  17.- Continued. 
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Figure 17.- Continued. 
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(d) a = 17.60. 

Figure 17.- Continued. 
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Data fairing 
--- Turbulent theory, virtual origin at Nlc, = 0 
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Laminar theory K 
Data Tpc ' 
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Run 10 408 
2 0  450 
3 0  450 
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I I 
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0 I 04 I 08 I12 I 16 I20 24 

Nlc, 
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Figure 17.- Concluded. 
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Data fairing 
--- Tu rbu I en t theory X p-- T =  0.8 

/ 

4 8 12 16 20 24 
Angle of attack, deg 

Figure 18.- Summary of wing windward surface heat-transfer coefficient as a function of 
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