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1.0 INTRODUCTION 

Tests have been performed on 4-percent scale models simu- 
lating the forward 50 percent of the Space Shuttle Orbiter to determine 

the influence of thermal protection tile roughness on windward surface 
heat-transfer distributions. Tile roughness was produced by tile sur- 
face joint mismatch and by gaps between the tiles. Combinations of 
gap width and tile height were tested, and the influence of tile axial 
location was investigated. 

Earlier investigations of roughness influences on orbiter wind- 
ward surface heating utilized the phase-change paint technique to mea- 
sure wall temperature (Ref. I). During these tests, it was found that 
great care had to be used to obtain a consistent, smooth painted sur- 
face which is required in transition studies. When planning the present 
test, it was decided that an alternate technique using an infrared (IR) 
scanning camera, which has no requirement for model coatings, would 
be considered. After an initial test run proved satisfactory, the IR 
technique was used for the entire test. This technique not only elimi- 
nated the need for painting but also provided on-line real-time color 
and gray-scale video screen display of the model temperature distri- 
butions as they developed. In addition, model centerline heat-transfer 
distributions were obtained from computer reduction of the data with- 
out the manual reduction required for phase-change paint data. 

All data were obtained at _Mach number 8 at angles of attack of 30 
and 40 deg and f r ee - s t r eam Reynolds numbers ranging f r o m  2.2 x 106 
to 15. I x I06 based on the scaled full orbiter length. Three axial tile 
locations were tested with tile heights ranging from -0. 020 in. (cavity) 
to 0. 025 in. (protuberance) and gap sizes from 0 to 0. 020 in. Tests 
were conducted in the 50-in. Hypersonic Tunnel B of the yon I(.~rm~n 
Gas Dynamics l~acility (VKF). The infrared data system will be de- 
scribed, and selected data will be presented to illustrate the influence 
of the primary test parameters. 

2.0 APPARATUS 

2.1 WIND TUNNEL 

Tunnel B is a closed-circuit hypersonic wind tunnel with a 50-in.- 
diam test section. Two axisymmetric contoured nozzles are available 

7 
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to p r o v i d e  Mach n u m b e r s  of 6 and 8, and the  tunne l  m a y  be o p e r a t e d  
c o n t i n u o u s l y  o v e r  a r a n g e  of p r e s s u r e  l e v e l s  f r o m  20 to 300 p s i a  at 
M= = 6 and 50 to 900 p s i a  at M= = 8, with a i r  supp l i ed  by t h e V K F m a i n  
c o m p r e s s o r  p lant .  S tagna t ion  t e m p e r a t u r e s  su f f i c i en t  to avo id  a i r  
l i q u e f a c t i o n  in the  t e s t  s e c t i o n  (up to 1,350°R) a r e  ob ta ined  t h r o u g h  the  
u se  of a n a t u r a l - g a s - f i r e d  c o m b u s t i o n  h e a t e r .  The  e n t i r e  tunne l  
( th roa t ,  n o z z l e ,  t e s t  s e c t i o n ,  and d i f fu se r )  is coo led  by i n t e g r a l ,  
e x t e r n a l  w a t e r  j a c k e t s .  The  tunne l  is equ ipped  wi th  a m o d e l  i n j e c t i o n  
s y s t e m ,  which  a l lows  r e m o v a l  of the  m o d e l  f r o m  the  t e s t  s e c t i o n  whi le  
the  tunne l  r e m a i n s  in o p e r a t i o n .  A d e s c r i p t i o n  of the  tunne l  m a y  be 
found in Ref.  2. 

2.2 MODELS 

The  m o d e l s  w e r e  0. 0 4 0 - s c a l e  m o d e l s  of the  f o r w a r d  ha l f  of the  
Space  Shut t le  O r b i t e r  140C. F i g u r e  1 shows  a p h o t o g r a p h  of the  b a s i c  
m o d e l  wh ich  was  c a s t  f r o m  L o c k h e e d  P r o p r i e t a r y  M a t e r i a l  "LH.  " 
C o r r e s p o n d i n g  m a j o r  m o d e l  d i m e n s i o n s  a r e  p r e s e n t e d  in F ig .  2. A 
v i ew of the  l o w e r  s u r f a c e  in F ig .  3 shows  a n i c k e l - p l a t e d  c o p p e r  n o s e  
and s t a i n l e s s  s t e e l  t i l e  s e c t i o n  i n s t a l l e d .  

The  p h o t o g r a p h  in F ig .  4 shows  the  t i l e  i n s t a l l a t i o n  in de ta i l .  
S t a t i o n a r y  t i l e s  w e r e  n o m i n a l l y  0. 250- in .  s q u a r e s .  A d j u s t a b l e  t r ies  
i n s t a l l e d  fo r  a 0. 010- in .  gap, w e r e  0. 250- in .  s q u a r e s ,  whi le  t r ies  u s e d  
to a c h i e v e  a 0. 020- in .  gap w e r e  0. 245- in .  s q u a r e s .  It shou ld  be no ted  
that  gap c h a n g e s  w e r e  m a d e  only  a round  the p e r i p h e r y  of the a d j u s t a b l e  
t i l e s .  All  o t h e r  gaps  w e r e  f ixed  at 0. 010 in. F i g u r e  5 shows  the  t i l e  
v e r t i c a l  a d j u s t m e n t  de ta i l .  

T h r e e  c o n f i g u r a t i o n s  with d i f f e r e n t  ax ia l  l o c a t i o n s  of the  s i m u l a t e d  
t h e r m a l  p r o t e c t i o n  t i l e s  w e r e  t e s t e d .  The  s k e t c h  in Fig .  6 shows  the  
ax ia l  l o c a t i o n  and  a n g u l a r  o r i e n t a t i o n  of the  c l u s t e r s  of t r i es .  Conf igu-  
r a t i o n  i d e n t i f i c a t i o n s  a r e  as fo l lows:  

Conf igu ra t i on  No. T i l e  L o c a t i o n ,  x/~ 

6 0.050 
7 0.'111 
8 0 .175  

w h e r e  the  r e f e r e n c e  l e n g t h  (~) is 4 .311 ft (based  on a f u l l - s c a l e  l e n g t h  
of 107. 775 it).  Data in Ref.  3 i n d i c a t e d  that  s t r e a m w i s e  o r i e n t e d  g r o o v e s  
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can  t r i p  the  b o u n d a r y  l a y e r .  C o n s e q u e n t l y ,  the  t i l e s  a r e  o r i e n t e d  to 
keep  the g r o o v e s  b e t w e e n  the  t i l e s  at  an  ang le  to the  f low d i r e c t i o n .  
T i l e s  m o v e d  v e r t i c a l l y  d u r i n g  th i s  t e s t  a r e  i n d i c a t e d  in F ig .  6. Note  
tha t  t h i s  t i l e  a r r a n g e m e n t  is  not  s y m m e t r i c a l  abou t  the m o d e l  c e n t e r -  
l i n e .  

R e f e r e n c e  l i n e s  w e r e  p a i n t e d  on the  m o d e l  wi th  an a l u m i n u m  p i g -  
m e n t e d  s i l i c o n  pa in t ,  as  can  be  s e e n  in F i g s .  3 and 4. The  pa in t  
bands  w e r e  a p p r o x i m a t e l y  0. 200 in.  wide  and had an e m i s s i v i t y  l o w e r  
than  the m o d e l  m a t e r i a l .  C o n s e q u e n t l y ,  the l i n e s  a p p e a r e d  as  cool  
bands  on the  i n f r a r e d  m o n i t o r i n g  v ideo  s c r e e n s  and as po in t s  of a p p a r -  
ent  l o w e r  h e a t i n g  on the  r e d u c e d  d ig i t a l  da ta .  A f t e r  a few r e f e r e n c e  
r u n s ,  a s t r i p  about  1 in. w ide  was  c l e a n e d  a long  the  m o d e l  c e n t e r l i n e  
to p e r m i t  i n t e r f e r e n c e - f r e e  d ig i t a l  da ta  to be  ob ta ined .  

C h r o m e l @ - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  i n s t a l l e d  in the  c o p p e r  
n o s e  s e c t i o n  to m o n i t o r  the  f o r e b o d y  t e m p e r a t u r e  a h e a d  of the  t i l e s  
d u r i n g  the  t e s t  r u n s .  T h e r m o c o u p l e  l o c a t i o n s  a r e  shown be low:  

T h e r m o c o u p l e  x /£  L o c a t i o n  
N u m b e r  No. 6 No. 7 No. 8 

1 O. 005 O. 005 O. 005 
2 O. 010 O. 010 O. 010 
3 O. 020 O. 020 O. 020 
4 0. 030 0. 030 0. 030 
5 - - -  O. 050 O. 050 
6 - - -  0 .  0 8 0  0 .  0 8 0  

7 . . . . . .  O. i i 0  
8 . . . . . .  O. 140 

The copper nose reduced the wall temperature change ahead of the trip 
and minimized the boundary layer thickness growth during a run. 

2.3 INFRARED SCANNING SYSTEM 

2.3.1 Camera 

Details of the infrared camera used in the VI~F are illustrated in 
Fig. 7. Note that this is a scanning optical-mechanical camera which 
does not use film of any kind. The camera illustrated is manufactured 
in Sweden by AGA and is designated the Thermovision 680. Scan rate 

9 



A E D C-T R-76-98 

is  16 f r a m e s / s e c ,  and the d e t e c t o r  is s e n s i t i v e  to r a d i a t i o n  in the  b a n d -  
width  f r o m  2 to 5 p .  The  s c h e m a t i c  in F ig .  8 shows  the  l i q u i d - n i t r o g e n -  
c o o l e d  ( i n d i u m - a n t i m o n i d e )  d e t e c t o r  and the  r o t a t i n g  p r i s m s  w h i c h  con -  
t r o l  the  p o s i t i o n  of the  i n s t a n t a n e o u s  f i e ld  of v i ew.  A c o m p l e t e  f r a m e  
(one ful l  scan)  c o n s i s t s  of 70 h o r i z o n t a l  l i n e s  c o m p o s e d  of 100 po in t s  
e a c h .  C o n s e q u e n t l y ,  the  f i e l d - o f - v i e w  is  m a p p e d  wi th  7 ,000  po in t s .  

L e n s e s  fo r  the T h e r m o v i s i o n  c a m e r a  a r e  m a d e  f r o m  g e r m a n i u m .  
Th i s  t e s t  was  p e r f o r m e d  wi th  a l e n s  wh ich  had a v i e w i n g  ang le  of 25 deg.  
The  i n s t a n t a n e o u s  f i e l d - o f - v i e w  v a r i e s  wi th  the  d i s t a n c e  of the m o d e l  
f r o m  the  c a m e r a .  

C a m e r a  c a l i b r a t i o n s  w e r e  p e r f o r m e d  with  a c o m m e r c i a l l y  a v a i l a b l e  
r e f e r e n c e  b l a c kbody .  C a l i b r a t i o n s  have  c o n s i s t e n t l y  b e e n  wi th in  _+1 p e r -  
c en t  of the  c a m e r a  m a n u f a c t u r e r ' s  s t a n d a r d  c a l i b r a t i o n ,  and r e p e a t a b i l -  
i ty  of c a l i b r a t i o n s  has  a l so  b e e n  wi th in  _+ 1 p e r c e n t .  T e m p e r a t u r e  f r o m  
a m b i e n t  to 2 ,000°R can  be  m e a s u r e d .  H o w e v e r ,  c o m b i n a t i o n s  of a p e r -  
t u r e  s i z e  ("f"  stop) and s y s t e m  s e n s i t i v i t y  can be u s e d  to s e t  a p p r o p r i a t e  
f u l l - s c a l e  v a l u e s  fo r  m a x i m u m  r e s o l u t i o n .  Check  c a l i b r a t i o n s ' d u r i n g  
the t e s t  did not show any  s i g n i f i c a n t  v a r i a t i o n s .  

2.3.2 Test Installation 

Figure 9 illustrates the infrared camera installation in Tunnel B. 
The mirror arrangement is used instead of installing the camera 
vertically because of the liquid-nitrogen-filled Dewar which is filled 
from the top of the camera housing. An Irtran ® window is used iu the 
viewing path because the conventional materials used in wind tunnel 
windows are generally opaque to radiation in the 2- to 5-p bandwidth. 
The Irtran window and mirror combination has a total transmittance of 
approximately 0.88. After the camera, window, and mirror are 
installed, a reference blackbody is installed in the tunnel test section 
to check the camera calibration. 

2.3.3 Data System 

A schematic of the data acquisition system used in this test is 
shown in Fig. 10. The camera output is recorded on analog tape and 
simultaneously transmitted to a CDC 1640B computer for on-line 
reduction. Real-time video display is available in both color and 
black and white. The color display presents the test model tempera- 
ture distribution in ten colors. Photographs of the color screen dis- 
play were obtained during each run. Between test runs, the analog 

, l 0  
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t ape  was r e p l a y e d  fo r  add i t iona l  v i sua l  e x a m i n a t i o n  and pho tog raphy .  
Add i t iona l  i n f o r m a t i o n  about  the  s y s t e m  is  a v a i l a b l e  in Ref.  4. 

2.4 INSTRUMENTATION AND PRECISION 

Tunne l  B s t i l l i ng  c h a m b e r  p r e s s u r e  is m e a s u r e d  with a 100- o r  
I ,  0 0 0 - p s i d  t r a n s d u c e r  r e f e r e n c e d  to a n e a r  v a c u u m .  B a s e d  on p e r i o d i c  
c o m p a r i s o n s  wi th  s e c o n d a r y  s t a n d a r d s ,  the  u n c e r t a i n t y  (a bandwid th  
wh ich  i n c l u d e s  95 p e r c e n t  of r e s i d u a l s )  of the t r a n s d u c e r s  is  e s t i m a t e d  
to be  wi th in  ± 0 . 1  p e r c e n t  of r e a d i n g  o r  _.+0.06 ps i ,  w h i c h e v e r  is g r e a t e r ,  
fo r  the 100-ps id  r a n g e  and _+0.1 p e r c e n t  of r e a d i n g  o r  _+0.5 ps i ,  w h i c h -  
e v e r  is g r e a t e r ,  fo r  the  1 , 0 0 0 - p s i d  r a n g e .  S t i l l ing  c h a m b e r  t e m p e r a -  
t u r e  m e a s u r e m e n t s  w e r e  m a d e  wi th  C h r o m e l @ - A l u m e l  @ t h e r m o c o u p l e s  
which  have  an u n c e r t a i n t y  of £-(1.5°F + 0. 375 p e r c e n t  of r e a d i n g )  b a s e d  
on r e p e a t  c a l i b r a t i o n s .  

3.0 PROCEDURES 

3.1 TEST CONDITIONS 

Tests were conducted at the following free-stream conditions: 

M® Po, psia To, °1% IRei x 10 -6 

7.90 105 I, 260 2.2 
7.93 155 I, 270 3.2 
7.94 184 -I, 272 3.4 
7.94 210 1,275 4.3 
7.95 265 I, 280 5.4 
7.96 320 I, 290 6.5 
7.97 375 1,295 7.5 
7.98 425 I, 300 8.6 
7.98 490 1,310 9.7 
7.99 555 1,320 I0.8. 
7.99 610 I, 325 Ii. 9 
7.99 670 1,330 12.9 
8.00 735 1,330 14.0 
8.00 800 1, 335 15.1 

A c o m p l e t e  t e s t  s u m m a r y  is  p r e s e n t e d  in Tab le  1. 
p h o t o g r a p h  was ob ta ined  du r ing  e v e r y  run.  

i 

A shadowgraph 

II 
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3.2 TEST PROCEDURE 

P r i o r  to  e a c h  r u n ,  t h e  m o d e l  w a s  c o o l e d  to a u n i f o r m  i n i t i a l  m o d e l  
t e m p e r a t u r e  of  a p p r o x i m a t e l y  530°R. E f f e c t i v e  c o o l i n g  w a s  a c c o m -  
p l i s h e d  b y  f l o w i n g  c o o l  w a t e r  o v e r  t h e  m o d e l  s u r f a c e .  M o d e l  i n i t i a l  
s u r f a c e  t e m p e r a t u r e  w a s  o b t a i n e d  w i t h  a t h e r m o c o u p l e  h e l d  in  c o n t a c t  
w i t h  t h e  s u r f a c e .  

T h e  c o o l e d  m o d e l  w a s  t h e n  i n j e c t e d  i n to  t h e  t u n n e l  f l ow  a t  t h e  
d e s i r e d  a n g l e  of  a t t a c k .  N o t e  t h a t  t h e  m o d e l  w a s  m o u n t e d  i n v e r t e d  to 
o r i e n t  t he  w i n d w a r d  s u r f a c e  t o w a r d  the  o v e r h e a d  c a m e r a .  D a t a  w e r e  
r e c o r d e d  on  a n a l o g  t a p e  c o n t i n u o u s l y  f r o m  the  t i m e  t h e  m o d e l  w a s  i n -  
j e c t e d  i n to  t h e  f r e e  s t r e a m  u n t i l  t he  c o l o r  p a t t e r n  on t h e  v i d e o  s c r e e n  
w a s  f u l l y  d e v e l o p e d .  As  t h e  c o l o r  p a t t e r n  a p p r o a c h e d  fu l l  d e v e l o p m e n t ,  
a l i n e  of  70 p o i n t s  a l o n g  t h e  m o d e l  c e n t e r l i n e  w a s  d i g i t i z e d  a n d  t r a n s -  
m i t t e d  to  t h e  CDC 1604.  T h i s  p r o c e d u r e  e n s u r e d  t h a t  a s u f f i c i e n t  t e m -  
p e r a t u r e  r i s e  h a d  o c c u r r e d  to  p r o v i d e  good  d a t a  p r e c i s i o n  w h i l e  t he  
v i s u a l  m o n i t o r i n g  s h o w e d  t h a t  t h e  c a m e r a  o u t p u t  h a d  n o t  r e a c h e d  fu l l  
s c a l e .  R u n  t i m e s  g e n e r a l l y  r a n g e d  f r o m  10 to  30 s e c .  

C o l o r  p h o t o g r a p h s  of t h e  c o l o r  m o n i t o r  s c r e e n  w e r e  t a k e n  p e r i o d i -  
c a l l y  d u r i n g  e a c h  r u n .  W h e n  p h o t o g r a p h s  w e r e  t a k e n ,  a s i g n a l  w a s  r e -  
c o r d e d  on t h e  d a t a  r e c o r d  to  o b t a i n  t h e  t i m e  a t  w h i c h  t h e  p h o t o g r a p h  w a s  
t a k e n .  

3.3 DATA REDUCTION 

D i g i t i z e d  m o d e l  c e n t e r l i n e  d a t a  w e r e  r e d u c e d  a s s u m i n g  the  m o d e l  
to  b e  a s e m i - i n f i n i t e  s o l i d .  A f t e r  t h e  c a m e r a  o u t p u t  h a d  b e e n  r e d u c e d  
to  m o d e l  w a l l  t e m p e r a t u r e  b y  u s i n g  t h e  b l a c k b o d y  c a l i b r a t i o n ,  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  w a s  o b t a i n e d  f r o m  t h e  f o l l o w i n g  e x p r e s s i o n :  

h(T o) = fl(pCpk)°.s(t)-o-s (i) 

where the value of ~ is obtained by evaluating the following: 

T - T i ~ 2  
w - 1 -  e e r f c  f l  

T o - T ,  (2) 

T h e  t o t a l  e l a p s e d  m o d e l  e x p o s u r e  t i m e  (t) w a s  m e a s u r e d  f r o m  t h e  t i m e  
t h e  m o ~ e . 1 5 e n t e r e d  the  t u n n e l  f l ow .  M o d e l  m a t e r i a l  p r o p e r t i e s  
( (pCpk)  • ) w e r e  o b t a i n e d  f r o m  a c u r v e  f i t  of v a l u e s  s u p p l i e d  b y  R o c k w e l l  

12 
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I n t e r n a t i o n a l .  F i g u r e  11 i l l u s t r a t e s  the  v a r i a t i o n  in the  m o d e l  p r o p e r -  
t i e s  with t e m p e r a t u r e .  The  Fay-RiddeI1  s t agna t ion  poin t  h e a t - t r a n s f e r  
coe f f i c i en t  (Ref. 5) (h re  f) b a s e d  on a 0 . 0 4 - f t - r a d i u s  s p h e r e ,  was  u s e d  to 
n o r m a l i z e  the c o m p u t e d  a e r o d y n a m i c  h e a t - t r a n s f e r  c o e f f i c i e n t s .  

The emissivity of Material "LH" was determined at AEDC and was 
found to be very nearly constant over the wavelength range of interest. 
Data reduction was performed with an emissivity value of 0.96. 

Dur ing  e a r l i e r  pa in t  t e s t s  u s i n g  dup l ica te  m o d e l s  wi thout  t i l e s ,  
the  m o d e l  suppor t  s t ing  was i n s t r u m e n t e d  with s t r a i n  gages  to d e t e r -  
m i n e  s t ing  de f l ec t ion .  The  r e s u l t s  of the e a r l i e r  w o r k  w e r e  c u r v e  
f i t t ed  and e n t e r e d  in the  p r e s e n t  data  r e d u c t i o n  as an a n g l e - o f - a t t a c k  
c o r r e c t i o n .  

P h o t o g r a p h s  of the  c o l o r  m o n i t o r  s c r e e n  a r e  g e n e r a l l y  i n t e n d e d  
fo r  qua l i t a t i ve  a n a l y s i s  of t e m p e r a t u r e  d i s t r i b u t i o n s .  H o w e v e r ,  r e -  
duc t ion  of the  p h o t o g r a p h i c  data  a long the  c o l o r  i n t e r f a c e s  is  v e r y  
p r a c t i c a l  p r o v i d e d  t e m p e r a t u r e ,  run  t i m e ,  and m a t e r i a l  p r o p e r t i e s  a r e  
known.  

4.0 PRECISION OF MEASUREMENTS 

4.1 TEST CONDITIONS 

U n c e r t a i n t i e s  of the  b a s i c  tunnel  f low p a r a m e t e r s  (Po,  To,  and 
M®) w e r e  e s t i m a t e d  f r o m  r e p e a t  c a l i b r a t i o n s ' o f  the  i n s t r u m e n t s  and 
f r o m  r e p e a t a b i l i t y  and u n i f o r m i t y  of the t e s t  s e c t i o n  f low d u r i n g  
tunne l  c a l i b r a t i o n s .  The  ind iv idua l  c o n t r i b u t i o n s  of t h e s e  u n c e r t a i n -  
t i e s  w e r e  u s e d  to compu te  the  u n c e r t a i n t i e s  in the  o t h e r  p a r a m e t e r s  
d e p e n d e n t  on t hose  by m e a n s  of the T a y l o r  s e r i e s  m e t h o d  of e r r o r  
p ropaga t i on .  

13 
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M__ m Re~ x 10 -6 

7 .90  2 .2  
7 .93  3 .2  
7 .94  3 . 4  
7 .94  4 .3  
7 .95  5 .4  
7 .96  6 .5  
7 .97  7 .5  
7 .98  8 .6  
7 .98  9 .7  
7 .99  10 .8  
7 .99  11.9  
7 .99  12 .9  
8 .00  14 .0  
8 .00  15. I 

U n c e r t a i n t y  (_+), p e r c e n t  
Po  T__o Re~ 

0 . 5  
0 .3  
0 .3  
0 .2  
0 .2  
0 .2  
0 .1  

0.4  1.2 

I 1 

4.2 DATA 

I n f r a r e d  c a m e r a  c a l i b r a t i o n s  a r e  r e p e a t a b l e  wi th in  _+ 1 p e r c e n t  in 
a b s o l u t e  t e m p e r a t u r e  and a r e  wi th in  _+ 1 p e r c e n t  of the  c a l i b r a t i o n  s u p -  
p l i e d  b y  the  c a m e r a  m a n u f a c t u r e r .  I n i t i a l  mode l  s u r f a c e  t e m p e r a t u r e ,  
m e a s u r e d  wi th  a t h e r m o c o u p l e  p r o b e  which  was  c h e c k e d  p e r i o d i c a l l y ,  
i s  e s t i m a t e d  to be  _+0.5 p e r c e n t  of r e a d i n g ,  °F.  Model  ang le  of a t t a c k  
i s  e s t i m a t e d  to have  an  u n c e r t a i n t y  of _+0.2 deg.  

The  o v e r a l l  e s t i m a t e d  u n c e r t a i n t y  in  the  h e a t - t r a n s f e r  c o e f f i c i e n t s  
i s  as  fo l lows :  

h(T o) U n c e r t a i n t y  (+_), p e r c e n t  

10 -3 12 
10 -2 7 

14 
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These values were based on the following assumptions: 

I t e m  E s t i m a t e d  U n c e r t a i n t y  (+_), p e r c e n t  

k 5 
Cp 5 
p 1 
Ti 0, 5 
Tw 1 
T O 0.4 
t 1 

5.0 RESULTS AND DISCUSSION 

5.1 GENERAL 

The  in f luence  of s i m u l a t e d  t h e r m a l  p r o t e c t i o n  t r ies  on the hea t  ~ 
t r a n s f e r  d i s t r i b u t i o n  of the  O r b i t e r  w i n d w a r d  s u r f a c e  is  obv ious ly  an 
e x t r e m e l y  c o m p l e x  sub jec t .  Th is  s ec t i on  wil l  i l l u s t r a t e  the  g e n e r a l  
c h a r a c t e r  of the hea t ing  p a t t e r n s ,  and e x a m p l e s  of the hea t i ng  l e v e l  and 
d i s t r i b u t i o n  a long the  m o d e l  c e n t e r l i n e  wil l  be  p r e s e n t e d .  A c o m p l e t e  
s tudy and c o r r e l a t i o n  of the r e s u l t s  as they  apply  t owards  s p e c i f y i n g  
a l lowab le  f u l l - s c a l e  t h e  r o u g h n e s s  wil l  be p e r f o r m e d  by R o c k w e l l  
I n t e r n a t i o n a l .  

A color photograph presented in Fig. 12 is typical of the monitor 
video display viewed during the test. Reference temperatures corre- 
sponding to the interface between colors are shown along the color bar 
at the bottom of the photograph. As has been stated earlier, when the 
model properties and run time are knock-n, the color interface lines can 
be reduced to heat-transfer coefficient if required. Additional points 
of interest are noted on the photograph. All other photographs included 
in this report are black and white prints made from color negatives. 
This yields ten distinct shades of gray which will serve to show the 
major areas of interest in the heating patterns. Note that the mirror 
in the viewing path reverses the video screen scene and photographs 

left-to-right. 
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5.2 TILE HEIGHT EFFECTS 

B e f o r e  d i s c u s s i n g  h e a t - t r a n s f e r  d i s t r i b u t i o n s ,  i t  shou ld  be  u s e f u l  
to c o m p a r e  the  t h i c k n e s s  of a l a m i n a r  b o u n d a r y  l a y e r  at  the  t i l e  s t a -  
t i ons  wi th  the  r a n g e  of the  t i l e  he igh t s  t e s t e d .  F i g u r e  13 s h o w s  the 
b o u n d a r y - l a y e r  t h i c k n e s s  at  the  t i l e  s t a t i o n s  a t  both  30-  and  4 0 - d e g  
a n g l e  of a t t a c k .  C a l c u l a t i o n s  w e r e  p e r f o r m e d  a s s u m i n g  a wa l l  t e m p e r a -  
t u r e  of 560°R f o r w a r d  of the  t i l e  s t a t i on  w h i c h  s e e m s  r e a s o n a b l e  in l i g h t  
of the  t y p i c a l  t e m p e r a t u r e  d i s t r i b u t i o n s  i l l u s t r a t e d  in F ig .  14. T h e s e  
c a l c u l a t i o n s  as  we l l  as  the  t h e o r e t i c a l  h e a t - t r a n s f e r  v a l u e s  p r e s e n t e d  
in l a t e r  f i g u r e s  w e r e  p e r f o r m e d  by  s i m u l a t i n g  the  w i n d w a r d  c e n t e r l i n e  
of the  O r b i t e r  wi th  a h y p e r b o l o i d  and fo l lowing  the  m e t h o d s  d e s c r i b e d  
in Re f s .  6 t h r o u g h  8. Add i t i ona l  i n f o r m a t i o n  on the  h y p e r b o l o i d  s i m u -  
l a t i o n  is  a v a i l a b l e  in Ref .  9. The  p r i m a r y  o b s e r v a t i o n  to be  m a d e  
f r o m  F ig .  13 is tha t  the t i l e  he igh t  was  a l w a y s  l e s s  than  the c a l c u l a t e d  
l o c a l  l a m i n a r  b o u n d a r y - l a y e r  t h i c k n e s s .  

T i l e  he igh t  i n f l u e n c e s  on w i n d w a r d  l o n g i t u d i n a l  c e n t e r l i n e  h e a t -  
t r a n s f e r  d i s t r i b u t i o n  at  Re~ = 6 .5  x 106 and ~ = 30 deg a r e  shown in 
F ig .  15a. T h e s e  data  show an o r d e r l y  f o r w a r d  m o v e m e n t  of t r a n -  
s i t i on  wi th  i n c r e a s i n g  t i l e  he igh t .  F i g u r e  15b i l l u s t r a t e s  s i m i l a r  r e -  
su l t s  on C o n f i g u r a t i o n  7 ( t i le  x/~ = 0. 111) wi th  the add i t ion  of the  c a v i t y  
t i l e  s e t t i n g ,  -0.  020 in.  T h e s e  data  i n d i c a t e  tha t  the  c a v i t y  had no m o r e  
i n f l u e n c e  than  the z e r o  he igh t  s e t t i ng  wi th  the s a m e  0. 010- in .  gap 
s e t t i n g .  The  p h o t o g r a p h s . i n  F ig .  16 i l l u s t r a t e  the  o v e r a l l  v i ew  of the  
w i n d w a r d  s u r f a c e  h e a t i n g  p a t t e r n  wi th  v a r i a t i o n s  in t i l e  he igh t  at  
Re~ = 6 .5  x 106 at ~ = 30 deg.  T h e s e  p h o t o g r a p h s  show the d e v e l o p -  
m e n t  of the  w e d g e - s h a p e d  t r a n s i t i o n a l  and t u r b u l e n t  r e g i o n  t yp i ca l  of 
de l t a  wing  c o n f i g u r a t i o n s .  Th i s  r e g i o n  m o v e d  f o r w a r d  wi th  i n c r e a s i n g  
t i l e  h e i g h t  un t i l  it  r e a c h e d  a pos i t i on  i m m e d i a t e l y  d o w n s t r e a m  of the 
c e n t e r  t i l e .  

5.3 AXIAL TILE LOCATION EFFECTS 

F i g u r e  17a shows  the  c e n t e r l i n e  h e a t - t r a n s f e r  d i s t r i b u t i o n  at  
Re~ = 6 .5  x 106 a n d ~  = 30 d e g w i t h a t i l e  he igh t  of 0 .010  in.  T h e s e  
da ta  i n d i c a t e  tha t  the b o u n d a r y - l a y e r  t r i p p i n g  e f f e c t i v e n e s s  d e c r e a s e d  
as  the  t i l e  s t a t i on  was  m o v e d  aft and the  t i l e s  w e r e  s u b m e r g e d  in a 
t h i c k e r  b o u n d a r y  l a y e r  ( s ee  F ig .  13}. When the  R e y n o l d s  n u m b e r  was  
i n c r e a s e d  to 8 .6  x 106, a 0. 010- in .  t i l e  s e t t i n g  was  s u f f i c i e n t  to p r o -  
duce  fu l ly  t u r b u l e n t  h e a t i n g  aft  of e a c h  t i l e  s t a t i on  as  shown in F ig .  17b. 
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P h o t o g r a p h s  in F ig .  18 show the  d i s t i n c t  c h a r a c t e r  of the  h e a t i n g  
d i s t r i b u t i o n s  w h i c h  r e s u l t  when  the  t i l e  ax ia l  l o c a t i o n  is  c h a n g e d .  When  
the  t i l e s  w e r e  l o c a t e d  at  x/~ = 0. 050 ( C o n f i g u r a t i o n  6, F ig .  18a), the 
l a m i n a r  zones  b e t w e e n  the t i l e  c l u s t e r s  v e r y  r a p i d l y  t u r n  o u t b o a r d  and  
s w e e p  o v e r  the  l e a d i n g  edge .  Moving  the  t i l e s  aft  ( F i g s .  18b and c) 
r e s u l t e d  in two c l e a r  l a m i n a r  zones  w h i c h  g e n e r a l l y  e x t e n d e d  af t  f r o m  
the  s p a c e  b e t w e e n  the t i l e  c l u s t e r s .  The  l a r g e  a s y m m e t r y  in F i g .  18c 
( C o n f i g u r a t i o n  8, t i l e  x/~ = 0. 175) is  c a u s e d  by  the  a s y m m e t r i c  l a t e r a l  
p l a c e m e n t  of the  o u t b o a r d  t i l e  c l u s t e r s .  Note  tha t  only  C o n f i g u r a t i o n  8 
has  a s y m m e t r i c  o u t b o a r d  t i l e  l o c a t i o n s  ( s ee  F ig .  6). 

5.4 TILE GAP EFFECTS 

The  i n f l u e n c e  of gap v a r i a t i o n  wi th  a c o n s t a n t  t i l e  he igh t  i s  s h o w n  
in F i g s .  19 and 20. F i g u r e  19a i l l u s t r a t e s  da ta  f r o m  C o n f i g u r a t i o n  6 
( t i le  x/~ = 0.050} f o r R e ~  = 7 .5  x 106 a t ~  = 3 0  deg.  T h e s e  da ta  show 
a s i g n i f i c a n t  i n f l u e n c e  of gap s i z e  on h e a t  t r a n s f e r  d o w n s t r e a m  of the  
t i l e  c l u s t e r .  Data  in F ig .  19b i n d i c a t e  tha t  gap v a r i a t i o n  had. no in f lu -  
e n c e  when  the  t i l e s  w e r e  l o c a t e d  at  x/~ = 0. 175. H o w e v e r ,  the gap 
v a r i a t i o n  t e s t s  f o r  C o n f i g u r a t i o n  8 ( t i le  x/~ = 0. 175} w e r e  p e r f o r m e d  
wi th  a t i l e  he igh t  of 0. 015 in.  The  da ta  i n d i c a t e  tha t  tu rbul ' en t  h e a t i n g  
e x i s t e d  wi th  a z e r o  gap.  C o n s e q u e n t l y ,  t h e s e  c a s e s  m a y  have  b e e n  
d o m i n a t e d  by  the  t i l e  he igh t  a l though  it m i g h t  be  e x p e c t e d  tha t  gap 
c h a n g e  e f f ec t s  would  not  be  s i g n i f i c a n t  b e c a u s e  of the  t h i c k e r  b o u n d a r y  
l a y e r  at  the  aft  s t a t i on .  It shou ld  be  no t ed  tha t  on ly  the  gap a r o u n d  the  
.adjus table  t i l e s  was  c h a n g e d  f o r  the  0. 020 - in .  c a s e ,  wh i l e  a l l  o t h e r  
gaps  w e r e  0. 010 in.  F o r  the  z e r o  gap c a s e ,  a l l  gaps  w e r e  f i l l ed .  

The photographs in Fig. 20 show the forward movement and overall 

enlargement of the transitional and turbulent zone with increased gap 

s i z e .  

5.5 REYNOLDS NUMBER EFFECTS 

Variation in the longitudinal centerline heat-transfer distribution 
with changes in free-stream Reynolds number is shown in Fig. 21. 
Then data were obtained on Configuration 6 (tile x/~ = 0. 050) with the 
tile height set at 0. 010 in. At Re~ = 4.3 x 106 , the distribution is in 
very good agreement with theoretical values and with data from a 
smooth wall thin-skin model (Ref. 3). As expected, increasing free- 
stream Reynolds number brought transition forward on the body. 
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C o r r e s p o n d i n g  p h o t o g r a p h s  in F ig .  22 show c h a n g e s  in the  o v e r a l l  
h e a t i n g  p a t t e r n .  The  i n c r e a s e  in the  t r a n s i t i o n a l  and  t u r b u l e n t  z o n e s  
is  e v i d e n t  as R e y n o l d s  n u m b e r  was  i n c r e a s e d .  Note  the  i n c r e a s e d  
a s y m m e t r y  at  Re~ = 10 .8  x 106. F i g u r e  6 shows  tha t  the  p r o j e c t i n g  
c e n t e r  t i l e  is  not  on the  c e n t e r l i n e  of the  m o d e l  but  is  d i s p l a c e d  to 
the  le f t .  Any i n f l u e n c e  on the  h e a t i n g  d i s t r i b u t i o n  would  a p p e a r  on 
the  r i g h t  s i d e  of the  p h o t o g r a p h s  as  is  the  c a s e  in  F ig .  22c. It was  
i n d i c a t e d  e a r l i e r  tha t  the  p h o t o g r a p h s  a r e  r e v e r s e d  l e f t  to r i gh t  b e -  
c a u s e  of the  m i r r o r  in the  v i e w i n g  s y s t e m .  

Add i t i ona l  p h o t o g r a p h s  in F ig .  23 show the  h e a t i n g  d i s t r i b u t i o n s  on 
C o n f i g u r a t i o n  7 wi th  v a r i a t i o n  in R e y n o l d s  n u m b e r .  R e y n o l d s  n u m b e r  
i n f l u e n c e  is  c l e a r l y  e v i d e n t  in the  r e d u c t i o n  of the  l eng th  of the  l a m i n a r  
s t r e a k s  b e t w e e n  the  t i l e  c l u s t e r s  as  R e y n o l d s  n u m b e r  was  i n c r e a s e d .  

5.6 ANGLE-OF-ATTACK EFFECTS 

Two e x a m p l e s  of a n g l e - o f - a t t a c k  i n f l u e n c e s  on c e n t e r l i n e  h e a t -  
t r a n s f e r  d i s t r i b u t i o n s  a r e  shown in F i g s .  24. F i g u r e  24a i l l u s t r a t e s  
da ta  ob t a ined  wi th  the  t i l e  he igh t  at  z e r o  and a l l  gaps  at  0. 010 in.  
T h e s e  da ta  show tha t  a l a r g e  r e g i o n  of t r a n s i t i o n a l  hea t ing  e x i s t e d  on 
the  m o d e l  a t a  = 30 d e g a n d R e ~  = 8 .6  x 106 . When t h e a n g l e  of a t t ack  
was i n c r e a s e d  to 40 deg,  the  o n s e t  of t r a n s i t i o n  m o v e d  f o r w a r d  and the  
h e a t i n g  l e v e l  i n c r e a s e d .  F i g u r e  24b i l l u s t r a t e s  a c a s e  in wh ich  a w e l l -  
d e v e l o p e d  t u r b u l e n t  h e a t i n g  d i s t r i b u t i o n  e x i s t e d  at a = 30 deg  wi th  the  
t i l e  he igh t  and gaps at  0. 010 in. I n c r e a s i n g  ang le  of a t t ack  f r o m  30 to 
40 deg  did not  change  the  c h a r a c t e r  of the  d i s t r i b u t i o n ,  but  t he  l e v e l  
i n c r e a s e d  s i g n i f i c a n t l y .  

Hea t ing  d i s t r i b u t i o n  p h o t o g r a p h s  in F i g s .  25 and 26 show v a r i a -  
t ions  in  o v e r a l l  h e a t i n g  d i s t r i b u t i o n s  fo r  C o n f i g u r a t i o n s  6 and 7, 
r e s p e c t i v e l y .  F i g u r e  26 shows  the f o r w a r d  p r o g r e s s  and  e n l a r g e -  
m e n t  of the  h igh  h e a t i n g  a r e a  as ang le  of a t t ack  i n c r e a s e d  wi th  the  t i l e s  
a t  z e r o  he igh t .  With the  t i l e s  at  0. 010 in. (Fig .  26), the  c r o s s f l o w  i n -  
c r e a s e  is  e v i d e n t  f r o m  o b s e r v i n g  the  change  in the low h e a t i n g  s t r e a k  
s h a p e s  wi th  i n c r e a s i n g  a n g l e  of a t t ack .  

5.7 TRIP EFFECTIVENESS 

An e x a m p l e  of a s u m m a r y  of t i l e  e f f e c t i v e n e s s  as a b o u n d a r y -  
l a y e r  t r i p  is  i l l u s t r a t e d  in  F ig .  27. The  end of t r a n s i t i o n  was  d e t e r -  
m i n e d  f r o m  the  w i n d w a r d  c e n t e r l i n e  h e a t - t r a n s f e r  d i s t r i b u t i o n s  as  
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i n d i c a t e d  on the s k e t c h  i n c l u d e d  on F ig .  27. When  c o m p a r e d  to the  
s m o o t h - w a l l  t r a n s i t i o n  c a s e  f r o m  Ref .  1, the t i l e  i s  a v e r y  e f f e c t i v e  
t r i p .  T h e s e  da ta  g ive  an i n d i c a t i o n  of the  f o r w a r d  p r o g r e s s  of the  
f r o n t  of the  w e d g e - s h a p e d  t u r b u l e n t  zone  on the  m o d e l  and m u s t  be  
e v a l u a t e d  in the  l igh t  of the  o v e r a l l  h e a t i n g  d i s t r i b u t i o n s  as  shown  in 
the p h o t o g r a p h s  p r e s e n t e d  e a r l i e r .  U n c e r t a i n t y  in the c h a r a c t e r  of 
the e f f e c t i v e n e s s  c u r v e  can  be  i n t r o d u c e d  by  t u r b u l e n t  f ron t  a s y m m e t r y  
w h i c h  d e v e l o p e d  in s o m e  runs  b e c a u s e  of the a s y m m e t r i c  l a t e r a l  t i l e  
s e t t i n g .  

6.0 SUMMARY OF RESULTS 

E x a m p l e s  of h e a t - t r a n s f e r  da ta  ob t a ined  d u r i n g  t e s t s  of 0. 040-  
s c a l e  m o d e l s  of the f o r w a r d  ha l f  of the  Space  Shut t l e  O r b i t e r  Conf igu -  
r a t i o n  140C wi th  s i m u l a t e d  t h e r m a l  p r o t e c t i o n  t i l e s  have  b e e n  p r e -  
s e n t e d .  A few g e n e r a l  o b s e r v a t i o n s  m a y  be  m a d e  b a s e d  on the  da ta  
and d i s c u s s i o n  p r e s e n t e d :  

I. An infrared scanning system was used to obtain heat- 
transfer data which were in good agreement with 
theoretical values and data obtained using the thin 
skin technique. 

2. Projecting tiles were effective boundary-layer trips. 
Moving the  t i l e  s t a t i on  aft r e d u c e d  the t i l e  t r i p p i n g  
e f f e c t i v e n e s  s.  

3. I n c r e a s i n g  gap s i z e  i n c r e a s e d  h e a t i n g  d o w n s t r e a m  of 
the t i l e  s t a t i on  when  the  t i l e s  w e r e  l o c a t e d  at  
x / t  = 0 .050 .  Data  ob t a ined  fo r  t i l e  x / t  = 0. 175 ind i -  
c a t e d  no gap i n f l u e n c e .  

4. I n c r e a s i n g  f r e e - s t r e a m  R e y n o l d s  n u m b e r  m o v e d  
t r a n s i t i o n  f o r w a r d  a long  the  l o n g i t u d i n a l  c e n t e r l i n e .  
O f f - c e n t e r l i n e  d i s t r i b u t i o n s  i n d i c a t e d  s i m i l a r  
o r d e r l y  t r e n d s  as  e v i d e n c e d  by the  r e d u c t i o n  of the 
l eng th  of l a m i n a r  s t r e a k s  b e t w e e n  t i l e  c l u s t e r s .  

5. An i n c r e a s e  in ang le  of a t t a ck  i n c r e a s e d  the  h e a t -  
t r a n s f e r  l e v e l  and the c r o s s f l o w  w h i c h  c h a n g e d  the  
c h a r a c t e r  of the h e a t i n g  d i s t r i b u t i o n .  I n c r e a s i n g  
ang le  of a t t a ck  a l s o  t e n d e d  to m o v e  t r a n s i t i o n  f o r -  
w a r d .  
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AEDC-TR-76-98 

Configuration 6 

xl~ - 0.050 

Configuration 8 
Configuration 7 J 

J Pilot's Left 

, /45~ 

/ 

,-~o~ ylymj~_~0 ~ I/ 
Y / Y m a ~ ~  50~ ylYmax 

J Pilot's Right 
xlJ~ - 0. 111 J 

xl~ • 0. 175 

Figure 6. Tile cluster locations. 

Bottom Centerline 

[ ]  Adjustable Tiles 
I-1 Fixed Tiles 
• Tiles Moved during 

Present Test 

Coll 

Figure 7. Infrared scanning camera. 
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AEDC-TR-76~98 

Optical-Mechanical  
Side View: Scanner Transfer  

T [ Rotary Chopper, . . . . .  
- -  1 6  r s / - ~ e i e c t a e i e  F i I t e r  Camera Lens | P / 

t - ~  z ~  _ ~ [ ~  / r- Dewar Flask 
2 r p s  " ~j 

I f I I I ~ ~ \ ~ I J/ ~ _ ~  ~--Detector 

- - - - - W I  I \ ~ i v  / / / / / ~ L t q u t d  Nitrogen 
\ t ~ t/ / / / / / L-~'IR Detector 
~.~ u / / / / L---Collimation Lens 

V e r t i c a l  / / / / . . . . . .  

~ r a - - - /  / / L_ Se lec t ab l e  Aperture 
Colllmatlon Lens 

Horizontal 
Scanning Prism 

Figure 8. Infrared scanning camera internal layout. 

F r o n t  S u r f a c e d  M i r r o r ~  

Camera L o c a t i o n  

T e s t  
E n t r y  A, i n .  

1 4 8 . 7 5  

2 3 8 . 0 0  

50 0 

i I 
f -  

Copper  B l o c k  
R e f .  T a r g e t - - ~  

/ 
/ - -  I r t r a n  Window 

a r e d  Camera 

m - -  

N o t e s :  1. Not t o  S c a l e  
2 .  A l l  D i m e n s i o n s  i n  I n c h e s  

Figure 9. Schematic of model and camera installation. 
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AEDC-TR-76-98 

Camera 

Camera Controls 
and 

B&W Video Monitor 

On-Line 
Reduction~ 

. i Color k , 
I ~ 1  Video I ' ~ 1  
~ !Monitorp / 7 

- ~  ~ 
Wide 
Band 
Tape 
System 

/ 

lAID Converter ~ ~  
Off -Line 
Reduction 

I ~ ° ~ , °  1 ~ o .  ~ 

l" I rP11nn o I 

Photo ] 
Camera 

Tunnel Conditions 
and 
Attitude 

I CDC 160 I_ I . . . . . . . . . . .  ! 
l -  

[Model 

o eOLjO eO 
Rec°rdl -I Read 

I Pr O 
Tape 

Record 

Figure 10. Infrared scanning data system schematic. 
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AE D C-T R-76-98 

0 . 0 6 8  

0.066 

0.064 

0.062 

0.060 

~pCpk 

0.058 

0.056 

0.054 

0.052 

O. 050 I I I I I 
i00 200 300 400 500 

Temperature, OF 

600 

Figure 11. Material properties of Lockheed Proprietary Material "LH.'" 
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AE DC-TR -7 6-9 8 

Configuration 7 

Tile x/g = 0.IIi 

Gap = 0 

Tile Height = 0.010 in. 

Re~ = 8.6 x 106 

= 30 deg 

Figure 12. Representative photograph of the infrared system color video monitor. 
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0 .100  

0 .080  

AEDC-TR-76°98 

Tile Height 
Config. Tile Location~ x/~ Range~ in. 

6 0 .050  - 0 . 0 2 0  to 0 . 0 1 5  
7 0 . 1 1 1  - 0 . 0 2 0  t o  0 . 0 2 0  
8 0 . 1 7 5  - 0 . 0 2 0  t o  0 . 0 2 5  

, 

, 

0. 060 

i n .  

0 . 0 4 0  

0 . 0 3 0  

0 . 0 2 0  

0 . 0 1 5  

0 .100  

0 .080  

0 .060  

i n ,  

0.040 

0 . 0 3 0  

0 . 0 2 0  

0 .015  

I I I I I I I I  
2 10 

Re~ x 10 -6  

x / . ~  

O. 175 

O. iii 

0 .050  

J 
20 30 

e. a = 30 deg 

i 

x. i 

2 10 20 30 

Rej~ x 10 -6 

b. a = 40 deg 
Figure 13. Calculdted boundary-layer thickness at the simulated tile locations. 

33 



A
E

D
G

-T
R

-7
6

-9
8

 

~
0
 

o
 

o 
o 

° 
.~ 

• ,'4 
¢~ 

I1 
~ 

~ 
0 

.~
 

.,.~ 
~u <] 

:1 

0
 0
 0 
o
 

0
 0 0
 0
 g 121 
Q

 
o o 121 

121 
121 

8 0 8 8 0 
0 0 8 0 0 
0 0 0 0 8 0 

8 0 
0 0 

0 
0 
0 

121 
0 

o 
0 

Q
 

0 
Q

 
0 

~
O

a
<

] 

0 
0 0 

0 0 
O

~ 

0 0 
Q

O
 

0 0 

a o 
' "~,I, 

0 

0 

0 

r-I 

E~ 

/ <~ 
0 

~
3

o
 

0 
0 

0 
0 

0 

c~ 

C
~ 

c~ 

C
~ 

0 

0 
0 0 

d o 
4

~
 

.Q
 

"C
 

4
~

 
,m

 

"o
 

E
 

| ~
D

 

c 
0

~
 

N
 

c 8 e- 
0

~
 

"u
 

e- 
o

' 

4.m
 

e
- 

| Q
. 

rr 

LL 

34 



A
E

 D
 C

-T
 R

-7
6

-9
8

 

0 0 

~
"4| 

-4.~
1 

..:I 
LQ

 
0 

LO
 

q-~ 

• ,-,, 
0

0
0

0
1

~
 

~
, 

0
0

0
 

P
~ 

,-~
 

0 

E~ 

O
9 

.r.t 

0 0 

b~ 
II 

• 
~1 

t-- 
0 

0 
CO

 
II 

• 
II 

,-I 
8 

.,-I 

I 
I 

0 
0 

00 
~O

 

0 [.t 

N
 

o 

r.r.l 

I-4 
.,I.a 

.I-I 
• 

o 

I 0 

0 
0 

I 0 

f 
el 

0 

I 
I 

I 
0 

O
0 

~0 
0 

C
O

 

0 

N
 

C
q 

0 

t- 
._o 

.0
 

"0
 

c e- 

.E
 

x~ 

C
 

m
 

O
. c _ 

"D
'O

 

"1 
,

l
 

~:n 
o') 

'~" 
0 

8~ I .E
 

X 0 
i=tc 

o'J 

I.I. 

35 



A
E

D
C

-T
R

-7
6

-9
8

 

0 ~
4 

0 d 
b~ 

II 

B
 

• 

-~
 

~
-"0

 
0 

0 
0 

= 
o 

d
d

~
 

• ,~
 

~ O
<

i o
O

 
L~ 

I 
1 

I 
0
 

0
 

0
 

0
 

0
 

a
O
 

C
O
 

d
 

d
 

0 

V
 I- !. , 

0 

,.-8 

O
 

I 
o 

o 0,1 
r-~ 

o 
o 

o 

36 



A E  D C - T R - 7 6 - 9 8  

Mm-7.96 
Configuration 6 

Tile xl e.. • O. 050 

Tile Gap = 0.010 in. 

a. Tile height = 0 

b. Tile height = 0.005 in. 

Figure 16. 

c. Tile height = 0.015 in. 

Photographs of windward surface temperature distributions wi th tile height 
variation at Re~ = 6.5 x 108, a = 30 deg. 
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A E  D C - T R - 7 6 - 9 8  

%-7. .  
Tile Height - 0.010 in. 

Tile Gap - 0.010 In. 

a. Confi~Jration 6, tile x/J~ - 0.050 

! i  i ! b. Configuration 7, tile x/£ ,, 0.111 

Figure 18. 

~ ~ i  ~ ¢. Configuration 8, tile x/£ ~= 0.175 

Photographs of windward surface temperature distribution with tile axial Iomlbn  
variation at ReE = 8.6 x 10 s, a " 30 deg. 
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A E  D C - T R  - 7 6 - 9 8  

M m - 7.97 

Tile Station xiJ~ - 0.050 

Tile Height • 0.010 in. 

a - 30deg 

a. Tile gap : 0 

b. Tile gap = 0.010 in. 

Figure 20. 

©. Tile gap = 0.020 in. 

Photographs of windward surface temperature distributions wi th t i le 
gap variations at Re£ = 7.5 x 10 s, a = 30 deg. 
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A E  D C - T R - T 6 - 9 8  

Mm -~ 8 

Configuration 6 

Tile xl/, - O. 050 

Tile Height • O. 0]0 in. 

Tile Gap • 0.0]0 in. 

a. Re£ = 4.3 x 10 e 

b. Re£ = 8.6 x I 0  s 

c. Re~ = 10.8 x 10 e 

Figure 22. Photographs of windward temperature distributions with free~Jtream 
Reynolds number variations at a = 30 deg, Configuration 6. 
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A E D C - T R - 7 6 - 9 8  

r - - -  M~o=8 
Confkjuration 7 

Tile xll • O. !11 
Tile Hekjht - 0.0]0 in. 

Tile Gap • O 

a. Re£ - 7.5 x 10 s 

b. R e £ -  10.8 x 10 e 

©, Re£ = 14.0 x 10 e 

Figure 23. Photographs of windward surface temperature distributions with 
Reynolds number variatiom at a = 30 (leg, Configuration 7. 
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A E  D C - T R - 7 e - 9 8  

Moo • 7.98 
Configuration 6 

Tile x/~ - 0. 050 

Tile Gap - 0.010 in. 

a - 30daJ 

a - ~ d e g  

Figure 25. 
a. Tile height = 0 

Photographs of windward surface temperature distributions with angle-of-attack 
variation at Re£ = 8.6 x 10 s, Configuration 6. 
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AEDC-TR-76-98  

a - 3 0 ~ 9  

,, -~deg 

b. Tile height - 0.010 
Figure 25. Concluded. 
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A E D C - T  R - 7 6 - 9 8  

!i~i! i~ ¸ 
M m - 7.98 
ooo,,u, ,eo, 
Tile x/l • O. 111 

Tile Height - 0.0]0 in. 

Tile Gap • 0 

b. a - 4 0  deg 

Figure 26. Photographs of windward surface temperature distributions with angle-of- 
attack variations at Re~ = 8.6 x 10 e, Configuration 7. 
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AEDC-TR-76-98 

O 

4~ 

N 

0.6 

0,5 

0.4 

0.3 

0.2 

href 

0.i 

0 

(x/~)transition 

C o n f i g u r a t i o n  6 

M ~ 8  
O0 

T i l e  H e i g h t  = 0 . 0 0 5  

T i l e  Gap = 0 . 0 1 0  

/--Smooth Wall 

Fairing 

_ Tile Location -k 

I I I I 
0 4 8 12 16 2O 

Re~ x 10 - 6  

i n .  

i n .  

Figure 27  Example of tile tripping effectiveness based on windward centerline 
heattransfer distributions at a = 30 deg, Configuration 6. 
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AE DC-TR-76-98 

Trip 
Cdnfiguration x / I  

6 O. 050 

6 

6 

Table 1. Test Summary 

Tile 
Gap H e i g h t  

r 

0.010 0 

0 . 0 5 0  0 . 0 1 0  0 . 0 0 5  

0 . 0 5 0  0 . 0 1 0  0 . 0 1 0  

Re~ x 1 0 6 / f t  

6 . 5  
6 . 5  
8 . 6  
8 . 6  

1 2 . 9  
1 2 . 9  

5 . 4  
5 .6  
5 . 6  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

I 0 . 8  
i 0 . 8  
i i  .9  
i i  .9  
1 2 . 9  

4 . 3  
4 . 3  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

i 0 . 8  
1 0 . 8  
1 1 . 9  

30 
40 
30 
40 
30 
40 

40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 

30 
40 
30 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
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AE DC-TR-76-98 

Trip C o n f i g u r a t i o n  x / L  

6 

6 

Table 1. Continued 

Gap T i l e  
Height 

0 050 0 010 0 015 

0.050 0 0.010 

Re~ x 1 0 6 / f t  

3.2 
4.3 
4.3 
5.4 
5.4 
6.5 
6.5 
7.5 
7.5 
8.6 
8.6 
9.7 
9.7 

10.8 
10.8 
11.9 

7.5 
7.5 
8.6 
8.6 
9.7 
9.7 

10.8 
10.8 
11.9 
11.9 
12.9 
12.9 
14.0 
14.0 
15.1 

Q 

40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 

30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
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AEDC-TR-76-98 

Configuration 

6 

Table1. Continued 

T r i p  Gap Tile 
x/~ Height 

0 . 0 5 0  0 . 0 2 0  0 . 0 1 0  

0.Iii 0.010 -0.020 

0.iii 0.010 0 

Re~ x 1 0 6 / f t  

3 . 2  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

i 0 . 8  
ii .9 

4 . 3  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

I 0 . 8  
I 0 . 8  
1 1 . 9  

4 . 3  
4 . 3  
6 . 5  
6 . 5  
8 . 6  
8 . 6  

1 2 . 9  
1 2 . 9  

4O 
3O 
4O 
3O 
4O 
30 
4O 
30 
4O 
3O 
4O 
3O 
4O 
30 
30  

40 
40 
30 
40 
30 
40 
3 0  
40  
30  
40  
30  
4 0  
30  

30 
40 
30  
40 
30 
40 
30 
40 
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AE DC-TR -76-98 

Table 1. Continued 

C o n f i g u r a t i o n  

7 

7 

Trip 
x/.g 

Tile 
Gap Height 

0.iii 0.010 0.010 

0.iii 0.010 0.015 

0.III 0.010 0 . 0 2 0  

Re~ x 1 0 6 / f t  

4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

i 0 . 8  
i 0 . 8  
1 1 . 9  

4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  

7 . 5  
2 . 2  
3 . 2  
3 . 2  
3 . 4  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
8 . 6  
8 . 6  

1 2 . 9  

4O 
30 
4O 
30 
4O 
3O 
4O 
30 
4O 
30 
4O 
30 
4O 
30 

30 
40 
30 
40 
30 
40 
30 
40 
30 

20 
40 
30 
40 
30 
30 
40 
30 
40 
30 
40 
30 
30 
40 
30 

55 



AEDC-TR -76-98 

C o n f i g u r a t i o n  

Table1. Continued 

Trip Tile 
x / ~  Gap H e i g h t  

0.111 0 0.010 

0 . 1 1 1  0.020 0 . 0 1 0  

0.Iii 0.010 0.010 

Re~ x 1 0 6 / f t  

5 . 4  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

10 .8  
10 .8  
1 1 . 9  
1 2 . 9  
1 4 . 0  

4.3 
5.4 
5.4 
6.5 
6.5 
7.5 
7.5 
8.6 
8.6 
9.7 

10.8 

7 . 5  
7 . 5  
8 . 6  
8 . 6  

1 0 . 8  
1 0 . 8  

a, 

40 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
30 
30 

40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
30 

30 
40 
30 
40 
30 
40 
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Table 1. Continued 

C o n f i g u r a t i o n  

8 

8 

T r i p  
x / ~  

0 . 1 7 5  

Tile 
Gap Height 

0 010 -0.020 

0 175 0 010 0 010 

Re~ x 1 0 6 / f t  

5 . 4  
6 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

1 0 . 8  
I 0 . 8  
I I  .9  
i i  .9  
1 2 . 9  
1 2 . 9  
14.0 
15.1 

4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

1 0 . 8  
1 0 . 8  
1 1 . 9  
1 1 . 9  
1 2 . 9  

Q, 

4O 
4O 
4O 
3O 
40 
30 
4O 
30 
4O 
30 
4O 
30 
4O 
30 
30 

40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
30 
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AE DC-T R -76-98 

C o n f i g u r a t i o n  

8 

Table 1. Continued 

Trip Tile 
x / ~  Gap H e i g h t  

0 . 1 7 5  0 . 0 1 0  O . Q I 5  

0 . 1 7 5  0 . 0 1 0  0 . 0 2 5  

Re~ x lO6/ t 

3 . 2  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

1 0 . 8  
1 0 . 8  
1 1 . 9  
1 1 . 9  
1 2 . 9  

2 . 2  
3 . 2  
3 . 2  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 5 
8 6 
8 6 
9 7 
9 7 

i 0  8 
11 9 

O~ 

40 
30 
40 
30 
40 
30  
40 
30  
40 
30  
40 
30  
40 
30  
40 
30 
4O 
30 

40 
30  
40 
30 
40  
30 
40 
30 
40 
30  
40 
30 
40 
30  
40 
30 
30  
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Table 1. Concluded 

Configuration 

8 

8 

Trip Tile 
x/~ Gap H ~ i g h t  

0.175 0 0.015 

0 . 1 7 5  0 . 0 2 0  0 . 0 1 5  

Re~  x 106/ft 

3 . 2  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

I 0 . 8  
I 0 . 8  
1 1 . 9  
1 1 . 9  

2 . 2  
3 . 2  
4 . 3  
4 . 3  
5 . 4  
5 . 4  
6 . 5  
6 . 5  
7 . 5  
7 . 5  
8 . 6  
8 . 6  
9 . 7  
9 . 7  

i0.8 
10.8 
ii .9 

40 
30  
40 
30  
40 
30  
40 
30 
40 
30 
40  
30 
40 
30 
40 
30 
40 

40 
40 
30  
40 
30  
40  
30 
40 
30 
40 
30  
40 
30  
40 
30 
40 
30  
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NOMENCLATURE 

A EDC-TR-76-98 

Cp. 

h(To) 

k 

Moo 

Po 

Re i 

T 

t 

X 

(x/~)transition 

Y 

Ymax 

0~ 

Model material specific heat, Btu/lbrn-°R 

Heat-transfer coefficient based on tunnel stilling 
chamber temperature, Btu/ft2-sec-°R 

Model material conductivity, Btu/ft-sec-°R 

Scaled orbiter length, 51.7 in. 

Free-stream Mach number 

Stilling chamber pressure, psia 

Free-stream Reynolds number based on scaled 
orbiter length 

Temperature, °R 

Time, sec 

Axial distance from model nose, in. 

Axial distance to the end of transition 
(see Fig. 27) 

Lateral distance 

Half-span length at each axial station (see Fig. 6) 

Angle of attack, deg 

Semi-infinite solid heat-transfer parameter, 

Boundary-layer thickness, in. 

Model material density, Ibm/ft 3 

SUBSCRIPTS 

i 

o 

r e f  

W 

oo 

Initial conditions 

Stilling chamber conditions 

Heat-transfer based on Fay-Riddell theory and 
l-ft-radius sphere scaled to model scale 
(i. e. 0 .040  ft) 

Wall conditions 

Free- stream conditions 

6] 


