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PREFACE 

The work r e p o r t e d  h e r e i n  was conducted by the Arnold Eng inee r ing  
Development  Center  (AEDC), Air  Fo rce  Sys tems  Command (AFSC), 
under  P r o g r a m  E l e m e n t  65807F. The r e s u l t s  were  obtained by 
ARO, Inc. (a subs id i a ry  of Sverdrup  & P a r c e l  and Assoc ia t e s ,  Inc. ), 
con t rac t  o p e r a t o r  of AEDC, AFSC, Arnold  Air  Fo rce  Station,  T e n n e s s e e .  
The r e s e a r c h  p r o g r a m  was conducted under  ARO Pro j ec t  No. V32S-22A 
and some l a t e r ,  addi t ional  expe r imen t a l  data  were  acqu i red  as pa r t  of 
ARO Pro j ec t  No. V41B-B1A. The au thors  of this  r e p o r t  were  D. S. 
Bynum, F. K. Hube, C. M. Key, and P. M. Dyer ,  ARO, Inc. The 
m a n u s c r i p t  (ARO Contro l  No. ARO-VKF-TR-75-152)  was submi t ted  
for  publ ica t ion  on October  15, 1975. 
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1.0 INTRODUCTION 

Measur ing  and mapping a e r o d y n a m i c  heat ing p a r a m e t e r s  in the 
Arnold  Eng inee r ing  Development  Cente r  (AEDC)-von K~rm~n Gas 
Dynamics  Fac i l i t y  (VKF) continuous wind tunnels  have been accompl i shed  
by a v a r i e t y  of techniques  (Ref. 1). M e a s u r e m e n t  of d i s c r e t e  spa t i a l  
va lues  of heat ing has been done using t h i n - s k i n  models  with back su r face  
t he rmocoup le s  and th ick -wa l l ed  models  with Gardon gages and su r f ace  
t he rmocoup le s .  Mapping has been accompl i shed  with heat  s ens i t i ve  
paints ,  both phase  change and phosphorescen t  (Refs. 2 and 3). 
Though not o r ig ina l  with the AEDC, the p rev ious ly  ment ioned  techniques  
have been re f ined  and adapted to the AEDC-VKF continuous wind tunnels .  
The data f r o m  gages and the rmocoup les  a re  amenab le  to au tomat ic  data 
r educ t ion  by ana log - to -d ig i t a l  conve r s ion  equipment  and d ig i ta l  compu-  
t e r s  and thus can y ie ld  online data usefi~l for  t es t  d i r ec t ion  and data 
mon i to r ing  purposes .  However,  t he r e  a re  gene ra l l y  insuf f ic ien t  points  
on the model  to s a t i s f a c t o r i l y  map the heat ing p a r a m e t e r s .  The 
t e m p e r a t u r e - s e n s i t i v e  paints  can map heat ing p a r a m e t e r s ,  but at t he i r  
p r e s e n t  s ta te  of deve lopment  r e q u i r e  weeks of subsequent  ana lys i s  to 
obtain  reduced  data.  

An in f r a r ed  (IR) s c a n n i n g . c a m e r a  s y s t e m  can map heat ing p a r a -  
m e t e r s  and i ts  data can be reduced  au tomat ica l ly  onl ine,  thus i n c o r p o r a -  
ing a p r inc ipa l  advantage of each of the p r ev ious ly  ment ioned  techniques .  
Severa l  i nves t i ga to r s ,  both in the United States  and in Europe ,  have 
applied the IR technique to m e a s u r i n g  and mapping a e r o d y n a m i c  heat ing 
p a r a m e t e r s  (Refs. 4 through 7). The AEDC-VKF recogn ized  the poten- 
t ia l  of the technique and is pursu ing  its r e f i n e m e n t  and adapt ion to the 
m o r e  rap id  product ion  and fas t  tu rnaround  of data  r e q u i r e d  to ful ly 
u t i l ize  the tes t ing  c h a r a c t e r i s t i c s  of the VKF continuous wind tunnels .  

This  r e p o r t  gives  a desc r ip t ion  of the IR s y s t e m  used to acqu i re  
a n d r e d u c e  the heat ing data  and the r e s u l t s  of the f i r s t  m e a s u r e m e n t  
and mapping of a e r o d y n a m i c  heat ing p a r a m e t e r s  in AEDC-VKF wind 
tunnels  using th is  technique.  One -d imens iona l  heat  flow in a s e m i -  
inf ini te  sol id  was se lec ted  as the m e c h a n i s m  to t r ansduce  a e r o d y n a m i c  
heat ing into su r face  t e m p e r a t u r e .  This  t r ansduc ing  scheme has been 
p roven  val id both by ana lys i s  and expe r imen t  fo r  use with t e m p e r a t u r e -  
sens i t ive  paint  and su r face  the rmocoup les .  The su r face  t e m p e r a t u r e  
of the model  in the p r e sen t  work was m e a s u r e d  with the IR sy s t em.  
The IR su r face  t e m p e r a t u r e  m e a s u r e m e n t  could a lso  be applied to 
t h i n - s k i n  models .  
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B e c a u s e  the e m p h a s i s  was on a c q u i r i n g  quan t i t a t i ve  da ta  and not 
on l ine  da ta  r e d u c t i o n ,  it was d e e m e d  e x p e d i e n t  to u se  an off l ine da ta  
d i g i t i z i n g  and r e d u c i n g  s y s t e m  bui l t  m o s t l y  f r o m  c o m p o n e n t s  on hand 
in the  VKF. To fa l ly  r e a l i z e  the  on l ine  da ta  po ten t i a l  of the  t e c h n i q u e ,  
an a u t o m a t e d  d i r e c t - d i g i t i z i n g  and r e c o r d i n g  s y s t e m  is p lanned  and is 
e x p e c t e d  to be o p e r a t i o n a l  in l a t e  FY 77. 

A 6- in .  - d i a m  h e m i s p h e r e  c y l i n d e r  and a 6 - d e g  h a l f - a n g l e  b lun ted  
cone  w i t h  a 0 . 2 - i n .  n o s e  r a d i u s  w e r e  t e s t e d  in H y p e r s o n i c  Wind Tunne l  
(B) (Tunnel  B) at Mach 8 and the  r e s u l t s  c o m p a r e d  wi th  t h e o r y  to e v a l u a t e  
the  quan t i t a t i ve  da ta  capab i l i ty  of the  IR s y s t e m .  

2.0 APPARATUS 

2,1 MODELS 

The  m o d e l s  u s e d  fo r  th i s  t e s t  w e r e  a 6 - d e g  h a l f - a n g l e  b lun ted  c o n e , .  
wi th  a 0 . 2 - i n .  n o s e  r a d i u s  and a 6- in .  - d i a m  h e m i s p h e r e - c y l i n d e r .  The  
g e o m e t r y  of t h e s e  m o d e l s  is shown in F ig s .  1 and 2, r e s p e c t i v e l y ,  and 
m o d e l  p h o t o g r a p h s  a re  p r e s e n t e d  in F igs .  3 and 4. B o t h ' m o d e l s  a r e  
c o n s t r u c t e d  with an RTV-60  ® sk in  n o m i n a l l y  0. 250 in. th ick  s u p p o r t e d  
by a m e t a l  co re .  The  cone m o d e l  has  a m e t a l  n o s e t i p  fo r  s t r u c t u r a l  
i n t e g r i t y  and a p r o t r u d i n g  rod  (Fig.  5) to g e n e r a t e  h igh  hea t i ng  g r a d i e n t s  
to e v a l u a t e  the  m a p p i n g  capab i l i ty  of the  IR t e c h n i q u e  u n d e r  such  c o n d i -  
t ions .  A b o u n d a r y - l a y e r  t r i p  shown  in F igs .  1 and 6 was u s e d  when  
t u r b u l e n t  bounda ry  l a y e r  was  d e s i r e d .  

The  e m i s s i v i t y  of the  RTV-60  which  is r e q u i r e d  fo r  da ta  r e d u c t i o n  
was d e t e r m i n e d  by r e f l e c t a n c e  m e a s u r e m e n t s  to be 0° 8 in the  s p e c t r a l  
r a n g e  of the  c a m e r a .  

2.2 TUNNEL B 

Tunne l  B is  a c l o s e d - c i r c u i t ,  con t inuous  flow wind tunne l  wi th  
v a r i a b l e  d e n s i t y  capab i l i ty .  It has  a x i s y m m e t r i c  n o z z l e s  for  Mach n u m -  
b e r s  6 and 8, both with 50- in .  - d i a m  t e s t  s e c t i o n s .  The  s t a g n a t i o n  
p r e s s u r e  is  v a r i a b l e  f r o m  20 to 300 p s i a  and f r o m  50 to 900 ps i a ,  
r e s p e c t i v e l y ,  fo r  the low and h igh  Mach n u m b e r s .  M a x i m u m  s t a g n a t i o n  
t e m p e r a t u r e  is 1,350°R. More  de t a i l s  of Tunne l  B can be found in  Ref.  8. 

The  m o d e l s  (Sect ion  2 .1)  and the  IR c a m e r a  (Sect ion  2 . 3 . 1 )  w e r e  
i n s t a l l e d  in Tunne l  B as shown  in Fig.  7. 

6 
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L S. 500-PI  Boundary-Layer Trip, ~ 14 Spheres (0. 078 Diam} 
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. /  
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i f  Metal Inserts 
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Figure 1. Cone model geometry. 

3.000 R 

= 7. 288 =! 
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Figure 2. Hemisphere-cylinder model. 
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Figure 3. 6-deg cone model installed in Tunnel B. 

L~ 

Figure 4. 3-in.-radius hemisphere~cylinder model. 

h E D C ~ :  
5 3 9 0 - 7 5  
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Figure 5. Protruding rod on 6<leg cone model. 

Figure 6. Boundary-layer trip on 6-deg cone model. 
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I rtra n 2 Window 
(4. 25-Diam • 

Viewi ng P o r t ) - - ~ ~  5 deg Frord-S urfaced 

Infrared Camera - ~  I - ~ % ~ -  IlL ~ ~ Mirror 

~.~r - ] 11"659.5 
I I 

50. O~Diam 

1 

_• Copper Black 
Ref. Target 

See Figs. I and 2 
for Model Details 

All Dimensions in Inches 

Figure 7. Model and camera installation in Tunnel B. 

2.3 INFRARED SYSTEM 

Block d i a g r a m s  of the i n s t r u m e n t a t i o n  s y s t e m s  used to obtain  model  
su r f a ce  t e m p e r a t u r e  data  a re  shown in Figs .  8 and 9. IR r a d i a t i o n  
emi t t ed  by the mode l  is  conver ted  into an e l ec t ron i c  video s igna l  that  
is  d i sp layed  on the m o n i t o r s  and r e c o r d e d  on analog magne t i c  tape.  
The video s ignal  is  r ep l ayed  f r o m  the tape s y s t e m  and digi t ized providing 
d ig i t i zed  data  for  compute r  r educ t ion  to obtain model  su r face  t e m p e r a -  
tu re  and a e r o d y n a m i c  heat ing p a r a m e t e r s .  

2.3.1 IR Camera System 

Components  of the AGA Model 680 IR c a m e r a  used to conver t  IR 
r a d i a t i o n  into e l e c t r o n i c  video s ignal  a re  two ro ta t ing  p r i s m s  fo r  
v e r t i c a l  and ho r i zon t a l  scanning,  two p r i s m - d r i v e  m o t o r s ,  p r i s m  pos i -  
t ion s e n s o r s ,  co l l imat ing  lens ,  chopper  a s sembly ,  IR de tec to r ,  and a 
l i q u i d - n i t r o g e n  dewar  as shown in Fig.  10. An opt ica l  s c h e m a t i c  is 
shown in Fig.  11. 

l0 
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Scann ing  of the  v i e w e d  ob jec t  is a c c o m p l i s h e d  with the  two p r i s m s .  
A v i r t u a l  i m a g e  of the  m o d e l  is  f o r m e d  by the  f ron t  l e n s  of the  c a m e r a  
on a p lane  wi th in  the f i r s t  p r i s m .  V e r t i c a l  s c a n n i n g  is a c c o m p l i s h e d  by 
r o t a t i n g  the  f i r s t  p r i s m  about i ts  h o r i z o n t a l  axis  and h o r i z o n t a l  s c a n n i n g  
is a c h i e v e d  by r o t a t i n g  the  s e c o n d  p r i s m  at a f a s t e r  s p e e d  about i t s  
v e r t i c a l  axis .  V e r t i c a l  s c a n  r a t e  is  16 f i e ld s  o r  f r a m e s  p e r  s e c o n d .  
Speed  r e l a t i o n s h i p  of the  two p r i s m s  is r e g u l a t e d  at a p p r o x i m a t e l y  100 
h o r i z o n t a l  s c a n s  in one v e r t i c a l  scan .  This  p r o v i d e s  r a n d o m  i n t e r l a c e d  
s c a n n i n g  to i m p r o v e  the  a p p e a r a n c e  of s c e n e s  v i e w e d  on the  m o n i t o r s .  
The  two p r i s m s  a r e  not p h a s e - l o c k e d ,  thus  t h e i r  phase  r e l a t i o n s h i p  is 
a l l owed  to change  g r a d u a l l y .  The  e f fec t  of th i s  is  to r a i s e  or  l o w e r  the  
s c a n n e d  f i e ld  a f r a c t i o n  of a s c a n n i n g - l i n e  width  on s u c c e s s i v e  v e r t i c a l  
s c a n s .  Th i s  f e a t u r e  of the  c a m e r a  has  not  b e e n  u s e d  so f a r  to i m p r o v e  
the  m a p p i n g  d e t a i l  of the  d ig i t a l  data .  An a l u m i n u m  choppe r  r o t a t e s  in  
s y n c h r o n i s m  with  the  v e r t i c a l  s c a n n e r ,  chopping off the  IR b e a m  to the  
d e t e c t o r  d u r i n g  a p p r o x i m a t e l y  20 p e r c e n t  of the  s c a n n i n g  p e r i o d .  The  
p o l i s h e d  a l u m i n u m  choppe r  b lade  func t ions  as a t e m p e r a t u r e  r e f e r e n c e  
s i n c e  it r e f l e c t s  an i m a g e  of the  cooled  d e t e c t o r  back  on i t se l f .  

The  I R - s e n s i t i v e  d e t e c t o r  in  the  c a m e r a  is  an i n d i u m  a n t i m o n i d e  
pho tovo l t a i c  ce l l  s e n s i t i v e  to the  2-  to 5-~ w a v e l e n g t h  band.  The  
d e t e c t o r  is m o u n t e d  in the l i q u i d - n i t r o g e n  d e w a r  to ob ta in  the  r e q u i r e d  
p e r f o r m a n c e .  A s i n g l e  f i l l ing  of the  d e w a r  l a s t s  a p p r o x i m a t e l y  four  
h o u r s .  

Rad ian t  f lux  f r o m  the s c a n n e r  i m p i n g i n g  on t he  d e t e c t o r  g e n e r a t e s  
an e l e c t r i c a l  vo l t age  s i gna l  a c r o s s  the  t e r m i n a l s  of the d e t e c t o r .  
A m p l i t u d e  of the  s i g n a l  v a r i e s  a c c o r d i n g  to the  t e m p e r a t u r e  v a r i a t i o n s  
a long the  s u r f a c e  of the  ob jec t  as i t  is  be ing  s c a n n e d  by the  c a m e r a .  
The  e l e c t r i c a l  s i g n a l  is  a m p l i f i e d  by a v ideo  p r e a m p l i f i e r  and a s e n s i -  
t iv i ty  c o n t ro l  a m p l i f i e r ,  bo th  d i r e c t - c o u p l e d  to r e t a i n  the  s i gna l  c o m p o -  
nen t  wh ich  r e p r e s e n t s  the  abso lu te  t e m p e r a t u r e  l e v e l  be ing  s e n s e d  by 
the  d e t e c t o r .  

The  m o n o c h r o m e  m o n i t o r  p r o v i d e s  the c o n t r o l s  fo r  ad jus t ing  the  
d - c  c o m p o n e n t  and the  s e n s i t i v i t y  of the  c a m e r a  v ideo  s igna l .  The  v ideo  
s i g n a l  r e c o r d e d  on analog m a g n e t i c  tape  was ob ta ined  f r o m  the  output of 
the  m o n o c h r o m e  m o n i t o r  s e n s i t i v i t y  c o n t r o l  a m p l i f i e r .  

The  co lo r  m o n i t o r  p r o v i d e s  a v i sua l  d i sp l ay  in wh ich  co lo r  bands  
r e p r e s e n t  r a n g e s  of t e m p e r a t u r e .  Thus ,  the  b o u n d a r y  b e t w e e n  two 
c o l o r s  is  an i s o t h e r m .  

13 
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2.3.2 Analog Magnetic Tape System 

A BeLl and Howel l  Model  VR-3700B ana log  m a g n e t i c  t ape  s y s t e m  
was  u s e d  fo r  r e c o r d i n g  the  IR c a m e r a  s i g n a l s .  The. FM m o d e  of r e c o r d -  
ing was u s e d  and t ape  s p e e d  was 120 ips .  Bandwid th  fo r  the  t ape  s y s t e m  
at th i s  s p e e d  and m o d e  of r e c o r d i n g  is  DC to 500 kHz.  Bandwid th  of 
the  v ideo  da ta  f r o m  the  IR c a m e r a  was DC to 100 kHz.  

F o u r  s i g n a l s  ( v e r t i c a l  sync ,  h o r i z o n t a l  sync ,  v ideo ,  and IRIG-B 
t i m e  code) w e r e  r e c o r d e d  on tape .  The  v e r t i c a l  and h o r i z o n t a l  sync  
s i g n a l s  w e r e  u s e d  d u r i n g  r e p l a y  of the  da ta  to c o n t r o l  when  the  v ideo  
s i g n a l  was  d i g i t i z e d  and to ob ta in  the  t i m e  fo r  e a c h  v e r t i c a l  s c a n  and 
the  r a n d o m - i n t e r l a c e  t i m i n g .  The  t i m e  code s i gna l  was  u s e d  to c o n t r o l  
the  o p e r a t i o n  of the t ape  s y s t e m  du r ing  r e p l a y  and p r o v i d e  a r e a d o u t  of 
t i m e  fo r  the  d i g i t i z e d  f r a m e .  

Rep lay  of the  IR c a m e r a  da ta  was  at a t ape  s p e e d  of 3 - 3 / 4  ips pro-.  
r i d i n g  a d i g i t i z i n g  r a t e  r e d u c t i o n  by a f a c t o r  of 32. Sampl ing  r a t e  f o r  
the  v i d e o  r e p l a y  s igna l  was  7. 8125 kHz.  The  tape  s e a r c h  uni t  c o n t r o l s  
the  t ape  t r a n s p o r t  m e c h a n i s m  du r ing  s e a r c h  and p layback  o p e r a t i o n .  
To locate" a g iven  b lock  of da ta  on tape ,  a s t a r t  and s top  t i m e  is  s e l e c t e d  
and t h e s e  v a l u e s  a r e  c o m p a r e d  to the  t i m e  code  s i gna l  r e c o r d e d  on tape .  
Tape  t r a n s p o r t  wil l  d r i v e  in the  c o r r e c t  d i r e c t i o n  at 120 ips unt i l  the  
s t a r t  t i m e  is  r e a c h e d .  When  s t a r t  t i m e  is r e a c h e d ,  the  t ape  t r a n s p o r t  
m e c h a n i s m  wi l l  r e v e r s e  d i r e c t i o n  and go beyond  s t a r t  t i m e  in r e v e r s e  to 
a p r e d e t e r m i n e d  t i m e .  At th i s  t i m e  the  t ape  t r a n s p o r t  wi l l  s top  and 
r e v e r s e  d i r e c t i o n  again ,  a p p r o a c h i n g  s t a r t  t i m e  at a s p e e d  of 3 - 3 / 4  ips .  
At the  va lue  of s t a r t  t i m e ,  a c o n t r o l  s i gna l  is g e n e r a t e d  to enab l e  the  
d ig i t i z i ng  of the  v ideo  s igna l .  Any f i e ld  or  f r a m e  of the  v ideo  s i g n a l  can  
be d i g i t i z e d  a u t o m a t i c a l l y  on the  b a s i s  of p r e v i o u s l y  known r e c o r d e d  
t i m e .  R e s o l u t i o n  of the  t i m e  code r e a d e r  and c o m p a r a t o r  is  1 m s e c .  

2.3.3 Analog-to-Digital Converter Controller 

S e l e c t i o n  of which  f r a m e  and how m a n y  po in t s  w i th in  a f r a m e  to 
d i g i t i z e  is d e t e r m i n e d  wi th  the  a n a l o g - t o - d i g i t a l  c o n v e r t e r  (ADC) con-  
t r o l l e r .  T h u m b w h e e l  s w i t c h e s  al low s e l e c t i o n  of which  f r a m e  a f t e r  
a c e r t a i n  t i m e ,  how m a n y  l i n e s  wi th in  a f r a m e ,  and how m a n y  po in t s  
wi th in  a l ine .  A m a x i m u m  of a p p r o x i m a t e l y  70 l i n e s  and 99 po in t s  
p e r  l i n e  can  be d ig i t i z ed .  One f i e ld  o r  any n u m b e r  of s u c c e s s i v e  f i e l d s  
can be d ig i t i z ed .  
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F o u r  cont ro l  s igna l s  a re  obtained f r o m  the c o n t r o l l e r  as fol lows:  

1. Take  data  s t robe  for  the ADC, 

2. S t robe  to l a t c h  d ig i ta l  output of t ime  code r e a d e r  into a 
r e g i s t e r  for  the d igi t ized f r a m e ,  

3. Two pu l ses  fo r  m e a s u r i n g  t ime  i n t e rva l  between v e r t i c a l  
sync  and f i r s t  ho r i zon ta l  l ine  sync  pulse° and 

4. L igh t -up  pu lses  for  in t ens i ty  modula t ion  of the beam of 
the  m o n o c h r o m e  moni to r .  

The l igh t -up  pu l ses  a r e  used in r e a l  t ime  to d e t e r m i n e  the loca t ion  
of objec ts  in the scanned  p ic tu re  and to d e t e r m i n e  the X-Y d i s t ance  
r e s o l u t i o n  of the d ig i t ized  points .  

2.3.4 Analog-to-Digital Converter 

Analog vo l tages  (full s ca l e  to +10 v.blts) a re  conver ted  to 15 bit 
b i n a r y  words .  Spec i f ica t ions  of the cor~v,~rter a r e  as fol lows:  

' Input r ange  - ±10 v ~ J 

Vol tage r e s o l u t i o n  - app rox ima te ly  0 .61 m y / c o u n t  

Ape r tu r e  - 50 n s e c  

Throughput  r a t e  - 40 kHz m a x i m u m  

2.3.5 Digital Recording System 

The d ig i ta l  da ta  f r o m  the ADC was s t o r ed  on the d i sc  unit  of a 
DEC P D P - 1 1 / 4 0  compute r  and then t r a n s f e r r e d  f rom the d i sc  to m a g -  
ne t i c  tape th rough  a CDC 160-A computer .  

2.4 REFERENCE TARGET 

To c i r c u m v e n t  the p r o b l e m s  of m e a s u r i n g  absolute  r a d i a t i o n  f r o m  
the model  su r f ace ,  a d i f f e ren t i a l  r a d i a t i o n  m e a s u r e m e n t  was made .  A 
r e f e r e n c e  r a d i a t i o n  t a r g e t  was placed in the base  r e g i o n  of the model .  
The  t a r g e t  was copper  plate (2 by 2 by 1/4 in. ) mounted on the model  
suppor t  s t ing  (see F ig .  7). The copper  plate was painted to i n c r e a s e  
i ts  e m i s s i v i t y .  A pa i r  of Ch rome l  ® -Alumel  ® t h e r m o c o u p l e s  was 
bonded to the pla te  to m e a s u r e  the t e m p e r a t u r e .  E m i s s i v i t y  of the 
pla te  (0.88) was m e a s u r e d  in the l a b o r a t o r y  with the AGA 680 IR 

r 
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s y s t e m .  L o c a t i o n  of the  p la te  was  d e t e r m i n e d  by hea t ing  the p la te  and 
t h e n  i n t en s i fy in g  the b e a m  on the  m o n o c h r o m e  m o n i t o r  at the c o r n e r s  
of the  p la te .  L ine  and point  n u m b e r s  w e r e  then  r e c o r d e d .  

3.0 PROCEDURE 

3.1 INFRARED SYSTEM CALIBRATION 

Calibration of the IR camera was accomplished with a blackbody 
calibration source which has a conical cavity (7.83-deg half-angle) 
with approximately a 6-in. aperture. The source is heated by applying 
a variable voltage to a resistance heater, and temperature of the source 
is measured with a platinum resistance thermometer. Emissivity is 
equal to or greater than 0.99. 

C a l i b r a t i o n  was a c c o m p l i s h e d  with the  c a m e r a  m o u n t e d  on Tunne l  B 
as shown  in F ig .  7. The  b l ackbody  r a d i a t i o n  s o u r c e  p r e v i o u s l y  d e s -  
c r i b e d  was m o u n t e d  wi th  the a p e r t u r e  on the  c e n t e r l i n e  of the  wind 
tunne l  t e s t  s e c t i o n  and a p p r o x i m a t e l y  in the  c e n t e r  of the  f i e ld  of v iew 
of the  c a m e r a .  The  r a d i a t i o n  f r o m  the  s o u r c e  was v i e w e d  wi th  the IR 
c a m e r a  t h r o u g h  al l  s y s t e m  op t ica l  c o m p o n e n t s  thus  nega t ing  c o r r e c t i o n s  
fo r  t r a n s m i s s i o n  and r e f l e c t i o n  l o s s e s .  Magni tude  of the  IR r a d i a t i o n  
f r o m  the  b l ackbody  s o u r c e  was m e a s u r e d  wi th  the  d i f f e r e n t i a l  i s o t h e r m a l  
t e c h n i q u e  u s i n g  the  m o n o c h r o m e  m o n i t o r .  

B e c a u s e  the  c a m e r a  s p e c t r a l  r e s p o n s e  is e s s e n t i a l l y  m o n o c h r o m a t i c  
( a p p r o x i m a t e l y  3 .3  to 5 .5  p fo r  the  t e n - p e r c e n t  a m p l i t u d e  r e s p o n s e  
poin ts ) ,  the  c a l i b r a t i o n  fo l lowed  the  f o r m  of W e i n ' s  a p p r o x i m a t i o n  of 
P l a n c k ' s  r a d i a t i o n  law.  

-K2/T 
I = K l e ( i )  

T h e r e f o r e ,  the  c a l i b r a t i o n  da ta  w e r e  p lo t t ed  in t e r m s  of log  of the  
i s o t h e r m  uni t s  v e r s u s  l / T ,  g iv ing  a s t r a i g h t  l i n e  r e p r e s e n t a t i o n .  
plot  of the  c a l i b r a t i o n  is shown in Fig .  12. 

A 

A c a l i b r a t i o n  of the  c a m e r a  was a l so  m a d e  by d i r e c t l y  v i e w i n g  the  
con ica l  cavi ty  b l ackbody  s o u r c e .  C o m b i n e d  t r a n s m i s s i o n  and r e f l e c -  
t a n c e  l o s s e s  of the  window and m i r r o r  w e r e  d e t e r m i n e d  f r o m  th i s  
c a l i b r a t i o n  to be 0 .09 .  ~ , , 

I 

I 
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Figure 12. Camera calibration data. 

C a l i b r a t i o n  of al l  i n s t r u m e n t a t i o n  (tape m a c h i n e ,  a m p l i f i e r ,  and 
ADC) was a c c o m p l i s h e d  by m e a s u r i n g  the  ga in  of e a c h  i n s t r u m e n t  fo r  
a known vo l t age  input.  A known vo l t age  was r e c o r d e d  on the  ana log  
tape  to s e r v e  as a c a l i b r a t i o n  check  du r ing  da ta  r e p l a y .  

The  c o n v e r s i o n  f a c t o r  fo r  t r a n s f o r m i n g  i s o t h e r m  uni ts  to vo l t s  or  
counts  was  d e t e r m i n e d  by v a r y i n g  the r e f e r e n c e  l e v e l  of v ideo  s i gna l  
f r o m  the  c a m e r a  and d ig i t i z ing  the  c a m e r a  output s igna l .  

]7 
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3.2 TESTING AND DATA ACQUISITION 

3.2.1 Test Conditions 

The  n o m i n a l  t e s t  cond i t ions  a r e  l i s t e d  as fo l lows :  

P o '  
M® Re® x 10 -6 p s i a  T O , °R p®V® Cp T i, °R 

7.98  '2.4 520 1,305 1. 415 ~ 545 
8 .00  3 .5  800 1,335 2. 112 ~ 545 

3.2.2 Data Uncertainty 

Due to the l i m i t e d  e x p e r i e n c e  with the  IR t e c h n i q u e  and e q u i p m e n t ,  
and the  s m a l l  amoun t  of c a l i b r a t i o n  and t e s t  da ta  t aken ,  no a t t e m p t  
was  m a d e  to q u a n t i t a t i v e l y  eva lua t e  da ta  u n c e r t a i n t y  by conven t iona l  
e r r o r  a n a l y s i s  t e c h n i q u e s .  The  c o m p a r i s o n  of the  m e a s u r e d  and 
c a l c u l a t e d  da ta  i n d i c a t e s  the o v e r a l l  qua l i ty  of the  m e a s u r e m e n t s  and 
i n c l u d e s  al l  e l e m e n t a l  u n c e r t a i n t i e s ,  both  in the  wind tunne l  flow and 
the  m e a s u r e m e n t s .  

3.2.3 Test Procedure 

Both  the  cone and the  h e m i s p h e r e - c y l i n d e r  m o d e l  w e r e  t e s t e d  at 
z e r o  angle  of a t tack .  The  m o d e l  a t t i tude  was se t  with an i n c l i n o m e t e r .  
B e f o r e  i n j e c t i o n  of the  m o d e l  into the  wind t u n n e l  f low, the  m o d e l  
i n i t i a l  t e m p e r a t u r e ,  Ti ,  was  m e a s u r e d  wi th  a t h e r m o c o u p l e  p y r o m e t e r .  
Subsequen t  to e a c h  in j ec t i on ,  the  m o d e l  was coo led  to the  d e s i r e d  T i 
by f lowing  a i r  o v e r  the  m o d e l .  The  d u r a t i o n  of the  m o d e l  e x p o s u r e  to 
the  flow was l i m i t e d  by the  m a x i m u m  o p e r a t i n g  t e m p e r a t u r e  ( a p p r o x i -  
m a t e l y  960°R) of the  RTV-60  m o d e l  s u r f a c e .  The  m o d e l  c o n f i g u r a t i o n s  
t e s t e d  wi th  p e r t i n e n t  i n f o r m a t i o n  a r e  g iven  be low.  

Po, To, Ti, 
ConfiEtu'atton M.o Re® x 10 -6 psia °R °R 

Cone 8. O0 3.5 800 1,335 
Cone with boundary-layer trip 8. O0 3.5 800 1,335 
Cone with boundary-layer trip 7.98 2.4 520 1, 3051 
Cone with rod 8.00 3.5 800 1,335 
Hemisphere-Cylinder 7.98 2.4 520 10305 

543 
546 
554 
544 
547 

!Camera Field 
of View, de E 

25 
25 
25 
25 
10 
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3.3 DATA REDUCTION 

3.3.1 Basic Equation 

The  c a l c u l a t i o n  of S tan ton  N u m b e r  was  b a s e d  on a s t e p  a p p l i c a t i o n  
of the  t unne l  flow to the  m o d e l ,  o n e - d i m e n s i o n a l  hea t  f low in the  m o d e l ,  
and on the  s t a g n a t i o n  t e m p e r a t u r e ,  T O . T h e  r e s u l t i n g  equa t ions  a r e  

St o : h (2) 
P~V~oCp 

T ~ - T i 2 
: ~ - , #  ~r f~ ,8  ( 3 )  

T O - T i 

w h e r e  
# hV~ 

¢pck (4) 

T h e  IR s y s t e m  p r o v i d e d  the  r aw  da t a  f r o m  which  T w was  computed .  
A va lue  of 0 .24  B t u / l b m o ° R  was  u s e d  fo r  Cp and a va lue  of 0 . 0 3 8  
B t u / f t 2 - ° R - s e c  1/2 was  u s e d  fo r  ~ f o r  R T V - 6 0 .  The  t i m e ,  t, 
e l a p s e d  t i m e  tha t  the  m o d e l  has  been  exposed  to the  tunne l  f low. 

The  equa t ion  fo r  compu ta t i on  of T w is  

is  the  

w h e r e  

K~ (5) 
T~.  -- g n K  1 _ l~nl w 

A i w r  + ~'rlr 
+ (1 - ~r /~w ) I a ( 6 )  I w = 

T h e  l a s t  t e r m  of Eq.  (6) i s  the  amoun t  of t h e r m a l  r a d i a t i o n  r e f l e c t e d  
f r o m  the  s u r r o u n d i n g s  by the  m o d e l .  It i s  a d i f f i cu l t  t e r m  to e v a l u a t e  
b e c a u s e  an e q u i v a l e n t  a m b i e n t  t e m p e r a t u r e  is  not  known.  H o w e v e r ,  
the  a m b i e n t  r a d i a t i o n  i s  b e l i e v e d  to be d o m i n a t e d  by the w a t e r  coo led  
p o r t i o n  of the  t unne l  t e s t  s e c t i o n .  D u r i n g  t h i s  p a r t i c u l a r  t e s t  e n t r y ,  
the  cool ing  w a t e r  t e m p e r a t u r e w a s  a p p r o x i m a t e l y  540°R. R e f e r r i n g  to 
the  c a l i b r a t i o n  da t a  in F ig .  12, I a equa l s  a p p r o x i m a t e l y  25 i s o t h e r m  
un i t s  and when  m u l t i p l e d  b y ( l - -  C r / e  w) (which has  a v l aue  of 0 .1)  i s  
equa l  to 2 .5  i s o t h e r m  u n i t s  T h i s  is  n e g l i g i b l e  c o m p a r e d  wi th  even  the  
l o w e s t  v a l u e s  of I w ( a p p r o x i m a t e l y  100 i s o t h e r m  uni t s )  e n c o u n t e r e d  
d u r i n g  da t a  r e d u c t i o n .  
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The t e r m  I r was  c o m p u t e d  f r o m  the equa t ion  

[r = K] e "K2/Tr (7) 

w h e r e  T r is the  t e m p e r a t u r e  of the  r e f e r e n c e  t a r g e t  m e a s u r e d  wi th  the  
t h e r m o c o u p l e s . "  The  Aiwr  is  the d i f f e r e n c e  in s i gna l  b e t w e e n  the  
r e f e r e n c e  t a r g e t  and the  point  o r  points  on the  m o d e l  w h e r e  the  t e m -  
p e r a t u r e  is to be m e a s u r e d .  The  wal l  t e m p e r a t u r e  c a l c u l a t i o n  is 
s h o w n  g r a p h i c a l l y  in Fig.  13. 

3.3.2 Data Reduction Procedure 

The da ta  fo r  e a c h  r e d u c t i o n  w e r e  in t h r e e  l o g i c a l  p a r t s :  (1) tunne l  
da ta  t a k e n  t h r o u g h  the  tunne l  da ta  s y s t e m  c o n s i s t i n g  of the  tunne l  p a r a -  
m e t e r s  and o n c e n t e r  l i ne  t i m e  codes ;  (2) i n f r a r e d  p a r a m e t e r s ,  such  as 
f r a m e  t i m e  codes  and m o n i t o r  s e n s i t i v i t y ,  t a k e n  t h r o u g h  the  tunne l  
da ta  s y s t e m  d u r i n g  ana log  tape  p layback;  and (3) the  i n f r a r e d  da ta  
c o m p r i s e d  of one or  m o r e  d i g i t i z e d  c a m e r a  f r a m e s .  

The  f i r s t  s t e p  in da ta  r e d u c t i o n  was the  c o n v e r s i o n  of the r aw counts  
to h e a t - t r a n s f e r  coe f f i c i en t s  and th i s  was  a c c o m p l i s h e d  in two p a r t s .  
The  f i r s t  was  the  c o n v e r s i o n  of the  counts  to  t e m p e r a t u r e  in d e g r e e s  - R 
us ing  the  count l e v e l  of a r e f e r e n c e  point  of known t e m p e r a t u r e  in the  
c a m e r a  f r a m e ,  the  e m i s s i v i t i e s  of the  m o d e l  and the  r e f e r e n c e  point ,  
the m o n i t o r  s e n s i t i v i t y ,  and cons t an t s  ob ta ined  f r o m  the  c a m e r a  c a l i -  
b r a t i o n  cu rve .  The  s e c o n d  pa r t  c o n s i s t e d  of c o n v e r t i n g  t e m p e r a t u r e s  
to h e a t - t r a n s f e r  coe f f i c i en t s  us ing  a unique  t i m e  fo r  e a c h  point  c a l c u -  
l a t e d  f r o m  the f r a m e  t i m e  codes  (the t i m e  the  f r a m e  was  r e c o r d e d  
r e f e r e n c e d  to the  m o d e l  o n c e n t e r  l ine  t ime ) ,  c e r t a i n  e l e c t r o n i c  and 
p h y s i c a l  d e l ay s ,  and the  l o c a t i o n  of the  poin t  in the  c a m e r a  f r a m e  a r r a y .  

The  s e c o n d  s t e p  in the  da ta  r e d u c t i o n  was the op t iona l  da ta  c o m -  
p r e s s i o n .  F r a m e s  m a y  be r e d u c e d  ind iv idua l ly ,  or  hav ing  ob ta ined  the  
h e a t - t r a n s f e r  coe f f i c i en t s  as above,  up to 20 f r a m e s  m a y  be c o m p r e s s e d  
to e l i m i n a t e  s o m e  n o i s e  by a v e r a g i n g  c o r r e s p o n d i n g  poin ts  in e a c h  f r a m e .  

The  f ina l  s t e p  was the  d i sp l ay  of the  r e s u l t s .  Th i s  c o n s i s t e d  of 
m a c h i n e  p lo ts  of hea t  t r a n s f e r  v e r s u s  d i s t a n c e  a long m o d e l  c e n t e r l i n e  
r a y s ,  con tour  plots  of l i n e s  of cons tan t  hea t  t r a n s f e r ,  and t abu l a t i ons  
of S tanton  n u m b e r s  and tunne l  p a r a m e t e r s .  
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Kle-l(2/T 

Cr Kle-K2/Tr 

i / )  
e -  

O 

I / i  

e -  

L -  Cwlw 

~rlr 

A iwr 

I 

= ErKle-K2/Tr I I 
T- 

Tr T w 
Temperature 

e-K2/Tw 

K2 
"Tw = ~n [w + ~n K 1 - t,n (Zwlw) 

K2 Eq. (5) 
" ~n K 1 -~n (Iw)' 

Figure 13. Graphical representation of wall temperature data reduction. 

3.3.3 Contour Plots 

Each contour plot is produced by a single pass through the array. 
First, the search levels are chosen as certain percentages of the 
maximum value on the model centerline. Successive rows, taken two 
at a time, are examined. Of these, successive points (taken two at a 
time) are examined. The resultant is four data points which form a 
logical square. Each of the sides of this square is examined by 
checking the data points which form the corners, to determine if any 
contour level will cross two sides. That is, if the value of the search 
level is between the value of any two data points then the contour line 
must pass between these two points. Linear interpolation is then 
employed to locate the exact location of the contour line between the 
data points. Each logical square is searched for all contour levels. 

Figure 14 shows a single contour line drawn within one logical 
square. The contour search level was 3 and was located between data 
points Dn, m and Dn+l, m, and Dn, m+l and Dn+l, m+l. The points 
for the contour level were located by interpolation (marked by X) and 
were connected by a straight line. Figure 15 shows how one contour 
level within a data array might appear. 
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Dn, m = 2 "  oDn, m+l = I  
x , ~ . ~ - - -  Contour Li ne Search 

Level = 3 

Dn+l, m : 7 ° ° DrH-1, m+l [] 5 

Figure 14. Logical square for drawing contour maps.. 

7 3 10 8 6 • \ ' ~ "  . . 5. 

10 

6 1.0.9 8 1 . 0  .8 

5. .9 ~ Z 5, 
Search Level = 4. 5 

. t  

Figure 15. Contour lines in a data array. 

4.0 RESULTS AND DISCUSSION 

T y p i c a l  da ta  a r e  shown  in F i g s .  16 t h r o u g h  24 (exc lud ing  F ig .  20). 
The  b a s i c  plots  and con tour  m a p s  w e r e  c o m p u t e r  p roduced .  Model  
o u t l i n e s ,  c a l c u / a t e d  v a l u e s ,  and the  e x p l a n a t o r y  ca l l ou t s  w e r e  added 
m a n u a l l y .  T h e o r y  in  a l l  c a s e s  was  computed  by the m e t h o d s  of Refs .  
9, 10, and 11 u s i n g  the s a m e  cond i t ions  as t hose  e n c o u n t e r e d  d u r i n g  
the  t e s t .  C o n s t a n t  wa l l  t e m p e r a t u r e  was  a s s u m e d  f o r  c a l c u l a t i o n  of 
the  t h e o r e t i c a l  r e s u l t  f o r  the  cone; h o w e v e r ,  m e a s u r e d  v a l u e s  of wa l l  
t e m p e r a t u r e  w e r e  u s e d  fo r  the  h e m i s p h e r e - c y l i n d e r  c a l c u l a t i o n s .  
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Results from a run with a smooth cone are shown in Fig. 16. It 
was anticipated that this run would produce a fully laminar boundary- 
layer condition, and the data appear to indicate a laminar heating level. 
The heating distribution and level are in reasonably good agreement 
with the calculated values. -Adding a boundary-layer trip (see Figs. 1 
and 6) produced the significantly higher heating illustrated in Fig. 17. 
These data also agree very well with theoretical turbulent heating 
values. Free-stream Reynolds number was then adjusted to produce 
a transitions/ boundary layer and the resulting reduced infrared data 
are presented in Fig. 18. A11 the cone data shown in Figs. 16 through 
18 show a region of apparent low heat transfer hear the model base. 
This area corresponds to the metal inserts in the model surface (see 
Fig. I). The lower emissivity and temperature of the metal as com- 
pared to the RTV-60 produced the indicated decrease in heat transfer. 

A contour plot presented in Fig. 19 illustrates the heat-transfer 
distribution corresponding to the'transitional boundary-layer case 
illustrated by the centerline distribution shown previously in Fig. 18. 
Since these data were obtained at zero angle of attack, the isotherms 
would be expected to appear as straight lines normal to the body axis. 
Although there may be some asymmetry in the transition pattern, 
these data show an apparent gradual change in heat transfer at the 
edge of the model from the lowest contour value to the higher ones. 

Model Obscured by 
Window Frame = 

O. 0010 - 
m 

O. 0008 - 

I 
Mach No. = 8 
Re m x 10 -6 = 3. 5 

a = 0  

Sto~ 
- Time = 41.39 sec 

0. 0006 - F Lami nar Theory C^nfi n, ,ati, ,-  c,,n= 
O. 0004 j (  (Tw = 620°R) ,, ~ . . . . .  - . . . . . .  No Trip 

O. 
000210 14 18 22 26 30 34 38 

X, in .  

Figure 16. Longitudinal  centerl ine heat-transfer distr ibut ion on e 6<leg cone 
with a laminar boundary  layer. 
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Model Obscured by , F Metal Plug 
Window Frame ~ 

Reco x 10 -6 = 3. 5";' 

O. 0010 
0.0008 

Stm 0.0006 

__~_ Turbulent Theory 
(T_w = 760OR) 

0. 0004 

0. 0002 I I I I I I ~ I 
10 14 18 22 26 30 34 38 

x, in. 

a=O 
Time = 44.19 sec 
Configuration - Cone Plus Boundary- Layer Trip 

Figure 17. Longitudinal centerline heat-transfer distr ibut ion on a 6-deg cone 
wi th a turbulent boundary layer. 

: u r : O : ,  _ 

O. 0010 
O. 0008 

St°° O. 0006 

0.000~ I I I i i i i 1, ~ "  " ~ ' - I I ' ~ '  n 
10 14 18 22 26 30 . 34 38 

x, in. 

0.0004 

Reoo x 10 -6 = 2. 4 
/--Turbulent Theory a -- 0 

__t/ iT w = 720OR) Time = 46. 02 sec 
Configuration - Cone Plus Boundary- Layer Trip 

Figure 18. Longitudinal centerline heat-transfer distr ibut ion on a 6-deg cone 
wi th  a transitional, boundary layer. 
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,= 
° ~  

>~ 

12 

-4 

-8 

-12 
10 

Mach No. = 8 
. ReDo x 10 "6 = 2. 4 

.A {Z == 0 

8. 5 x I0 ~ Ti me = 46. 02 sec 
Stoo = \ Configuration - Cone Plus Boundary-Layer Trip 

" 7 x lO "4 \ Note: These Data Correspond to the Data 
o. - ~  ~ Illustrated in Fig. 18. 

- - -  

" - ' - - ' - ' "  ¢v i L 

/ / 
5.7 x I0 -4./ / g.3x 10 -4.-/ 

7. 6 x 1O " 4 - /  
Stoo [] 

] i I I I i I I 
14 18 22 26 30 34 38 42 

X, in. 

Figure 19. Heat-transfer contour  map of  a 6-deg cone with a transit ional 
boundary  layer. 

Thi s  edge  e f fec t  is c aused  by a c o m b i n a t i o n  of two c h a r a c t e r i s t i c s  
of the  m e a s u r e m e n t s .  F i r s t ,  the  c a m e r a  wi l l  not  p r o v i d e  a s t e p  change  
in 'ou tpu t  s i gna l  when  it s c a n s  a c r o s s  a s t e p  change  in r a d i a t i o n  (i. e . ,  
the  m o d e l  out l ine) .  Th i s  is a t t r i bu t ab l e  to the f in i te  s i ze  of the  c a m e r a ' s  
s i gna l  d e t e c t o r  i m a g e d  on the  s c e n e  be ing  s c a n n e d  ( i n s t a n t a n e o u s  f i e ld  
of view) and to the f r e q u e n c y  r e s p o n s e  of the e l e c t r o n i c  c i r c u i t s  p r o -  
c e s s i n g  the  s igna l  f r o m  the  d e t e c t o r .  The  s e c o n d  c h a r a c t e r i s t i c  is  
the  d i r e c t i o n a l  e m i t t a n c e  of the m o d e l  s u r f a c e .  Al though the  d i r e c t i o n a l  
e m i t t a n c e  of the  m o d e l  m a t e r i a l  has  not  b e e n  m e a s u r e d ,  n o n m e t a l s  
t yp i ca l l y  have  the  d i s t r i b u t i o n  shown in Fig .  20. In g e n e r a l ,  n o n m e t a l s  
have  a cons t an t  e m i s s i v i t y  fo r  ang les  of i n c i d e n c e  m e a s u r e d  f r o m  the  
n o r m a l  of 60 deg  or  l e s s .  Beyond 60 deg  the  va lue  of e m i s s i v i t y  fa l l s  
off r ap id ly .  R e g i o n s  on the  m o d e l  v i e w e d  wi th  an angle  of i n c i d e n c e  
g r e a t e r  than  60 deg  a p p e a r  to be c o o l e r  than  they  ac tua l ly  a r e  s i n c e  
cons t an t  e m i s s i v i t y  was  a s s u m e d  for  da ta  r e d u c t i o n .  Tab le  1 g i v e s  
the  e s t i m a t e d  s t e p  r e s p o n s e  and the  d i r e c t i o n a l  e m i t t a n c e  e f f ec t s  
app l i cab le  to the  two m o d e l s  t e s t e d .  
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1- I 

A ngle Meas ured from 
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3O 

~ -  Relative Edge 0 ~  Emissivity .1 90 
Effect for 
Axisymetric Model 

Figure 20. Directional emittan .ce typical of nonmetals. 

The h e m i s p h e r e - c y l i n d e r  da ta  shown  in Fig .  21 exh ib i t  an i n t o l e r -  
able  amoun t  of n o i s e  f o r  the  c y l i n d r i c a l  po r t i on  of the  m o d e l .  The  
s o u r c e  of the  n o i s e  was  t r a c e d  to the  m a g n e t i c  t ape  s y s t e m  which  
r e c o r d e d  the  da ta  in ana log  f o r m .  The  p e a k - t o - p e a k  l i m i t s  of the  n o i s e  
c o n t r i b u t i o n  f r o m  the  tape  s y s t e m  a r e  shown  above and be low the  
Stanton n u m b e r  va lue  of 3 .5  x 10 -4. B e c a u s e  of the n o n l i n e a r  r e l a -  
t i o n s h i p  b e t w e e n  Stanton n u m b e r  and the r e c o r d e d  ana log  s igna l ,  the  
tape  s y s t e m  n o i s e  c o n t r i b u t i o n  is n e g l i g i b l e  at the u p p e r  r a n g e  of the  
Stanton n u m b e r s .  A s ign i f i can t  r e d u c t i o n  in the  n o i s e  e f f ec t s  was  
a c h i e v e d  by a v e r a g i n g  the Stanton n u m b e r s  f r o m  20 c o n s e c u t i v e  f r a m e s .  
The  r e s u l t s  a r e  shown in Fig.  22. The  a v e r a g i n g  p r o c e s s  shou ld  have  
r e d u c e d  the  r a n d o m  n o i s e  by a f a c t o r  of the  r e c i p r o c a l  of the  s q u a r e  
roo t  of the  n u m b e r  of s a m p l e s  and it a p p a r e n t l y  did. The  h igh  v a l u e s  
of Stanton n u m b e r  jus t  aft of the m o d e l  base  a r e  thought  to be a r e s u l t  
of s p e c u l a r  r e f l e c t i o n s  of the r a d i a t i o n  f r o m  the  m o d e l  s t ing .  Dur ing  
the  t e s t  the wir/dow and m i r r o r  m o u n t i n g  tank ( see  Fig .  7), wh ich  a r e  
not  w a t e r  coo led ,  r e a c h e d  a t e m p e r a t u r e  n e a r  the II~ window of 585°R. 
The  p o l i s h e d  s t e e l  s t i ng  is b e l i e v e d  to have r e f l e c t e d  the  r a d i a t i o n  
f r o m  the  tank into the  c a m e r a .  
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Figure 21. Heat-transfer distribution along the centerline of a 3-in.-radius 
hemisphere-cylinder -'- single frame. 
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Figure 22. Heat-transfer distribution along the centerline of a 3-in.-radius 
hemisphere-cylinder ~" 20-frame average. 
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Table 1. Edge Effect Information 

Cone, 25-deg Lens 

Cone Angular L~uittance 1 Es t imated  Step 2 
S t a t i o n ,  in .  Edge E f f e c t ,  in .  Response (95~), in .  

14 

22 

30 

36 

0.221 

0.334 

0.447 

0.531 

0.247 

O. 247 

Hemisphere-Cyl inder ,  lO-deg Lens 

Angular  Emit tance 1 Es t imated  Step 2 
Edge E f f e c t ,  in .  Response (95~), in .  

0.402 0.107 

1. 

2. 

These va lues  are  the apparen t  d i s t a n c e s  from t h e  
60-deg a n g l e - o f - i n c i d e n c e  po in t  to the edge of  
t h e  model. 

Step response based on manufacturer,s instantaneous 
f i e l d - o f - v i e w  da ta .  

O~ 

~ - - ~  Step Response 

/ ~ S t e p  Input  to Camera 

s// 
Camera Output S igna l  

A planview contour  plot of the h e m i s p h e r e - c y l i n d e r  model  hea t -  
t r a n s f e r  d i s t r i bu t ion  is shown in Fig.  23. This  contour  pa t t e rn  is  
v e r y  o r d e r l y  except  for  the d i s to r t ion  at the edges  of the d i s t r i bu t ion  
and the high noise  r eg ion  on the c y l i n d r i c a l  por t ion  of the model .  All 
the commen t s  made  e a r l i e r  in connect ion with the cone contour map 
a r e  appl icable  to the h e m i s p h e r e - c y l i n d e r .  

F i g u r e  24 shows the cons tant  Stanton number  contours  a s s o c i a t e d  
with the d i s tu rbance  around the rod  on the cone model .  
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Figure 23. 

Mach No. = 8 
Re m x 10 -6 = 2. 4 
a = 0  
Time = 5. 57 to 6. 74 sec (Averagedl 

4 Model Outline 

.E  0 

- 2  

- 4  I I I i I I I 1 
0 2 4 6 8 10 12 14 16 

x. in. 

Heat- t ransfer  c o n t o u r  map on a 3- in. - radius hemisphere-cy l inder .  

,= 

12 

-4 

Mach No. = 8 
Re m x 10 -6 = 3. 5 

n =0  

Ti me = 27. 32 sec 
Configuration - Cone Plus Rod 

_ ~  "" - I -"  

Outline , 7 ' ' - / "  .J._ Model 

-8  - 

-12 I I , I '1 I , ,J 
10 14 18 22 26 30 34 38 42 

x, in. 

F igure 24. Heat ing c o n t o u r  map o f  area a round  rod  in cone model .  
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5.0 CONCLUSIONS 

The a e r o d y n a m i c  hea t i ng  da ta  taken, wi th  the  IR s y s t e m  show 
e x c e l l e n t  a g r e e m e n t  wi th  t h e o r y  ove r  a wide  r a n g e  of S tan ton  n u m b e r s .  
T h i s  e x p e r i m e n t a l  t e c h n i q u e  has  two d i s t i n c t  a d v a n t a g e s  o v e r  the  p h a s e -  
change  pa in t  t e chn ique .  

. P a i n t i n g  the m o d e l  b e f o r e  e a c h  i n j e c t i o n  into the  flow is 
not r e q u i r e d .  

. Data  r e d u c t i o n  fo r  one i n j e c t i o n  wi th  the e x c e p t i o n  of the 
off l ine  d i g i t i z i n g  p r o c e s s  can  be c o m p l e t e d  in a p p r o x i m a t e l y  
f ive  m i n u t e s .  Due to p h o t o g r a p h i c  f i l m  p r o c e s s i n g  and o the r  
t i m e  c o n s u m i n g  o p e r a t i o n s ,  s e v e r a l  weeks  a r e  r e q u i r e d  to 
r e d u c e  p h a s e - c h a n g e  pa in t  data .  

The  two m a j o r  d e f i c i e n c i e s  of the  t e c h n i q u e  at t h i s  t i m e  a r e :  

. The  s p a t i a l  r e s o l u t i o n  of the  c a m e r a  is  p o o r e r  than  d e s i r e d  
fo r  t ak ing  da ta  n e a r  the  edge of the m o d e l  or  n e a r  s t e p  
s p a t i a l  changes  on the mode l .  I m p r o v e m e n t  of th i s  cond i t ion  
is  be ing  p u r s u e d  at  the  A E D C - V K F .  

. The  p r e s e n t  da ta  s y s t e m ,  which  m a k e s  an  i n t e r m e d i a t e  
ana log  r e c o r d i n g  on m a g n e t i c  t ape ,  d e l a y s  da ta  r e d u c t i o n  
and i n t r o d u c e s  a s i g n i f i c a n t  amoun t  of no i se  at the low 
Stan ton  n u m b e r s .  T h i s  d e f i c i e n c y  wi l l  be e l i m i n a t e d  
when  the  on l ine ,  d i r e c t - d i g i t i z i n g  da ta  s y s t e m  is  put into 
o p e r a t i o n .  
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NOMENCLATURE 

I 

c Specif ic  heat  of model  m a t e r i a l ,  Btu/lbm-OR 

Cp Specif ic  heat  of t es t  gas at constant  p r e s s u r e ,  
B tu / lbm-°R 

Dn, m; Dn+l.  m; etc.  Data words in log ica l  square  

h H e a t - t r a n s f e r  coeff ic ient .  Btu/f t2-sec-OR 

I C a m e r a  output, i s o t h e r m  units  or  counts 

Aiwr Dif fe rence  in c a m e r a  output between the model  wall  
and the r e f e r e n c e  t a rge t ,  i s o t h e r m  units  or  counts 

K1, K2 F i r s t  and second constants  in c a m e r a  output-  
t e m p e r a t u r e  equation,  i s o t h e r m  units  or  counts,  
and °R r e s p e c t i v e l y  

k T h e r m a l  conduct ivi ty  of model  mater ia l+ 
B t u / f t - s e c - ° R  

M Mach number  

P Tunnel  s tagna t ion  p r e s s u r e ,  ps ia  

Re Reynolds number ,  per  ft 

St Stanton number ,  see  Eq. (2) 

T T e m p e r a t u r e ,  °R 

t T ime  f r o m  s t a r t  of heat ing,  sec  

V Velocity,  f t / s e c  

x Dis tance  f r o m  model  nose,  in. 

y Longi tudinal  d i s tance  f r o m  model  cen te r l ine ,  in. 

Angle of a t tack,  deg 

See Eq. (4) 

E m i s s i v i t y  in tegra ted  over  the s p e c t r a l  band of the 
i n f r a r e d  c a m e r a  

P Densi ty  of the model  m a t e r i a l  or  f r e e - s t r e a m  dens i ty  
of the tes t  gas,  l b m / f t  3 
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SUBSCRIPTS 
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Model  wal l  
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