
AEDC-TR-76-146 
J 

n r,T 1 t~ 1976 

JUL 2 5 1983 

AEROBALLISTIC RANGE INSTRUMENTATION DEVELOPMENT 

VON KARM/~N GAS DYNAMICS FACILITY 
ARNOLD ENGINEERING DEVELOPMENT CENTER 

AIR FORCE SYSTEMS COMMAND 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 

September 1976 

Final Report for Period July 1972 - June 1975 

Approved for pubhc release; d~stribut~on unl~m=ted. 

Property o-P U. S. Air Forc~ 
AEDC hJ BHARY 

F40600-'75-C-0001 

Prepared for 

DIRECTORATE OF TECHNOLOGY (DY) 
ARNOLD ENGINEERING DEVELOPMENT CENTER 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 



NOTICES 

When U. S. Government drawings specifications, or other data are used for 
any purpose other than a definitely related Government procurement 
operation, the Government thereby incurs no responsibility nor any 
obligation whatsoever, and the fact that the Government may have 
formulated, furnished, or in any way supplied the said drawings, 
specifications, or other data, is not to be regarded by implication or 
otherwise, or in any manner licensing the holder or any other person or 
corporation, or conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related thereto. 

Qualified users may obtain copies of this report from the Defense 
Documentation Center. 

References to named commercial products in this report are not to be 
considered in any sense as an endorsement of the product by the United 
States Air Force or the Government. 

This report has been reviewed by the Information Office (OI) and is releasable 
to the National Technical Information Service (NTIS). At NTIS, it will be 
available to the general public, including foreign nations. 

APPROVAL STATEMENT 

This technical report has been reviewed and is approved for publication. 

FOR THE COMMANDER 

MARSHALL K. KINGERY 
Research & Development 

Division 
Directorate of Technology 

ROBERT O. DIETZ 
Director of Technology 



l e  

UNCLASSIFIED 
R E P O R T D O C U M E N T A T I O H  P A G E  

' AEDC-TR-76-146REP°RT N U M B E R  2- G O V T  ACCESSION NO. 

4 T I T L E  ( ~ d  Subtat#e) 

AEROBALLISTIC RANGE INSTRUMENTATION 
DEVELOPMENT 

7 A U T H O R ( s )  

P a u l  H. D u g g e r -  ARO, I n c .  

g P E R F O R M I N G  O R G A N I Z A T I O N  N A M E  A N D  ADDRESS 

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (DY) 
A r n o l d  A i r  Force S t a t i o n  

: T e n n e s s e e  3 7 3 8 9  
,II C O N T R O L L I N G  O F F I C E  N A M E  A N D  ADDRESS 

Arnold Engineering Development Center(DYFS 
Air Force Systems Command 
Arnold Air Force Station~ Tennessee 37389 
t4  M O N I T O R I N G  A G E N C Y  N A M E  & A D D R E S S ( I f  dJfferen# f rom Contro|#fng OtHce)  

i 6  D I S T R I B U T I O N  S T A T E M E N T  {o f  rbJe Report) 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

3 R E C I P I E N T ' S  C A T A L O G  N U M B E R  

5 T Y P E  OF R E P O R T  & P E R I O D  C O V E R E D  

F i n a l  R e p o r t  - 

J u l y  1972  - J u n e  1975  
6 P E R F O R M I N G  ORG. R E P O R T  N U M B E R  

8 C O N T R A C T  OR G R A N T  N U M B E R ( s )  

10 P R O G R A M  E L E M E N T  P R O J E C T ,  T A S K  
A R E A  & WORK UNbT N U M B E R S  

P r o g r a m  E l e m e n t  6 5 8 0 7 F  

12 R E P O R T  D A T E  

S e p t e m b e r  1976 
13. N U M B E R  OF P A G E S  

24 

IS S E C U R I T Y  CLASS (o l  thJa report )  

UNCLASSIFIED 

ISe. O E C L  ASSI FIC A T I O N  ' D O W N G R A D I N G  
SCHEDULE N/A 

Approved f o r  public release; distribution unlimited. 

t7 D I S T R I B U T I O N  S T A T E M E N T  (o f  the abst rac t  entered in Brock  20, i !  d i f fe rent  from Report)  

18 S U P P L E M E N T A R Y  N O T E S  

Available in DDC 

19 K E Y  WORDS (ConrJnue on r e v e r s e  eade Jf n e c e s / a ~  ~ d  f d e n t l ~  by brock numbe~ 

optical equipment temperature measurement 
evaluations aeroballlstics 
revisions ranges (facilities) 
laser instrumentation systems 
p h o t o g r a p h y  

20 A B S T R A C T  (Cont inue on reve rse  aede Jf n e c e B a o ~  and I d e n t l ~  by b lock numbe~  

D e v e l o p m e n t  o f  a new p h o t o p y r o m e t e r  i n s t r u m e n t a t i o n  s y s t e m ,  
c o u p l e d  w i t h  i m p l e m e n t a t i o n  o f  a d u a l - e n v i r o n m e n t  t e s t  t e c h n i q u e ,  
h a s  e x t e n d e d  t h e  l o w e r  l i m i t  f o r  m o d e 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 -  
m e n t s  i n  H y p e r b a l l i s t i c  Range  (G) f r o m  2 , 5 0 0  t o  1 , 9 0 0  E. A h i g h -  
s p e e d  s e q u e n t i a l  p h o t o g r a p h y  s y s t e m  h a s  b e e n  d e v e l o p e d  a n d  u s e d  t o  
o b s e r v e  t e s t  m o d e l s  i n  h y p e r v e l o c l t y  f l i g h t  t h r o u g h  e r o s i v e  e n v i -  
r o n m e n t s ;  e x p e r i m e n t a l  e v a l u a t i o n s  h a v e  i n d i c a t e d  t h a t  a s i m i l a r  
p h o t o g r a p h i c  s y s t e m  may b e  a p p l i c a b l e  f o r  s t u d i e s  o f  o s c i l l a t i n g  

FORM 1473 EDITION OF , NOV SS ,S OBSOLETE DD , JAN 73 

UNCLASSIFIED 



UNCLASSIFIED 

20 .  ABSTRACT ( C o n t i n u e d )  

bow s h o c k  w a v e s  on c e r t a i n  t e s t  m o d e l s .  Model  d e t e c t o r  s y s t e m s  
h a v e  b e e n  d e v e l o p e d  a n d  h a v e  d e m o n s t r a t e d  a 9 3 - p e r c e n t  t r i g g e r  
r e l i a b i l i t y  when u s e d  i n  t h e  h i g h - l u m i n o s i t y ,  b l a s t - t a n k  a r e a  o f  
H y p e r b a l l i s t i c  Range  (K) ;  r e l i a b i l i t y  o f  p r e v i o u s l y  u s e d  s y s t e m s  
was 70 p e r c e n t .  O t h e r  e v a l u a t i o n s  h a v e  shown t h a t  h i g h  r e l i a b i l i t y  
c a n  be e x p e c t e d  i n  a p p l i c a t i o n s  o f  t h e s e  t y p e s  o f  d e t e c t o r s  f o r  
t r i g g e r i n g  i n s t r u m e n t a t i o n  s y s t e m s  i n  t h e  Range  K a n d  Range  G 
g u i d e d - t r a c k  f a c i l i t i e s .  

AFSC 
A r n o l d  AFS Te~  

UNCLASSIFIED 



AE DC-TR-76 -146  

PREFACE 

The work  r e p o r t e d  h e r e i n  was conduc ted  by Arno ld  E n g i n e e r i n g  
D e v e l o p m e n t  C e n t e r  (AEDC), A i r  F o r c e  S y s t e m s  C o m m a n d  (AFSC), 
u n d e r  P r o g r a m  E l e m e n t  65807F. The  r e s u l t s  w e r e  ob ta ined  by ARO, 
Inc. (a s u b s i d i a r y  of S v e r d r u p  & P a r c e l  and A s s o c i a t e s ,  Inc. ), c o n t r a c t  
o p e r a t o r  of AEDC, AFSC, A r n o l d  Ai r  F o r c e  Stat ion,  T e n n e s s e e .  The 
r e s e a r c h  was done unde r  ARO P r o j e c t  N u m b e r s  VF201,  VF401,  and 
V32S-38A. The author  of th is  r e p o r t  was  Paul  H. Dugger ,  ARO, Inc. 
The m a n u s c r i p t  (ARO Cont ro l  No. A R O - V K F - T R - 7 5 - 8 4 )  was s u b m i t t e d  
for  pub l i ca t ion  on June  20, 1975. 

The author acknowledges the contributions of Messrs. O. H. Book, 
C. P. Enis, B. W. Gilley, H. G. Harris, and J. W. Hill, Instrumentation 
Engineers of the yon K~rm~n Gas Dynamics Facility (VKF), who performed 
the bulk of experimental work of the program. The author also wishes to 
thank Mr. R. E. Hendrix, Supervisor of the Range Instrumentation Section, 
VKF, for his helpful suggestions throughout the program and for his 
critical review of the manuscript. 



AE DC-T R-76-146 

CONTENTS 

i. 0 INTRODUCTION . . . . . . . . . . . . . . . . . . . .  

2.0 PHOTOGRAPHIC PYROMETRY 

2. I "Low" Temperature Photopyrometers . . . . . . .  

2.2 Shock-Cap Air Radiation . . . . . . . . . . . . .  

2.3 Dual-Environment Technique . . . . . . . . . . .  

2.4 "Low" Temperature Measurements . . . . . . . . .  

2.5 Qualitative Application . . . . . . . . . . . . . .  

3.0 HIGH-SPEED SEQUENTIAL PHOTOGRAPHY SYSTEM 

3. 1 Camera . . . . . . . . . . . . . . . . . . . . .  

3.2 Framing Rate Requirements . . . . . . . . . . . .  

3.3 Light Source . . . . . . . . . . . . . . . . . . .  

3.4 Optical System . . . . . . . . . . . . . . . . . .  

3.5 Photographic Results . . . . . . . . . . . . . . .  

4.0 MUZZLE-ZONE/TRACK DETECTOR SYSTEMS 

4. 1 System Description . . . . . . . . . . . . . . . .  

4.2 Operational Characteristics . . . . . . . . . . . .  

4.3 Evaluations . . . . . . . . . . . . . . . . . . .  

5.0 CONCLUDING REMARKS . . . . . . . . . . . . . . . .  

REFERENCES . . . . . . . . . . . . . . . . . . . . .  

P a g e  

5 

6 

7 

9 

9 

12 

13 

13 

14 

16 

17 

20 
20 
21 
22 
23 

Figure 

I LLUSTRATIONS 

i. Aeroballistic Range G Photographic Pyrometer 
System . . . . . . . . . . . . . . . . . . . . . . . .  

2. Temperature Error Induced by Shock-Cap Air 
Radiation, Approximate Calculations . . . . . . . . . . .  

3. Nosetip Transition Test Model . . . . . . . . . . . . .  

4. Isothermal Contours on Graphite Model Nosetip ...... 

5. Self-Luminosity Photograph of Hypervelocity 
Model and Wake . . . . . . . . . . . . . . . . . . . .  

6. Flashlamp Electronics . . . . . . . . . . . . . . . . .  

7. Light Output Pulses from FT-230 Flashtube ....... 

6 

8 

10 

11 

12 

15 

16 



AE D C-T R -76-146 

F i g u r e  

8. H igh -Speed  P h o t o g r a p h y  S y s t e m  for  E r o s i o n  
S tudies  . . . . . . . . . . . . . . . . . . . . . . . .  

9. Typ ica l  F r a m e  f r o m  High -Speed  P h o t o g r a p h y  
S y s t e m ,  Snow E r o s i o n  Studies  . . . . . . . . . . . . .  

10. Typ ica l  F r a m e  f r o m  H i g h - S p e e d  P h o t o g r a p h y  
S y s t e m ,  Flow V i s u a l i z a t i o n  Mode . . . . . . . . . . . .  

11. D e t e c t o r  S y s t e m  S c h e m a t i c  . . . . . . . . . . . . . . .  

Page  

17 

18 

19 

20 

4 



AEDC-TR-76-146 

1.0 INTRODUCTION 

In o r d e r  to e n s u r e  a g a i n s t  o b s o l e s c e n c e  of the  a e r o b a l l i s t i c  
r a n g e s  of the yon Ke[rm~n Gas D y n a m i c s  F a c i l i t y  (VKF) as p r a c t i c a l  
g r o u n d  t e s t  f a c i l i t i e s ,  it is e s s e n t i a l  to d e v e l o p  and expand  i n s t r u m e n -  
t a t i on  s y s t e m s  to m e e t  the i m p o s e d  da ta  a c q u i s i t i o n  r e q u i r e m e n t s  as  
a r e a s  of t e s t i n g  change  or  b e c o m e  m o r e  s o p h i s t i c a t e d .  E x p e r i m e n t a l  
r e s e a r c h  p r o g r a m s  for  th is  e x p r e s s  p u r p o s e  have  b e e n  in e f fec t  fo r  
the  pas t  s e v e r a l  y e a r s .  The  r e s u l t s  f r o m  pas t  p r o j e c t s  a r e  p r e s e n t e d  
in Ref .  1. The  p u r p o s e  of th i s  r e p o r t  is to d e s c r i b e  s o m e  i n s t r u m e n -  
t a t i on  s y s t e m s  d e v e l o p e d  and e v a l u a t e d  u n d e r  the e n s u i n g  r e s e a r c h  
p r o j e c t s .  

2.0 PHOTOGRAPHIC PYROMETRY 

P h o t o g r a p h i c  p y r o m e t r y  s y s t e m s  have  been  d e v e l o p e d  wi th in  the  
VKF and have  d e m o n s t r a t e d  the capab i l i t y  fo r  m e a s u r e m e n t s  of t e m p e r -  
a t u r e s  on the s u r f a c e s  of m o d e l s  in f l ight  at v e l o c i t i e s  as h igh  as  20 ,000  
f t / s e c  in H y p e r b a l l i s t i c  Range  (G). The  t e c h n i q u e  i n v o l v e s  b a s i c a l l y  the  
fo l lowing  s e q u e n c e :  (1) A h i g h - s p e e d  i m a g e  i n t e n s i f i e r  c a m e r a  is u s e d  
to ob ta in  a s t o p - m o t i o n ,  s e l f - l u m i n o s i t y  p h o t o g r a p h  of the m o d e l  in 
f l ight .  E x p o s u r e  t i m e s  as  s h o r t  as 10 n s e c  can be ob ta ined  wi th  the  
i m a g e  i n t e n s i f i e r  s y s t e m s .  (2) C a l i b r a t i o n s  f r o m  a c a r b o n - a r c  r e f e r -  
e n c e  s o u r c e  a r e  r e c o r d e d  on i d e n t i c a l  f i lm  and a r e  p r o c e s s e d  s i m u l -  
t a n e o u s l y  wi th  the m o d e l  pho tog raph .  (3) D e n s i t i e s  of the  f i l m  i m a g e  
of the  m o d e l  s u r f a c e  a r e  m e a s u r e d  (via a s c a n n i n g  m i c r o d e n s i t o m e t e r )  
and c o n v e r t e d  to t e m p e r a t u r e s  us ing  the d e n s i t i e s  l i k e w i s e  e x t r a c t e d  
f r o m  the  c a l i b r a t i o n  data .  The  t e m p e r a t u r e s  thus  m e a s u r e d  a r e  b r i g h t n e s s  
t e m p e r a t u r e s  and m a y  be c o n v e r t e d  to t r u e  s u r f a c e  t e m p e r a t u r e s  p r o v i d e d  
that ,  f i r s t ,  the l u m i n o s i t y  r e c o r d e d  is s t r i c t l y  i n c a n d e s c e n t  in n a t u r e ,  
and s e c o n d l y ,  the  e m i s s i v i t y  of the m o d e l  m a t e r i a l  is  known.  

The  p h o t o g r a p h i c  p y r o m e t r y  t e c h n i q u e  u s e d  in Range  G is r e p r e -  
s e n t e d  s c h e m a t i c a l l y  in Fig .  1. The  g e o m e t r y  of th i s  a r r a n g e m e n t  
prov. ides  m a t c h e d  op t i ca l  paths  fo r  s y s t e m  c a l i b r a t i o n  and da ta  a c q u i s i t i o n .  
The  r e c o r d i n g  c a m e r a  c o n s i s t s  of an ob j ec t ive  l e n s ,  an i m a g e  i n t e n s i f i e r  
d e v i c e ,  a r e l a y  l e n s  or  f i b e r - o p t i c s  f a c e p l a t e ,  and a c o m b i n a t i o n  g r o u n d -  
g l a s s  and f i lm  h o l d e r .  I n - d e p t h  d e s c r i p t i o n s  and d i s c u s s i o n s  of t h e s e  
p h o t o g r a p h i c  p y r o m e t e r  s y s t e m s  can be found in Refs .  1 t h r o u g h  5. 
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2.1 "LOW" TEMPERATURE PHOTOPYROMETERS 

It has  b e e n  a goal  of the s e q u e n c e  of t h e s e  r e s e a r c h  p r o j e c t s  to 
ex t end  the  l o w e r  m e a s u r e m e n t  l i m i t  of Range  G p h o t o p y r o m e t r y  s y s -  
t e m s .  The in i t i a l  s y s t e m s  (Refs.  1 t h rough  5), d e v e l o p e d  for  and u s e d  
qui te  s u c c e s s f u l l y  du r ing  ab la t ion  and e r o s i o n  t e s t i ng ,  cannot  m a k e  
r e l i a b l e  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 m e n t s  below about 2 ,500  K~. 
C e r t a i n  o the r  a r e a s  of t e s t i n g  r e q u i r e  m e a s u r e m e n t s  of t e m p e r a t u r e s  
wh ich  fal l  below the m e a s u r e m e n t  r a n g e  of t h e s e  s y s t e m s .  

The p r i m a r y  c o m p o n e n t  in the p h o t o p y r o m e t r y  t e c h n i q u e  d e s c r i b e d  
above is ,  of c o u r s e ,  the  i m a g e  i n t e n s i f i e r  dev i ce ,  and the  o v e r a l l  s e n -  
s i t i v i t y  of the p h o t o p y r o m e t e r  to t e m p e r a t u r e  is d e t e r m i n e d ,  to a l a r g e  
ex ten t ,  by the s p e c t r a l  r e s p o n s e  of the  i m a g e  i n t e n s i f i e r .  The  i m a g e  
i n t e n s i f i e r s  u sed  in the in i t i a l  Range  G p h o t o p y r o m e t e r s  have  S-11 
s p e c t r a l  r e s p o n s e  c h a r a c t e r i s t i c s ;  i. e . ,  t h e s e  d e v i c e s  r e s p o n d  to 
r a d i a t i o n  wi th in  the s p e c t r a l  band f r o m  0 .35  to 0 .65  /~m, a p p r o x i m a t e l y .  
The  i n c a n d e s c e n t  r a d i a t i o n  f r o m  the  a e r o d y n a m i c a l l y  hea t ed  m o d e l  

*"Low"  is u sed  h e r e i n  to d e s c r i b e  t e m p e r a t u r e s  in the  r e g i m e  
below 2 ,500  K. 

6 
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s u r f a c e s  i s  g o v e r n e d  by  t h e  f a m i l i a r  W i e n  D i s p l a c e m e n t  L a w ,  
k m a  x T = 2898  p m  K, w h e r e  k m a  x i s  t h e  w a v e l e n g t h  at  w h i c h  t h e  
r a d i a t i o n  c u r v e  p e a k s  f o r  a s u r f a c e  at  t e m p e r a t u r e  T .  O b v i o u s l y  t h e n ,  
t h e  c a p a b i l i t y  f o r  d e t e c t i o n  of  l o n g e r  w a v e l e n g t h  r a d i a t i o n  s h o u l d  a l l o w  
m e a s u r e m e n t s  of  l o w e r  t e m p e r a t u r e s .  

R e c e n t  a d v a n c e s  in  t h e  s t a t e - o f - t h e - a r t  of i m a g e  i n t e n s i f i e r  
d e v i c e s  h a v e  m a d e  a v a i l a b l e  a p r o x i m i t y - f o c u s e d ,  f i b e r - o p t i c s - c o u p l e d ,  
i m a g e  i n t e n s i f i e r  d i o d e  w i t h  a s p e c t r a l  r e s p o n s e  d e s i g n a t e d  S - 2 0 R  t h a t  
e x t e n d s  i n t o  t h e  n e a r  i n f r a r e d ;  t h e  d e v i c e  r e s p o n d s  w i t h i n  t h e  s p e c t r a l  
b a n d  f r o m  0 . 3 5  to  0 . 9 3  p m .  A l s o ,  t h e  d i o d e  h a s  h i g h  s e n s i t i v i t y  a n d  
c a n  be  g a t e d  at  n a n o s e c o n d  t i m e s ,  m a k i n g  i t  s u i t a b l e  f o r  t h e  a e r o b a l l i s t i c  
r a n g e  a p p l i c a t i o n .  A n a l y t i c a l  s t u d i e s  w e r e  m a d e  i n d i c a t i n g  t h a t  u t i l i -  
z a t i o n  of o n e  of t h e s e  s t a t e - o f - t h e - a r t  d i o d e s  in  a p h o t o p y r o m e t r y  s y s t e m  
s h o u l d  a l l o w  m e a s u r e m e n t s  of s u r f a c e  t e m p e r a t u r e s  a s  l ow  as  a p p r o x i -  
m a t e l y  1 , 8 5 0  K. 

A p h o t o p y r o m e t r y  s y s t e m  w a s  d e s i g n e d  a r o u n d  a d i o d e  m a n u -  
f a c t u r e d  by G a l i l e o  ( f o r m e r l y ,  Bend ix}  E l e c t r o - O p t i c s ,  Inc .  T h e  
s y s t e m ,  i n c l u d i n g  p o w e r  s u p p l y ,  c a m e r a  h o u s i n g ,  e t c .  ( s e e  F i g .  1}, 
w a s  c o n s t r u c t e d  and  w a s  e v a l u a t e d  in t h e  l a b o r a t o r y .  It  w a s  f o u n d  
t h r o u g h  o b s e r v a t i o n s  of a c a l i b r a t i o n  s o u r c e  t h a t  t h e  s y s t e m  w a s  i n d e e d  
c a p a b l e  of t e m p e r a t u r e  m e a s u r e m e n t s  a s  low as  1 , 8 0 0  K u n d e r  t h e  
s t a t i c  l a b o r a t o r y  c o n d i t i o n s .  

2.2 SHOCK-CAP AIR RADIATION 

W h e n  m a k i n g  a e r o b a l l i s t i c  r a n g e  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 -  
m e n t s  v i a  t h e  p h o t o p y r o m e t r y  t e c h n i q u e ,  o n e  m u s t  n o t  o n l y  be  c o n c e r n e d  
w i t h  t h e  m e a s u r i n g  i n s t r u m e n t ,  bu t  m u s t  a l s o  c a r e f u l l y  c o n s i d e r  t h e  
r a d i a t i n g  c h a r a c t e r i s t i c s  of t h e  s o u r c e  b e i n g  m e a s u r e d ;  i. e . ,  i t  m u s t  
be  a s c e r t a i n e d  t h a t  o n l y  i n c a n d e s c e n t  r a d i a t i o n  f r o m  t h e  m o d e l  s u r f a c e  
is  s e e n  by t he  p h o t o p y r o m e t e r .  S e v e r a l  p o s s i b l e  s o u r c e s  of e x t r a n e o u s  
r a d i a t i o n  a r e  d i s c u s s e d  in  Re f .  2. T h e  one  of t h e s e  of m a j o r  c o n c e r n  
f o r  t h e  m e a s u r e m e n t s  of i n t e r e s t  i s  f e l t  t o  be  t h a t  of s h o c k - c a p  a i r  
r a d i a t i o n .  

S t u d i e s  w e r e  m a d e  w h e r e i n  it  w a s  a p p r o x i m a t e d ,  f o r  e x a m p l e ,  
t h a t  t h e  s h o c k - c a p  r a d i a t i o n  (at t h e  s t a g n a t i o n  po in t} ,  c h a r a c t e r i s t i c  o f  
a 0 . 5 - i n .  n o s e  r a d i u s  m o d e l  in f l i g h t  at  1 5 , 0 0 0  f t / s e c  in  a r a n g e  p r e s s u r e  
of 200 t o r r  (a i r} ,  h a s  a b r i g h t n e s s  t e m p e r a t u r e  of  2 , 0 0 0  K,  a s  m i g h t  be  
s e e n  by an  S - 2 0 R  r e s p o n s e  p h o t o p y r o m e t e r ;  i. e . ,  t h e  a i r  r a d i a t i o n  w o u l d  
e l i c i t  t h e  s a m e  r e s p o n s e  f r o m  t h e  p a r t i c u l a r  p h o t o p y r o m e t e r  a s  w o u l d  a 
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2 ,000  K b lackbody  s u r f a c e .  C l e a r l y  then ,  the a i r  r a d i a t i o n  would in f lu -  
ence  m e a s u r e m e n t s  of s u r f a c e  t e m p e r a t u r e  in the r e g i o n  of i n t e r e s t  
(<2,500 K), and m e a s u r e m e n t s  of t e m p e r a t u r e s  l o w e r  than  2 ,000  K 
would not  be p o s s i b l e  in the p r e s e n c e  of the r a d i a t i n g  a i r .  The  t e m p e r -  
a t u r e  m e a s u r e m e n t  e r r o r s  tha t  would be c a u s e d  by the e x t r a n e o u s  
r a d i a t i o n  fo r  th i s  e x a m p l e  ca se  a r e  i l l u s t r a t e d  in Fig .  2. F o r t u n a t e l y ,  
s i n c e  b l ackbody  r a d i a t i o n  is  such  a s t r o n g  func t ion  of t e m p e r a t u r e * ,  the  
e f f ec t s  of a i r  r a d i a t i o n  d i m i n i s h  qui te  r a p i d l y  for  s u r f a c e  t e m p e r a t u r e s  
h i g h e r  than  the b r i g h t n e s s  t e m p e r a t u r e  of the  exc i t ed  a i r  (see  F ig .  2). 
At t e m p e r a t u r e s  e n c o u n t e r e d  du r ing  ab l a t i on  and e r o s i o n  t e s t i n g  
( t y p i c a l l y  g r e a t e r  than  3 ,500  K), the e r r o r s  c aused  by a i r  r a d i a t i o n  
a r e  i n s i g n i f i c a n t .  

3,800 

3, 400 

"~ 3,0OO 

" - !  

2, 200 

1,800 

P hotopyrometer- 
Response. S-20R 
Filter: Wratten 12 

S hot Conditions- 
Velocity: 15, 000 ftlsec 
Ambient Pressure:. 200 torr 
Model Nose Radius: 0.5 in. 

/ /  
/ /  

/ 

/ / /  

/ 

1,400 v , , 
1,400 1, 800 

Ideal Condition, 
Tmeas = Tactual 

2, 200 2, 600 3, 000 3, 400 3. 800 

Actual Temperature, K 

Figure 2. Temperature error induced by shock-cap air radiation, 
approximate calculations. 

*It is  wel l  known tha t ,  fo r  a b l ackbody  at t e m p e r a t u r e  T, the to ta l  
r a d i a t i o n  is  p r o p o r t i o n a l  to T 4. Howeve r ,  wi th in  the w a v e l e n g t h  band 
def ined  by the S-20R r e s p o n s e  and at the t e m p e r a t u r e s  p e r t i n e n t  to4!his 
d i s c u s s i o n ,  the r a d i a t i o n  v a r i e s  c o n s i d e r a b l y  m o r e  r a p i d l y  ( than T ) 
wi th  t e m p e r a t u r e .  

8 

\ 



AE DC-TR-76-146 

2.3 DUAL-ENVIRONMENT TECHNIQUE 

Obvious ly ,  if r e l i a b l e  t e m p e r a t u r e  m e a s u r e m e n t s  at l e v e l s  be low 
2 ,500  K a r e  to be m a d e ,  the only f e a s i b l e  a p p r o a c h  is to r e m o v e  the  in f lu -  
ence  of the s h o c k - c a p  a i r  r a d i a t i o n * .  A s c h e m e  was  d e v i s e d  w h e r e b y  th i s  
m i g h t  be a c c o m p l i s h e d  in Range  G to a l low m e a n i n g f u l  e v a l u a t i o n  and use  of 
the  " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r .  The  s c h e m e  i n v o l v e s  f ly ing  the  
t e s t  m o d e l  into an e v a c u a t e d  (ve ry  low p r e s s u r e )  s e c t i o n  of the r a n g e  
i m m e d i a t e l y  p r i o r  to m a k i n g  the p h o t o p y r o m e t 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 .  
The  " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  was  i n s t a l l e d  ju s t  d o w n r a n g e  f r o m  
a b u l k h e a d / q u i c k - o p e n i n g  va lve  s y s t e m  that  is  l o c a t e d  a p p r o x i m a t e l y  310 ft 
f r o m  the  r a n g e  e n t r a n c e .  Th i s  b u l k h e a d / v a l v e  s y s t e m  a l l o w e d  s e p a r a t i o n  
of the f l igh t  path  into two p r e s s u r e  e n v i r o n m e n t s .  P r e s s u r e s  in the  u p r a n g e  
p o r t i o n  could  be c h o s e n  to s i m u l a t e  the  d e s i r e d  r e e n t r y  t e s t  cond i t i ons  
( t yp i ca l l y ,  100 to 300 t o r t ) ,  whi le  the d o w n r a n g e  p o r t i o n  could  be p u m p e d  
down to about  1 t o r t .  The  q u i c k - o p e n i n g  va lve  could  be u t i l i z e d  to m a i n -  
t a in  s e p a r a t i o n  of t h e s e  two p r e s s u r e  e n v i r o n m e n t s  unt i l  a few m i l l i s e c o n d s  
p r i o r  to a r r i v a l  of a m o d e l .  

The  " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  was  a r r a n g e d  so tha t  a 
t e s t  m o d e l  could  be v i e w e d  at an ax ia l  l o c a t i o n  a p p r o x i m a t e l y  20 ft down-  
r a n g e  f r o m  the bu lkhead .  D u r i n g  t e s t i n g ,  then ,  f l igh t  t i m e s  f r o m  e n t r y  
t h r o u g h  the p o r t a l  of the  q u i c k - o p e n i n g  va lve  into the low p r e s s u r e  unt i l  
a r r i v a l  at the p h o t o p y r o m e t e r  v iew f ie ld  w e r e  on the  o r d e r  of 1. 1 m s e c .  
T h e s e  t i m e s  a r e  fe l t  to have  b e e n  su f f i c i en t  fo r  q u e n c h i n g  of s h o c k - c a p  
r a d i a t i o n  and ye t  to have  been  s h o r t  enough  tha t  the t e s t  m o d e l  s u r f a c e s ,  
a e r o d y n a m i c a l l y  h e a t e d  d u r i n g  f l ight  in the s i m u l a t e d  r e e n t r y  e n v i r o n m e n t ,  
could  not  cool by any a p p r e c i a b l e  a m o u n t  p r i o r  to the  t e m p e r a t u r e  
m e a s u r e m e n t s .  

2.4 "LOW" TEMPERATURE MEASUREMENTS 

The " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  was  u s e d  as  a p r i m a r y  
da ta  s y s t e m  d u r i n g  a SAMSO N o s e t i p  T r a n s i t i o n  T e s t  (V41G-09A) in 
Range  G. Ac tua l ly ,  d e v e l o p m e n t  of the  " low"  t e m p e r a t u r e  m e a s u r e -  
m e n t  capab i l i t y  was  a p r e r e q u i s i t e  fo r  p e r f o r m i n g  th i s  t e s t  p r o g r a m ,  
s i n c e  the d e s i r e d  t e s t  cond i t i ons  w e r e  such  tha t  s u r f a c e  t e m p e r a t u r e s  
would  be too low to be m e a s u r e d  wi th  the o r i g i n a l  Range  G p h o t o p y r o m -  
e t e r s .  T e s t  o b j e c t i v e s  w e r e  c o m p a t i b l e  wi th  the l i m i t a t i o n s  of the  d u a l -  
e n v i r o n m e n t  t e c h n i q u e  (i. e . ,  a s i n g l e  m e a s u r e m e n t  s t a t i o n  and the 
f o r e s h o r t e n e d  t e s t  e n v i r o n m e n t ,  310 ft). 

*Calculations of brightness temperatures for shock-cap radiation, 
as in the example, are much too approximate to allow mathematical 
removal of such effects. 
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F i g u r e  3 is a pho tog raph  i l l u s t r a t i n g  the  h e m i s p h e r e / c y l i n d e r /  
cone t e s t  m o d e l s  u s e d  fo r  the  n o s e t i p  t r a n s i t i o n  t e s t s .  The  h e m i s p h e r -  
ica l  t ip  is g r a p h i t e  and has  a d i a m e t e r  of 1 in. F i g u r e  4 shows  an 
i s o t h e r m a l  con tour  m a p  of n o s e t i p  t e m p e r a t u r e s  m e a s u r e d  wi th  t h e  
" low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  du r ing  one of the  l a u n c h e s ;  t h e s e  
data  w e r e  t aken  at an a s p e c t  angle  a p p r o x i m a t e l y  10 deg f r o m  h e a d - o n .  
The  m o d e l  v e l o c i t y  was  18,400 f t / s e c ,  the  r a n g e  p r e s s u r e  in the  up-  
r a n g e  s e c t i o n  was  116 t o r r ,  and the p r e s s u r e  in the  d o w n r a n g e  s e c t i o n  
was 1 t o r r .  C o m p u t e r - g e n e r a t e d  i n d i c a t i o n s  of s u r f a c e  con tou r s  fo r  
the  ob l ique ly  v i e w e d  h e m i s p h e r i c a l  n o s e t i p  have  b e e n  s u p e r i m p o s e d  o n  
the  i s o t h e r m a l  m a p  in Fig .  4 to aid in v i s u a l i z a t i o n  and i n t e r p r e t a t i o n ;  
t h e s e  a r e  r e p r e s e n t e d  by the  c u r v e d  l i n e s  and do t ted  r i n g s .  

The  t e m p e r a t u r e  da ta  in Fig.  4 a r e  typ ica l  of t h o s e  ob ta ined  
wi th  the  new p h o t o p y r o m e t e r  th roughou t  the  tes t ;  1 ,900 K con tou r s  
w e r e  m e a s u r e d  on a few sho t s .  A p p a r e n t l y ,  the  d u a l - e n v i r o n m e n t  
t e c h n i q u e  d o e s  p r o v i d e  a m e a n s  fo r  c i r c u m v e n t i n g  s h o c k - c a p  r a d i a t i o n  
p r o b l e m s .  C e r t a i n l y  one would  expec t  s h o c k - c a p  r a d i a t i o n ,  ff p r e s e n t ,  

Figure 3. Nosetip transition test model. 

l0 
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2. 

Figure 4. 

Instrumentation System: "Low" Temperature 
Photopyrometer, Exposure Time: I00 nsec 
Nosetip Diameter: 1 in. 

3. Model Velocity: 18, 400 ftlsec 
4. Surface contours of the obliquely viewed hemispherical 

nosetip are indicated by dots and curving lines. 

Isothermal contours on graphite model nosetip. 

to be m a x i m u m  at the s t agna t ion  point; w h e r e a s ,  al l  t e m p e r a t u r e  da ta  
r e c o r d e d  du r ing  the t e s t  w e r e  c h a r a c t e r i z e d  by an a b s e n c e  of any 
m e a s u r a b l e  r a d i a t i o n  f r o m  the s t agna t ion  point  r e g i o n ,  as typ i f ied  by 
Fig.  4. 

The l o w e r  m e a s u r e m e n t  l i m i t s  of p r e v i o u s  l~ange G p h o t o p y r o m -  
e t e r s  would have p r e c l u d e d  a c q u i s i t i o n  of  any of the t e m p e r a t u r e  da ta  
in Fig.  4 and m o s t  of that  du r ing  the  e n t i r e  t r a n s i t i o n  tes t .  C l e a r l y  
then,  d e v e l o p m e n t  of the new " low" t e m p e r a t u r e  i n s t r u m e n t a t i o n  s y s t e m  
has e x t e n d e d  the t e s t i n g  capabi l i ty  for  Range  G. 

l l  



AEDC-TR-76-146 

The " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  has  an u p p e r  m e a s u r e -  
m e n t  l i m i t  a p p r o x i m a t e l y  the s a m e  as the p r e v i o u s  p h o t o p y r o m e t e r s  
( t yp ica l ly ,  4 ,500  K). Th i s  i n c r e a s e d  d y n a m i c  r a n g e  is ,  of c o u r s e ,  a 
h igh ly  d e s i r a b l e  f e a t u r e  and wi l l  p e r m i t  u s e  of the d e v i c e  d u r i n g  ab l a t i on  
and e r o s i o n  t e s t i n g ,  f o r  e x a m p l e ,  as  we l l  as  in " low"  t e m p e r a t u r e  
m e a s u r e m e n t  a p p l i c a t i o n s .  

2.5 QUALITATIVE APPLICATION 

Use of the  " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  s y s t e m  as a d e v i c e  
f o r  ob ta in ing  i m p o r t a n t  q u a l i t a t i v e  da ta  was  d e m o n s t r a t e d .  D u r i n g  one 
a e r o b a l l i s t i c  r a n g e  t e s t  s e r i e s ,  it was  of i n t e r e s t  to o b s e r v e  the  l u m i n o u s  
w a k e s  beh ind  h y p e r v e l o c i t y  m o d e l s .  The  p h o t o p y r o m e t r y  s y s t e m  was  
change d  to a f fo rd  a b r o a d s i d e  v i ewing  angle  and was  o p e r a t e d  in a pho to-  
g r a p h - o n l y  m o d e  (i. e . ,  wi th  no t e m p e r a t u r e  ca l ib ra t ion}  at e x p o s u r e  
t i m e s  of 1 # s e c .  The  r e s u l t i n g  s e l f - l u m i n o s i t y  p h o t o g r a p h s  do i n d e e d  
p r o v i d e  e x c e l l e n t  d e p i c t i o n s  of the  wakes ;  F ig .  5 shows  one of t h e s e  
p h o t o g r a p h s .  It shou ld  be po in ted  out tha t  t e m p e r a t u r e  da ta  cannot  be 
e x t r a c t e d  f r o m  the  p h o t o g r a p h s  b e c a u s e  the  r a d i a t i o n  is not i n c a n d e s c e n t .  

Figure 5. Self-luminosity photograph of hypervelocity 
model and wake. 

3.0 HIGH~PEED SEQUENTIAL PHOTOGRAPHY SYSTEM 

R e q u i r e m e n t s  fo r  a h i g h - s p e e d  s e q u e n t i a l  p h o t o g r a p h y  s y s t e m  
a r o s e  in two a r e a s  of t e s t i n g  in Range  G. F i r s t ,  it was  d e s i r a b l e  

12 
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dur ing  e r o s i o n  t e s t i n g  to r e c o r d  the  f l igh ts  of t e s t  m o d e l s  t h rough  
snowf ie ld  e n v i r o n m e n t s  fo r  the pu rpose  of s tudy ing  s n o w f l a k e / s h o c k w a v e  
i n t e r a c t i o n s .  Secondly ,  i n q u i r i e s  r e g a r d i n g  fu tu re  t e s t i n g  i n d i c a t e d  
i n t e r e s t  in o b s e r v i n g  a,ld m e a s u r i n g  the o s c i l l a t o r y  f r e q u e n c y  of bow 
shock  waves  on c e r t a i n  types  of s h a r p l y  poin ted  t e s t  m o d e l s .  It was  
d e c i d e d  that  a s y s t e m  that  would fu l f i l l  both t h e s e  r e q u i r e m e n t s  could 
be d e v e l o p e d  a round  an ava i l ab le  B e c k m a n  &Whi t l ey ,  Model  192, 
c o n t i n u o u s - w r i t i n g  f r a m i n g  c a m e r a .  

3.1 CAMERA 

The B e c k m a n  & Whi t ley  Model  192 is a t u r b i n e - d r i v e n ,  r o t a t i n g -  
m i r r o r ,  h i g h - s p e e d  f r a m i n g  c a m e r a  capable  of o p e r a t i o n  at f r a m i n g  
r a t e s  up to 1 ,440 ,000  f r a m e s  pe r  s econd  (fps). The  to ta l  r e c o r d i n g  
t i m e  at the m a x i m u m  f r a m i n g  r a t e  is 55 p s e c ;  to ta l  r e c o r d i n g  t i m e  is 
c o r r e s p o n d i n g l y  l o n g e r  fo r  l o w e r  f r a m i n g  r a t e s .  An 8 2 - p i c t u r e  r e c o r d  
is p l aced  on two s e p a r a t e  l e n g t h s  of 3 5 - m m  f i lm,  with ad jacen t  f r a m e s  
s e p a r a t e d  by equal  t i m e  i n c r e m e n t s .  The  c a m e r a  is con t inuous  wr i t i ng ,  
i. e . ,  the c a m e r a  is b rought  to i ts p r e s e l e c t e d  o p e r a t i n g  s p e e d  and con-  
t i nuous ly  s w e e p s  t h rough  the 82 f r a m e  l o c a t i o n s .  The  even t  to be 
r e c o r d e d  m a y  begin  at any t i m e *  a f t e r  the c a m e r a  r e a c h e s  o p e r a t i n g  
s p e e d  but m u s t  not  have a du ra t i on  g r e a t e r  than  the to ta l  r e c o r d i n g  t i m e  
fo r  the s e l e c t e d  c a m e r a  speed .  An even t  l o n g e r  than  the  r e c o r d i n g  t i m e  
will result in rewriting -- an "eighty-third" picture will be doubly exposed 
on the "first" picture, etc. 

In the aeroballistic range application, there can be no electronic 
control over the "event" proper -- it simply consists of the passage of 
the test model through the camera's field of view, and its duration is 
determined by the test velocity and view field; the test velocity, of course, 
is defined by test objectives and cannot be chosen to suit the camera. 
Thus, one must control the period of time that the event is illuminated 
to avoid the rewriting conditions. 

3.2 FRAMING RATE REQUIREMENTS 

For observing the penetration of a snowfield by a hypervelocity 
test model, it is desirable to record a sequence of photographs, with 
one-fourth to one-half inch of model travel transpiring between photo- 
graphs (frames). Model velocities used in erosion testing are nor- 
mally within the 12,000- to 19,000-ft/sec range. A framing rate of 

*The "first" picture may occur at any one of the 82 frame locations. 
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500 ,000  fps was  c h o s e n  as a d e s i g n  c r i t e r i o n  fo r  th i s  app l i ca t i on .  Th i s  
f r a m i n g  r a t e  c o r r e s p o n d s  to a t i m e  i n t e r v a l  of 2 p s e c  b e t w e e n  f r a m e s .  
Mode l  t r a v e l  b e t w e e n  f r a m e s ,  then ,  would  be a p p r o x i m a t e l y  0 .29  in. at 
12 ,000 f t / s e c  up to a p p r o x i m a t e l y  0 .46  in. at 19,000 f t / s e c .  The  op t i -  
m u m  d u r a t i o n  of a l igh t  s o u r c e  for  use  wi th  the  c a m e r a  o p e r a t i n g  at 
500 ,000  fps would  be 82 f r a m e s / 5 0 0 , 0 0 0  fps o r  164 P s e c .  E x p o s u r e  
t i m e  p e r  f r a m e  would  be a p p r o x i m a t e l y  0 .5  p s e c $ .  

B a s e d  on the p r e d i c t i o n s  of i n v e s t i g a t o r s  i n t e r e s t e d  in o b s e r v i n g  
o s c i l l a t i n g  bow shock  w a v e s ,  it was  d e t e r m i n e d  tha t  a f r a m i n g  r a t e  of 
1 , 0 0 0 , 0 0 0  fps would be r e q u i r e d  to r e c o r d  a s u f f i c i e n t  n u m b e r  of i n c r e -  
m e n t a l  ~ r o g r e s s i o n s  f o r  c h a r a c t e r i z a t i o n  of t h e s e  c y c l i c  p h e n o m e n a .  
Th i s  10 - fps  f r a m i n g  r a t e  would  then  r e q u i r e  a l ight  s o u r c e  wi th  a 
d u r a t i o n  of 82 p s e c  (82 f r a m e s / 1 0 6  fps)  fo r  o p t i m u m  p h o t o g r a p h i c  
capab i l i ty ;  e x p o s u r e  t i m e  p e r  f r a m e  would  be a p p r o x i m a t e l y  0 .25  ~ s e c .  

3.3 LIGHT SOURCE 

The m a j o r  p r o b l e m  a s s o c i a t e d  wi th  a p p l i c a t i o n  of the  h i g h - s p e e d  
c a m e r a  c o n c e r n e d  p r o v i s i o n  of a l igh t  s o u r c e  to m e e t  the  t i m e - d u r a t i o n  
r e q u i r e m e n t s  ou t l i ned  in Sec t i on  3 .2 ,  above .  In add i t ion ,  as one m i g h t  
e x p e c t ,  a h igh  i n t e n s i t y  s o u r c e  is r e q u i r e d  to g ive  a d e q u a t e  f i lm  e x p o s u r e s  
d u r i n g  the s h o r t  e x p o s u r e  t i m e s  - -  0 . 5  or  0 . 2 5  p s e c  p e r  f r a m e .  

Idea l l y ,  the  l igh t  s o u r c e  shou ld  c o m e  on i n s t a n t a n e o u s l y  as  a 
m o d e l  e n t e r s  the f i e ld  of v i ew,  m a i n t a i n  a cons t an t ,  h i g h - i n t e n s i t y  l e v e l  
wh i l e  the  c a m e r a  r e c o r d s  the 82 f r a m e s  of i n f o r m a t i o n ,  t hen  i n s t a n t a -  
n e o u s l y  shut  off to avoid  r e w r i t i n g .  Th i s  i d e s /  " s q u a r e  w a v e "  c a s e ,  
r e c o g n i z e d  as i m p o s s i b l e  to a c h i e v e  in p r a c t i c e ,  was  the  d e s i g n  goal .  

A G e n e r a l  E l e c t r i c ,  Type  F T - 2 3 0  f l a s h t u b e  (Ref. 6) was  c h o s e n  
as the  b a s i c  e l e m e n t  of the l i gh t ing  s y s t e m .  Th i s  f l a s h t u b e  is a s h o r t -  
gap,  h i g h - i n t e n s i t y ,  x e n o n - f i l l e d  tube and is capab le  of o p e r a t i o n  at the  
s h o r t  d u r a t i o n s  d e s i r e d .  O p e r a t i n g  v o l t a g e  r e q u i r e m e n t s  fo r  th i s  f l a s h -  
tube a r e  on the  o r d e r  of 2 .5  kv; the output  l igh t  pu l se  fo l lows  v e r y  c l o s e l y  
the input c u r r e n t  pu l se .  

A s u i t a b l e  p u l s e - f o r m i n g  n e t w o r k  fo r  supp ly ing  the h i g h - v o l t a g e ,  
h i g h - s p e e d  p u l s e s  to the  f l a s h t u b e  could  not be l o c a t e d  c o m m e r c i a l l y ;  
t h e r e f o r e ,  it was  n e c e s s a r y  to d e s i g n  and f a b r i c a t e  th i s  i t e m  i n - h o u s e .  

• For the interns/ optics/ configuration of this particular camera, 
the exposure time is approximately one-fourth the time between frames. 
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A s c h e m a t i c  d i a g r a m  of the  f l a s h t u b e  e l e c t r o n i c s ,  as d e s i g n e d ,  is  
shown in Fig .  6. The b a s i c  c i r c u i t  is ,  in e l e c t r o n i c  t e r m i n o l o g y ,  a m o d -  
i f ied,  Type  E de l ay  l ine .  A d e t a i l e d  a n a l y s i s  of the c i r c u i t r y  wi l l  not  be 
g iven  h e r e ;  h o w e v e r ,  it is of i n t e r e s t  to point  out the e f f ec t s  of the add i t i on  
of " c r o w b a r "  s p a r k  gaps  to the  b a s i c  de l ay  l ine .  Ac tua l l y ,  it is th i s  inno-  
va t i on  that  m a k e s  the  c i r c u i t  app l i c ab l e  for  p r o v i d i n g  the d e s i r e d  l igh t  
output p u l s e s .  

I .... 

,,Cro~,=r,, 1 ~ -~r 
Delay i T2 

I "~roTr" II 
Delay i 

L3 Ln 

\ - 

'k'~--~"Crowbar" Spark Gap 

Figure 6. Flashlamp electronics. 

B e c a u s e  of an i m p e d a n c e  m i s m a t c h  b e t w e e n  the f l a s h t u b e  ( a f t e r  
t r i gge r ing}  and the p u l s e - f o r m i n g  n e t w o r k ,  r e f l e c t e d  w a v e s  o c c u r  in 
this  n e t w o r k  and a r e  m a n i f e s t e d  in the l igh t  output t r a c e s .  F i g u r e  7a 
i l l u s t r a t e s  a l ight  output pu l se  f r o m  the s y s t e m  wi thout  the " c r o w b a r "  
s p a r k  gaps;  th is  p a r t i c u l a r  o c c u r r e n c e  was  e n c o u n t e r e d  d u r i n g  a t t e m p t s  
to p r o d u c e  the a p p r o x i m a t e l y  8 0 - p s e c  l igh t  pu l se  n e c e s s a r y  fo r  10b-fps  
c a m e r a  o p e r a t i o n .  As a r e s u l t  of the r e f l e c t e d  w a v e s ,  the d e s i r e d  pu l se  
of a p p r o x i m a t e l y  80 p s e c  is fo l lowed  by u n d e s i r a b l e  r e s i d u a l  p u l s e s .  
A c t i v a t i o n  of the " c r o w b a r "  s p a r k  gaps  at the p r o p e r l y  c h o s e n  t i m e s  
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ef fec t ive ly  s h o r t - c i r c u i t s  capac i to r  vol tage and r e m o v e s  the r e s i d u a l  
pu lses  as is evidenced by Fig.  7b, thus leav ing  a r e a s o n a b l y  " s q u a r e "  
pulse*.  F o r  th is  p a r t i c u l a r  case ,  the pulse width is  app rox ima te ly  70 
p s e c  at the 1 /3 -peak  points.  Reca l l ing  that ,  for  106-fps c a m e r a  opera t ion ,  
r e w r i t i n g  wil l  begin a f te r  approx ima te ly  80 psec ,  it can be seen f rom 
Fig.  7b that  a s m a l l  amount of l ight ing  (approx imate ly  15 percen t  of 
max imum)  wil l  p e r s i s t  when r e w r i t e  begins .  It has been shown dur ing 
opera t ion  of the c a m e r a  that  th is  r e w r i t e  condit ion is b a r e l y  percep t ib le  
in the photographs  and does not s e r i o u s l y  affect  the photographic  qual i ty .  
The c i r c u i t r y  i l l u s t r a t e d  in Fig.  6 was a lso  used,  with ce r t a in  mod i f i ca -  
t ions ,  to produce r e a s o n a b l y  " s q u a r e "  l ight  pu lses  of app rox ima te ly  160 
p s e c  dura t ion  for  the 500 ,000- fps ,  mode l / snowf i e ld  photography appl icat ion.  

Vertical Scale: Relative Intensity 
Horizontal Scale: Time (20 p sec/large division) 

a. Without "crowbars" b. With "crowbars" 

Figure 7. Light output pulses from FT-230 flashtube. 

3.4 OPTICAL SYSTEM 

Adaptat ion and ins t a l l a t ion  of the h igh - speed  phogography s y s t e m  
for  use  in Range G was s t r a i gh t fo rwa rd .  A backl ight  a r r a n g e m e n t  was 
chosen for  both appl ica t ions  (snowfield and shock-wave  photography).  

The a r r a n g e m e n t  for  snowfield photography is depicted in s i m -  
pl i f ied f o r m  in Fig.  8. Light  f rom the h i g h - i n t e n s i t y  l ight  sou rce  (with 
c i rcu i t  conf igurat ion such as to produce app rox ima te ly  160-psec  pulses} 
is d i r ec t ed  by a 15-in. -d iam,  65-in.  - focal  length  lens  a c r o s s  the d e s i r e d  
viewfie ld  and into the f r a m i n g  c a m e r a .  D i a m e t e r  of the f ield of view at 

*The ampl i tude of the input vol tage pulse  for  th is  case  2.6 kv. 
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J 
High-I ntensity --'l I"-- 2 ft 
lash Light Source I ~, Curtain .~.~W 

Beckman & Whitley 
Model 192 Camer~ 

Field Lens: D-in. Diam, 55-in. Focal Length 
Camera Lens: 24-in. Focal Length 
Field of View: D-in. Diam 
Depth of Field. +4 in. 

Figure 8. High-speed photography system for erosion studies. 

r a n g e  c e n t e r l i n e  is a p p r o x i m a t e l y  13 in. The  c a m e r a  l e n s  (24- in .  f oca l  
l eng th)  is f o c u s e d  on the r a n g e  c e n t e r l i n e ;  dep th  of f i e ld  is s u c h  as to 
a l low a p p r o x i m a t e l y  +4 in. of m o d e l  d i s p e r s i o n  wi thou t  s e r i o u s  d e g r a -  
da t ion  of p h o t o g r a p h i c  qua l i ty .  

C o m p o n e n t s  u s e d  in the r a n g e  i n s t a l l a t i o n  but not shown  in the  
s i m p l i f i e d  s c h e m a t i c  of Fig .  8 i nc lude  a p a i r  of f r o n t - s u r f a c e  m i r r o r s  
to fold and d i r e c t  the l igh t  b e a m  into the r a n g e  and onto the  f i e ld  l e n s ,  
and a s e c o n d  pa i r  of f r o n t - s u r f a c e  m i r r o r s  to d i r e c t  the  b e a m  into  the  
c a m e r a .  The  B e c k m a n  & Whi t l ey  Model  192 c a m e r a  (which  w e i g h s  
a p p r o x i m a t e l y  one ton} m u s t  s i t  on the  f l oo r  of the r a n g e  a c c e s s  tunne l .  

The  a r r a n g e m e n t  i n t ended  fo r  s h o c k - w a v e  s t u d i e s  was  b a s i c a l l y  
the s a m e  as tha t  i l l u s t r a t e d  in F ig .  8 (and wi th  the  add i t i ons  no t ed  above}. 
The  l igh t  s o u r c e ,  of c o u r s e ,  was  m o d i f i e d  to p r o d u c e  l igh t  p u l s e s  of 
a p p r o x i m a t e l y  8 0 - p s e c  d u r a t i o n .  An a u x i l i a r y  op t i ca l  s y s t e m  c o n s i s t i n g  
of a c o n d e n s e r  a r r a n g e m e n t  of a p a i r  of l e n s e s  plus  a c i r c u l a r  kn i fe  
edge  a p e r t u r e  was  added  in f r o n t  of the  c a m e r a  l e n s  to e n h a n c e  flow 
v i s u a l i z a t i o n  ( s c h l i e r e n  effect )  fo r  th i s  app l i ca t ion .  

3.5 PHOTOGRAPHIC RESULTS 

The  h i g h - s p e e d  p h o t o g r a p h i c  s y s t e m  was  u s e d  qui te  s u c c e s s f u l l y  
d u r i n g  snow e r o s i o n  t e s t s .  The  r e s u l t i n g  s e q u e n c e s  of p h o t o g r a p h s  
p r o v i d e d ,  as d e s i r e d ,  e x c e l l e n t  d e p i c t i o n s  of s n o w f l a k e / s h o c k  wave  
i n t e r a c t i o n s .  
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A t y p i c a l  s i n g l e - f r a m e  p h o t o g r a p h  f r o m  an 8 2 - f r a m e  r e c o r d  
ob ta ined  d u r i n g  one of t h e s e  a p p l i c a t i o n s  is shown  in F ig .  9. C a m e r a  
f r a m i n g  r a t e  in th is  i n s t a n c e  was  514,000 fps;  the c o r r e s p o n d i n g  expo-  
s u r e  t i m e  p e r  f r a m e  was  0 . 4 9  p s e c .  Mode l  v e l o c i t y  was  12,000 f t / s e c ,  
and the  a m b i e n t  r a n g e  p r e s s u r e  was  304 t o r t .  

Figure 9. 

h 
r 

• "o .4 0 

IV* ' .  • " 

4P 
W 

:locity: I2,000 ft/sec 
inge Pressure: 304 torr 
aming Rate: 514,000 fps 

_ posure Time per Frame: 0.49 IJ sec=. 

q 

Typical frame from high-speed photography system, snow 
erosion studies. 

L a u n c h e s  of m o d e l  s h a p e s  of i n t e r e s t  f o r  o s c i l l a t i n g  shock  wave  
s t u d i e s  have  not been  m a d e  to th is  date .  It was  n e c e s s a r y  then  to e v a l -  
ua te  the a p p l i c a b i l i t y  of the h i g h - s p e e d  p h o t o g r a p h i c  s y s t e m  fo r  t h e s e  
p u r p o s e s  d u r i n g  o t h e r  Range  G l a u n c h e s .  F i g u r e  10 shows  a s i ng l e  
f r a m e  p h o t o g r a p h  f r o m  a s e q u e n c e  ob ta ined  d u r i n g  a l a u n c h  of a t e s t  
m o d e l  s i m i l a r  to that  d e p i c t e d  in Fig .  9. The  m o d e l  v e l o c i t y  in th i s  
c a s e  w a s  18,500 f t / s e c  and the r a n g e  p r e s s u r e  was  200 t o r t .  C a m e r a  
o p e r a t i n g  s p e e d  was  959,000 fps;  e x p o s u r e  t i m e  p e r  f r a m e  was  0 .26  
p s e c .  Th i s  p h o t o g r a p h  p r o v i d e s  (as do o t h e r s  in the s e q u e n c e )  r e a s o n -  
ably  good v i s i b i l i t y  of the bow shock  wave  excep t  in the i m m e d i a t e  
v i c i n i t y  of the nose t ip .  

The  bow shock  wave  on a b lunt  m o d e l  s u c h  as the one in the  
p h o t o g r a p h  (Fig .  10) does  not  o s c i l l a t e  to a d i s c e r n i b l e  d e g r e e ;  w h e r e a s ,  
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Figure 10. 

Model Velocity: 18, 500 ft/sec 
Range Pressure: 200torr 
Framing Rate: 959, 000 fps 
Exposure Time per Frame: O. 26 p sec 

Typical frame from high-speed photography system, flow 
visualization mode. 

f o r  the  m o d e l  s h a p e s  of i n t e r e s t  f o r  f u t u r e  s t u d i e s ,  shock  wave  o s c i l -  
l a t i o n s  wi th  a m p l i t u d e s  of as  m u c h  as o n e - h a l f  inch  m i g h t  be c o m m o n .  
One can s p e c u l a t e  tha t ,  f o r  s u c h  c a s e s  of l a r g e - a m p l i t u d e  o s c i l l a t i o n s ,  
e x c u r s i o n s  of r e a d i l y  v i s i b l e  p o r t i o n s  of the shock  wave  m a y  be o b s e r v e d  
we l l  enough  to c h a r a c t e r i z e  the p h e n o m e n a  of i n t e r e s t .  

4.0 MUZZLE-ZONE/TRACK DETECTOR SYSTEMS 

A l m o s t  e v e r y  a e r o b a l l i s t i c  r a n g e  i n s t r u m e n t a t i o n  s y s t e m  r e q u i r e s  
s o m e  m e a n s  fo r  d e t e c t i n g  and a n n u n c i a t i n g  the a r r i v a l  of the  t e s t  m o d e l  
at the p a r t i c u l a r  m e a s u r e m e n t  s ta t ion ;  i. e . ,  a p r o p e r l y  t i m e d  t r i g g e r  
pu l se  m u s t  be p r o v i d e d  to a c t i v a t e  e a c h  s y s t e m .  It was  an o b j e c t i v e  of 
r e s e a r c h  w o r k  to d e v e l o p  r e l i a b l e  m o d e l  d e t e c t i o n  t e c h n i q u e s  f o r  app l i -  
ca t ion  in h i g h - l u m i n o s i t y  e n v i r o n m e n t s .  The  e x t r e m e l y  b r i g h t  m u z z l e  
f l a s h  has  long  p l agued  e f f o r t s  to a c h i e v e  r e l i a b l e  t r i g g e r i n g  in the b l a s t  
tank a r e a s  of the VKF r a n g e s ;  a l so ,  the  Range  K and Range  G gu ided  
t r a c k  s y s t e m s  a r e  e x p e c t e d  to p r e s e n t  r e q u i r e m e n t s  f o r  m o d e l  d e t e c t i o n  
in the p r e s e n c e  of h igh  a m b i e n t  l igh t  l e v e l s .  
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4.1 SYSTEM DESCRIPTION 

A d e t e c t o r  s y s t e m  e m p l o y i n g  a H e - N e ,  c o n t i n u o u s - w a v e  l a s e r  
and a p h o t o d i o d e / i n t e g r a t e d  c i r c u i t  p a c k a g e  was  d e s i g n e d .  The  s y s t e m ,  
s c h e m a t i z e d  in Fig .  11, is a r r a n g e d  so that  when  a m o d e l  b r e a k s  a 
l igh t  b e a m  b e t w e e n  the l a s e r  and pho tod iode ,  an e l e c t r i c a l  t r i g g e r  pu l se  
is g e n e r a t e d .  

~ -Laser-Wavelength, Narrow-Band Filter 

/ - -  P hotodiodefOperational Amplifier 
Flight Path---..  / _ / IntegratedCircuit 

Amphfler Laser Circuit [ -  ] I 

Light Beam ~-- Neutral-Density Filter (when required) 

Output 
Trigger 
Pulse 

Figure 11. Detector system schematic. 

The basic component of the detector system is the integrated 
circuit package (Bell and Howell, Type 509-01) consisting of a silicon 
photodiode and high-speed operational amplifier. The device responds 
to light in the 0.5- to i. 0-pm spectral region and produces a 0- to 
10-v output, linearly proportional to the incident radiation intensity over 
a certain intensity range. The response time of the integrated circuit 
package is approximately 1 psec. An interference filter is used to 
prevent light other than that at, and very near, the laser wavelength 
(0. 6328 pm) from reaching the photodiode. A neutral-density filter 
is employed in some cases to further control the amount of light reaching 
the photodiode. A Schmitt trigger circuit and a pulse amplifier complete 
the system. 

4.2 OPERATIONAL CHARACTERISTICS 

It was  d e t e r m i n e d  that  an input  of a p p r o x i m a t e l y  3 m i l l i w a t t s  of 
l a s e r  l igh t  p r o d u c e s  an output  of a p p r o x i m a t e l y  10 v f r o m t h e  i n t e g r a t e d  
c i r c u i t  ( o p e r a t i o n a l  a m p l i f i e r ) .  Th i s  " f u l l - s c a l e "  output  is  the  d e s i r e d  
b ias  l e v e l  fo r  the i n t e g r a t e d  c i r c u i t .  The  output  of the i n t e g r a t e d  c i r -  , 
cui t  is fed  into a S c h m i t t  t r i g g e r  c i r c u i t  d e s i g n e d  to have  u p p e r  and 
l o w e r  t r i p  po in ts  of a p p r o x i m a t e l y  6 and 4 v, r e s p e c t i v e l y .  Thus ,  when  
b l o c k a g e  of the  l a s e r  b e a m  o c c u r s  and the output of the  o p e r a t i o n a l  
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a m p l i f i e r  (input to the Schmi t t  t r i g g e r )  d r o p s  d o w n w a r d  t h r o u g h  the 
4 - v  l e v e l ,  the  S c h m i t t  t r i g g e r  c i r c u i t  p r o d u c e s  an output  pu l s e .  T h i s  
o p e r a t i o n a l  f e a t u r e  he lps  to m i n i m i z e  p r e m a t u r e  t r i g g e r i n g  w h i c h  m i g h t  
r e s u l t  f r o m  p a r t i a l  i n t e r r u p t i o n  of the l a s e r  b e a m  by d e b r i s  p a r t i c l e s ,  
m u z z l e  g a s e s ,  etc'~. F i n a l l y ,  the  S c h m i t t  t r i g g e r  output  pu l se  is  a m p l i -  
f i ed  to 30-v  a m p l i t u d e ,  the  l e v e l  t y p i c a l l y  r e q u i r e d  fo r  t r i g g e r i n g  i n s t r u -  
m e n t a t i o n  s y s t e m s .  

In a p p l i c a t i o n s  w h e r e  3 - m w  l a s e r s  a r e  u s e d  wi th  the  d e t e c t o r  
s y s t e m ,  p r o p e r  b i a s  of the i n t e g r a t e d  c i r c u i t  is  a c h i e v e d  wi thou t  a 
n e u t r a l - d e n s i t y  f i l t e r .  O t h e r  a p p l i c a t i o n s ,  in w h i c h  h i g h e r  l a s e r  p o w e r  
is u s e d ,  r e q u i r e  u s e  of n e u t r a l - d e n s i t y  f i l t e r i n g  ( see  F ig .  11) to m a i n -  
t a in  a 3- row input to the pho tod iode  f o r  p r o p e r  b i a s  cond i t i ons .  

When  a m b i e n t  s o u r c e s  a r e  p a r t i c u l a r l y  s t r o n g  e m i t t e r s  at the 
l a s e r  w a v e l e n g t h  (0. 6328 pm) ,  it is  n e c e s s a r y  to i n c r e a s e  the p o w e r  
of the l a s e r  u sed .  Obv ious ly ,  if, d u r i n g  o p e r a t i o n ,  an a m b i e n t  s o u r c e  
c o n t r i b u t e s  3 mw or  m o r e  to the to ta l  l igh t  r e a c h i n g  the pho tod iode  
t h r o u g h  the w a v e l e n g t h - s e l e c t i v e  f i l t e r  (Fig .  11), the d e t e c t o r  wi l l  
r e m a i n  b i a s e d  and wi l l  not t r i g g e r  even  if the  l a s e r  b e a m  is b locked .  
In t h e s e  c a s e s  then ,  one m u s t  choose  a l a s e r  wi th  p o w e r  s o m e w h a t  
h i g h e r  than  th i s  l a s e r - w a v e l e n g t h  " n o i s e "  f r o m  the a m b i e n t  l igh t .  A 
n e u t r a l - d e n s i t y  f i l t e r  can  t hen  be u s e d  to r e d u c e  the l e v e l  of l a s e r  l i gh t  
to 3 mw at the photodiode ;  the  f i l t e r  wi l l ,  in t u r n ,  r e d u c e  the  " n o i s e "  
to a l e v e l  that  wi l l  not m a i n t a i n  b ias  of the  d e t e c t o r ,  p r o v i d e d  of c o u r s e  
that  a s u f f i c i e n t  d i f f e r e n t i a l  b e t w e e n  l a s e r  p o w e r  and " n o i s e "  p o w e r  h a s  
been  chosen .  

4.3 EVALUATIONS 

A d e t e c t o r  s y s t e m  u t i l i z i ng  a 5 - m w  l a s e r  w a s  e v a l u a t e d  in 
Range  G as a d e t e c t o r  fo r  an X - r a y  s h a d o w g r a p h  s y s t e m  (Ref.  4) 
l o c a t e d  a p p r o x i m a t e l y  14 ft f r o m  the m u z z l e .  T r i g g e r  r e l i a b i l i t y  
at th is  p a r t i c u l a r  l o c a t i o n  wi th  p r e v i o u s l y  e m p l o y e d  d e t e c t i o n  s c h e m e s  
was  on the o r d e r  of 50 p e r c e n t .  The  new d e t e c t o r  s y s t e m  was  found  
to a f fo rd  a t r i g g e r  r e l i a b i l i t y  of a b o u t  80 p e r c e n t .  T h e s e  in i t i a l  e x p e r i -  
m e n t s  i n d i c a t e d  tha t  i n c r e a s i n g  the l a s e r  p o w e r  (a l lowing  r e j e c t i o n  of 
m o r e  of the  u n w a n t e d  rad ia t ion}  shou ld  i n c r e a s e  r e l i a b i l i t y  s t i l l  f u r t h e r .  

"~Second-genera t ion  d e t e c t o r  s y s t e m s  a r e  e n v i s i o n e d  in w h i c h  l o g i c  
wi l l  be app l i ed  to the  l e n g t h  of the  i n t e g r a t e d - c i r c u i t  output  p u l s e s  to 
a id  f u r t h e r  in d i s c r i m i n a t i o n  a g a i n s t  e x t r a n e o u s  i n t e r r u p t i o n s  of the 
l a s e r  b e a m .  
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A s y s t e m  e m p l o y i n g  a 15-mw l a s e r  was  used  in H y p e r b a l l i s t i c  
Range  (K) to t r i g g e r  a b l a s t - t a n k  X - r a y  s h a d o w g r a p h  l o c a t e d  two fee t  
f r o m  the m u z z l e .  Dur ing  th i s  eva lua t ion ,  c o r r e c t  t r i g g e r i n g  was 
a c h i e v e d  on 12 of 13 sho ts  fo r  a r e l i a b i l i t y  of a p p r o x i m a t e l y  93 p e r c e n t .  
P r e v i o u s l y ,  fo r  t r i g g e r i n g  th is  c lose  to the m u z z l e ,  it was n e c e s s a r y  
to use  m i c r o w a v e  b a r r i e r  t e c h n i q u e s  that  w e r e  about 70 p e r c e n t  r e l i a b l e .  

S y s t e m s  with 3 - m w  l a s e r s  w e r e  u s e d  to t r i g g e r  l a s e r  pho tog raphy  
s y s t e m s  (Refs.  1, 4, 5, and 7) and X - r a y  s h a d o w g r a p h s  du r ing  in i t i a l  
sho t s  in the Range  K g u i d e d - t r a c k  fac i l i ty .  To date ,  the  d e t e c t o r s  have  
p r o v e d  to be e x t r e m e l y  r e l i a b l e  fo r  t h e s e  p u r p o s e s ;  h o w e v e r ,  b e c a u s e  
only a s m a l l  n u m b e r  of sho ts  have  been  m o n i t o r e d  and only low l u m i n o s i t y  
l e v e l s  have b e e n  e n c o u n t e r e d  thus fa r ,  a n u m e r i c a l  va lue  fo r  r e l i a b i l i t y  
has  not ye t  been  a s s i g n e d  fo r  t h e s e  s y s t e m s . :  In fact ,  f u r t h e r  e v a l u a t i o n s ,  
m a d e  u n d e r  m o r e  s e v e r e  condi t ions ,  m a y  ind ica te  that  h i g h e r  power  l a s e r s  
a r e  r e q u i r e d  fo r  a ccep t ab l e  r e l i a b i l i t y  fo r  the  t r a c k  app l ica t ion .  

It is  fe l t  that  the l a s e r  d e t e c t o r  t e chn ique ,  pe r  se ,  has been  
p r o v e d  for  app l i ca t ion  in h i g h - l u m i n o s i t y  e n v i r o n m e n t s ;  the p o w e r  of 
the l a s e r  fo r  ind iv idua l  s y s t e m s  m u s t  be chosen  c o m m e n s u r a t e  wi th  
the s e v e r i t y  of the e n v i r o n m e n t .  

5.0 CONCLUDING REMARKS 

R e s e a r c h  e f fo r t s  have r e s u l t e d  in the d e v e l o p m e n t  of i n s t r u m e n -  
t a t ion  s y s t e m s  that  con t r ibu t e  s i g n i f i c a n t l y  t o w a r d  i m p r o v e m e n t  of the  
t e s t i n g  c a p a b i l i t i e s  of the VKF a e r o b a l l i s t i c  r a n g e s  for  both f r e e - f l i g h t  
and g u i d e d - t r a c k  m o d e s  of ope ra t i on .  

New a r e a s  of t e s t i ng  have  b e e n  e n t e r e d  in Range G as a r e s u l t  
of the d e v e l o p m e n t  of a p h o t o g r a p h i c  p y r o m e t r y  i n s t r u m e n t a t i o n  s y s t e m  
capable  of m o d e 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 m e n t s  as low as 1,900 K. 
S u c c e s s f u l  app l i ca t ions  of the " low"  t e m p e r a t u r e  p h o t o p y r o m e t e r  w e r e  
m a d e  p o s s i b l e  by c o m p l e m e n t a r y  i m p l e m e n t a t i o n  of a d u a l - e n v i r o n m e n t  
t e c h n i q u e  fo r  c i r c u m v e n t i n g  p r o b l e m s  a s s o c i a t e d  wi th  s h o c k - c a p  r ad i a t i on .  

The new p h o t o p y r o m e t r y  s y s t e m  p r o v e d  to be qui te  usefu l  fo r  
p rov id ing  i m p o r t a n t  qua l i t a t i ve  data ,  n a m e l y ,  pho tog raph i c  d e p i c t i o n s  
of l u m i n o u s  wakes  beh ind  c e r t a i n  t e s t  m o d e l s .  Th is  bas i c  ab i l i ty  of the 
s y s t e m  to r e c o r d  l o w - l e v e l ,  s e l f - l u m i n o s i t y  e v e n t s  wil l  no doubt be 
exp lo i t ed  in o t h e r  t e s t  a r e a s .  
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E r o s i o n  t e s t i n g  c a p a b i l i t y  has  been  enhanced  by d e v e l o p m e n t  of 
the  ab i l i t y  to a c q u i r e  m o v i e - l i k e  s e q u e n c e s  of p h o t o g r a p h s  of m o d e l s  in 
f l igh t  wi th in  e r o s i v e  e n v i r o n m e n t s .  T h e s e  da ta  a l low s t u d i e s  of the  i n t e r -  
a c t i ons  of ind iv idua l  e r o s i o n  p a r t i c l e s  and mode l  flow f i e ld s .  

The h i g h - s p e e d  p h o t o g r a p h y  s y s t e m  shows  p r o m i s e  fo r  a p p l i c a t i o n  
du r ing  fu tu r e  s t u d i e s  of o s c i l l a t i n g  shock  waves  on c e r t a i n  t e s t  m o d e l s .  
T h o r o u g h  e v a l u a t i o n  of the s y s t e m  for  th i s  p u r p o s e  m u s t  awa i t  l a u n c h e s  
of m o d e l s  m o r e  n e a r l y  s i m u l a t i n g  the n o s e t i p  s h a p e s  of i n t e r e s t .  

The newly  deve loped  d e t e c t o r  s y s t e m s  have  c e r t a i n l y  i m p r o v e d  
m o d e l  d e t e c t i o n  c a p a b i l i t y  w i th in  the b l a s t - t a n k  a r e a s  of R a n g e s  G and K. 
T h e s e  types  of d e t e c t o r s  wi l l  be app l ied  e x t e n s i v e l y  in the fu tu r e  fo r  
t r i g g e r i n g  i n s t r u m e n t a t i o n  s y s t e m s  in the Range  K and Range  G gu ided -  
t r a c k  f a c i l i t i e s .  It is  fe l t  tha t  they  wi l l  p e r f o r m  equa l ly  wel l  fo r  a l l  shot  
cond i t ions ,  thus  e l i m i n a t i n g  the need  for  s e p a r a t e  " s h a d o w "  and 
" l u m i n o s i t y "  o p e r a t i o n a l  modes  c h a r a c t e r i s t i c  of b a l l i s t i c  r a n g e  d e t e c -  
t ion  s y s t e m s .  
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