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TECHNICAL MEMORANDUM X-53850 

OPTICAL PROBING OF SUPERSONIC AERODYNAMIC TURBULENCE 

WITH STATISTICAL CORRELATION 

PHASE I: FEASIBILITY 

SUMMARY 

The theory  and q u a l i t a t i v e  experimental  r e s u l t s  a s ses s ing  the  f e a s i -  
b i l i t y  of measuring the  s t a t i s t i c a l  p r o p e r t i e s  of supersonic  turbulence  
by s t a t i s t i c a l l y  c o r r e l a t i n g  s i g n a l s  r e t r i e v e d  remotely wi th  a l a s e r  
q u a s i - s c h l i e r e n  system are  presented.  Also,  some da ta  r e t r i e v e d  w i t h  a 
l a s e r  shadow-correlat ion system are shown. Cross-correlograms and auto-  
correlograms computed on- l ine  show t h a t  bo th  of t hese  systems can be  used 
t o  r e t r i e v e  f low-re la ted  s i g n a l s  s u f f i c i e n t  f o r  computing accu ra t e  and 
reproducib le  "peaks" of c o r r e l a t i o n .  Addi t ive  t r a c e r s  were n o t  i n t r o -  
duced because the  s c h l i e r e n  and shadow sens ing  modes were used. 

A s t a t i s t i c a l  method f o r  ob ta in ing  "one-shot" measurements of the  
decay h i s t o r y  of t u r b u l e n t  s t r u c t u r e s  i n  a s t a t i o n a r y  frame of r e f e r -  
ence i s  in t roduced ,  and r e s u l t s  of p r a c t i c a l  a p p l i c a t i o n s  of two types 
of t hese  techniques a r e  shown. The "one-shot" methods r e p r e s e n t  the 
only  means by which the  turbulence  decay h i s t o r y  can be computed from 
t h e  same s t a t i s t i c a l  sample of data ( i . e , ,  t he  information can be com- 
puted from a s i n g l e  composite s i g n a l  r e t r i e v e d  dur ing  one run  of t he  
f a c i l i t y ) .  Theore t i ca l  ana lyses  show t h a t  t hese  "one-shot" techniques 
w i l l  a l s o  y i e l d  r e s u l t s  i n  three-dimensional  t u r b u l e n t  f low regimes 
w i t h  only minor modi f ica t ion  of the  beam arrangement (and i n  some cases  
w i t h  the  i n s e r t i o n  of t i m e  de lays  between s i g n a l s )  provided s igna l - to -  
no i se  r a t i o s  of t he  r a w  da t a  time h i s t o r i e s  a r e  n o t  p r o h i b i t i v e .  

The a p p l i c a t i o n  of para l le l -beam geometry was used t o  inc rease  the 
s igna l - to -no i se  r a t i o  over t h a t  of crossed-beam geometry s i n c e  only 
q u a l i t a t i v e  r e s u l t s  were sought .  Although t h e  crossed-beam geometry 
should be used f o r  q u a n t i t a t i v e  measurements, t h e  p o t e n t i a l  use of 
p a r a l l e l  beams f o r  r e t r i e v i n g  q u a n t i t a t i v e  r e s u l t s  from a r e s t r i c t e d  
class of flows should be inves t iga t ed .  

E l e c t r o n i c a l l y  induced time delays a r e  used as a means f o r  (1) 
zoning the  "one-shot" auto-  and cross-correlograms , (2)  avoiding "peak" 
over lapping ,  and (3) i d e n t i f y i n g  the  rlpeak." 



With r e s p e c t  t o  the  o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n ,  t he  q u a l i -  
t a t i v e  r e s u l t s  presented i n  t h i s  r e p o r t  c l e a r l y  i n d i c a t e  t h a t  o p t i c a l  
remote probing of supe r son ic  aerodynamic t u r b u l e n t  f lows is  f e a s i b l e ,  
w i thou t  t he  use of t r a c e r s  (using s t a t i s t i c a l  c o r r e l a t i o n ) .  Fu r the r ,  
c o r r e l a t i o n  "peaks" computed from s i g n a l s  r e t r i e v e d  wi th  e i t h e r  p a r a l l e l -  
o r  crossed-beams during t h i s  i n v e s t i g a t i o n  were f low- re l a t ed ,  very r ep ro -  
duc ib l e  and r e a d i l y  i d e n t i f i a b l e .  

No d i s c u s s i o n  of s p e c t r a  i s  presented and no a t t empt  i s  made t o  
experimental ly  e s t a b l i s h  what flow p r o p e r t i e s  a r e  measured. These should 
be the o b j e c t s  of a sys t ema t i c  t e s t  d i r e c t e d  toward ob ta in ing  q u a n t i t a t i v e  
r e s u l t s .  
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I. INTRODUCTION 

The m a j o r i t y  of f l u i d  flows encountered by the aerodynamicist  a r e  
t u r b u l e n t .  Because of the complex na tu re  of turbulence,  t he  approach i n  
the  subsonic  regime has been through the a p p l i c a t i o n  of s t a t i s t i c a l  
methods t o  d a t a  obtained by s o l i d  probes i n s e r t e d  i n t o  the  f l u i d .  How- 
e v e r ,  i n  supe r son ic  and hypersonic  flows, t h e s e  probes adve r se ly  i n f l u -  
ence the s t r u c t u r e  of the turbulence.  One way t o  circumvent t h i s  
d i f f i c u l t y  would be t o  develop a r e l i a b l e  remote sensing t o o l  f o r  meas- 
u r ing  t'he s t a t i s t i c a l  p r o p e r t i e s  of turbulence which would n e i t h e r  a f f e c t  
the flow f i e l d  nor be adve r se ly  a f f e c t e d  by i t .  The l a s e r  q u a s i - s c h l i e r e n  
and l a s e r  shadow-correlation systems may, perhaps,  r e p r e s e n t  the f i r s t  
g e n e r a t i o n  of such a t o o l .  

The s p e c i f i c  purpose of t h i s  p u b l i c a t i o n  is two-fold: (1) t o  pre- 
s e n t  t he  theory and q u a l i t a t i v e  experimental  r e s u l t s  v e r i f y i n g  the f e a s i -  
b i l i t y  of o p t i c a l  remote sensing i n  supe r son ic  t u r b u l e n t  flows employing 
the s t a t i s t i c a l  c o r r e l a t i o n  technique, and (2)  t o  introduce and document 
the  i n i t i a l  concept,  theory,  and r educ t ion  t o  p r a c t i c e  of a s t a t i s t i c a l  
method which permits a "one-shot" measurement of the decay h i s t o r y  of 
turbu1e:it s t r u c t u r e s  from one composite'' time h i s t o r y  of flow information.  

The remote sensing too l  uzed f o r  t h i s  i n v e s t i g a t i o n  employs two 
l a s e r  beams of l i g h t  (A = 632811) which a r e  r e t r i e v e d  by photodetectors  
a f t e r  being inf luenced by t h e  t u r b u l e n t  f i e l d .  The time h i s t o r i e s  of 
t h e s e  e l e c t r i c a l  ac-coupled ( f l u c t u a t i n g  about a zero mean) s i g n a l s  a r e  
amplif ied and f i l t e r e d ,  and s t a t i s t i c a l  c o r r e l a t i o n  methods are used t o  
r e t r i e v e  the  des i r ed  flow information ( e . g . ,  speed p r o f i l e s ,  eddy l i f e -  
t imes,  t u r b u l e n t  l e n g t h  s c a l e s ,  and s p e c t r a ) .  

The s t a t i s t i c a l  "one-shot" a u t o c o r r e l a t i o n  technique c o n s t i t u t e s  
methods whereby m u l t i p l e  time h i s t o r i e s  of random d a t a  are combined t o  
form a s i n g l e  composite time h i s t o r y  and an autocorrelogram i s  computed 
from t h e  composite i n  such a way t h a t  a maximum amount of s t a t i s t i c a l  
f low information i s  r e t r i e v e d  w i t h  a minimum amount of t ime, equipment, 
and cos t .  The two b a s i c  types of "one-shot" c o r r e l a t i o n s  a r e  r e f e r r e d  t o  
h e r e i n  as the  "one-shot" a u t o c o r r e l a t i o n  and the  "one-shot" c ros s -co r re -  
l a t i o n .  Theore t i ca l  d i s c u s s i o n s ,  experimental  r e s u l t s ,  and p r a c t i c a l  
r a m i f i c a t i o n s  of t hese  concepts a r e  de l inea ted  i n  the  main body of the 
r e p o r t .  

.L 

"The word "composite" is used i n  t h i s  r e p o r t  t o  imply a t i m e  h i s t o r y  of 
random d a t a  composed of the a l g e b r a i c  sum of two o r  more random time 
h i s t o r i e s  of d a t a .  
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The experimental  o b j e c t i v e  of t h i s  work was t o  o b t a i n  a c c u r a t e ,  
r ep roduc ib le ,  and r e a d i l y  i d e n t i f i a b l e  c o r r e l a t i o n  peaks wi th  s i g n a l s  
remotely r e t r i e v e d  from a supersonic  t u r b u l e n t  flow which could be 
r e l a t e d  t o  the most probable t r a n s i t  time of t he  d i s tu rbances .  Previous 
at tempts  t o  o b t a i n  c o r r e l a t i o n s  i n  the  supersonic  regime have been 
hampered by (1) unknown anomalies i n  the d a t a  a c q u i s i t i o n  system (see 
Appendix C ) ,  and (2) the in f luence  of f a c i l i t y - i n d u c e d  no i se  upon' the 
o p t i c a l  system. 

The in f luence  of f a c i l i t y - i n d u c e d  no i se  w a s  reduced by u t i l i z a t i o n  
of the 7-inch Bisonic  Wind Tunnel a t  MSFC, which ope ra t e s  a t  a v e r y  low 
noise  l e v e l .  This f a c i l i t y  is descr ibed i n  d e t a i l  i n  Appendix A .  

I n  a d d i t i o n  t o  reducing the  f a c i l i t y - i n d u c e d  n o i s e ,  t he  power s i g n a l -  
t o -no i se  r a t i o  of t h e  r a w  d a t a  w a s  increased approximately an o rde r  of 
magnitude by p l ac ing  the l a s e r  beams p a r a l l e l  i n  t he  "two-dimensional" 
t u r b u l e n t  boundary l a y e r  on a t h i n - p l a t e  model. The l a s e r  beams were 
p a r a l l e l  t o  one another  i n  the  h o r i z o n t a l  plane and normal t o  the flow 
d i r e c t i o n ,  thereby inc reas ing  the  c o r r e l a t e d  s i g n a l s  between the beams, 
This c o r r e l a t i o n  technique i s  analyzed t h e o r e t i c a l l y  i n  s e c t i o n  3 . 1 .  

Strong evidence t h a t  l o c a l  information can be s u c c e s s f u l l y  r e t r i e v e d  
from supe r son ic  t u r b u l e n t  flows by using crossed beams is  descr ibed i n  
s e c t i o n  3 . 4 . 4 .  Also, the "cross-beamf' method was used t o  i n v e s t i g a t e  the 
e f f e c t s  t h e  window boundary l a y e r s  and i n t e r a c t i o n  zones had upon the 
c o r r e l a t i o n s  computed from s i g n a l s  r e t r i e v e d  w i t h  p a r a l l e l  beams. It 
w a s  found t h a t ,  f o r  t he  p a r t i c u l a r  model design and thus the flow f i e l d ,  
the boundary l a y e r s  on the  t e s t  s e c t i o n  windows had no s i g n i f i c a n t  
i n f luence  upon the  correlograms. However, the i n t e r a c t i o n  of the window 

and model boundary l a y e r s  appa ren t ly  dominated the measurements when the 
s c h l i e r e n  sensing mode was used i n  combination wi th  paral le l -beam geom- 
e t r y .  Nevertheless ,  t h i s  does not  a f f e c t  the conclusions of t h i s  i n v e s t i -  
g a t i o n  because the i n t e r a c t i o n  zones near the windows a r e  supe r son ic  and 
t u r b u l e n t ,  Also, the use of t he  l a s e r  shadow-correlation system reduced 
the c o n t r i b u t i o n  by the  i n t e r a c t i o n  zones approximately an o rde r  of magni- 
tude.  By c ross ing  the beams i n  the  v e r t i c a l  plane,  t h e s e  c o n t r i b u t i o n s  
t o  the correlograms can be avoided, as shown i n  s e c t i o n  3 . 4 . 4  and 3 . 4 . 5 .  

The correlograms computed during t h i s  f e a s i b i l i t y  i n v e s t i g a t i o n  
r e p r e s e n t  our f i r s t  encouraging measurements made i n  a supersonic  turbu- 
l e n t  flow wi th  o r  w i thou t  t r a c e r s  and conclude the f i r s t  phase of t he  
wind tunnel  "cross-beam" program, This has been conducted as an MSFC 
in-house r e s e a r c h  program w i t h  e x i s t i n g  equipment and support .  
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11. BACKGROUND 

I n  November 1968, a t e s t  w a s  i n i t i a t e d  t o  determine the  f e a s i b i l i t y  
of r e t r i e v i n g  s i g n a l s  by o p t i c a l  remote sensing of supersonic  t u r b u l e n t  
flows f o r  ob ta in ing  accu ra t e  and reproducible  f low-related s t a t i s t i c a l  
c o r r e l a t i o n s .  The major problem i n  at tempting t o  r e t r i e v e  s i g n a l s  by 
t h i s  remote sensing technique has been the  low s igna l - to -no i se  r a t i o .  
One of the major c o n t r i b u t o r s  t o  noise  has been the f a c i l i t y - i n d u c e d  
(mechanical and a c o u s t i c a l )  e x c i t a t i o n  of the o p t i c a l  system and even 
of t he  flow f i e l d  i t s e l f .  Since the l a r g e r ,  more advanced type of wind 
tunnel  and a i r  j e t  f a c i l i t i e s  being used i n  previous t e s t s  produced high 
no i se  l e v e l s ,  i d e n t i f i a b l e  f low-related c o r r e l a t i o n s  could n o t  be obtained 
i n  the supe r son ic  regime. Because of t he  r e l a t i v e l y  small  amount of 
no i se  produced by t h e  Bisonic  Wind Tunnel (BWT) f a c i l i t y  a t  Marshal l ,  
t h i s  f a c i l i t y  w a s  s e l e c t e d  f o r  t h i s  i n v e s t i g a t i o n  t o  a l l e v i a t e  the no i se  
prob 1 em. 

The f e a s i b i l i t y  t e s t  i n  the BWT was planned i n  two p a r t s ,  the  objec- 
t i v e  of p a r t  one being t o  i s o l a t e  the o p t i c a l  system from f a c i l i t y - i n d u c e d  
no i se .  The p o s s i b i l i t y  f o r  success fu l  i s o l a t i o n  looked very promising 
during the  i n i t i a l  i n v e s t i g a t i o n s ,  It i s  d i f f i c u l t  t o  a c c u r a t e l y  e s t i -  
mate the s ignal- to-noise  r a t i o s  obtained i n  previous f a c i l i t i e s  s i n c e  
f a c i l i t y - i n d u c e d  no i se  l e v e l s  were always l a r g e r  than f low-related 
s i g n a l s ,  and a l s o  because i t  could not  be determined t h a t  t he  c o r r e l a -  
t i o n s  of s i g n a l s  were f low- re l a t ed .  

I n  December 1968, a r a t i o  of flow s i g n a l  t o  no i se  of approximately 
t e n  was achieved i n  the BWT. A s i n g l e  l a s e r  beam w a s  passed through 
the  r eg ion  of i n t e r a c t i o n  of the shock wave and the f r e e  shea r  l a y e r  a t  
p o s i t i o n  1 perpendicular  t o  the flow ( f i g u r e  2-1). The r e s u l t i n g  s i g n a l  
i s  shown i n  f i g u r e  2-2B. The l a s e r  beam w a s  moved t o  p o s i t i o n  2 i n  the  
r e - c i r c u l a t o r y  r eg ion  of t h e  base.  The s i g n a l  a t  p o s i t i o n  2 i s  shown i n  
f i g u r e  2-2A. A l l  s e t t i n g s  on in s t rumen ta t ion  were the same f o r  both 
runs.  The experiment w a s  repreated s e v e r a l  times wi th  the  same r e s u l t s ,  
thus implying t h a t  the inc rease  i n  "s ignal"  was f low-related."  The t e s t  
o b j e c t i v e  of p a r t  one w a s  achieved. 

The t e s t  o b j e c t i v e  of p a r t  two of the f e a s i b i l i t y  t e s t  was t o  o b t a i n  
reproducible  and r e a d i l y  i d e n t i f i a b l e  c o r r e l a t i o n  peaks r e l a t e d  t o  the 
propagat ion of d i s tu rbances  i n  the "two-dimensional" supersonic  t u r b u l e n t  

.L 

" P o s i t i o n  1 i n  f i g u r e  2-1 w a s  suspected t o  be one of considerable  
a c t i v i t y ,  because shadowgraphs of such shock wave shear  l a y e r  i n t e r -  
a c t i o n  r eg ions  i n d i c a t e  t h i s .  
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Time Delay (Mill iseconds) 

T ime De lay  (Mi l l iseconds) 

O N - L I N E  SIGNAL FROM SINGLE 
L A S E R  BEAM PASSED THROUGH T H E  FLOW 

S H O W N  IN F IGURE 2-1  
( A )  T O P :  BEAM AT POSIT ION 2 
( 8 )  BOTTOM: BEAM AT P O S I T I O N  1 
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boundary l a y e r  on t o  c r o s s - c o r r e l a t e  the 
s i g n a l s  from two p e BWT was made during a 
demonstration on J e r  beams were separated by 
4.5 inches and a p p  bove the s u r f a c e  of the p l a t e  
(see f i g u r e  2-3). e amplified and 
cros s - c o r r e l a t e d  i ing c ross -co r re l a -  
t i o n ,  as a f u n c t i o  scope ( f i g u r e  2 - 4 A ) .  
The maximum c o r r e l a t i o n  occurred a t  approximately 260 microseconds,which 
corresponds t o  a propagat ion speed of about 1440 fps . ”  The free-s t ream 
speed w a s  approximately 1660 fps .  Because of t he  na tu re  of the run ,  a 
g r e a t  d e a l  of c a r e  i n  l o c a t i n g  the beams i n  t h e  flow w a s  not  taken. 
Therefore ,  the measurement revealed only t h a t  the peak occurred approxi- 
mately a t  the expected time delay.  

.*- 

Late r  i n v e s t i g a t i o n s  c l e a r l y  showed t h a t  t h i s  c o r r e l a t i o n ,  though 
r e l a t i v e l y  weak compared t o  those computed l a t e r ,  w a s  r e l a t e d  t o  the 
propagation of turbulence i n  the boundary l a y e r  on the  p l a t e  and i n  the 
i n t e r a c t i o n  zone of the p l a t e  and window boundary l a y e r s .  F u r t h e r ,  a 
cons ide rab le  amount of water vapor w a s  p re sen t  which ext inguished the 
l a s e r  beams by s c a t t e r i n g  ( s c h l i e r e n  e f f e c t s  were a l s o  p r e s e n t ) .  Never- 
t h e l e s s ,  t h i s  ve ry  crude measurement represented the f i r s t  encouraging 
r e s u l t  from our a t tempts  t o  r e t r i e v e  s i g n a l s  from supersonic  t u r b u l e n t  
flows. 

I n  November 1968 during p a r t  one of the f e a s i b i l i t y  t e s t ,  an  at tempt  
had been made t o  c r o s s - c o r r e l a t e  the s i g n a l s  from one l a s e r  beam which 
had been s p l i t  w i t h  a beam s p l i t t e r  i n t o  two beams of equal power (a 
second l a s e r  w a s  no t  a v a i l a b l e  a t  t h a t  t ime).  The purpose of t h i s  run 
w a s  t o  determine i f  t h e r e  were c o r r e l a t e d  harmonic s i g n a l s  p re sen t  i n  
the flow l i k e  those obtained during the preceding t e s t  i n  the 14-inch 
T r i s o n i c  Wind Tunnel (see Appendix B ) .  The two beams were passes through 
the  f r e e  shea r  l a y e r  of the wedge shown i n  f i g u r e  2 -1 .  The c o r r e l a t i o n  
a t  zero time l a g  (see f i g u r e  2-4B) w a s  due p a r t i a l l y  t o  the c o r r e l a t e d  
l a s e r  n o i s e .  The l a r g e  peak a t  about 100 microseconds gives  a speed of 
1080 fps  f o r  the beam s e p a r a t i o n  of 1 . 3  inches.  The a v a i l a b l e  support ing 
equipment and the t e s t  o b j e c t i v e  of p a r t  one would n o t  a l low t h e  p u r s u i t  
of t h i s  i n t e r e s t i n g  r e s u l t .  Also, the f a c i l i t y - i n d u c e d  no i se  had no t  
been f u l l y  i n v e s t i g a t e d .  Thus, no s i g n i f i c a n t  l e v e l  of confidence could 
be put i n  the p r o b a b i l i t y  t h a t  the c o r r e l a t i o n  or  any p o r t i o n  of i t  w a s  

-1. 

‘The peak of the correlogram w i l l  be used t o  determine the speed of t he  
d i s tu rbances .  This i s  no t  n e c e s s a r i l y  c o r r e c t  because of the dependence 
of t he  c o r r e l a t i o n  f u n c t i o n  on both space and time. I n  t h i s  r e p o r t ,  
q u a l i t a t i v e  r e s u l t x  a r e  sought ,  and t h e r e f o r e  t h i s  s i m p l i f i c a t i o n  should 
be j u s t i f i e d .  
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a c t u a l l y  f low- re l a t ed .  I n  r e t r o s p e c t ,  i t  seems reasonable  t o  suspec t  
t h a t  t h e r e  w a s  a s i g n i f i c a n t  f low-related c o n t r i b u t i o n  t o  the correlogram. 
The i n d i r e c t  i n f luence  of t h i s  p a r t i c u l a r  run  upon the  t e s t  r e s u l t s  i s ,  
perhaps,  of i n t e r e s t  and w i l l  be discussed l a  

Af t e r  the c r o s s - c o r r e l a t i o n  w a s  ob a se  two (see f i g -  
ure  2-4A) ,  i t  w a s  necessary t o  determin of t he  s i g n a l s  
from which i t  w a s  computed. It w a s  ev iden t  from the shape of the sub- 
sequent  cross-correlograms of the i n d i v i d u a l  beams ( f i g u r e  2-5) t h a t  
t h e r e  w a s  l i t t l e  o r  no p e r i o d i c i t y  p re sen t  i n  the s i g n a l s .  Furthermore, 
because of t he  near-zero va lue  of t hese  c r o s s - c o r r e l a t i o n s  a t  zero time 
de lay  and the absence of c o r r e l a t e d  p e r i o d i c  no i se ,  i t  could be deduced 
t h a t  the c o r r e l a t e d  f a c i l i t y - i n d u c e d  noise  w a s  v e r y  s m a l l .  F i n a l l y ,  t he  
shape of the autocorrelograms ind ica t ed  t h a t  t he  c o r r e l a t e d  s i g n a l s  were 
of the wide band v a r i e t y  [ 4 ] .  Two a d d i t i o n a l  cond i t ions  had t o  be met 
i n  order  t o  e s t a b l i s h  the f a c t  t h a t  the c o r r e l a t i o n s  were t r u l y  flow- 
r e l a t e d :  (1) The peak had t o  occur a t  a time de lay  which corresponded 
t o  the approximate expected speed of t he  d i s t u r b a n c e s ,  

and (2) cond i t ion  (1) had t o  hold as the beam s e p a r a t i o n  ( E )  was v a r i e d .  

The f i r s t  runs t o  check these  necessary condi t ions were made w i t h  
the upstream beam (beam 1) and the downstream beam (beam 2) loca t ed  i n  
the  wake of the model a t  p o s i t i o n s  3 and 4,  r e s p e c t i v e l y  ( f i g u r e  2-3) .  
The r e s u l t i n g  cross-correlogram of the  s i g n a l s  is shown i n  f i g u r e  2-6A. 
The beam s e p a r a t i o n  and the time de lay  corresponding t o  maximum posi-  
t i v e  c o r r e l a t i o n  gave a speed of 1415 f p s ,  which w a s  a t  l e a s t  reason- 
ab ly  c l o s e  t o  what w a s  t o  be expected (free-s t ream speed w a s  approximately 
1660 f p s ) .  Then, beam 2 w a s  moved upstream such t h a t  the beam separa-  
t i o n  ( E )  w a s  decreased by one inch.  The cross-correlogram f o r  t h i s  case 
i s  shown i n  f i g u r e  2-6B. The maximum c o r r e l a t i o n  corresponded t o  a 
speed of 1409 fps .  A l s o ,  as would be expected, t he  s t r e n g t h  of the peak 
c o r r e l a t i o n  increased.  The only d i f f e r e n c e  between these runs,  o the r  
than beam s e p a r a t i o n ,  was t h a t  the amplitude s c a l e  (vo l t age )  on the 
osc i l l o scope  was  changed f o r  t he  second run t o  accommodate the inc rease  
i n  amplitude of the c o r r e l a t i o n  peak. 

These r e s u l t s ,  v e r i f i e d  by l a t e r  experimental  da ta  discussed i n  
the following s e c t i o n s ,  provide reasonable  experimental  evidence support-  
ing the  acceptance of the f low- re l a t ed  n a t u r e  of the c o r r e l a t i o n  peaks. 
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Several  new experimental  and t h e o r e t i c a l  techniques were employed 
during t h i s  i n v e s t i g a t i o n  which a r e ,  perhaps,  worthy of note:  (1) 
a p p l i c a t i o n  of p a r a l l e l  b If two-d imens ional"  
t u r b u l e n t  f low, e r  shadow-correla- 
t i o n  modes of r e  r b u l e n t  flow, (3)  
t he  "one-shot" auto- and r s t a t i s t i c a l  
analyses  of random time of induced time 
delays f o r  peak i d e n t i f i c a t i  

Perhaps the most s i  s i b i l i t y  t e s t  should 
be a t t r i b u t e d  t o  the a t t empt  t o  c o r r e l a t e  t he  random f l u c t u a t i o n s  of two 
beams of l i g h t  o r i g i n a t i n g  from a common source.  I n  i t s e l f ,  the  s p l i t t i n g  
of a l a s e r  beam i s ,  of course,  common p r a c t i c e ,  b u t  n o t  previously appl ied 
using the  cross-beam method. Nevertheless ,  t he  use of p a r a l l e l  beams from 
a common source leads t o  t h e  i n i t i a l  "one-shot" a u t o c o r r e l a t i o n  concept 
descr ibed i n  s e c t i o n  3.2.1, and then t o  the  "one-shot" c r o s s - c o r r e l a t i o n ,  
peak i d e n t i f i c a t i o n  by the method of e l e c t r o n i c a l l y  induced time de lay  
and a v i s u a l  on - l ine  d i s p l a y  of the "one-shot" auto-  and c ross -co r re lo -  
grams. These methods a r e  discussed i n  l a t e r  s e c t i o n s .  

14 



111. DISCUSSION 

3.1 Remote Sensinp by Op t i ca l  C o r r e l a t i o n  

w i t h  P a r a l l e l  Laser Beams 

A theory  of remote sens ing  of c l e a r  a i r  turbulence  us ing  p a r a l l e l  
l a s e r  beams (or o t h e r  p a r a l l e l  l i g h t  sou rces )  i n  t h e  supe r son ic  regime 
i s  d iscussed ,  and experimental  r e s u l t s  are presented.  

3.1.1 Theore t i ca l  Desc r ip t ion  of A Laser  Quasi-Schl ieren System 

I n  f i g u r e  3-1 t he  beams from two lasers ,  L, and L2, a r e  d i r e c t e d  
through the  two-dimensional t u rbu len t  boundary l a y e r  shown i n  f i g u r e  2-3.  
The f low i s  supersonic  (M = 2 . 0 ) ,  and t h e  boundary l a y e r  is  f u l l y  devel-  
oped along the  t h i n  p l a t e .  The beams, which a r e  p a r a l l e l  t o  one another  
and perpendicular  t o  the  f low d i r e c t i o n ,  a r e  separa ted  i n  the  f low d i r ec -  
t i o n  (along the  x-ax is )  i n  such a manner t h a t  t he  eddies  which i n t e r s e c t  
beam LIDl a t  t i m e ,  t ,  a l s o  i n t e r s e c t  beam L2D2 a t  a l a t e r  t i m e ,  t + a. 

Since t h e  f low is  approximately two-dimensional , t he  time-averaged 
f low p r o p e r t i e s  should be approximately equal  ac ross  the  t e s t  s e c t i o n  
( i . e . ,  as measured along e i t h e r  laser  beam). This does not  n e c e s s a r i l y  
r e q u i r e  t h a t  t he  ins tan taneous  f low p r o p e r t i e s  ac ross  t h e  t e s t  s e c t i o n  
be equal .  

The turbulence  passing through one of these  beams e x h i b i t s  random 
f l u c t u a t i n g  loca l i zed  g r a d i e n t s  of f l o w  p r o p e r t i e s ,  e . g . ,  l o c a l  d e n s i t y  
g r a d i e n t .  A s  t h e  eddies  pass through a p a r t i c u l a r  l o c a t i o n  on the  beam, 
t h e  r e s u l t i n g  f l u c t u a t i o n s  of flow p r o p e r t i e s  produce f l u c t u a t i o n s  of 
t he  l o c a l  Poynting v e c t o r , "  s ,  of t he  laser beam. 

-1, - 

I f  p(y,  t )  r ep resen t s  the l o c a l  ins tan taneous  angular  d e v i a t i o n ,  
as measured from a h o r i z o n t a l  r e fe rence  l i n e  perpendicular  t o  the  flow 
d i r e c t i o n ,  then 

9C 
The Poynting v e c t o r  is  a v e c t o r  tangent  t o  the  pa th  of t he  beam w i t h  
magnitude equal  t o  the  beam power. 

NOTE: The d e r i v a t i o n  presented  he re  f o r  p a r a l l e l  beams is  s imilar  t o  
one presented  f o r  cross-beams by D r .  L. Wilson, I I T R I ,  i n  a 
memorandum t o  D r .  F. R. Krause,  MSFC, December 26, 1968. 
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where 3 is  a u n i t  v e c t o r  along the y-axis .  
r e s u l t s  i n  

Rearranging equat ion (1) 

This f l u c t u a t i o n ,  p ( y , t ) ,  i s  caused by a f l u c t u a t i o n  of the l o c a l  index 
of r e f r a c t i o n ,  n ( x , y , z , t ) ,  and i s  r e l a t e d  t o  the l o c a l  f l u c t u a t i o n  i n  
the d e n s i t y  g r a d i e n t  normal t o  the Poynting v e c t o r ,  i ,  f o r  a p a r t i c u l a r  
wavelength of l i g h t .  The l o c a l  index of r e f r a c t i o n ,  n ( x , y , z , t ) ,  along 
the  beam i s  p ropor t iona l  t o  t h e  l o c a l  d e n s i t y ,  p ( x , y , z , t ) .  Provided the  
index of r e f r a c t i o n  is  c lose  t o  u n i t y ,  as i t  i s  f o r  most gases ,  t h e  
empi r i ca l  Gladstone-Dale equat ion [ l ]  i s  a p p l i c a b l e .  This equat ion,  an 
empi r i ca l  r e l a t i o n s h i p  between the index of r e f r a c t i o n  and the d e n s i t y  
of gas ,  i s  of the form 

n l - 1  n , - 1  

P1 P2 
= cons tan t  = a - - 

s o  t h a t  

f o r  any p o i n t  along the beam. 

Let  us  assume t h a t  n and p a r e  r ep resen ted  by 

( 3 )  

where n' and p' a r e  t he  f l u c t u a t i o n s  about the time-averaged values  of 
n and p. S u b s t i t u t i n g  equat ions (5) and (6)  i n t o  ( 4 )  g ives  

n = G + n' = 1 + a i  + a p t  

and 

n' = ap' . (8) 
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It i s  d e s i r e d  t o  r e l a t e  t h e  beam d e f l e c t i o n  ang le ,  B ( y , t ) ,  t o  
the component of the index of r e f r a c t i o n  g r a d i e n t  which i s  perpendicular  
t o  t h e  Poynting v e c t o r  (path of beam). Since the index of r e f r a c t i o n  
f o r  a i r  i s  ve ry  c l o s e  t o  u n i t y  and s i n c e  B(y , t )  w i l l  be small ,  

d @ ( y , t )  - - an dy. 
n ax (9)  

Equation (9) ,  the  d e r i v a t i o n  of which can be found i n  most textbook pre- 
s e n t a t i o n s  on the s c h l i e r e n  method of flow v i s u a l i z a t i o n  [ 2 ]  , r e p r e s e n t s  
the fundamental r e l a t i o n s h i p  upon which the s c h l i e r e n  method i s  based. 
S u b s t i t u t i n g  equat ion (7)  i n t o  (9)  y i e l d s  

Since n - 1 <<1 (n f o r  a i r  i s  approximately 1.00027),  equat ion (10) can 
be s i m p l i f i e d  one s t e p  f u r t h e r :  

The d e f l e c t i o n  of the Poynting v e c t o r  away from the y-axis a t  a p a r t i c u -  
l a r  l o c a t i o n  on the  beam (7) w i l l  be obtained by i n t e g r a t i n g  along the 
beam from y = -1 t o  y = 7: 

-1 - R  

The f i r s t  i n t e g r a l  on the  right-hand s i d e  of equat ion (12)  r e p r e s e n t s  
the temporal-average angular  beam d e f l e c t i o n  a t  q ,  and the second 
i n t e g r a l  r e p r e s e n t s  the f l u c t u a t i o n  of t he  beam d e f l e c t i o n  about the 
temporal average. Thus, 

18 



S u b s t i t u t i n g  equat ion  (7)  i n t o  (12) provides  a r e l a t i o n s h i p  between p 
and p: 

- a  - a  

The beam d e f l e c t i o n s  i n  these  r e l a t i o n s h i p s  a r e  i n  the  xy-plane only.  
It w i l l  be shown l a t e r  why the  d e f l e c t i o n s  i n  the  z - d i r e c t i o n  can be 
neglec ted .  Also,  another  assumption w i l l  be introduced:  t he  magnitude 
of t he  time-averaged beam d e f l e c t i o n ,  @ ( a ) ,  is  such t h a t  t he  knife-edge 
(which i s  used t o  produce the  f l u c t u a t i o n s i n  c u r r e n t  monitored by the  
photodiode) a l lows one-half  of t h e  laser beam l i g h t  t o  pass i n t o  the  
photodiode when the  beam d e f l e c t i o n  equals  B ( 1 ) .  Thus, equat ion  (14)  
reduces t o  

- 

This assumption i s  convenient and can be a p p l i e d  exper imenta l ly .  The 
f l u c t u a t i o n s  of p' can be r e l a t e d  t o  the  f l u c t u a t i n g  ou tpu t  s i g n a l ,  i ( t ) ,  
of a photodiode, as shown i n  f i g u r e  3-1. 

A view taken along the  l a s e r  beam ( f i g u r e  3 - 2 )  shows the  k n i f e -  
edge, t he  eye of t h e  photodiode, and the  laser beam c ross  s e c t i o n .  The 
beam i s  shown i n  a d e f l e c t e d  p o s i t i o n  and i n  i t s  time-averaged p o s i t i o n  
(centered) .  L e t  

- 
Id = time-averaged c u r r e n t  ou tput  of t he  d e t e c t o r  

power supply when knife-edge is  removed. 

A = c r o s s - s e c t i o n a l  a r e a  of l a s e r  beam. 

D = diameter  of l a s e r  beam. 

A = beam displacement  perpendicular  t o  and measured 
from the  kni fe -  edge. 

= the  change i n  a r e a  of the beam c u t  by a kn i f e -  
edge due t o  a d e f l e c t i o n  of the  beam o f f  c e n t e r .  
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Then, f i g u r e  3-2 shows t h a t  

For s m a l l  A, 

@A DA. 

The photodetector  ou tpu t  per u n i t  a r e a  of t he  l a s e r  beam i s  

'd 4fd 
- = -  

A de * 

To o b t a i n  the f l u c t u a t i o n  of t he  ou tpu t  v o l t a g e  (or  c u r r e n t )  
from the photodetector ,  ( i ) ,  we now m u l t i p l y  the output  per u n i t  a r e a  
by the decrease (or i nc rease )  i n  beam area c u t  by the knife-edge due 
t o  a beam dtsplacement of A: 

41dA 
i ( t )  - f o r  (A << D) . 

fiD ' 

Fur the r ,  A is  r e l a t e d  t o  p' ( a ,  t ) :  

S u b s t i t u t i n g  equat ion (20) i n t o  (19) gives  
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The group of terms i n  parentheses  on the  right-hand s i d e  of equat ion 
(21)  is  a measure of the s e n s i t i v i t y ,  s ,  of the system [3] ,  

The s e n s i t i v i t y  of t he  photodiode w i t h  r e s p e c t  t o  beam p o s i t i o n  
was assumed cons t an t ,  as w a s  the i n t e n s i t y  p r o f i l e  ac ross  the l a s e r  
beam diameter.  
be checked. By p lac ing  a l e n s  between the  knife-edge and the photodiode, 
t he  beam movement on the  photodiode can be considerably reduced. 

These assumptions, however, may be f a r  from t r u e  and should 

S u b s t i t u t i n g  equat ion (22) i n t o  (21) gives  

3.1.2 Cross-Correlat ion of Signals  

Equation (23) holds f o r  both beams, s o  t h a t  

S u b s t i t u t i n g  equa t ion  (15) i n t o  equat ions (24) and (25) provides r e l a -  
t i o n s h i p s  between i and apt / ax ,  

which hold along a p a r t i c u l a r  eddy "s t reamline."  
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The s i g n a l ,  i2, from the  downstream beam, i s  delayed by T seconds 
and the  time-average magnitude of t he  c ros s  product,  -, is  calcu-  
l a t e d .  This r e p r e s e n t s  the cross-covariance of t he  s i g n a l s  I1 and 
I, [I = 1 / 2  Td + i( t)] ,  o r  t h e  c r o s s - c o r r e l a t i o n  of the f l u c t u a t i n g  com- 
ponents,  i, and i2. The c r o s s - c o r r e l a t i o n  of i, and i, w i l l  be used i n  
t h e  fol lowing d i scuss ion .  

The c r o s s - c o r r e l a t i o n ,  R(E,  T) , is def ined as [ 4 ]  

T 
1 r  

where T is  the averaging time. It is  assumed t h a t  T is  l a r g e  enough s o  
t h a t  

i s  a good assumption. Also,  s t a t i o n a r i t y  i s  assumed ( i . e . ,  time-averaged 
s t a t i s t i c a l  va lues  a r e  independent of t ime) .  

I n  equat ion (29),  R(S,z) w i l l  be maximum when i, i s  delayed by 
the most probable t r a n s i t  time of the common d i s tu rbances  ( T  = T ~ )  pro- 
vided the  s igna l - to -no i se  r a t i o s  and averaging t ime, T ,  a r e  compatible 
and w i l l  al low the d e s i r e d  peak t o  r i s e  w e l l  ou t  of the c o r r e l a t e d  no i se  
f l o o r .  Otherwise, t he  c o r r e l a t e d  no i se  w i l l  i n f luence  the shape and 
maximum p o s i t i o n  ( T ~ )  of the peak. Correlated no i se  can o f t e n  hide the 
peak a l t o g e t h e r .  The l a t t e r  i s  l i k e l y  t o  occur when the  peak h e i g h t  i s  
approximately equal  t o ,  o r  l e s s  t han ,  t he  l e v e l  of the c o r r e l a t e d  no i se  
f l o o r .  

S u b s t i t u t i n g  equat ions (26)  and (27) i n t o  (29) g ives  
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Rearranging the order  of i n t e g r a t i o n ,  we o b t a i n  

where the  b a r  i n d i c a t e s  the time-average of the product i n s i d e  the b r a c e s ,  
Thus, equat ion (31) provides one i n t e r p r e t a t i o n  of what the c r o s s - c o r r e l a -  
t i o n  r e p r e s e n t s .  

The c r o s s - c o r r e l a t i o n  of the s i g n a l s  i, and i, from two p a r a l l e l  
beams is  equal t o  a cons t an t  (s,s&) m u l t i p l i e d  by the double l i n e  i n t e -  
g r a l ,  one taken along each beam, of the two-point-product time-average 
value of the f l u c t u a t i n g  d e n s i t y  g r a d i e n t  component i n  the flow d i r e c t i o n .  

Another, and, perhaps a b e t t e r ,  d e s c r i p t i o n  i s  the one which 
shows the sequence of physical  r e l a t i o n s h i p s  between t h e  parameters 
being measured experimental ly .  

Beginning wi th  the  on - l ine  analog c o r r e l a t o r  and moving opposi te  
t o  the flow of d a t a ,  the following physical  events  a r e  taking place (see 
Appendix A ,  f i g u r e  A - 1 1 ) :  

(1) The scope d i s p l a y s  the c r o s s - c o r r e l a t i o n  func- 
t i o n  versus  time de lay  ( T )  which i s  received 
from the  analog c o r r e l a t o r .  

( 2 )  The c o r r e l a t o r  i s  computing t h e  c r o s s - c o r r e l a -  
t i o n  from the two e l e c t r i c a l  s i g n a l s ,  i, and i,, 
o r i g i n a t i n g  from the  photodiodes. 

( 3 )  The time h i s t o r y  of t he  s i g n a l s  a r e  d i r e c t l y  
p ropor t iona l  t o  the angular  d e f l e c t i o n s  of t he  
l a s e r  beams, r e s p e c t i v e l y :  

i ( t )  = sp' ( j , t ) .  

( 4 )  The angular  d e f l e c t i o n  p' ( a ,  t)  of each beam is pro- 
p o r t i o n a l  t o  the f l u c t u a t i n g  component of the 
d e n s i t y  g r a d i e n t  i n  the d i r e c t i o n  of flow, 
where the mean i s  an instantaneous s p a t i a l  
average taken along the  l a s e r  beam, i . e . ,  
from equat ion (15): 

24 



- R  

Mult iplying and d iv id ing  

dY. 

the  r ight-hand s i d e  
of equat ion (15) by the-width of the t e s t  
s e c t i o n  ( 2 j  = L) g ives  

Thus, a t  any p a r t i c u l a r  i n s t a n t  

The s u b s t i t u t i o n  of t = t is made only t o  
emphasize t h a t  the average i s  taken along the  
beam as i f  the flow were f rozen  i n  time. This 
i s  not  implying t h a t  the beam l e n g t h  average 
va lue  of a p ' / a x  does no t  va ry  wi th  time; i t  
does. This r e s u l t s  from the speed of l i g h t  
being much g r e a t e r  than the flow speed. Thus, 
the e f f e c t  is  (or can be) of considerable  
advantage t o  two-dimensional aerodynamic 
remote-sensing w i t h  s t a t i s t i c a l  c o r r e l a t i o n .  
The advantage i s  a decrease i n  the  i n t e g r a t i o n  
time required t o  r e t r i e v e  c o r r e l a t e d  s t a t i s -  
t i c a l  information from d a t a  i n  the presence 
of no i se  because of the automatic  o p t i c a l  
i n t e g r a t i o n  performed by the  l a s e r  beam. For 
the two-dimensional case,  t he  s i g n a l s  i l ( t )  
and i 2 ( t )  r e p r e s e n t  the f l u c t u a t i n g  com- 
ponent of the d e n s i t y  g r a d i e n t ,  (ap' /ax), 
s p a t i a l l y  averaged along the r e s p e c t i v e  beams. 
Therefore ,  the c o r r e l a t o r  is  ope ra t ing  on da ta  
which a r e  r e p r e s e n t a t i v e  of "instantaneous" 
averages of random samples of d a t a .  The con- 
vergence, t h e r e f o r e ,  w i l l  be f a s t e r  than f o r  
t he  three-dimensional case where the beams m u s t  

P 
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be crossed.  Fu r the r ,  and much more impor- 
t a n t ,  t he  s igna l - to -no i se  r a t i o  i s  a t  
l e a s t  an  order  of magnitude g r e a t e r  f o r  
two-dimensional f low f i e l d s  similar i n  
flow r a t e  and geometr ical  s i z e .  This is 
n o t  meant t o  imply t h a t  o p t i c a l  remote 
sensing of three-dimensional flows is  no t  
p o s s i b l e .  

From the  experimental  p o i n t  of view, these  comments can be 
summarized as fol lows:  

(a )  The c o r r e l a t i o n  i s  r e p r e s e n t a t i v e  of t he  s i m i l a r i t y  
i n  the  two e l e c t r o n i c  s i g n a l s ,  i, and i,, received 
by the c o r r e l a t o r  a f t e r  they have been influenced 
by the  f i l t e r s  , a m p l i f i e r s ,  and a l l  o the r  physical  
connections between the photo power supply ou tpu t  
and the c o r r e l a t o r  i npu t  (see Appendix A ,  f i g u r e  
A-11). I f  the c o r r e l a t o r  i s  performing properly,  
t h i s  i s  simply a m a t t e r  of experimental  f a c t .  

(b) The s i g n a l s  a r e  p ropor t iona l  t o  the  angular  de f l ec -  
t i o n s  of the r e s p e c t i v e  beams about a time-average 
value.  

(c) The s i g n a l  r e p r e s e n t s  the f l u c t u a t i n g  (beam-average) 
x-component of the d e n s i t y  g rad ien t .  

3 .2  The "One-Shot" Au tocor re l a t ion  

3.2.1 The Concept 

I n  f i g u r e  3-3, a s i n g l e  l a s e r  beam i s  passed normal t o  the  flow 
and along the  p a r t i c u l a r  s t a t i o n  of i n t e r e s t .  A f t e r  passing through 
the t e s t  s e c t i o n ,  t h e  beam i s  r e f l e c t e d  downstream from mi r ro r  M 1  t o  
mi r ro r  M2. From mi r ro r  M2 i t  is r e f l e c t e d  back a c r o s s  the flow a t  a 
predetermined l o c a t i o n  and p a r a l l e l  t o  the f i r s t  pass through the  flow. 
A photodetector ,  D1, r ece ives  the  beam a f t e r  i t s  two passes  through the 
t e s t  s e c t i o n .  The s i g n a l  i s  amplif ied and the analog c o r r e l a t o r  com- 
putes the  a u t o c o r r e l a t i o n  ve r sus  time de lay  (autocorrelogram), as shown 
a t  the  bottom of f i g u r e  3-3 .  

The autocorrelogram has two predominant peaks, one a t  zero time 
delay,  as expected, and the second a t  a time de lay ,  ' G ~ ,  corresponding 
t o  the  most probable t r a n s i t  time of d i s tu rbances  between the two posi-  
t i o n s  where the beam passes  through the  t e s t  s e c t i o n .  Although the beam 
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arrangement i s  s imi l a r  t o  t h a t  of t he  pa ra l l e l  beam case,  t he  d e s i r e d  
flow information i s  contained i n  a s i n g l e  s i g n a l  r a t h e r  than i n  two 
s e p a r a t e  ones. The second peak occurs a t  T~ on the  autocorrelogram 
because the  s i g n a l  received by the pho tode tec to r ,  D1, con ta ins  t h e  
same (or  s i m i l a r )  information twice and a t  d i f f e r e n t  times. The most 
probable s e p a r a t i o n  i n  time corresponds t o  T ~ .  

This s t a t i s t i c a l  technique can be used i n  analyzing random da ta  
such as those produced i n  t u r b u l e n t  f l u i d  flows. The technique,  
r e f e r r e d  t o  i n  t h i s  r e p o r t  as the "one-shot" a u t o c o r r e l a t i o n ,  i s  
descr ibed as follows: 

o The autocorrelogram of a s i n g l e  composite time 
h i s t o r y  composed of the sum of two o r  more 
s t a t i s t i c a l l y  c o r r e l a t e d  random s i g n a l s  which 
s u f f i c i e n t l y  l a g  one another  w i l l  e x h i b i t  a 
c o r r e l a t i o n  "peak" f o r  each p o s s i b l e  p a i r  of 
the s i g n a l s .  

3 .2 .2  Mul t ip l e  Signals  

The ex tens ion  of t h e  concept would be t o  r e f l e c t  the beam through 
the flow t h r e e  o r ,  perhaps,  fou r  t imes,  as  shown i n  f i g u r e  3 - 4 .  Although 
t h i s  technique w i l l  work i n  p r a c t i c e ,  i t  i s  p r e f e r a b l e  t o  avoid such a 
s e n s i t i v e  o p t i c a l  arrangement. 

I n  f i g u r e  3 - 5 ,  an equ iva len t  arrangement is  shown. One l a s e r  
beam i s  s p l i t  i n t o  fou r  beams of equal i n t e n s i t y  and d i r e c t e d  through 
t h e  flow. Each beam has a s e p a r a t e  d e t e c t o r  t h a t  r ece ives  the s i g n a l .  
The s i g n a l s  a r e  added and the r e s u l t i n g  s i g n a l  i s  equ iva len t  t o  the  
o r i g i n a l  s i n g l e  beam case.  It is no t  necessary t o  use a s i n g l e  l i g h t  
source.  Each d e t e c t o r  could have an independent l i g h t  sou rce ,o r  two 
or  more d e t e c t o r s  may s h a r e  l i g h t  from the same source.  

The "one-shot" a u t o c o r r e l a t i o n  technique can, i n  theory,  be 
appl ied t o  three-dimensional o r  two-dimensional f lows. The only change 
r equ i r ed  i s  a rearrangement of the beams s o  t h a t  no two a r e  p a r a l l e l  
and so  t h a t  the e f f e c t i v e  c o r r e l a t e d  volume which is  common t o  the  beams 
is  s m a l l  enough t o  be acceptable .  However, a longer i n t e g r a t i o n  time 
w i l l  be r equ i r ed  f o r  three-dimensional f lows, as compared t o  two-dimen- 
s i o n a l  f lows, because of the lower s i g n a l - t o - n o i s e  r a t i o  of the former. 
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3 . 2 . 3  

Consider a s i n g l e  time h i s  t o r y  
( i , e . ,  d i s t r i b u t e d  over a wide range 
of two random time h i s t o r i e s  f l ( t )  an 

and the mean va lues  of t he  time h i s t o r i e s  a r e  zero.  The a u t o c o r r e l a t i o n  
of F ( t )  is  

I n  equat ion ( 3 6 )  l e t t e r s  "A" and "R" r e p r e s e n t  a u t o c o r r e l a t i o n  and c ross -  
c o r r e l a t i o n ,  r e s p e c t i v e l y .  The s u b s c r i p t s  i n d i c a t e  the  s i g n a l s  involved 
i n  the p a r t i c u l a r  c o r r e l a t i o n ,  as we l l  as the order  of the c ros s -co r re l a -  
t i o n  ope ra t ion  wi th  regard t o  the time h i s t o r i e s .  

Since 
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If we assume, f o r  the p r e s e n t ,  t h a t  f , ( t )  and f 2 ( t )  a r e  s t a t i s t i c a i l y  
independent and thus no t  c o r r e l a t e d ,  equat ion ( 3 8 )  reduces t o  

For t h i s  ca se ,  the "one-shot" autocorrelogram w i l l  have only one l a r g e  
peak" a t  z = 0 similar t o  the autocorrelogram shown i n  f i g u r e  3-6 ( top) .  
The magnitude of the peak a t  z = 0 i s  

Beginning again w i t h  equat ion ( 3 8 1 ,  we assume t h a t  f l ( t )  and 
f 2 ( t )  a r e  i d e n t i c a l l y  equal  f o r  a l l  t when f 2 ( t )  i s  delayed by T~ s ec -  
onds and compared t o  f l ( t ) ,  i . e . ,  a t  

where zm is the  time l a g  of maximum c o r r e l a t i o n .  For t h i s  ca se ,  

and s u b s t i t u t i n g  equat ion (42)  i n t o  equat ion ( 3 5 )  gives 

7 i  

The r e f e r e n c e  t o  the word "peak" implies the maximum p o s i t i v e  peak i n  
a l o c a l  r eg ion  on the autocorrelogram. The n a t u r a l  shape of the auto- 
and cross-correlograms,  near the time l a g ,  zm, g e n e r a l l y  e x h i b i t s  
t h r e e  or  more peaks depending upon the frequency range of the co r re -  
l a t e d  p o r t i o n  of the s i g n a l s .  
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I f  w e  assume t h a t  zm i s  p o s i t i v e  and l a r g e  enough t o  prevent an i n t e r -  
ference between the peak a t  -cm and the zero time l a g  peak on the  auto-  
correlogram, we can deduce from equat ion (44) t h a t  

s i n c e  

Equation (45) s t a t e s  t h a t ,  i f  f l ( t )  and f 2 ( t )  a r e  s t a t i s t i c a l l y  random 
time h i s t o r i e s  and have maximum c o r r e l a t i o n  when f 2 ( t )  i s  delayed i n  
time by T~ seconds,  then the c r o s s - c o r r e l a t i o n  of two s i g n a l s  i s  equal 
t o  the "one-shot" a u t o c o r r e l a t i o n  provided t h a t  7;m is  s u f f i c i e n t l y  
l a r g e .  Therefore ,  t h e r e  should be no problem i n  i d e n t i f y i n g  the peak 
a t  T~ because t h e r e  should be only one (see bottom of f i g u r e  3-6) .  
There i s ,  however, a need t o  look a l i t t l e  deeper i n t o  the  composition 
of the "one-shot" autocorrelogram. 

Consider the case of the a d d i t i o n  of t h ree  random s i g n a l s  where 

The "one-shot" a u t o c o r r e l a t i o n  of F ( t )  i s  

Using the  gene ra l  form of equat ion (37) ,  w e  o b t a i n  



I f  i t  i s  assumed t h a t  a l l  peaks r e s u l t i n g  from the c r o s s - c o r r e l a t i o n s  
i n  equa t ion  (48) l i e  i n  the p o s i t i v e  time lag range only,  t he  l a s t  
t h r e e  c r o s s - c o r r e l a t i o n s  i n  equat ion (48) drop ou t .  

Again, l e t  us assume t h a t  t he  time l ags  between regions of c o r r e l a t i o n  
on the "one-shot" autocorrelogram are l a r g e  enough t o  prevent  overlapping 
of peaks. Le t  212 be equal  t o  the  time l a g  of maximum c o r r e l a t i o n  
between f l ( t )  and f 2 ( t ) ,  713 the time l a g  of peak c o r r e l a t i o n  between 
f l ( t )  and f 3 ( t ) ,  and 223 the time l a g  of maximum c o r r e l a t i o n  between 
f 2 ( t )  and f , ( t ) .  Then, the va lue  of the "one-shot" a u t o c o r r e l a t i o n  a t  
t he  above ~ ~ ~ ' s  w i l l  be 

I f  we assume that no overlapping of regions of c o r r e l a t i o n  occur,  then 
equat ions ( 5 0 ) ,  (51), and ( 5 2 )  reduce t o  
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Figure 3-7 shows a three-beam arrangement ,wherethe p a r a l l e l  beams pass 
over the p l a t e  and through the  t u r b u l e n t  boundary l a y e r .  The f r ee - s t r eam 
flow speed w a s  approximately 1660 f p s .  The s i g n a l s  from the two photo- 
d e t e c t o r s  A and B were added, ampl i f i ed ,  and f i l t e r e d .  The r e s u l t i n g  
s i g n a l  w a s  a u t o c o r r e l a t e d  on-l ine.  The autocorrelogram i s  shown i n  
f i g u r e  3-8 (top).  The peak a t  the zero time l a g  is cha rac t e  
a l l  autocorrelograms of a wide-band time h i s t o r y .  The peak a t  
z = 0.128 m s  i s  appa ren t ly  a r e s u l t  of t he  c o r r e l a t i o n  between beams 1 
and 2. It w i l l  be shown l a t e r  t h a t  t h i s  peak is  a c t u a l l y  a r e s u l t  of 
the c o r r e l a t i o n  between beams 1 and 2 summed wi th  t h a t  between beams 2 
and 3. The peak a t  a = 0.254 ms r e p r e s e n t s  the c o r r e l a t i o n  between 
beams 1 and 3. The beam s e p a r a t i o n s ,  E i i ,  ( i . e . ,  El2 is  the  d i s t a n c e  
between beams (1) and (2),  

tl2 = 2.63" 

which g i v e  average speeds 

and 

e t c . )  were 4 

and E13 = 4.95" 

of 

1710 fps  

1525 fps .  

The beams were approximately 0.2 inch above the p l a t e ,  near the o u t e r  
r eg ion  of the boundary l a y e r .  
because the  f r ee - s t r eam speed was 1660 f p s ;  the speed Cl3 is  c l o s e r  t o  
t h e  expected value.  However, t he re  should have been a t h i r d  peak r ep re -  
s e n t i n g  t h e  c o r r e l a t i o n  between t h e  second and t h i r d  beams, R 2 3 ( ~ 2 3 ) .  
Dividing the  beam s e p a r a t i o n ,  523, by the  speed, U 1 3 ,  should r e p r e s e n t  
a good approximation t o  the l o c a t i o n  of the peak ( ~ 2 3 )  
= 2.32"). 

The speed c12 hard ly  seems reasonable  

= El3 - E12 

It appears t h a t  the "peak" a t  0.128 ms is  a c t u a l l y  a r e s u l t  of t he  over- 
lapping of two peaks, and thus does not  r e p r e s e n t  the independent loca-  
t i o n  of e i t h e r .  To check the  above l o g i c ,  t he  f i r s t  beam w a s  moved 
1.00 inch  downstream. This reduced the beam s e p a r a t i o n  d i s t a n c e s ,  i12 
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and E13, t o  1.63 and 3.95 inches,  r e s p e c t i v e l y .  However, the s e p a r a t i o n  
between t h e  second and t h i r d  beams, 523, w a s  no t  changed. The "one-shot" 
autocorrelogram f o r  t h i s  beam geometry is shown i n  f i g u r e  3-8 (bottom). 

From f i g u r e  3-6B, we s e e  

712 = 0.082 m s  

713 = 0.203 m s  

T~~ = 0,123 m s .  

The corresponding speeds a r e  

u~~ - = 1570 f p s .  

The purpose of t h i s  run was t o  show t h a t  the peak a t  a23 d i d  
e x i s t .  The va lue  of Gl2  should n o t  be considered accu ra t e  because the 
peak a t  T~~ = 0.123 ms is  too c lose  t o  712 t o  be considered a c c u r a t e .  
There a r e ,  however, a t  l e a s t  two ways by which peak overlapping can be 
avoided. These w i l l  be discussed i n  s e c t i o n  3.2.5. It i s  important 
t h a t  the number of peaks expected t o  appear f o r  a p a r t i c u l a r  number of 
beams i s  known i n  advance, as w e l l  as t h e i r  expected l o c a t i o n  on the 
"one-s ho t" autocorrelogram. 

I n  g e n e r a l ,  the  number of peaks on the "one-shot" autocorrelogram 
w i l l  be 

No.  of peaks = 1 +y (m - k) 
k=l  

provided t h a t  none a r e  destroyed by overlapping. 
l a g  has been included i n  equat ion (56). 

The peak a t  zero time 

The "one-shot" a u t o c o r r e l a t i o n  could be used t o  s tudy  the cha rac t e r -  
i s t i c s  of the decay of t u r b u l e n t  s t r u c t u r e s  from data obtained from a 
s i n g l e  run of a wind tunnel  o r  j e t  f a c i l i t y .  The peaks r e s u l t i n g  from 
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c o r r e l a t i o n s  between the  f i r s t  beam and each of t h e  downstream beans 
g i v e  a p i c t u r e  of t he  " l i f e t ime"  of t he  average eddy i n  a s t a t i o n a r y  
frame of r e fe rence .  I n  a d d i t i o n ,  t h e  peaks r e s u l t i n g  from c o r r e l a t i o n s  
between the  second beam and the downstream beams r e p r e s e n t  the eddy 
l i f e t i m e  a second time, b u t  beginning a t  a d i f f e r e n t  l o c a t i o n  ( i , e . ,  
E2 f u r t h e r  downstream). Likewise, t he  s e r i e s  of peak a s soc ia t ed  w i t h  
the t h i r d  beam and each beam downstream from it  provides  s t i l l  another  
h i s  t o r y  of the decay. Therefore , t h e  "one-shot" autocorrelogram is 
composed of a t  l e a s t  one decay h i s t o r y  (two beams) and, where more than 
two beams a r e  used, t h e r e  w i l l  be m - 1 of such h i s t o r i e s ,  each h i s t o r y  
beginning a d i s t a n c e  downstream from the  l a s t  equal  t o  the  beam separa-  
t i o n  (see f i g u r e  3-9) .  

I f  t he  assumption i s  made t h a t  t he  decay h i s t o r y  i s  independent 
of p o s i t i o n  over the d i s t a n c e  between t h e  f i r s t  and l a s t  beams, we s e e  
t h a t  a l l  of t hese  time h i s t o r i e s  f a l l  on the curve of the f i r s t  time 
h i s t o r y ,  which begins wi th  the f i r s t  beam (see f i g u r e  3-10). It 
fol lows,  f o r  t h i s  case,  t h a t  a peak r e s u l t i n g  from c o r r e l a t i o n  between 
two downstream beams provides the same information as the c o r r e l a t i o n  
between the  f i r s t  beam and an a d d i t i o n a l  beam having the  same beam 
s e p a r a t i o n  as the  two downstream beams. 

This c h a r a c t e r i s  t i c  of t he  "one-shot" a u t o c o r r e l a t i o n  i s  important 
w i t h  r e s p e c t  t o  the number of beams required t o  determine the decay 
h i s t o r y ,  For example, t h r e e  beams provide four  p o i n t s  on the  decay 
curve,  and fou r  beams provide seven. 

3 . 2 . 4  I n t e r p r e t a t i o n  of t he  Zero Time Lag Peak 

The zero time l a g  va lue  of the decay curve i s  n o t  represented by 
the zero time l a g  va lue  of the "one-shot" a u t o c o r r e l a t i o n .  However, 
t h i s  va lue  can be c a l c u l a t e d  t o  a good approximation i n  many cases .  

Consider t he  gene ra l  case of m number of time h i s t o r i e s  where 
f i ( t )  r e p r e s e n t s  t he  i t h  time h i s t o r y  and 

The gene ra l  form of the "one-shot" a u t o c o r r e l a t i o n  i s  

T m  

A(T)  = l i m  $ 1 1 f i ( t )  f f .  J (t + T)  d t .  
l - + m  T-+w i=l j= l  
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Equation (58) can be represented more convenient ly  i n  terms of a u t o  0 
and c r o s s - c o r r e l a t i o n s ,  as was done previously.  

m m  
F F  

A(T)  L L R i j ( 7 ) .  

i=1 j=1 l+ m 

For the  a p p l i c a t i o n s  considered he re ,  

f o r  X > Y ,  and 

where X and Y a r e  p a r t i c u l a r  values  of i and j. Therefore,  

(59) 

Equation (62) i s  t h e  gene ra l  form of the "one-shot" a u t o c o r r e l a t i o n  f o r  
t h i s  p a r t i c u l a r  type of a p p l i c a t i o n .  For the p r e s e n t ,  assume t h a t  the 
beams have equal  s e n s l t i v i t i e s ,  s ,  and t h a t  t he  zero time l a g  value of 
the i n d i v i d u a l  a u t o c o r r e l a t i o n s  of the f t ( t ) ' s  a r e  equal.  Then, 

A(0) = L Ai(0 )  = mAx(0) 
1+ m i= 1 

and 
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I f  i t  is f u r t h e r  assumed t h a t  the s igna l - to -no i se  r a t i o  approaches 
i n f i n i t y  as the beam s e p a r a t i o n  approaches ze ro  between the f i r s t  beam 
and any one of the downstream beams ( i . e . ,  no no i se  when glj = 0 ) ,  then 
the va lue  of the "one-shot" a u t o c o r r e l a t i o n  i s  equal t o  the c ros s -  
c o r r e l a t i o n  a t  't = 0. 

For t h i s  p a r t i c u l a r  case,  the curve r ep resen t ing  the t r a c e  of peaks as 
a f u n c t i o n  of a on the "one-shot" autocorrelogram ( i . e . ,  the curve r ep re -  
s e n t i n g  the  r a t e  of turbulence decay) w i l l  pass through the p o i n t  

1 
['t = 0, ;;; A(O)]. 

1-t m 

This v a l u e ,  a t  a = 0, i s  an upper l i m i t  and must decrease as the  s i g n a l -  
to-noise  r a t i o  dec reases ,  because,  a t  a = 0 on any autocorrelogram, the 
noise  i s  c o r r e l a t e d  as s t r o n g  as the s i g n a l .  

3.2.5 Time Delays and Zoning of t he  "One-Shot" Autocorrelogram 

Overlapping of regions of c o r r e l a t i o n  on the "one-shot" auto-  
correlogram p r o h i b i t s  c e r t a i n  combinations of beam s e p a r a t i o n s  and 
l i m i t s  the  minimum s e p a r a t i o n  between any two of the beams. There is 
a s o l u t i o n  t o  the  overlapping problem r e f e r r e d  t o  h e r e i n  as the method 
of induced time delay.  E l e c t r o n i c  time de lay  techniques a r e  employed 
i n  many f i e l d s .  I n  t h i s  r e p o r t ,  t h e r e  a r e  th ree  purposes of the induced 
time delay: (1) t o  avoid peak i n t e r f e r e n c e  on the "one-shot" c o r r e l o -  
gram, (2)  t o  i d e n t i f y  a c o r r e l a t i o n  peak p a r t i a l l y  l o s t  i n  c o r r e l a t e d  
n o i s e ,  and (3) t o  zone the  "one-shot" auto-  o r  cross-correlogram, 
thereby providing means f o r  i d e n t i f y i n g  p a r t i c u l a r  pairs  of s i g n a l s  
a s soc ia t ed  wi th  a p a r t i c u l a r  c o r r e l a t i o n  peak on a "one-shot" auto-  or  
cross-correlogram, 

With r e s p e c t  t o  (1) above, f i g u r e  3- l lA shows a "one-shot" auto-  
correlogram where the  measurement was made wi th  two p a r a l l e l  l a s e r  beams 
sepa ra t ed  by 1.90 inches i n  Mach 2 .0  flow. The beams were loca ted  i n  the  
t u r b u l e n t  boundary l a y e r .  

The e f f e c t  of overlapping i s  c l e a r l y  ev iden t  by comparing f i g -  
ure  3-llA w i t h  3-llB. I n  f i g u r e  3 - l lB ,  a c r o s s - c o r r e l a t i o n  was made 
between the two beams which e l i m i n a t e  the  overlapping problem when only 
two beams were used. 
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There is a s o l u t i o n  t o  the overlapping problem. I f  the second 
s i g n a l  of f i g u r e  3 - l l A  had been delayed by e l e c t r o n i c a l l y  introducing 
a known time d e l a  have occurred 
a t  T; = Tm + At. 
the s i g n a l  from t ocorrelogram 
would have looked ch is  a much 
more a c c u r a t e  c o r r  ing the non- zero 
time de lay  c o r r e l  

introduced i n t o  

i b i l i t y  t o  the 
ange of app l i ca -  
r i c  ground winds 
o r r e l a t i o n  method. 

Figure 3-13 i s  a schematic diagram of an atmospheric wind detec-  
t i o n  system composed of s i x  s i g n a l s  r e t r i e v e d  by o p t i c a l  remote sensing 
techniques.  Five of the s i x  d e t e c t o r s  a r e  arranged i n  a f a n  f o r  the 
purpose of determining which s i g n a l  from the f a n  is  c o r r e l a t e d  s t r o n g e s t  
w i th  the  s i g n a l  from an "upwind" l o c a t i o n .  'It i s  a l s o  d e s i r e d  t o  
determine the time l a g  of maximum c o r r e l a t i o n .  I d e a l l y ,  t h i s  can be 
accomplished wi th  the "one-shot" a u t o c o r r e l a t i o n  method using induced 
time delays of known value.  

A s  shown i n  f i g u r e  3-13, t he  s i g n a l s  from the f a n  B,  C,  D ,  E ,  and 
F a r e  each delayed e l e c t r o n i c a l l y  and then added toge the r .  The r e s u l t -  
ing s i g n a l  i s  added t o  s i g n a l  A. The "one-Shot" autocorrelogram of the 
summed s i g n a l  should,  t h e o r e t i c a l l y ,  appear as  shown a t  the bottom of 
f i g u r e  3-13. 

Induced time de lays  can be used t o  zone the "one-shot" auto-  
correlogram f o r  the purpose of peak i d e n t i f i c a t i o n .  I f  no time delays 
a r e  introduced,  t he  peaks would probably overlap.  Even i f  no overlapping 
o c c u r s , t h e r e  would be doubt as t o  which s i g n a l  from the  f a n  produced a 
p a r t i c u l a r  peak. 

The induced time de lay ,  At ,  is  l a r g e  compared t o  the expected 
t r a n s i t  t ime, ' G ~ .  
2At, 3At, 4At and 5At seconds,  r e s p e c t i v e l y ,  a peak r e s u l t i n g  from 
c o r r e l a t i o n  between s i g n a l s  A and B would be expected t o  occur a t  
THb = -rm + At. 
Also,  t he  induced time de lay  method provides a g r a p h i c a l  r e l a t i o n s h i p  
between wind d i r e c t i o n  and the  a b s c i s s a  of t he  "one-shot" au tocor re lo -  
gram. It fol lows t h a t  by comparing the  "one-shot" autocorrelograms of 
t he  same d a t a  b u t  w i t h  d i f f e r e n t  induced time d e l a y s ,  peak i d e n t i f i c a -  
t i o n  should be enhanced. 

Since s i g n a l s  B y  C ,  D,  E ,  and F a r e  delayed by A t ,  

Likewise, f o r  s i g n a l s  A and C,  zLc = T~ + 2At, etC. 

The induced time de lay  method of peak i d e n t i f i c a t i o n  should apply 
j u s t  as w e l l  t o  c r o s s - c o r r e l a t i o n ,  perhaps b e t t e r .  
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3 . 2 . 6  Nois e Analys is* 

The major disadvantage of the "one-shot" a u t o c o r r e l a t i o n  is t h a t  
t h e  no i se - to - s igna l  r a t i o ,  taken wi th  r e s p e c t  t o  a p a r t i c u l a r  time 
h i s  t o r y  contained i n  the  composite , is g r e a t e r  than the  noise-  to-s  i g n a l  
r a t i o  of the  p a r t i c u l a r  time h i s t o r y  taken s e p a r a t e l y .  This i s  neces- 
s a r i l y  t r u e ,  because,  i n  a r eg ion  on the autocorrelogram where two 
s i g n a l s  of a composite time h i s t o r y  are c o r r e l a t e d ,  a l l  o the r  s i g n a l  
and no i se  components r e p r e s e n t  no i se  i n  the  computation. For app l i ca -  
t i o n s  where the no i se - to - s igna l  r a t i o s  of the  ind iv idua l  time h i s t o r i e s  
a r e  l a r g e ,  t he  "one-shot" i n t e g r a t i o n  time may become ve ry  long t o  
achieve the  same accuracy as t h a t  obtained from the  ind iv idua l  c ros s -  
c o r r e l a t i o n s .  However, t h i s  has  n o t  been proven experimental ly .  

I n  the  fol lowing,  l e t  

na = no i se - to - s igna l  r a t i o  of composite time h i s t o r y ,  

n = no i se - to - s igna l  r a t i o  of i n d i v i d u a l  time h i s t o r y ,  

m = number of time h i s t o r i e s  composing the composite 
time h i s  t o r y .  

i = instantaneous value of t he  composite time h i s t o r y .  

i = instantaneous va lue  of the k t h  i n d i v i d u a l  time 

C 

h i s t o r y  (k = 1, 2 ,  ..., m).  

i 

i = instantaneous noise  of i 

= instantaneous s i g n a l  of i k  

k' 

'k 

nk 

Assumptions: 

(1) The no i se - to - s igna l  r a t i o  of t h e  i n d i v i d u a l  time 
h i s  t o r  i e s  a r e  equal .  

(2) The rms va lue  of the i n d i v i d u a l  time h i s t o r i e s  
a r e  equal .  

(3) There i s  s t a t i s t i c a l  s t a t i o n a r i t y .  

* 
The convent ional  s igna l - to -no i se  r a t i o  has been inve r t ed  he re  because 
the  mathematics is s impler . 

49 



Derivat ion:  

From t h e  d e f i n i t i o n s ,  i t  follows t h a t  

i = i, + i, + i, + ... + im = L  ik ,  C 

k=1 

e = r m s  va lue  of composite time h i s t o r y ,  

- - -  
i2 = if + i$ + ... + 2 i l i 2  + ... . 

C 

The cross  product terms approach zero as Ta -$a. Thus, 

i 2 =  i:+q+ ... + ? =  - . -  
C 

k= 1 

I f  the no i se - to - s igna l  r a t i o  is  def ined as the  r a t i o  of the r m s  no i se  i n  
the  composite t o  the  rms va lue  of t he  s i g n a l ,  then, 

and 
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I f  the i n d i v i d u a l  noise-  to-s  i g n a l  r a t i o  i s  def ined a s  the r a t i o  of the 
r m s  no i se  t o  the r m s  s i g n a l ,  taken wi th  r e s p e c t  t o  the i n d i v i d u a l  time 
h i s  t o r  i e s  , then 

- 
n = {%TI2 

S 

and 

Now s u b s t i t u t i n g  equat ion (69) i n t o  (71),  we g e t  

By assumption 2 ,  

and 

By assumptions 1 and 2 ,  

2 7 7 )  



S u b s t i t u t i o n  of equat ion  (76) i n t o  (69) g ives  

and from equat ion  ( 7 7 ) ,  w e  s e e  t h a t  

Replacing 7 i n  equat ion  (80) by the  express ion  i n  (81) y i e l d s  

S u b s t i t u t e  equat ion  ( 8 2 )  i n t o  (71). 

n =  a 
S 

S u b s t i t u t e  equat ion  (73) i n t o  (83). 

Equat ion ( 8 4 )  i s  the  r m s  no i se - to - s igna l  r a t i o  of a composite time 
h i s t o r y  taken w i t h  r e s p e c t  t o  one of t h e  ind iv idua l  s i g n a l s  and 
expressed as a func t ion  of t he  r m s  no i se - to - s igna l  r a t i o  of t he  
ind iv idua l  s i g n a l  . 

The power noise/sLgnal  r a t i o  of t he  composite t i m e  h i s t o r y  
i s  

n = n,2. 
p a  
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The power n o i s e l s i g n a l  r a t i o  of an ind iv idua l  time h i s t o r y  is 

n = n2. 
P 

Then, from equat ion (84),  we s e e  t h a t  

n = m ( 1  + n ) - 1. 
Pa  P 

I n  f i g u r e  3-14, na i s  p l o t t e d  ve r sus  m f o r  s e v e r a l  values  of n. 
For l a r g e  va lues  of n, 

For the range of values  p l o t t e d  i n  f i g u r e  3-14, equat ion (85) i s  not  a 
bad approximation even f o r  n = 4 ,  m = 2. For n = 0, which corresponds 
t o  the case where t h e r e  i s  no no i se  i n  the ind iv idua l  time h i s t o r i e s ,  

n a =&ET. (86) 

It i s  seen from equat ion (86) t h a t  the minimum no i se - to - s igna l  r a t i o  of 
the composite time h i s t o r y  i s  un i ty .  

The p r a c t i c a l  l i m i t a t i o n  is  not s e t  by the inc rease  i n  noise- to-  
s i g n a l  r a t i o  d i r e c t l y ;  r a t h e r ,  i t  i s  the inc rease  i n  i n t e g r a t i o n  time 
r equ i r ed  t o  o b t a i n  the same r e s u l t s  t h a t  would be obtained by c a l c u l a t i n g  
the  i n d i v i d u a l  c r o s s - c o r r e l a t i o n s  w i t h  equal  confidence l e v e l s .  The 
inc rease  i n  i n t e g r a t i o n  time can be descr ibed as the r a t i o  of Ta t o  T. 
Here, Ta i s  the i n t e g r a t i o n  time r equ i r ed  t o  compute the "one-shot" 
a u t o c o r r e l a t i o n  and T i s  the i n t e g r a t i o n  time required t o  compute a 
c r o s s - c o r r e l a t i o n  between two of the ind iv idua l  time h i s t o r i e s ,  The 
r e l a t i o n s  h i p  is" 

m 

m2 - 1 
(n2 + 1)2  + 1 

1 a 
T ' m2 - - =  

-L 

"This r e l a t i o n s h i p  is obtained from r e f e r e n c e  6 .  The n used i n  the 
r e fe rence  i s  the square of t he  n used he re .  
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Note:  
r m s  Values And Noise - t o - S i g n a l  R a t i o s  of  T h e  
I n d i v i d u a l  T i m e  Histories A r e  Assumed Equal. 

R a t i o  of Noise - to - Signal  of 
a Composite T i m e  H i s t o r y ,  na 

0 ~ 

2 

FIG. 3 -14. NO 

n = I O  

n = 5  

n = 3  

n =  4 
n =  0 

-m- 
3 4 5 

N u m b e r  of T i m e  H i s t o r i e s  in C o m p o s i t e  , m  

S E - T O - S  G N A L  R A T I O  OF A C O M P O S  
V E R S U S  

N U M B E R  OF TIME H I S T O R I E S  A D D E D  

T E  



I n  f i g u r e  3-15, the f u n c t i o n a l  r e l a t i o n s h i p  between Ta/T, m, and n 
is  shown. From t h i s  f i g u r e  the  following observat ions can be made: 

(1) The minimum va lue  of Ta i s  

Ta = (2.5)T, 

which corresponds t o  the case of adding two i d e n t i c a l  
s i g n a l s  t o  form the composite, i . e . ,  n = 0 ,  m = 2 .  
However, f o r  t h i s  case,  T i s  a l s o  a minimum. Therefore ,  
adding two, t h r e e ,  o r  four  such s i g n a l s  should be con- 
s ide red  p r a c t i c a l .  V e r i f i c a t i o n  of t h i s  has a l r e a d y  
been presented f o r  m = 2 and rn = 3 .  

(2)  The percentage of i nc rease  i n  i n t e g r a t i o n  time due t o  
adding time h i s t o r i e s  w i th  no i se - to - s igna l  r a t i o s ,  n, 
equal  t o  o r  g r e a t e r  than t h r e e  (n 2 3) is  e s s e n t i a l l y  
t h e  same f o r  f ixed  m. That i s ,  t o  a good approxima- 
t ion, 

l. a 
T - = m2, f o r  n r 3. 

(3) The l i m i t s  T a / T  a r e  

6: 

The i n c r e a s e  i n  the r equ i r ed  i n t e g r a t i o n  t i m e ,  then, r e p r e s e n t s  a ve ry  
important l i m i t a t i o n  upon the p r a c t i c a l  a p p l i c a t i o n  of the "one-shot" 
a u t o c o r r e l a t i b n  method. There i s ,  however, another l i m i t a t i o n  t h a t  i s  
n o t  s o  c r i t i c a l .  This i s  the inc rease  i n  computation time. 

The r a t i o  of computation times i s  g iven  by 

- Ta - 
'a (number of peaks) T ' 
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As explained in section 3 . 2 . 3 ,  the number of peaks on the "one-shot" 
autocorrelogram is 

m 

number of peaks = 1 + 1 (m - k). 
k= 1 

The ratio of computation times is 

Thus, 

which has upper and lower limits : 

In figure 3-16, y, is plotted versus m. 
case where all peaks of the "one-shot" autocorrelogram are considered 
as useful data. 

This figure represents the 

3 . 3  The "One-Shot" Cross-Correlation 

3 .  3 .1  Statement of the Concept 

The second kind of "one-shot" correlation technique is the "one- 
shot" cross -correlation, which is des cr ibed in the f o l  1 owing statement : 
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0 The c r o s s - c o r r e l a t i o n  of a s i n g l e  time h i s t o r y  
w i t h  a composite time h i s t o r y ,  t he  s i n g l e  time 
h i s t o r y  containing a random s i g n a l  t h a t  i s  
s t a t i s t i c a l l y  c o r r e l a t e d  t o  two o r  more random 
s i g n a l s  contained i n  t h e  composite, w i l l  r e s u l t  
i n  a cross-correlogram e x h i b i t i n g  peaks of 
cross-correlat i .on between t h e  s i g n a l  i n  the 
s e p a r a t e  time h i s t o r y  and each of the s i g n a l s  
i n  the  composite, the s i g n a l s  i n  the composite 
s u f f i c i e n t l y  lagging one another  i n  time. 

The d i f f e r e n c e s  between the  "one-shot" a u t o c o r r e l a t i o n  and the 
"one-shot" c r o s s - c o r r e l a t i o n  a r e  as follows: (1) The "one-shot'' c ros s -  
correlogram does n o t  have the l a r g e  peak a t  zero time delay r ep resen t ing  
the mean square va lue  of the composite s i g n a l ,  and ( 2 )  the peaks r e s u l t -  
ing from c o r r e l a t i o n s  between a l l  p o s s i b l e  pa i r s ,  o the r  than those pairs 
formed between the s i g n a l  i n  the s e p a r a t e  time h i s t o r y  and each of those 
i n  the composite, a r e  not p re sen t  on the "one-shot" cross-correlogram. 

These d i f f e r e n c e s  r e p r e s e n t  a loss of information. There a r e  
c a s e s ,  however, where i t  i s  d e s i r a b l e  t o  e l imina te  t h i s  a d d i t i o n a l  com- 
pu ta t ion .  For example, when the  no i se - to - s igna l  r a t i o  of the ind iv idua l  
time h i s t o r i e s  of a composite used i n  computing a "one-shot" au tocor re l a -  
t i o n  a r e  l a r g e .  u s u a l l y  the  e r r o r  i n  eva lua t ing  the zero time delay po in t  
on the eddy decay curve i s  l a r g e .  Also, t he  required i n t e g r a t i o n  
time may be ve ry  long. 
gained by using the "one-shot" c r o s s - c o r r e l a t i o n .  The advantages a r e  
(1) lower no i se - to - s igna l  r a t i o  and, t h e r e f o r e ,  a s h o r t e r  required i n t e -  
g r a t i o n  t ime, and (2)  the c a p a b i l i t y  t o  compute the  c r o s s - c o r r e l a t i o n  
peak a t  zero time de lay  d i r e c t l y  without  an e l e c t r i c a l l y  induced time 
de lay ,  which i s  necessary wi th  the  "one-shot" a u t o c o r r e l a t i o n ,  

I n  such a case,  a donsiderable  advantage can be 

3 . 3 . 2  Mathematical Development 

I n  the fol lowing,  consider  the c r o s s - c o r r e l a t i o n  of a s i n g l e  time 
h i s t o r y ,  f o ( t ) ,  w i t h  a composite time h i s t o r y ,  F ( t ) .  F ( t )  i s  composed 
of m ind iv idua l  time h i s t o r i e s ,  such t h a t  

Assume t h a t  each time h i s t o r y  i n  F ( t )  and f o ( t )  r e p r e s e n t s  random time 
h i s t o r i e s  and t h a t  each can be expressed as the  sum of s i g n a l  plus  no i se  
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where a s i g n a l  i n  F ( t )  r e p r e s e n t s  t h a t  p o r t i o n  of a time h i s t o r y  which 
i s  c o r r e l a t e d  t o  the s i g n a l  of f o ( t ) .  Then, 

m 
T - l  

Furthermore, assume f o r  each f k ( t )  t h a t  

T 

and 

T 
1 f 0 (t) = l i m  - T l f o ( t )  d t  = 0. 

0 
T-+ 00 

The "one-shot" c r o s s - c o r r e l a t i o n  of f o ( t )  w i th  F ( t )  i s  def ined as 

R ( a )  = l i m  
14 m Tc+ co 

,fcfo(t) F ( t  + T )  d t  
Tc 

0 

( 9 3 )  

(94) 

(97 1 

and 
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It i s  assumed t h a t  T, is  s u f f i c i e n t l y  long, such t h a t  

is a good approximation t o  equat ion (98).  

S u b s t i t u t e  equat ions (93) and (94) i n t o  (99 ) .  

TC l r  m v 

Performing the ind ica t ed  mu1 t i p l i c a t i o n  and taking the  summation o u t s i d e  
the i n t e g r a l ,  we o b t a i n  

m TC TC 

R ( a )  =I $ [ f f s  ( t )  
1+ m 

f s  (t + a) d t  +J'fs (t) * f n  ( t  + a) d t  
C 0 k 0 k 

k=l  0 0 

TC *C +Sf. ( t )  f s  ( t  + T) d t  +sfn (t) f ( t  + a) d t  , 
0 k 0 I (101) 

0 0 

The l a s t  t h r e e  i n t e g r a l s  on the  right-hand s i d e  of equa t ion  (101) a r e  
approximately ze ro  because the  time-average v a l u e  of t he  products of s i g n a l s  
w i t h  noise,  and no i se  w i t h  no i se  a r e  zero;  i . e . ,  the n o i s e  component of 
f o ( t )  i s  no t  c o r r e l a t e d  w i t h  the  s i g n a l  and no i se  components i n  the 
composite, F ( t ) .  

Equation (101) reduces t o  
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The summation i n  equa t ion  (102) r e p r e s e n t s  the sum of the  c ros s -co r re l a -  
t i o n s  of t he  s i n g l e  time h i s t o r y  f o ( t )  w i th  each of the time h i s t o r i e s  
i n  the  composite evaluated a t  the  same time de lay ,  T. 

where the  s u b s c r i p t s ,  ( )ok, i n d i c a t e  the s i g n a l s  c r o s s - c o r r e l a t e d ,  as  
w e l l  as the o rde r  of t he  c r o s s - c o r r e l a t i o n .  

I f  i t  i s  assumed t h a t  the s i g n a l s  i n  the  composite a r e  introduced 
s e q u e n t i a l l y  such t h a t  each s i g n a l  i n  time l ags  the previous s i g n a l  s u f -  
f i c i e n t l y  t o  avoid peak i n t e r f e r e n c e ,  the "one-shot" c r o s s - c o r r e l a t i o n  
expressed i n  equat ion (103) becomes 

where T i s  the time de lay  corresponding t o  the peak of the c ros s -co r re -  
l a t i o n  Roj (ao4)  between f o ( t )  and f - ( t  + a) i n  the composite. A l l  o the r  
c r o s s - c o r r e l a  ions i n  equat ion (1033 evaluated a t  aoj a r e  zero by the 
assumption t h a t  overlapping does not  occur. 

03 

Therefore ,  t he  
peaks as t h e r e  
t a i n s  a random 
f, ( t )  

m 
T - l  

Rok(-c .) = 0. 
O J  

k=l 
k # j  

(105) 

"one-shot" cross-correlogram w i l l  be composed of as many 
a r e  time h i s t o r i e s  i n  the composite, each of which con- 
s i g n a l  s t a t i s t i c a l l y  c o r r e l a t e d  t o  the random s i g n a l  i n  

number of peaks = m. (106) 

- 7  o,k+i o,k'  The time de lay  between the k t h  and (kth + 1) peaks i s  T 

which i s  s u f f i c i e n t  t o  avoid overlapping. 
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3.3.3 Experimental V e r i f i c a t i o n  

I n  f i g u r e  3-17, t h r e e  l a s e r  beams, p a r a l l  
normal t o  the mean flow d i r e c t i o n ,  a r e  d i r e c t e d  
boundary l a y e r  on a t h i n  p l a t e .  The e- s t ream Mach nu 
mately 2.0. The beams form a plane t 
plane p a r a l l e l  t o  the s u r f a c e  of t h e  p l a t  
l a s e r  passes through the  boundary l a y e r ,  and a knife-edge 
mately 50 percen t  of the l a s e r  l i g h t ,  prevent ing i t  from r e a c  
photodiode. The un in te r rup ted  p o r t i o n  of the beam is monitored by the  
photodetector  A .  The f l u c t u a t i o n s  of the l a s e r  beam perpendicular  t o  
the knife-edge causes f l u c t u a t i o n s  i n  the amount of l i g h t  monitored by 
t h e  photodiode which converts  t hese  f l u c t u a t i o n s  i n t o  an a c - e l e c t r i c a l  
s i g n a l .  

The downstream l a s e r  beam i s  s p l i t  i n t o  two beams of equal  power. 
Beam 3 passes  d i r e c t l y  through the boundary l a y e r .  Beam 2 i s  r e f l e c t e d  
upstream and then through the boundary l a y e r  a t  a l o c a t i o n  which is  
2.32 inches upstream of beam 3 and 2.63 inches downstream from beam 1. 
A f t e r  beam 2 passes through the boundary l a y e r ,  it i s  r e f l e c t e d  down- 
stream. Beams 2 and 3 a r e  added o p t i c a l l y  by monitoring both beams wi th  
the  same photodetector  B. The f l u c t u a t i o n s  of beams 2 and 3 a r e  r e t r i e v e d  by 
use of a knife-edge i n  the manner descr ibed from beam 1. 

The c r o s s - c o r r e l a t i o n  of the time h i s t o r y  monitored by d e t e c t o r  A ,  
w i t h  the composite time h i s t o r y  monitored by d e t e c t o r  B y  is  shown i n  
f i g u r e  3-7 (lower r i g h t ) .  The two peaks p red ic t ed  by the "one-shot" 
c r o s s - c o r r e l a t i o n  theory a r e  c l e a r l y  ev iden t  and provide s t r o n g  expe r i -  
mental support  t o  i t s  v a l i d i t y .  

I n  o rde r  t o  compare the "one-shot" cross-correlogram obtained 
above w i t h  the "one-shot" autocorrelogram c a l c u l a t e d  from a Composite 
of the same t h r e e  time h i s t o r i e s ,  the ou tpu t  of d e t e c t o r  A was 
e l e c t r o n i c a l l y  added t o  the output  of d e t e c t o r  B y  and the a u t o c o r r e l a -  
t i o n  of the composite was computed as a f u n c t i o n  of time delay.  This 
"one-shot" autocorrelogram i s  shown i n  f i g u r e  3-17 (upper r i g h t ) .  The 
s t r u c t u r e  of t h i s  "one-shot" autocorrelogram w a s  previously discussed 
i n  s e c t i o n  3.2.3. 

I n  f i g u r e  3-18, a "one-shot'' c r o s s - c o r r e l a t i o n  i s  shown w i t h  
t h r e e  beams i n  the  composite time h i s t o r i e s .  During t h i s  p a r t i c u l a r  
run ,  the second beam i n  the composite was n o t  pos i t i oned  on the kn i f e -  
edge. I n s t e a d ,  it w a s  l oca t ed  on the  edge of t he  photodiode oppos i t e  
t o  the knife-edge ( i n  the  downstream d i r e c t i o n ) .  Thus, the edge of 
t he  photodiode performed the same f u n c t i o n  as the  knife-edge, except 
t he  s i g n  of t he  s i g n a l  was reversed.  This i nve r t ed  the second peak on 
the  "one-shot" cross-correlogram and demonstrates the s c h l i e r e n  p r i n c i p l e  
ve ry  we l l .  
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3 . 3 . 4  Noise Analysis  

For the same i n d i v i d u a l  time h i s t o r i e s  the i n t e g r a t i o n  time 
r equ i r ed  t o  compute the "one-shot" c r o s s - c o r r e l a t i o n  would be l e s s  
than the i n t e g r a t i o n  t i m e  r equ i r ed  t o  compute the "one-shot" 
c o r r  e 1 a t  i o n ,  bo th  hav ing the  s ame e r  of peaks on t h e i r  co 
(excluding the  peak a t  zero time d on the one -shot" a u t o  cor r e 1 o- 
gram). 

I n  fol lowing,  we l e t  

o t" c ross  - c o r r e l a t i o n .  

gna l  i n  a composite 
time h i s  tory.  

i ( t )  = instantaneous va lue  of the independent time h i s t o r y .  

ic(t) = instantaneous va lue  of the composite t i m e  h i s t o r y .  

m = number of beams i n  the  composite time h i s t o r y .  

0 

ik(t) = instantaneous va lue  of t he  k t h  i n d i v i d u a l  time 
h i s t o r y  i n  the composite. 

T = i n t e g r a t i o n  time r equ i r ed  t o  compute the c ros s -  
c o r r e l a t i o n  between t h e  independent time h i s t o r y  
and one of the time h i s t o r i e s  i n  the composite. 

The r m s  n o i s e l s i g n a l  r a t i o  of io i s  def ined as 

7 112 

F 
n "A) , 
0 

so  

and from s e c t i o n  3.2,  the no i se - to - s igna l  r a t i o  f o r  a s i g n a l  i n  a com- 
p o s i t e  i s  
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I n  equat ion (108), i t  has been assumed t h a t  the no i se - to - s igna l  r a t i o ,  
n ,  and the mean squared va lues  of t he  i n d i v i d u a l  time h i s t o r i e s  i n  the 
composite a r e  equal .  Also, s t a t i s t i c a l  s t a t i o n a r i t y  i s  assumed. 

The r a t i o  of i n t e g r a t i o n  times i s  

T 

* n 4 +  2n2 + 2 

n F 2  + n2 + n2+ 2 
C C - =  

It has been assumed i n  equa t ion  (109) t h a t  t he  no i se - to - s igna l  r a t i o  
and mean squared va lue  of t he  independent time h i s t o r y ,  io, a r e  equal 
t o  those of an i n d i v i d u a l  time h i s t o r y  i n  t h e  composite; i . e . ,  

n = n  
0 

- -  
i2 0 = i: 

Rearranging equat ion (109) y i e l d s  

(nz - n2).  1 C n2 + 1) 
T 

T 
- -  

(n2 + + 1 

S u b s t i t u t i n g  equa t ion  (108) i n t o  ( 1 1 2 )  and r ea r r ang ing  g ives  

o r  

(m - 1) 

(n2 + + 1 
= m -  C 

T 

T 
- 
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The upper l i m i t  of equat ion (114) is  

l i m  (T,/T) -+ m 
n+ 

and the lower l i m i t  is  

m + l  l i m  (T,/T) -+- 
2 '  n-+ 0 

o r  

Equation (114) shows t h a t  f o r  n 2 3 the r a t i o  of i n t e g r a t i o n  
times (Tc/T) i s ,  t o  a ve ry  good approximation, equal  t o  the number of 
i n d i v i d u a l  time h i s t o r i e s  i n  the composite: 

c .  
T 
- =  m; f o r  n 2 3. T 

I n  ' f igure 3-19, Tc /T  i s  p l o t t e d  versus  m f o r  va r ious  va lues  of n. 

From equat ion (56) i n  s e c t i o n  3.2.3, the number of peaks on a 
"one-shot" autocorrelogram a r e  (excluding the peak a t  z = 0) 

m 

number of peaks =I(.. - k)  

k= l  

1 pa = 7 (m: - ma) .  

The number of peaks on the  "one-shot" cross-correlogram a r e  

P C = m .  C 
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However, f o r  comparison purposes,  it should be requi red  t h a t  

Pc = Pa. 

S u b s t i t u t i n g  equat ions (120) and (121) i n t o  (122) g ives  

1 m = 7 (mz - ma). C 

Replacing m i n  equat ion  (87) wi th  ma, w e  ob ta in  

which is the  "one-shot" a u t o c o r r e l a t i o n  i n t e g r a t i o n  time r a t i o .  Replac- 
ing m i n  equat ion  (114) wi th  mc, we o b t a i n  

m - 1  
C m -  TC - =  

(n2 + 112'+ 1 T C 

Dividing equat ion  (124) by (125) y i e l d s  

1 c mC(n2 + + 1 

and s u b s t i t u t i n g  equat ion  (123) i n t o  (126) y i e l d s  
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From equat ion (127) t he  following conclusions can be drawn: 

(1) The lower l i m i t  of the i n t e g r a t i o n  time r a t i o  i s  

(2) The upper l i m i t  is 

2ma 
l i m  ( T ~ / T ~ )  -+ - . 
n+ rn a 

(3) The i n t e g r a t i o n  time required f o r  the I'one-shot" , 
a u t o c o r r e l a t i o n  i s  always longer than t h a t  r equ i r ed  
f o r  t he  "one-shot" c r o s s - c o r r e l a t i o n .  The minimum 
va lue  occurs i n  the l i m i t  as ma + w  and i s  equal 
t o  2. 

= l i m  (T,/T,) + 2 .  

a 

( 4 )  The maximum va lue  of T a / T  corresponds t o  the l i m i t  
as n 4 0  f o r  ma = 3 and is  equal  t o  3. 

= l i m  (T,/T,) + 3. 

ma=3 

(5) For comparison purposes,  the minimum va lue  of ma is  
3 because the  "one-shot" autocorrelogram f o r  ma = 2 
has only one peak, o the r  than t h a t  a t  T = 0, and the  
corresponding "one-shot" c r o s s - c o r r e l a t i o n  reduces 
t o  the s tandard c r o s s - c o r r e l a t i o n .  By equat ion (123), 
mc = 1 f o r  ma = 2.  
is  only one time h i s t o r y  i n  t h e  composite of the 
" one-s ho t" c ros  s - c o r r e l a t i o n .  ) 

These e q u a l i t i e s  imply t h a t  t h e r e  
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(6) The upper l i m i t  i s  approached r a p i d l y  as n inc reases .  
For n r 3, 

- n g 3  
Ta 2ma 
Tc m - 1 '  a 
- =  

w i t h  l e s s  than one percent  e r r o r .  

(7) The range of Ta/Tc i s  

Ta 
2.50 5 - 5 3 . 0 0  

TC 

f o r  a l l  combinations of n ' s  and m a ' s  between the 
l i m i t s  def ined below. 

Therefore,  t h e  r equ i r ed  i n t e g r a t i o n  time f o r  a "one-shot" a u t o c o r r e l a t i o n  
is  250 t o  300 pe rcen t  longer than t h a t  r equ i r ed  f o r  a "one-shot" cross-  
c o r r e l a t i o n .  This s t a t emen t  i s ,  of course,  r e s t r i c t e d  t o  the assumptions 
made above. 

I n  f i g u r e  3-20, Ta/Tc is p l o t t e d  versus  ma f o r  s e v e r a l  values  of 
n. I f  t h e  power no i se - to - s igna l  r a t i o  had been used i n  the  a n a l y s i s  i n  
place of the r m s  no i se - to - s igna l  r a t i o ,  conclusion (3) would have been 
the only one a f f e c t e d  (n z 3 would have been np B 9 s i n c e  n = n2).  P 

The r a t i o  of t he  computation time r equ i r ed  f o r  the "one-shot" 
c r o s s - c o r r e l a t i o n ,  T,, t o  t h a t  r equ i r ed  f o r  m number of s e p a r a t e  c ros s -  
c o r r e l a t i o n s  (one f o r  each peak on the  "one-shot"corre1ogram) i s  

m - 1  - 1 -  - TC - - -  
m[(n2 + + 1 1  'c mT 

The lower l i m i t  is  

m + l  
l i m  (yc) -+ - 
n-+ 0 

2m ' 
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and the  upper l i m i t  i s  

so  t h a t  

m + l  - 2m 6 yc 6 1, m 2 2. ( 1 3 4 )  

Thus, from equa t ion  ( 1 3 4 ) ,  t he  computation time r equ i r ed  t o  compute the 
"one-shot" c r o s s - c o r r e l a t i o n  i s  always l e s s  t han  t h e  time r equ i r ed  t o  
compute the  m number of c r o s s - c o r r e l a t i o n s  s e p a r a t e l y .  However, as n 
i n c r e a s e s ,  the r a t i o ,  yc, r a p i d l y  approaches i t s  upper l i m i t .  For n 2 3 ,  

yc = 1.0, f o r  n 2 3 (135) 

w i t h  l e s s  than one pe rcen t  e r r o r .  Therefore ,  t he  "one-shot" computa- 
t i o n  time i s  never a disadvantage.  Ac tua l ly ,  yc does no t  account f o r  
computer p r i n t o u t  time and o t h e r  d a t a  handl ing procedures minimized by 
the "one-shot" method. 

Figure 3-21 shows yc p l o t t e d  ve r sus  m f o r  n = 0,  1 and CO. 

3 . 4  Cross Beam Discussion 

3 . 4 . 1  General Discussion 

The "cross-beam" theory [8] i s  e s s e n t i a l l y  a p p l i c a b l e  t o  the 
measurements discussed below, which were made using crossed beams. 
However, a s  descr ibed i n  s e c t i o n  3 . 1 . 1 ,  the  s i g n a l s  were r e t r i e v e d  from 
the  flow by employing the s c h l i e r e n  p r i n c i p l e .  The cross-beam runs d i f -  
f e r  from the p a r a l l e l  beam runs i n  t h a t  t he  c o r r e l a t e d  s i g n a l s  from 
crossed beams a r e  r e t r i e v e d  from a " loca l i zed"  r eg ion  defined by the 
segments of t he  two beams through which the  same d i s tu rbances  p a s s .  The 
l e n g t h  of t he  beam segment i s  approximately the  s i z e  of t he  average d i s -  
turbance passing through and common t o  bo th  beams. Because the  beams 
a r e  c ros sed ,  t he  flow d i s tu rbances  which do not  pass through bo th  beams, 
and thus do n o t  cause c o r r e l a t e d  f l u c t u a t i o n s  i n  the s i g n a l s ,  r e p r e s e n t  
noise .  A s  a r e s u l t ,  the  cross-beam method should r e q u i r e  more i n t e g r a -  
t i o n  time than the  p a r a l l e l  beam method. Nevertheless ,  the crossed-beam 
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geometry o f f e r s  many more advantages than disadvantages.  
of t he  cross-beam method i s  the  u l t i m a t e  ob jec t ive .  

The development 

I n  the fol lowing d i scuss ion ,  a crossed-beam geometry w a s  used 
t o  i n v e s t i g a t e  the c o n t r i b u t i o n  t o  the  c o r r e l a t i o n s  computed using 
p a r a l l e l  beams r e s u l t i n g  from (1) the boundary l a y e r  on the  t e s t  s ec -  
t i o n  windows, (2) the i n t e r a c t i o n  of the w a l l  boundary l a y e r  w i th  the  
boundary l a y e r  on the p l a t e ,  (3) the wake from the  inden ta t ions  i n  the 
p l a t e  running p a r a l l e l  t o  the windows ( f i g u r e  A - 8 ) ,  and ( 4 )  a combina- 
t i o n  of t hese .  Also, a crossed-beam geometry was used t o  make measure- 
ments i n  t h e  wake of t he  model, 

3.4.2 E f f e c t  of the Boundary Layer on the  Tes t  Sec t ion  Windows 

I n  s e c t i o n  3.1.1, i t  was assumed t h a t  t he  s t a t i s t i c a l  p r o p e r t i e s  
of the turbulence along each of t he  l a s e r  beams were cons t an t .  This 
assumption i s  n o t  v a l i d  f o r  p o s i t i o n s  near the t e s t  s e c t i o n  windows 
because of the in f luence  of the w a l l  boundary l a y e r .  However, the 
magnitude of the in f luence  was .the important p o i n t  t o  be determined. 

The n e c e s s i t y  f o r  t h i s  i n v e s t i g a t i o n  r e s u l t s  from the use of 
p a r a l l e l  beams. Beca^use the  average t r a n s i t  time of the d i s tu rbances  
between two pa ra l l e l  beams decreases  from the window t o  the  ou te r  edge 
of t he  boundary l a y e r ,  the e f f e c t  should produce an unsymmetrical con- 
t r i b u t i o n  t o  the  correlogram d i s t r i b u t e d  from a time de lay  (7) s l i g h t l y  
l a r g e r  than the t r a n s i t  time corresponding to free-streamspeed between 
the  beams t o  l a r g e r  va lues  of 7.  Also, the t o t a l  c o n t r i b u t i o n  from the 
w a l l  boundary l a y e r  should be small compared w i t h  the c o r r e l a t i o n  r e s u l t -  
ing from the  d i s tu rbances  along the beams which a r e  g r e a t e r  t han  the  
boundary l a y e r  t h i ckness ,  %, away from the windows (see f i g u r e  3-22). 

Two runs were made using p a r a l l e l  beams separated by 1.87 inches.  
The f i r s t  run w a s  made w i t h  the beams passing through the  boundary l a y e r  
on the t h i n  p l a t e  model ( f i g u r e  2-3). The c e n t e r l i n e s  of the beams were 
0.05 inch  above the s u r f a c e  of t h e  p l a t e .  The c r o s s - c o r r e l a t i o n  of t he  
two s i g n a l s  i s  shown i n  f i g u r e  3-23B. The time de lay  of maximum cor re -  
l a t i o n ,  zm, i s  equal  t o  0,112 mi l l i s econds  (0.106 m s  p lus  0.006 m s  due  
t o  p a r a l l a x ) .  The same r e s u l t  was obtained when the  run  w a s  repeated.  

The beams were e l eva ted  t o  approximately 1.07 inches above t h e  
From the  shadowgraph of p l a t e .  

t he  flow ( f i g u r e  2-3), i t  can be seen  t h a t  t h i s  i s  w e l l  above t h e  
major p o r t i o n  of t h e  boundary l a y e r  (6 mO.3"). 

One run w a s  made and repeated twice. 

A l l  s e t t i n g s  on the  in s t rumen ta t ion  were the  same f o r  a l l  t h r e e  
runs made. The correlogram of one of t he  runs i s  shown i n  f i g u r e  3-23A. 
The correlograms of t he  o t h e r  two runs were e s s e n t i a l l y  the  same as the  
f i r s t .  
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A comparison of f i g u r e s  3-23A and 3-23B would l ead  t o  the con- 
c l u s i o n  t h a t  t h e  boundary l a y e r  on the t e s t  s e c t i o n  windows through 
which the  p a r a l l e l  beams pass does no t  s i g n i f i c a n t l y  a f f e c t  t he  
correlogram. The obse rva t ion  t h a t  the amplitude of t he  s i g n a l s  
decreased by appro a t e l y  a f a c t o r  of f i v e  when the  beams were i n  
t h e  e l eva ted  p o s i t  we l l  above the boundary l a y e r  supports  t h i s  
conclus ion. 

Although the conclusion i s  reasonable ,  we cannot assume t h a t  t he  
w a l l  boundary l a y e r  1.07 inches above the p l a t e  has the same e f f e c t  on 
the  correlogram as the flow r e s u l t i n g  from the  i n t e r a c t i o n  of the w a l l  
and p l a t e  boundary l a y e r s  near the s u r f a c e  of the p l a t e .  This r eg ion  
of i n t e r a c t i o n  may c o n t r i b u t e  heav i ly  t o  t h e  c o r r e l a t i o n .  Therefore ,  
it w a s  necessary t o  design a t e s t  which would s e p a r a t e  the c o r r e l a t i o n s  
along the  beams, such t h a t  t he  c o n t r i b u t i o n s  due t o  the  i n t e r a c t i o n  
zone could be separated from those due t o  the  boundary l a y e r  on t h e  
model. 

3.4.3 I n v e s t i g a t i o n  of the Boundary Layer I n t e r a c t i o n  Zone 

Figure 3-24 shows the p l an  view of t he  t e s t  s e c t i o n .  The two 
l a s e r  beams were crossed such t h a t  the p o i n t  of i n t e r s e c t i o n  w a s  i n  
t h e  middle of t he  t e s t  s e c t i o n  and the plane formed by the  beams was 
approximately p a r a l l e l  t o  the s u r f a c e  of t he  p l a t e .  

Two runs were made w i t h  t h i s  geometry and the cross-correlograms 
were computed on-l ine.  Because of the geometry of t he  beams and t h e  
flow, the  cross-correlogram is symmetrical about the o r i g i n  ( 7  = 0 ) .  
The p o s i t i v e  t i m e  l a g  range w a s  computed during the f i r s t  run ( f i g -  
ure  3-24A), and the  negat ive range was computed during the  second run 
( f i g u r e  3-24B). Cross -co r re l a t ions  between the  beam segments and 
'JE correspond t o  the p o s i t i v e  range of t h e  cross-correlogram, and c ross -  
c o r r e l a t i o n s  between beam segments isT; and Ec correspond t o  the negat ive 
range. 

Two dominant peaks occurred on the  cross-correlogram, one a t  
+0.167 ms and the o t h e r  a t  -0.167 m s  (k0.158 ms k 0.009 m s  due t o  
p a r a l l a x ) .  
sented by these  l a r g e  peaks can be est imated by mul t ip ly ing  t h e  approxi- 
mate speed of t r a n s i t ,  measured wi th  p a r a l l e l  beams a t  the  same d i s t a n c e  
above t h e  p l a t e  (1510 f p s )  by the  t r a n s i t  time (time de lay )  taken from 
the  cross-correlogram. 

The common d i s tu rbances  producing the  c o r r e l a t i o n s  r ep re -  

- = u .  

= (1510) (12) (0.167) 

tapprox. 'm 

= 3.02 inches.  
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Thus, t he  beam segments through which the  common d i s tu rbances  causing 
these  l a r g e  peaks pass a r e  separa ted  by approximately 3.0 inches.  From 
the  beam geometry, we s e e  t h a t  t he  beam segments a r e  ve ry  near  the  
windows i n  the  i n t e r a c t i o n  zone of t h e  w a l l  and p l a t e  boundary l a y e r s .  

To check t h i s  r e s u l t ,  the  p o s i t i o n  of beam i n t e r s e c t i o n  w a s  
changed (see f i g u r e  3-25A). For t h i s  run ,  t he  beams were crossed i n  
the  w a l l  boundary l a y e r  on the  d e t e c t o r  s i d e  of t he  tunnel .  The plane 
formed by the  beams was e s s e n t i a l l y  t h e  same as t h a t  of the  previous 
case (0.20 inches above the  s u r f a c e  of t he  p l a t e ) .  

The cross-correlogram of beam 1 w i t h  beam 2 r ep resen t ing  the  
c r o s s - c o r r e l a t i o n  between beam segments Ai7 and CB is  shown i n  f i g -  
ure  3-25B. The time l ag  of maximum c o r r e l a t i o n  i s  0.263 ms 
(0.248 ms + 0.015 m s  f o r  p a r a l l a x ) .  Again using the  mean speed of 
d i s tu rbances  which was measured wi th  p a r a l l e l  beams, t he  corresponding 
d i s t a n c e  of s e p a r a t i o n  can be es t imated .  

= U T = (1510)(0.263) l o m 3  (12) 
‘est .  m 

= 4.77 inches .  

Thus, t he  beam segments through which the  common d i s tu rbances  producing 
the  c o r r e l a t i o n  peak pass a r e  separa ted  by approximately 4.8 inches.  
From t h e  geometry of f i g u r e  3-258, we s e e  t h a t  the  beam segments 
s epa ra t ed  by 4.8 inches ,  as  measured i n  the  d i r e c t i o n  of flow, a r e  we l l  
i n s i d e  the  i n t e r a c t i o n  zone near  the  window. 

The p o s i t i v e  c o r r e l a t i o n  a t  zero  time l a g  i n  f i g u r e  3-25B was 
expected and i s  due t o  c o r r e l a t i o n  of t he  d i s tu rbances  pass ing  through 
the  i n t e r s e c t i o n  of t he  beams. 

Figure 3-26 shows the  nega t ive  time l a g  range of t he  c ros s -co r re lo -  
gram rep resen t ing  c r o s s - c o r r e l a t i o n  of d i s tu rbances  pass ing  through beam 
segments DB and m. The zero  time l a g  peak was expected;  however, the  
l a r g e  peak previous ly  obtained i n  the  nega t ive  time l a g  range wi th  the  
beam i n t e r s e c t i o n . i n  -the cen te r  of the  t e s t  s e c t i o n  was not  computed. 
An accep tab le  explana t ion  f o r  t h i s  is not  p r e s e n t l y  a v a i l a b l e .  

For the  next  two runs ,  t h e  h o r i z o n t a l  plane of t he  beams was 
e leva ted  1.55 inch  above t h e  s u r f a c e  of t h e  p l a t e .  No o the r  changes 
were made f o r  t hese  two runs ,  which were made t o  eva lua te  the  con- 
t r i b u t i o n  of t he  w a l l  boundary l a y e r  t o  the  correlogram. 
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Figure 3 - 2 7 A  shows the  p o s i t i v e  time l a g  range, and f i g u r e  3 - 2 7 B  
shows t h e  negat ive range. These cross-correlograms co r robora t e  the  
r e s u l t s  obtained using p a r a l l e l  beams, i . e . ,  t h a t  the w a l l  boundary 
l a y e r  a lone  would have v e r y  l i t t l e  i n f luence  upon t h e  correlograms com- 
puted from s i g n a l s  r e t r i e v e d  from the  p l a t e  boundary l a y e r  i f  t he  two 
flows d id  not  i n t e r a c t .  

F i n a l l y ,  i t : c a n  be concluded, b u t  no t  without  an  element of 
u n c e r t a i n t y ,  t h a t  t he  i n t e r a c t i o n  zone near the window and p l a t e  model 
i s  a r eg ion  of i n t e n s e  turbulence and c o n t r i b u t e s  s i g n i f i c a n t l y  t o  the 
magnitude and shape of t he  correlograms computed from s i g n a l s  r e t r i e v e d  
w i t h  p a r a l l e l  l a s e r  beams presented i n  t h i s  r e p o r t .  

I n  gene ra l ,  t hese  resul ts  do not  i n v a l i d a t e  measurements taken 
during t h i s  t e s t  ser ies ,  s i n c e  the t es t  o b j e c t i v e s  were p r i m a r i l y  t o  
a s c e r t a i n  the  f e a s i b i l i t y  of applying e l e c t r o - o p t i c a l  remote sensing 
techniques t o  making measurements of supersonic  t u r b u l e n t  f lows, and t o  
demonstrate the "one-shot" techniques without  ex tens ive  a l t e r a t i o n s  t o  
the  tunnel  o r  expendi tures  of time and manpower. From t h i s  s t andpo in t ,  
the  primary t e s t  o b j e c t i v e s  were achieved, s i n c e  p a r a l l e l  beam c o r r e l a -  
t i o n  r e p r e s e n t s  an o p t i c a l l y  i n t e g r a t e d  ensemble average c o r r e l a t i o n  of 
"eddy" t r a n s i t  times ac ross  the  e n t i r e  t e s t  s e c t i o n .  However, be fo re  
q u a n t i t a t i v e  measurements a r e  made using p a r a l l e l  beams, a two-dimen- 
s i o n a l  f low f i e l d  w i t h  minimized edge e f f e c t s  should be sought,  poss ib ly  
through improvement i n  model design and sensing mode. 

Other a t tempts  t o  minimize edge e f f e c t s  were a l s o  examined. One 
method i n v e s t i g a t e d  is  a type of shadow-correlation technique, which is  
descr ibed i n  s e c t i o n  3.4.5. Crossing the beams i n  a v e r t i c a l  plane which 
is perpendicular  t o  the flow a l s o  e f f e c t i v e l y  e l i m i n a t e s  edge e f f e c t s ,  
b u t  t he  cross-beam method is  r a t h e r  cumbersome f o r  measuring the v e l o c i t y  
p r o f i l e  o r  o t h e r  flow p r o p e r t i e s  near  f l a t  p l a t e s  because of geometr ical  
l i m i t a t i o n s .  Transparent  models would, perhaps,  a l low cross-beam measure 
ments, b u t  passing a beam through a t r a n s p a r e n t  model introduces a new 
problem of beam s t a b i l i t y  which should be i n v e s t i g a t e d .  Nevertheless ,  
cross-beam measurements should be q u i t e  s u c c e s s f u l  and convenient f o r  
making measurements i n  the  wake. The next  s e c t i o n  d i s c u s s e s  one such 
a t t e m p t  t o  o b t a i n  these  cross-beam measurements i n  t h e  t u r b u l e n t  wake of 
t he  t h i n - p l a t e  model under i n v e s t i g a t i o n .  

3.4.4 Cross-Beam Measurement i n  Turbulent Wake 

This  s e c t i o n  d i s c u s s e s  the  f e a s i b i l i t y  of making cross-beam 
measurements i n  the  t u r b u l e n t  wake of the t h i n - p l a t e  model. More space 
i s  a v a i l a b l e  i n  the wake f o r  geometric beam arrangements than i n  the 
boundary l a y e r  on the  model. However, t he  beams could not  be crossed 
perpendicular  t o  one ano the r  [ 8 ]  i n  a v e r t i c a l  plane perpendicular  t o  
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t he  flow because the  Bisonic  Wind Tunnel does n o t  have windows a v a i l - '  
a b l e  f o r  passing a v e r t i c a l  beam through the  flow. Consequently, a 
modified c ros s -b  This beam 
arrangement was s u f f i c  t h e  c r o s s - c o r r e l o -  
gram from t h e  f l  
c e n t e r  of t h e  w a  
t o  both s i g n a l s .  aversed by the  common 
d i s tu rbances  was 0.516 inch. 

The cross-correlogram computed f o r  t h i s  run  i s  shown i n  f i g -  
ure  3-28B. The maximum c o r r e l a t i o n  corresponds t o  a time l a g ,  zm,  9f 
0.036 m s  (0.034 m s  p lus  0.002 m s  compensation f o r  p a r a l l a x ) .  Thus, t h e  
most probable t r a n s i t  speed of a d i s t u r b a  veraged over t h e  t r a n s i t  
d i s t a n c e ,  i s  

= 1194 f p s .  < u> & 4 = 
0.043 

T 36 x m 

This speed i s  71.9 percent  of t he  f r ee - s t r eamspeed ,  U,, i . e . ,  

<u>=-= ' I g 4  0 .719,  
U, 1660 

which i s  not  unreasonable.  

The beams were no t  crossed i n  the v e r t i c a l  plane because it w a s  
des i r ed  t h a t  t he  d i s t a n c e  between the beams va ry  a c r o s s  t h e  t e s t  s ec -  
t i o n .  This provided means by which c o r r e l a t i o n s  near  the windows, i f  
they would have been p r e s e n t ,  could have e a s i l y  been i d e n t i f i e d  by 
t h e i r  l o c a t i o n  on the  cross-correlogram. 

This cross-beam measurement w a s  appa ren t ly  success fu l  from a 
f e a s i b i l i t y  viewpoint .  From these  r e s u l t s ,  i t  appears t h a t  t h e  a p p l i -  
c a t i o n  of t h e  cross-beam method i n  measuring c e r t a i n  p r o p e r t i e s  of 
supersonic  t u r b u l e n t  flaw is  f e a s i b l e .  

3.4.5 Experimental Resu l t s  Using a Shadow-Correlation Method 

I n  the previous s e c t i o n ,  it w a s  shown t h a t  t h e  i n t e r a c t i o n  zone 
near t he  t e s t  s e c t i o n  window had a s i g n i f i c  t in f luence  upon t h e  
correlograms computed from s gna l s  r e t r i e v e d  i t h  para l le l  laser beams. 
The reasons f o r  t h i s  a r e  (1) the i n t e r a c t i o n  zone i s  a zone of more 
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i n t e n s e  turbulence than i s  t h e  turbulence i n  t h e  p l a t e  boundary l a y e r ,  
and ( 2 )  t h e  measurements were made w i t h  t h e  laser q u a s i - s c h l i e r e n  system, 
which is  s e n s i t i v e  t o  the  f i r s t  d e r i v a t i v e  of t h e  d e n s i t y  g r a d i e n t  com- 
ponent normal t o  the  Poynting vec to r  o f  t he  beams. 

There are a t  least  fou r  a l t e r n a t i v e s  o f f e r i n g  some r e l i e f  t o  t h i s  
problem: (a) t o  r edes ign  the  experiment such t h a t  t h e  i n t e r a c t i o n  zone 
i s  el iminated o r  t h e  i n t e n s i t y  of t he  turbulence i n  i t  i s  reduced t o  a n  
accep tab le  l e v e l ;  (b)  t o  employ a sensing mode which is less s e n s i t i v e  
t o  t h e  i n t e r a c t i o n  zone; ( c )  t o  use crossed beams ins t ead  of p a r a l l e l  
beams, o r  (d) t o  study t h e  turbulence i n  t h e  i n t e r a c t i o n  zone i t s e l f ,  
s i n c e  it  can a l r e a d y  be measured ve ry  w e l l .  Because a l t e r n a t i v e  (a) 
above i s  a ma t t e r  o f  model o r  f a c i l i t y  design,  no d i s c u s s i o n  w i l l  be 
presented he re .  A l t e r n a t i v e  ( c )  has a l r eady  been proven t o  be a 
s u c c e s s f u l  s o l u t i o n  ( s e c t i o n  3 .4 .4 ) .  A l t e r n a t i v e  (d)  provides i n t e r e s t -  
ing m a t e r i a l  f o r  d i s c u s s i o n  but f a l l s  o u t s i d e  t h e  scope o f  t h i s  r e p o r t .  
A l t e r n a t i v e  ( c )  i s  of d i r e c t  importance t o  t h e  purpose he re ,  but  w i l l  be 
discussed b r i e f l y  because of t h e  l i m i t a t i o n s  of t he  in s t rumen ta t ion  
a v a i l a b l e  f o r  i n v e s t i g a t i o n  of t he  shadow-correlation remote sensing 
mode. 

I n  s e c t i o n  3.1.1,  t h e  laser q u a s i - s c h l i e r e n  p r i n c i p l e  was descr ibed.  
It w a s  shown t h a t  t h e  ac-coupled e l e c t r i c a l  time h i s t o r y  o f  a beam was 
d i r e c t l y  p r o p o r t i o n a l  t o  i t s  d e f l e c t i o n .  This w a s  accomplished by p l ac -  
ing a knife-edge i n  the  beam ( f i g u r e  3 - 1 ) .  A s  each d i s tu rbance  i n t e r -  
s e c t s  t he  beam, it causes t h e  beam t o  b e  d e f l e c t e d  i n  a p a r t i c u l a r  
d i r e c t i o n ,  and t h e  knife-edge i s  s e n s i t i v e  t o  t h e  x-component of t h i s  
d e f l e c t i o n .  Thus, i t  i s  ev iden t  t h a t  t he  d e t a i l e d  composition o f  a 
d i s tu rbance  determines the  magnitude and d i r e c t i o n  o f  a d e f l e c t i o n .  I f  
t h i s  i s  a c t u a l l y  t h e  c a s e ,  then it  should be p o s s i b l e  t o  sense t h e  changes 
i n  composition by monitoring the  i n t e n s i t y  f l u c t u a t i o n s  i n s i d e  the beam 
i t s e l f .  
t h i n  p l a t e  having a small pinhole .  The diameter of t h e  pinhole  w a s  
smaller  t han  t h a t  o f  t h e  l a s e r  beam. The p l a t e  i s  placed perpendicular  
t o  t h e  beam such t h a t  t he  c e n t e r l i n e s  o f  t h e  beam and pinhole  a r e  
c o l l i n e a r  (see f i g u r e  3-29) .  Because the pinhole  diameter i s  s u f f i c i e n t l y  
small, t h e  photodetector  i s  never exposed t o  t h e  circumference of t h e  
l a s e r  beam. Therefore ,  t h e  f l u c t u a t i o n s  i n  t o t a l  power monitored by t h e  
photodetector  are a r e s u l t  of t he  f l u c t u a t i o n s  i n  i n t e n s i t y  near t h e  
circumference of t h e  pinhole  produced by t h e  d i s tu rbances  i n s i d e  the  
beam. 

To do t h i s ,  t h e  knife-edge i n  f i g u r e  3-1 was replaced w i t h  a 

Two runs  were made using t h e  shadow-correlation mode. The beam 
geometry f o r  t h e  f i r s t  o f  t h e s e  i s  shown i n  f i g u r e  3-30A. This r u n  w a s  
made wi th  the beamscrossed i n  t h e  h o r i z o n t a l  plane i n  t h e  t u r b u l e n t  
boundary l a y e r  on t h e  p l a t e  model s imi la r  t o  those descr ibed i n  s e c t i o n  
3.4.3. The purpose of t h i s  r u n  w a s  t o  compute the  c o n t r i b u t i o n  t o  t h e  
cross-correlogram r e s u l t i n g  from s i g n a l s  r e t r i e v e d  from t h e  i n t e r a c t i o n  
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zones near t he  windows. The cross-correlogram is  shown i n  f i g u r e  3-30B. 
A t  a t i m e  l a g  of  0.160 m s ,  t he  c o n t r i b u t i o n  o f  one i n t e r a c t i o n  zone can 
be d e t e c t e d .  However, by comparing t h i s  correlogram w i t h  t h a t  of f i g -  
u re  3-248, i t  can be seen t h a t  a s i g n i f i c a n t  r educ t ion  has been achieved. 

The purpose of t h e  second run was t o  compute the  correlogram from 
s i g n a l s  r e t r i e v e d  w i t h  para l le l  beams i n  the  t u r b u l e n t  boundary l a y e r  
f o r  a q u a l i t a t i v e  comparison w i t h  f i g u r e  3-30B. The correlogram f o r  t h i s  
run  i s  shown i n  f i g u r e  3-31B and the beam geometry i s  shown i n  f i g u r e  
3-31A. 

Comparing f i g u r e s  3-30B and 3-31B, it can be concluded t h a t  t h e  
shadow-correlation mode o f f e r s  a considerable  advantage over t he  quasi-  
s c h l i e r e n  mode where t h e  beams must pass through regions of turbulence 
near o r  on t h e  t es t  s e c t i o n  windows. However, t h e  magnitude o f  t he  
c o r r e l a t i o n  i s  reduced f o r  t h e  shadow-correlogram due p r i m a r i l y  t o  a 
decrease i n  s i g n a l - t o - n o i s e  r a t i o .  

These conclusions must be  considered as prel iminary due t o  t h e  
l i m i t a t i o n s  of t h e  in s t rumen ta t ion  and hardware a v a i l a b l e .  
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I V .  CONCLUSIONS 

Theore t i ca l  d i scuss ions  and q u a l i t a t i v e  experimental  r e s u l t s  have 
been presented i n  an  at tempt  t o  a s s e s s  the f e a s i b i l i t y  of remotely 
r e t r i e v i n g  s t a t i s t i c a l l y  c o r r e l a t e d  s i g n a l s  from supersonic  aerodynamic 
turbulence which could s u c c e s s f u l l y  be used t o  compute auto-  and c ross -  
correlograms e x h i b i t i n g  a c c u r a t e ,  r ep roduc ib le ,  and r e a d i l y  i d e n t i f i a b l e  
f low- re l a t ed  "peaks" of c o r r e l a t i o n .  With r e s p e c t  t o  t h i s  o b j e c t i v e ,  
the q u a l i t a t i v e  r e s u l t s  presented i n  t h i s  r e p o r t  i n d i c a t e  t h a t  o p t i c a l  
remote probing of supersonic  aerodynamic turbulence using s t a t i s t i c a l  
c o r r e l a t i o n  i s  f e a s i b l e ,  without  the use of t r a c e r s ,  i n  the Bisonic  Wind 
Tunnel of MSFC, and, perhaps,  i n  o the r  f a c i l i t i e s  which e x h i b i t  s i m i l a r  
low f a c i l i t y - i n d u c e d  no i se  l e v e l s .  Other conclusions of t h i s  i n v e s t i g a -  
t i o n  a r e  as fol lows:  

(1) O p t i c a l  remote sensing wi th  p a r a l l e l  o r  crossed l a s e r  beams 
can y i e l d  c o n s i s t e n t  and reproducible  s t a t i s t i c a l  r e s u l t s  which a r e  
r e l a t e d  t o  aerodynamic turbulence,  the p a r t i c u l a r  r e l a t i o n s h i p s  r e q u i r -  
ing t h e o r e t i c a l  analyses  and q u a n t i t a t i v e  experimental  v e r i f i c a t i o n .  

(2) The use  of p a r a l l e l  laser beams f o r  r e t r i e v i n g  s i g n a l s  from 
two-dimensional turbulence'' i nc reases  the power s igna l - to -no i se  r a t i o  
r e l a t i v e  t o  t h a t  obtained wi th  crossed beams. However, d i r e c t  l o c a l i z e d  
measurements r e q u i r e  the crossed-beam geometry. 

(3)  The l a s e r  q u a s i - s c h l i e r e n  system presented h e r e i n  r e q u i r e s  
i s o l a t i o n  from the mechanical, and perhaps a c o u s t i c a l ,  f a c i l i t y - i n d u c e d  
no i se .  For t h i s  system, the major p o r t i o n  of the f a c i l i t y - i n d u c e d  no i se  
e n t e r s  the system a t  the l i g h t  sou rces .  

( 4 )  With r e s p e c t  t o  the d a t a  presented i n  t h i s  r e p o r t ,  which w a s  
obtained wi th  a l a s e r  q u a s i - s c h l i e r e n  system i n  combination wi th  a paral-  
l e l  beam geometry, the boundary l a y e r  on the  windows of t he  t e s t  s e c t i o n  
d id  n o t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  the  computed correlograms. How- 
e v e r ,  the i n t e r a c t i o n  zone r e s u l t i n g  from the  i n t e r a c t i o n  of the window 
and model boundary l a y e r s  appa ren t ly  dominated the measurements. This 
r e s u l t  does no t  i n v a l i d a t e  measurements taken during t h i s  t e s t ,  s i n c e  
t h e  t e s t  o b j e c t i v e  w a s  p r imar i ly  t o  a s c e r t a i n  the f e a s i b i l i t y  of apply- 
ing e l e c t r o - o p t i c a l  remote-sensing techniques t o  making q u a l i t a t i v e  
measurements i n  a supersonic  t u r b u l e n t  flow. From t h i s  s t a n d p o i n t ,  t he  
primary t e s t  o b j e c t i v e s  were achieved. However, be fo re  q u a n t i t a t i v e  

9; 
Note: Two-dimensional time-averaged t u r b u l e n t  p r o p e r t i e s .  
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measurements a r e  made using p a r a l l e l  beams, a two-dimensional flow f i e l d  
w i t h  minimized edge e f f e c t s  should be sought,  poss ib ly  through improve- 
ment i n  model design and sensing mode. 

(5) The shadow-correlation method s i g n i f i c a n t l y  reduces the con- 
t r i b u t i o n s  of the i n t e r a c t i o n  zones,and the crossed-beam g 
s uc ces s f u l 1  y avo i d s  them. 

(6) The "one-shot" auto-  and c r o s s - c o r r e l a t i o n  methods provide a 
convenient means f o r  measuring the decay h i s t o r y  of t u r b u l e n t  s t r u c t u r e s  
i n  two- o r  three-dimensional f l u i d  flows ( f o r  d e t a i l e d  comparison of 
t hese  methods s e e  s e c t i o n  3 . 3 . 4 ) .  

(7)  The most important advantages of t he  "one-shot" a u t o c o r r e l a t i o n  
method a r e  as follows: 

(a) It rep resen t s  the only method f o r  measuring the decay 
h i s t o r y  of turbulence from one sample of da t a .  

(b) Because i t  i s  necessary t o  monitor only a s i n g l e  
composite s i g n a l ,  t h e r e  is  a r educ t ion  i n  i n s t r u -  
mentation compared t o  t h a t  r equ i r ed  f o r  a two- 
channel c r o s s - c o r r e l a t i o n  system. 

(c)  Phase matching e r r o r s  a r e  e l imina ted .  

(d) F a c i l i t y  ope ra t ion  is  reduced by 400 percent  because 
only one run of the f a c i l i t y  i s  r equ i r ed  t o  measure 
the decay h i s t o r y .  

(e )  The amount of da ta  handl ing,  s t o r a g e ,  e t c . ,  i s  reduced. 

( f )  The o v e r a l l  data-processing time i s  reduced. 

(g) This method i s  the  only means by which the decay h i s t o r y  
can be observed v i s u a l l y  "on-line" by d i sp lay ing  the 
"one-shot" autocorrelograms on an osc i l l o scope  as the  
d a t a  a r e  c o l l e c t e d  and computed from the same s e t  of 
t u r b u l e n t  da ta .  

(8) The major disadvantage of t he  "one-shot" a u t o c o r r e l a t i o n  i s  
t h a t  the s i g n a l - t o - n o i s e  r a t i o ,  taken w i t h  r e s p e c t  t o  a p a r t i c u l a r  time 
h i s t o r y  contained i n  the  composite, is sma l l e r  than t h e  s igna l - to -no i se  
r a t i o  of t he  p a r t i c u l a r  time h i s t o r y  taken s e p a r a t e l y .  
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( 9 )  The "one-shot" c r o s s - c o r r e l a t i o n  method has the  following 
major advantages over the "one-shot" a u t o c o r r e l a t i o n :  (a) There i s  a 
higher  s i g n a l - t o - n o i s e  r a t i o ,  and t h e r e f o r e  the  r equ i r ed  i n t e g r a t i o n  
time f o r  a "one-shot" a u t o c o r r e l a t i o n  i s  250 t o  300 pe rcen t  longer than 
t h a t  r equ i r ed  f o r  a "one-shot" c r o s s - c o r r e l a t i o n .  (This s ta tement  is  , 
of course,  r e s t r i c t e d  t o  the  assumptions i n  s e c t i o n  3 . 3 . 4 . )  The "one- 
shot"  method provides a means f o r  computing the c r o s s - c o r r e l a t i o n  peak 
a t  zero time de lay  d i r e c t l y  without  the e l e c t r i c a l l y  induced time de lay  
necessary w i t h  the  If one-s ho t" au toco r re  l a  t ion .  

(10) The computation time r equ i r ed  f o r  t he  "one-shot" c ros s -co r re l a -  
t i o n  i s  equal  t o  o r  l e s s  than t h a t  r equ i r ed  t o  compute the  equ iva len t  
number of ind i v  i d u a l  c ros s  - c o r r e l a  t ions.  

(11) The method of induced time de lay  extends the p o t e n t i a l  app l i ca -  
t i o n  of t h e  "one-shot" c o r r e l a t i o n  methods and may be used (a )  t o  avoid 
peak i n t e r f e r e n c e  on a "one-shot" correlogram, (b) t o  i d e n t i f y  a c o r r e l a -  
t i o n  peak p a r t i a l l y  l o s t  i n  c o r r e l a t e d  n o i s e ,  and (c )  t o  zone the  "one- 
shot"  auto-  o r  cross-correlogram, thereby providing a means f o r  i d e n t i f y -  
ing a p a r t i c u l a r  p a i r  of s i g n a l s  a s soc ia t ed  wi th  a p a r t i c u l a r  c o r r e l a t i o n  
peak on a "one-shot" auto-  o r  cross-correlogram, 

(12) The l a s e r  q u a s i - s c h l i e r e n  system descr ibed i n  s e c t i o n  3 .1 .1  is  
the most r ep roduc ib le ,  convenient,  and flow-sens i t i v e  system p r e s e n t l y  
a v a i l a b l e  f o r  s tudying remote sens ing  of aerodynamic turbulence i n  wind 
tunnels .  

(13) No experimental  a t t empt  w a s  made t o  determine how the c o r r e l a -  
t i o n s  computed from s i g n a l s  r e t r i e v e d  using the l a s e r  q u a s i - s c h l i e r e n  
sys tem were p h y s i c a l l y  r e l a t e d  t o  the flow d i s tu rbances  causing the 
s i g n a l s .  It can be concluded, however, t h a t  the c o r r e l a t i o n s  presented 
i n  t h i s  r e p o r t  a r e  r e l a t e d  t o  the  propagation of supersonic  turbulence.  

(14) The shape of the correlogram i n  the r eg ion  of a "peak" c o r r e l a -  
t i o n  computed from l a s e r  q u a s i - s c h l i e r e n  s i g n a l s  i s  d i r e c t l y  r e l a t e d  t o  
the  p o s i t i o n  of the knife-edges r e l a t i v e  t o  one another  and the flow 
i t s e l f .  One exp lana t ion  of t h i s  i s  presented i n  s e c t i o n  3.1.1 where i t  
is  t h e o r e t i c a l l y  concluded t h a t  t he  c o r r e l a t i o n  between s i g n a l s  i s  pro- 
p o r t i o n a l  t o  the time-averaged two-point product of the f l u c t u a t i n g  
d e n s i t y  g r a d i e n t  component i n  the d i r e c t i o n  of flow. For p a r a l l e l  beams, 
t h i s  two-point product i s  i n t e g r a t e d  along the beams from source t o  
d e t e c t o r .  
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APPENDIX A 

DESCRIPTION OF THE BISONIC WIND TUNNEL 

FACILITY, MODELS, AND INSTRUMENTATION 

This  appendix p r e s e n t s  a general  d i s c u s s i o n  o f  important des ign  
c h a r a c t e r i s t i c s  o f  MSFC'S 7-Inch Bisonic Wind Tunnel f a c i l i t y ,  t h e  
two-dimensional, boundary l a y e r  and wedge models, i n s t rumen ta t ion  f o r  
remote sensing supersonic  flows, the gene ra l  t es t  procedure,  and t h e  
analog d a t a  r educ t ion  equipment used f o r  t h i s  tes t  s e r i e s .  

The s a l i e n t  f e a t u r e s  o f  t h i s  equipment and in s t rumen ta t ion  and 
t h e i r  r e s p e c t i v e  r o l e s  i n  d a t a  i n t e r p r e t a t i o n  are discussed below. 

A - 1  MSFC'S 7 x 7-Inch Bisonic  Wind Tunnel (BWT) 

This t e s t  f a c i l i t y  i s  a supersonic  blowdown type o f  wind tunne l  
(Figure A - 1 ) .  
approximately 14.4 p s i a  w i t h  1 .6  percent  v a r i a t i o n )  i s  suppl ied t o  a 
7" x 7" t es t  s e c t i o n  and exhausted t o  e s s e n t i a l l y  vacuum cond i t ions  
(approximately 20 t o  29 i n .  hg . ) .  Figure A-2 shows a schematic r e p r e -  
s e n t a t i o n  of t h i s  f a c i l i t y .  Major dimensions of t h e  tunnel  a r e  given 
i n  Figure A - 3 .  

Dry a i r  a t  atmospheric p re s su res  (or  atmospheric a i r  a t  

Two a i r  d rye r s  a r e  connected i n  tandem t o  charge the tanks (Fig- 
u re  A - 2 ) .  
takes  i n  t h i s  amount and r e c i r c u l a t e s  an a d d i t i o n a l  12,000 cu f t /min .  
Two combined tanks equipped w i t h  a rubber diaphragm l i n e r  s t o r e  up t o  
60,000 cu f t ;  however, one tank i s  c u r r e n t l y  no t  i n  the c i r c u i t .  

The f i r s t  takes i n  a i r  a t  3,000 cu f t /min ,  wh i l e  the second 

Two F u l l e r  duplex and two-stage r o t a r y  pumps provide an o v e r a l l  
vacuum r a t e  of 8920 cu f t /min.  
time from atmosphere (approx. 14.4 p s i )  t o  0.15 p s i  f o r  the s i x  i n t e r -  
connected c y l i n d r i c a l  s t e e l  vacuum tanks.  The combined capac i ty  f o r  
t h i s  vacuum s t o r a g e  i s  42,000 c u / f t .  

This r e s u l t s  i n  a 40-minute pump-down 

Mach number c o n t r o l  is  provided by removable nozzles (Figure A-3) 
machined from s o l i d  b r a s s  t o  a to l e rance  of kO.001 inches.  A hydrau l i c -  
a l l y  a c t i v a t e d  mechanism clamps and a l i g n s  the nozzle  i n  p o s i t i o n .  The 
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t es t  s e c t i o n  formed by t h e  nozzle  i s  7.029 inches wide and about 7 inches 
high (see Figure A-4). Although s e v e r a l  nozzles  providing Mach numbers 
o f  1.54, 1.99, 2.44, 3.00, 3.26, 4.00, and 5.00 are a v a i l a b l e ,  on ly  a 
Mach number o f  1.99 w a s  used i n  these  tes ts .  The tes t  rhombus, shock 
ang le ,  m a s s  flow, e t c . ,  f o r  t h i s  nozzle-model combination a r e  discussed 
i n  subsec t ion  A-2 of t h i s  appendix. 

The t e s t  s e c t i o n  s i d e  wal l s  which enc lose  t h e  windows are hinged 
a t  the  top and are a c t i v a t e d  by ( see  Figure A-1) h y d r a u l i c  c y l i n d e r s .  
These doors ,  one on e i t h e r  s i d e ,  extend t h e  f u l l  l eng th  of t h e  t e s t  
s e c t i o n .  The 6- x 6-inch g l a s s  windows, 1 and 1/16 inches t h i c k ,  are 
mounted i n  t h e  doors i n  such a manner t h a t  d i s c o n t i n u i t i e s  between frame 
and g l a s s  s u r f a c e  i n s i d e  t h e  t es t  s e c t i o n  (Figure A-4) are avoided. 
These windows provide s c h l i e r e n  and shadowgraph v i s u a l i z a t i o n  of t he  
flow reg ion ,  as w e l l  as t o  f a c i l i t a t e  access  f o r  remote sensing by 
lasers,  u l t r a v i o l e t ,  o r  o t h e r  l i g h t  sources .  

Pneumatically i n f l a t e d  s e a l s  a r e  used along the nozzle contour 
(Figure A-4) and a t  the  r i m  of the doors .  
m a t i c a l l y  blocked i f  a l l  s e a l s  a r e  no t  a c t i v a t e d .  

Tunnel ope ra t ion  i s  auto-  

Two primary va lves  (Figures A-2 and A-3) s e p a r a t e  the t e s t  s e c t i o n  
from t h e  a i r  supply and vacuum tanks ,  r e s p e c t i v e l y .  Both va lves ,  which 
are h y d r a u l i c a l l y  a c t i v a t e d ,  provide p o s i t i v e  s e a l i n g  when closed.  When 
i n  t h e  open p o s i t i o n ,  a box-shaped ex tens ion  on the  g a t e  i s  a l igned  wi th  
t h e  tunnel  duct  i n  such a manner t h a t  a smooth c o n t i n u i t y  of aerodynamic 
s u r f a c e s  i s  provided. 

S t a r t i n g  and s topping processes  r e q u i r e  about four  seconds. The 
a i r  flow i s  c o n t r o l l e d  by the  upstream g a t e  va lve .  This has two 
advantages: (1) s t a r t i n g  loads on the  model and t e s t  s e c t i o n  are 
reduced t o  a minimum, and (2)  t he  tunnel  i s  evacuated be fo re  t h e  flow 
i s  e s t a b l i s h e d ,  and t h e r e f o r e  s e t t l i n g  time i s  reduced f o r  the flow 
s i n c e  t es t  s e c t i o n  p res su res  are nea re r  vacuum than  atmospheric.  

An a d j u s t a b l e  o u t l e t  d i f f u s e r  (Figure A-3) of high aerodynamic 
e f f i c i e n c y  inc reases  tunnel  running time. The maximum and minimum 
p o s i t i o n s  of t h e  d i f f u s e r  are p r e s e t  f o r  each nozzle  (corresponding t o  
a given Mach number). A t  the  s ta r t  cond i t ion ,  t h e  d i f f u s e r  i s  open 
and i s  au tomat i ca l ly  c losed immediately a f t e r  t h e  flow i s  e s t a b l i s h e d  
t o  provide maximum pres su re  recovery.  

The o p e r a t i o n  of t he  wind tunne l  i s  automatic.  A l l  v a l v e s ,  g a t e s  
and d i f f u s e r s  are h y d r a u l i c ,  and may be operated through a series of 
micro-switches and r e l a y  c i r c u i t s  by one but ton.  By t u r n i n g  t h e  
s e l e c t o r  switch t o  manual p o s i t i o n ,  any of t he  o p e r a t i o n s  can a l s o  be 
c o n t r o l l e d  i n d i v i d u a l l y ,  i f  d e s i r e d .  

98 



Figure A-5 shows t h e  d e t a i l s  of t h e  c o n t r o l  console f o r  t h e  
tunne l ,  a long w i t h  an  o p t i o n a l  t a p e  r eco rde r .  Notice the s i m p l i f i e d  
c o n t r o l s  and l i g h t e d  c o n t r o l  diagram mid-way o f  t h e  c e n t e r  panel.  I n  
t h i s  v i s u a l - c o n t r o l  schematic,  each c o n t r o l  element (va lve ,  d i f f u s e r ,  
e tc . )  i s  i l l umina ted  as it i s  a c t i v a t e d  e i t h e r  manually o r  e l e c t r o n i c a l l y .  
The c l o s e  proximity of t h e  tunnel  c o n t r o l  console  can be observed i n  
Figure A-1. 

Add i t iona l  information on t h e  7-inch Bisonic  Wind Tunnel can be 
ob ta ined  from r e f e r e n c e  7. 

A-2 Models 

This s e c t i o n  d e s c r i b e s  the  design c h a r a c t e r i s t i c s  o f  t h e  models 
used i n  t h i s  t es t  series.  The model most f r e q u e n t l y  used i n  t h i s  s e r i e s  
i s  a t h i n  two-dimensional p l a t e  f o r  gene ra t ion  of t u r b u l e n t  boundary 
l a y e r  and wake flows. The second model c o n s i s t s  of a two-dimensional 
wedge f o r  s imula t ion  o f  base r e c i r c u l a t i n g  flows. 

A-2.1 Thin P l a t e  Model 

This model i s  e s s e n t i a l l y  a two-dimensional turbulence-  
gene ra t ing  p l a t e  (Figure A-6) constructed o f  aluminum. The l ead ing  
edge has a 9"32' taper which extends back f o r  1 .5  inches.  The p l a t e  
c o n s i s t s  of a 114" t h i c k  f l a t  s u r f a c e  f o r  an  a d d i t i o n a l  4.5 inches.  
The o v e r a l l  p l a t e ,  1 7  inches long, has a t r a i l i n g  edge of 11 inches 
w i t h  a ve ry  slow l "34 '  taper.  This model w a s  mounted pa ra l l e l  t o  the  
f l o o r  on t h e  h o r i z o n t a l  c e n t e r l i n e  of t h e  t e s t  s e c t i o n  (Figure A-7). 
It spans the  f u l l  width of t he  tunnel  f o r  the f i r s t  5-114 inches,  b u t  
has a 5132-inch cu tou t  o r  i nden ta t ion  on e i t h e r  s i d e ,  avoiding f u l l  
c o n t a c t  w i th  the  window of the  tunnel (see Figure A-4). The model show- 
ing s u r f a c e  f i n i s h ,  leading edge, and threaded holes  ( s i x  8-32) f o r  
mounting i s  photographed i n  Figure A-8. 

During these  tes ts  the  models were ope ra t ed  w i t h  t h e  Mach 
1.99 nozzle .  The flow f i e l d  r e s u l t i n g  from t h i s  combination o f  nozzle  
and t h i n - p l a t e  model i s  dep ic t ed  i n  Figure 2-3. 

The model w a s  mounted as shown i n  Figures A-4 and A-5. I n  
t h i s  p o s i t i o n ,  t he  sonic  t h r o a t  moves s l i g h t l y  downstream ( p o s i t i v e  x- 
d i r e c t i o n )  from t h e  nozzle  geometric t h r o a t ,  and dual  s o n i c  t h r o a t s  
(one above and one below) are formed on t h e  model about one t o  one and 
one-half  inches downstream of t h e  nozzle t h r o a t .  It can be seen from 
t h e  shadowgraph i n  Figure 2-3 t h a t  no shock rhombus is  formed on by 
leading edge o r  r e f l e c t i o n  from the  walls.  
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Assuming t h e  t h r o a t  l o c a t i o n  descr ibed above , one-dimensional 
Mach number, s t a t i c  p r e s s u r e ,  d e n s i t y  and temperature v a r i a t i o n s  were 
c a l c u l a t e d  f o r  t h e  model-nozzle combination. This information i s  
depicted i n  Figure A-9 which a l s o  shows a drawing o f  t he  geometric rela- 
t i o n s h i p  of t h e  model and nozzle  contour.  
t h e  tes t  s e c t i o n  is  apprdximately 1660 f p s .  This information was used 
f o r  comparison t o  convect ion speeds measured by t h e  remote sensing 
s y s  t e m .  

The f r ees t r eam flow,speed i n  

A-2.2 Two-Dimensional Wedge Model 

The two-dimensional wedge model f o r  s imula t ion  of r e c i r c u l a t -  
ing base flows i s  presented i n  Figure A-10. The model, about 7 inches 
wide, about 4 inches long, and about 0.75 inch t h i c k ,  spans t h e  f u l l  
width of t h e  tunne l .  Constructed o f  aluminum, t h e  model i s  r e l a t i v e l y  
smooth and has a s u r f a c e  f i n i s h  (about 125).  The l ead ing  edge has a 
9' taper. The wedge i s  a t t ached  t o  t h e  tunnel  s i d e  walls by four  8-32 
screws w i t h  t h e  a x i s  mounted along t h e  c e n t e r l i n e ,  and t h e  tapered 
l ead ing  edge f a c i n g  upstream. 
i s  shown i n  Figure 2-1. 

The flow f i e l d  generated by t h i s  model 

A- 3 Ins  t r ume n t  a t ion  

This s e c t i o n  d e s c r i b e s  the in s t rumen ta t ion  used f o r  s ens ing  i n  t h i s  
t e s t  s e r i e s .  

A t y p i c a l  l a s e r - s c h l i e r e n  wi r ing  schematic f o r  remote-sensing 
in s t rumen ta t ion  i s  shown i n  Figure A - 1 1 .  Several  v a r i a t i o n s  of 
t h i s  arrangement a r e  p o s s i b l e ,  depending on t h e  type o f  flow problem 
and d a t a  d e s i r e d  (e .g . ,  amount of filtering,amplification, gene ra l  flow 
cond i t ions ,  e t c . ) .  The b a s i c  components as seen from t h e  schematic are,  
i n  o r d e r ,  a source (or  l a s e r ) ,  pho tode tec to r ,  photodetector  power 
supply,  a m p l i f i e r s ,  low and h igh  c u t o f f  f i l t e r  (op t iona l  f o r  some 
c a s e s ) ,  o s c i l l o s c o p e  f o r  obse rva t ion  o f  r a w  d a t a  s i g n a l ,  analog c o r r e -  
l a t o r ,  and f i n a l l y  a n  o s c i l l o s c o p e  and Polaroid camera f o r  viewing and 
r eco rd ing  t h e  f i n a l  correlogram o f  t h e  s i g n a l s .  

Figure A-12 i s  a photograph showing p a r t  o f  t h e  in s t rumen ta t ion  
i n s t a l l e d  a t  t h e  7-inch Bisonic  Tunnel. This photograph shows t h e  
gene ra l  arrangement o f  t h e  l i g h t  source (placed f o r  paral le l  beam 
measurements), t h e  t r a v e r s i n g  and e l e v a t i n g  s t a n d ,  t h e  analog c o r r e l a -  
t o r ,  and p a r t  o f  t h e  convent ional  s c h l i e r e n  system from which flow s t u d i e s  
can be made independent of  t h e  remote-sensing system. 
more d e t a i l s  of t h e  e l e c t r o n i c  equipment used f o r  processing t h e  r a w  
s i g n a l s .  This equipment i s  desc r ibed  i n  more dep th  i n  t h e  fol lowing 
paragraphs.  

Figure A-13 shows 

100 



A-3.1 Photodiodes 

S p e c t r a l  Response 

The photodiodes used f o r  s i g n a l  d e t e c t i o n  were EG&G (Edgerton, 
Germmeshausen, & Grier,  Inc.)  Model S-D 100. This i s  a f a s t  response 
l i g h t  d e t e c t o r  which o p e r a t e s  i n  the  v i s i b l e  and nea r - in f r a red  spectrum. 
This s i l i c o n  photodiode, o p e r a t i n g  over a wide spectral range,  has f a s t  
response t i m e  combined w i t h  high s e n s i t i v i t y .  S p e c t r a l  response i s  from 
0.35 t o  1.13 microns (near  u l t r a v i o l e t  t o  near i n f r a r e d ) .  The s e n s i -  
t i v i t y  i s  0.25 pa/pw a t  0 . 9 ~ .  
are 4 x lo-' and 15 x lo-' sec .  Noise equ iva len t  power (NEP) i s  i n  
o rde r  of 1 x 
0.2 x amperes can be achieved w i t h  a b i a s  of 10 v o l t s .  

Typical va lues  of r i s e  and f a l l  t i m e s  

w a t t s / J c p s  a t  1000 cps.  A dark c u r r e n t  lower than 

0.35 1.13 

The temperature o p e r a t i n g  range v a r i e s  from -65 t o  +lOO°C. 
The window i s  0.12" i n  diameter ,  cons t ruc t ed  o f  Corning 7052 g l a s s .  
S e n s i t i v e  area i s  0.11 ir? (0.073 cm2). Typical  c h a r a c t e r i s t i c s  of 
t h i s  photodiode are summarized i n  the  fol lowing t a b l e .  

S e n s i t i v i t y  ( 0 . 9 ~ )  

Rise T i m e  

TABLE A-1. PHOTODIODE CHARACTERISTICS 

0.25 

4 x 10-9 

I Minimum Typical I 

F a l l  T i m e  15 10-9 

Bias 

Capacitance 

S a t u r a t i o n  Photo-Current 

1 150 

8 

0.12 

L i n e a r i t y  I I R "  I 

Operating Temperature I -65 I I + 100 

Units  of Range 

Microns (10% p o i n t s )  
c 

Pa/ ww 

Sec @ 90 

Sec @ 90 

n = 1.0 (wi th in  5% 
over 7 decades) 

Volts  

Picofarads @ 90 

Peak amps from photo 
active area, load 
< 500 ohms a t  90 b i a s  
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During t e s t i n g ,  t h e s e  photodiodes are mounted i n  a convenient 
housing which has a BNC connector.  The photodiode housing mounted on 
Uni-Slide e l e v a t i n g  mechanisms are shown i n  Figure A-14.  The adhesive 
tape showing on t h e  photodiode holds  s a f e t y  r a z o r  b l ades  i n  p o s i t i o n  t o  
s p l i t  t he  beam, thus  c r e a t i n g  a q u a s i - s c h l i e r e n  e f f e c t  (see s e c t i o n  
3.1.1) .  The pho tode tec to r s  are mounted on an e l e v a t i n g  and t r a v e r s i n g  
s tand s imi la r  t o  t h e  laser source (Figure A-12). Figure A-15  shows t h e  
photodetector  and mi r ro r  arrangement used f o r  t h e  c r o s s  beam measure- 
ment d i scussed  i n  s e c t i o n  3.4.1. 

A-3.2 DC Power Supply 

The photodiode power supply c o n s i s t s  of a 22-112 v o l t  
b a t t e r y  w i t h  an  a d j u s t a b l e  potent iometer  t o  r e g u l a t e  t h e  dc c u r r e n t .  
Normal o p e r a t i o n  i s  l e s s  t han  112 u n i t  ou tpu t  w i t h  a t o t a l  power up 
t o  1 m i l l i w a t t .  Figure A-16 shows t y p i c a l  no i se  v o l t a g e  as a func t ion  
of frequency. These components are housed i n  a s m a l l  metal box (2" x 
4" x 4")  w i t h  a p p r o p r i a t e  BNC connectors a t t ached  f o r  convenience o f  
opera t ion. 

Figure A-16 shows t h a t ,  f o r  a 22-112 V b a t t e r y ,  t h i s  photo- 
diode has less than 5 percent  no i se  from 500 Hz t o  l a r g e  values  of f r e -  
quency. Figure A-13 shows the  photodiode power supply "one l i n e , "  
i n s t a l l e d  i n  i t s  normal l o c a t i o n .  

A-3.3 Amplif iers  

The a m p l i f i e r s  used f o r  t h e s e  tests were two (one pe r  
beam) Redcor Model 500, a two-stage type.  The o p e r a t i n g  power of t hese  
a m p l i f i e r s  i s  115V I f :  10 pe rcen t ,  60 cyc le  a c  c u r r e n t  a t  10 w a t t s .  The 
g a i n  f o r  each s t a g e  ranges from a minimum of  10 to  a maximum of 1000 i n  
10 s teps  wi th  accuracy of 10.02 percent  ( d c ) ,  l i n e a r i t y  t O . O 1  percent  
(dc) and s t a b i l i t y  t O . O 1  percent  ( d c ) .  Bandwidth a t  3 db f u l l  s c a l e  i s  
1000 KC maximum (dc)  and 10 cps minimum (dc) .  Temperature o p e r a t i n g  
range i s  0 t o  5OoC. The fol lowing no i se  f o r  t he  REDCOR i s  quoted wi th  
99.9 pe rcen t  confidence.  

TABLE A-2. TYPICAL AMPLIFIER NOISE 

Frequency Noise 

100 KC 10 pv ms 
1 KC 20 pv peak t o  peak 

300 c p s  

30 cps 

14 pv peak t o  peak 

4 pv  peak t o  peak 
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The ou tpu t  is  t10 v o l t s ,  tl0 mill iamperes  c u r r e n t  f o r  both channels,  and 
the  s e t t l i n g  time f o r  a f u l l - s c a l e  s t e p  i n p u t  i s  20 microseconds t o  0.01 
percent  of f i n a l  va lue  a t  100 KC bandwidth. Addit ional  f e a t u r e s  of t h i s  
a m p l i f i e r  i s  an a d j u s t a b l e  bandwidth, high inpu t  impedance, and a band- 
width t h a t  i s  unaffected by g a i n  change. It a l s o  f e a t u r e s  a s o l i d  s t a t e  
chopper. 

Figure A-13 shows a p a i r  of Redcor a m p l i f i e r s  on l i n e ;  t he  
corresponding wir ing diagram i s  shown i n  Figure A - 1 1 .  

A-3.4 F i l t e r s  

An A l l i s o n  v a r i a b l e  f i l t e r  (Model 2BR) w a s  used on each 
l e g  of the remote sensing c i r c u i t r y  (see f i g u r e s  A - 1 1  and A-13). This 
f i l t e r  f e a t u r e s  two s e p a r a t e  networks: a high-pass double K s e c t i o n  
f i l t e r  (0 t o  20 KC) and a low-pass double K s e c t i o n  f i l t e r  (0 t o  20 KC).  
The low pass frequency was n o t  used f o r  t h i s  t e s t ;  r a t h e r ,  the low pass 
was l imi t ed  t o  30 KHz by the Redcor low-pass frequency cu to f f  or  t o  
100 KHz when no low-pass f i l t e r  w a s  used. Each f i l t e r  has 2 c o n t r o l s :  
an a c t i v e  band switch which changes the cu to f f  frequency i n  octave s t e p s  
and a m u l t i p l i e r  d i a l  which tunes the cu to f f  frequency over one octave.  
The cu to f f  frequency i s  t h a t  which i s  a t t enua ted  approximately 3 db from 
the  minimum i n s e r t i o n  lo s s .  The minimum band pass without  a d d i t i o n a l  
i n s e r t i o n  l o s s  i s  113 octave.  The a t t e n u a t i o n  r a t e  of t hese  f i l t e r s  i s  
about 30 db per octave.  Each was pre-tuned t o  provide a minimum phase 
s h i f t  f o r  s i g n a l s  over the frequency range a n t i c i p a t e d  i n  these  t e s t s .  
D i s t o r t i o n  i s  about 1 pe rcen t  f o r  a 10-vol t  i npu t ,  and a t  1 v o l t ,  i t  i s  
l e s s  t han  0.10 percent .  This instrument i s  recommended f o r  measurements 
t o  120 db below 1 v o l t .  

A-3.5 L igh t  Source 

The s i g n a l  source w a s  suppl ied by two types of l a s e r s :  a 
Spectra-Physics (S .P . )  Model 130 Gas l a s e r  and a Quantum Physics (Q.P.) 
Model LS32 l a s e r .  These l a s e r s  a r e  i l l u s t r a t e d  i n  Figure A - 1 7  i n  t he  
p o s i t i o n  f o r  p a r a l l e l  beam remote-sensing i n  the  Bisonic  Tunnel. Fig- 
u r e  A-1% shows the  quantum physics e levated by a Lab-Jack i n  order  t o  
o b t a i n  cross-beam turbulence flow measurements i n  the  wake of the t h i n  
p l a t e .  

The ope ra t iona l  and design c h a r a c t e r i s t i c s  of t hese  l a s e r s  
a r e  examined i n  more d e t a i l  i n  the following: 

Spectra-Physics Laser. The Model 130 S .P .  l a s e r  has a 
helium-neon gas f i l l e d  plasma tube 27.5 cm long w i t h  
an  i n s i d e  diameter of 2.5 mm. The ends of t h i s  tube 
a r e  terminated wi th  o p t i c a l ,  s c h l i e r e n - f r e e ,  fused 
s i l i c a  Brewster 's  angle  windows which r e s u l t  i n  a 
plane po la r i zed  output .  Waveleneth of t h i s  output  
is i n  the v i s i b l e  red c i r c a  6328A. 
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The s t anda rd  instrument has a hemispherical  r e sona to r  
w i t h  one s p h e r i c a l  r e f l e c t o r  (30 cm r a d i u s )  and one 
p l ana r  r e f l e c t o r .  The r e sona to r  o u t p u t  power i s  0.75 
m i l l i v o l t s  CW (minimum) from the s p h e r i c a l  end. 
Resonator r e f l e c t o r s  a r e  a l s o  of o p t i c a l  q u a l i t y ,  
s c h l i e r e n - f r e e ,  fused s i l i ca .  R e f l e c t o r s  a r e  mul t i -  
l a y e r  d i e l e c t r i c  coated f o r  a t  l e a s t  99 pe rcen t  
r e f l e c t i v i t y  (at des i r ed  wave l e n g t h )  and a r e  a n t i -  
r e f l e c t i o n  coated on back s u r f a c e s .  

Beam diameter  i s  1.4 mm a t  the  e x i t  a p e r t u r e ,  and 
d ive rges  less than  0.7 m i l l i r a d i a n s  (145 seconds of 
a r c ) .  Power inpu t  requirements are provided by a 
s e l f  contained d i scha rge  e x c i t e r  dc  power supply.  
This r e q u i r e s  a 60 cps 115 v o l t  input  of approximately 
90 va.  
t h e s e  tes ts  i s  T%. 

The l a s e r  mode of o p e r a t i o n  normally used f o r  

0 Quantum Physics Laser. The Quantum-Physics g a s - f i l l e d  

helium-neon laser (model LS32) used i n  these  tes ts  has 
a beam diameter of 1 mm, a power l e v e l  output  of 0.75 mw, 
and a wave l eng th  of 6328i. I n  gene ra l  t h i s  l a s e r  i s  
s imi l a r  t o  the Spectra-Physics Model 130 p rev ious ly  
descr ibed.  

A-3.6 Miscellaneous Laboratory Equipment 

Other i tems o f  equipment cons i s t ed  of two convent ional  
Tecktronix Model 502A dua l  beam o s c i l l o s c o p e s ,  one f o r  observing and 
measuring peak-to-peak v o l t a g e  of t he  r a w  s i g n a l  and one f o r  viewing 
and recording t h e  processed o r  c o r r e l a t e d  s i g n a l  from t h e  Princeton 
analog c o r r e l a t o r .  The l a t t e r  w a s  f i t t e d  w i t h  a swing-away Tektronix 
camera adap te r .  The s i g n a l  w a s  recorded on speed 3000 f i l m  by a 
l abora to ry  Polaroid Land Camera. By using a manual s h u t t e r  c o n t r o l ,  
w i th  an  f s e t t i n g  o f  16 and t i m e  exposure,  t he  s i g n a l  w a s  t r aced  on 
exposed f i l m  from a remote switch on t h e  P r ince ton  c o r r e l a t o r  where 
i t  had been temporar i ly  s t o r e d  i n  a m u l t i p l e  c a p a c i t o r  bank. A 
D I G I T E X  d i g i t a l - t y p e  DC vol tmeter  w a s  used t o  opt imize power ou tpu t  
by f i n e  adjustment of t h e  photodetector  before  each run. This equip- 
ment i s  shown i n  Figures  A-11, A-12, and A-13. 

104 



A-4 Tes t  Procedure 

Before each series of r u n s ,  t he  equipment w a s  checked t o  in su re  
t h a t  each instrument was ad jus t ed  properly.  Also, the band pass w a s  
s e l e c t e d  commensurate wi th  the  p a r t i c u l a r  t es t  o b j e c t i v e s ,  and f i l t e r s  
were phase-matched by use of a s i g n a l  gene ra to r  and o s c i l l o s c o p e .  The 
nex t  s t e p  i n  t h e  procedure w a s  t o  a l i g n  t h e  laser source i n  t h e  d e s i r e d  
geometr ical  p o s i t i o n  and focus t h e  beam onto t h e  photodiode u n t i l  t he  
photodetector  power ou tpu t  w a s  maximized. This power ou tpu t  w a s  approxi- 
mately h a l f  of t h a t  a v a i l a b l e ,  s i n c e  t h e  remaining h a l f  of beam i n t e n s i t y  
w a s  blocked by t h e  knife-edge. 

Pre-run checks w e r e  made wi th  and without  flow t o  determine the  
e x t e n t  o f  extraneous no i se  which w a s  c o r r e l a t e d  i n  the s i g n a l s .  When 
ground loops and extraneous mechanical v i b r a t i o n s  were minimized, t he  
d e s i r e d  band pass w a s  s e t ,  t he  gains  o f  t h e  a m p l i f i e r  were ad jus t ed  t o  
avoid c l i p p i n g  the  s i g n a l ,  and t h e  c o r r e l a t o r  ga ins  were ad jus t ed  t o  
opt imize the  c o r r e l a t a b l e  s i g n a l  t o  overcome c o r r e l a t o r  n o i s e ,  y e t  a t  
t he  same time avoid s i g n a l  c l i p p i n g .  Blinking r ed  l i g h t s  warned when 
t h e  c o r r e l a t o r  w a s  overdriven.  

D i r e c t  c u r r e n t  s i g n a l s  were recorded be fo re  each run ,  and the dc 
meter disconnected from t h e  c i r c u i t  t o  avoid ground loops.  Atmospheric 
p r e s s u r e ,  ambient temperature ,  and the  inches o f  vacuum w e r e  a l s o  
recorded before  each run. The tunnel  w a s  a c t i v a t e d  by the automatic 
s ta r t  bu t ton  al lowing about f i v e  seconds f o r  t he  tunne l  t o  s e t t l e  t o  
s t eady  s t a t e  o p e r a t i o n .  The v i s u a l  d i s p l a y  panel i nd ica t ed  the  sequence 
of va lves  and o u t l e t  d i f f u s e r  p o s i t i o n i n g .  Visual obse rva t ions  of t h e s e  
were made during each run. Run t i m e  v a r i e d  from about 40 t o  60 seconds 
f o r  each case. Data were c o r r e l a t e d  "on-line" and temporar i ly  s t o r e d  
i n  t h e  analog c o r r e l a t o r .  Upon completion of t h e  run ,  t h e  c o r r e l a t i o n  
f u n c t i o n  was displayed on t h e  o s c i l l o s c o p e  and recorded on a Polaroid 
photograph . 

A-5 Data Reduction Equipment 

Data taken during t h i s  t es t  series were reduced on a Princeton 
Model 100 analog c o r r e l a t o r .  The primary f u n c t i o n  of t h i s  computer i s  
t o  so lve  t h e  following r e l a t i o n s h i p s :  

where 'IC" i s  a cross-covariance of t h e  f l u c t u a t i n g  p o r t i o n  o f  random 
s i g n a l s  which c o n t a i n  flow information. S igna l s  f, and f,, r e s p e c t i v e l y ,  
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r e p r e s e n t  
f, and f, 
fol lowing 

This 

information from two beams of e lectromagnet ic  r a d i a t i o n .  I f  
are i d e n t i c a l ,  then t h e  r e s u l t  i s  an  a u t o c o r r e l a t i o n  where the  
r e s u l t  i s  obtained:  

T 

C ( Z )  = l im T J f ( t )  - f ( t  - T) d t .  
T+ M 

0 

instrument o p e r a t e s  as a hybrid computer t o  so lve  e i t h e r  of 
t h e  two i n t e g r a l s  f o r  100 n p o i n t s  o f  incremental  t i m e  de l ay ,  AT. 

The "nth" p o i n t  i s  approximated by 

where the  fol lowing are t r u e :  

"RC" = time cons tan t  of t h e  averaging c i r c u i t  

"mz" = time coordinates  of t h e  computed p o i n t s  

t '  r e p r e s e n t s  p a s t  h i s t o r y  ( i . e . ,  t ' >  t).  

The t h r e e  b a s i c  ope ra t ions  performed by the  computer are (1) time 
s h i f t i n g ,  (2) m u l t i p l i c a t i o n ,  and ( 3 )  i n t e g r a t i o n .  

The computed va lues  a r e  s t o r e d  i n  a 100-channel analog memory and 
may be recorded during and a f t e r  computation on s t r i p c h a r t s ,  x-y 
r eco rde r  o r  an  oscil loscope-camera combination. The la t ter  method w a s  
used t o  record d a t a  f o r  t h i s  r e p o r t .  Computed accuracy should no t  exceed 
1 pe rcen t  d e v i a t i o n  from the  i d e a l i z e d  f u n c t i o n  f o r  any of t he  100 p o i n t s  
c a l c u l a t e d .  

Other t y p i c a l  s p e c i f i c a t i o n s  o f  t he  P r ince ton  Cor re l a to r  are as 
f o  1 lows : 

O Useful frequency range = D c  t o  about 250 KHz. 

O Averaging t i m e  cons t an t  (normally 20 sec) can be v a r i e d  from 
0.1 t o  400 seconds. 
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Blinking red l i g h t s  warn o p e r a t o r  when t h e  dynamic range o f  t h e  
inpu t  a m p l i f i e r s  i s  exceeded. 

0 Computed v a l u e s  can be s t o r e d  i n  t h e  c o r r e l a t o r  w i th  a decay 
t h a t  w i l l  no t  exceed 300 m v  i n  10 minutes a t  25°C. 

The compilat ion e r r o r  i s  less than  1 percen t  of t r u e  value.  

C a l i b r a t i o n  accuracy = +2 percen t .  

Gain = 0.01 t o  5.0 i n  1, 2 ,  5 sequence (with a v a r i a t i o n  of 
less than  0.1 percent /hour) .  

Zero d r i f t  = k10 mv/hour. 

L i n e a r i t y  5 1 percent .  

Delay range = 100 microseconds t o  10 seconds i n  1, 2 ,  5 sequence 

Delay ( t i m e  base 7)  accuracy = k1 percen t  a t  mid-range and 52  
percent  a t  f i v e  f a s t e s t  and t h r e e  s lowest  ranges.  
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APPENDIX B 

COMMENTS ON THE EXPERIMENTAL NOISE STUDY I N  

MSFC'S 14-INCH TRISONIC W I N D  TUNNEL (TEST # TWT 395) 

The experimental  i n v e s t i g a t i o n  presented i n  t h i s  r e p o r t  o r i g i n a t e d  
w i t h  the o b j e c t i v e  of conducting remote-sensing cross-beam experiments 
i n  MSFC'S 14 x 14-Inch T r i s o n i c  Wind Tunnel t o  demonstrate the capab i l -  
i t y  of measuring supersonic  turbulence parameters using a l a s e r  source.  
The T r i s o n i c  Wind Tunnel cross-beam t e s t s  were conducted i n  the 14-inch 
tunnel  s p e c i a l  t e s t  s e c t i o n  which i s  b a s i c a l l y  an  annular  nozzle  wi th  
p rov i s ions  f o r  a t t a c h i n g  an axisymmetric blunt-base body o r  a nozzle 
and v e r t i c a l  and h o r i z o n t a l  windows f o r  cross-beam access .  Subsequent 
a n a l y s i s  of t hese  cross-beam d a t a  showed e s s e n t i a l l y  nega t ive  r e s u l t s  
because of an unsteady flow f i e l d  i n  the T r i s o n i c  f a c i l i t y .  

The major problem of the T r i s o n i c  f a c i l i t y  was the  almost complete 
domination of the d a t a  by f a c i l i t y - i n d u c e d  no i se .  This appendix w a s  
w r i t t e n  t o  support  the con ten t ion  t h a t  excess ive  f a c i l i t y - i n d u c e d  mech- 
a n i c a l  and a c o u s t i c  no i se  dominated the d a t a  and thus precluded f r u i t -  
f u l  cross-beam t e s t s  i n  the  f a c i l i t y  ( a t  l e a s t  u n t i l  t he  remote-sensing 
system has been f u r t h e r  developed).  The reasons why the 14-inch tunnel  
was  no t  s a t i s f a c t o r y  f o r  remotely sensed measurements a r e  discussed i n  
the following paragraphs.  

Figure B-1 shows f i f t y - s e v e n  q u a l i t a t i v e  c o r r e l a t i o n s  of va r ious  
beams and accelerometers  which were located both i n s i d e  and o u t s i d e  the  
t u r b u l e n t  f low f i e l d  of i n t e r e s t .  The f i r s t  t h r e e  rows ac ross  the top 
d e p i c t  the a u t o c o r r e l a t i o n  of the ind iv idua l  h o r i z o n t a l  and v e r t i c a l  
beams and h o r i z o n t a l l y  and v e r t i c a l l y  o r i en ted  accelerometers  which 
were mounted on the  ou te r  w a l l  of t he  STS. S i x t y  pe rcen t  of t hese  show 
d e f i n i t e  p e r i o d i c  t r ends  which a r e  d e t r i m e n t a l  t o  the  e x t r a c t i o n  of use- 
f u l  t u r b u l e n t  flow information. 

The fou r  remaining rows ac ross  the bottom d e p i c t  c r o s s - c o r r e l a t i o n  
of t he  h o r i z o n t a l  and v e r t i c a l  beams and c r o s s - c o r r e l a t i o n  of the s i n g l e  
beam s i g n a l s  w i th  t h e  s i g n a l  from the i n d i v i d u a l  accelerometers .  This 
l a t t e r  device g ives  a q u a l i t a t i v e  i n d i c a t i o n  of the r e l a t i v e  magnitude 
and frequency of no i se  common between the flow f i e l d  and s t r u c t u r e .  A s  
f o r  t he  a u t o c o r r e l a t i o n s ,  t hese  c r o s s - c o r r e l a t i o n s  a r e  dominated by an 
extraneous p e r i o d i c  no i se .  Attempts t o  f i l t e r  t hese  d a t a  were n o t  
s u c c e s s f u l  because of an adverse s igna l - to -no i se  r a t i o .  
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Figure B-1, Column (l), shows an  a t t empt  t o  o b t a i n  an i n t e n s i t y  
t r a v e r s e .  This should have r e s u l t e d  i n  a c o r r e l a t i o n  func t ion  w i t h  a 
minor peak a t  zero time l s g  s i n c e  the beams are crossed i n  a r eg ion  of 
low turbulence.  However, t h e  peak w a s  masded by a p e r i o d i c  s i g n a l  of 
1380 cps. A g r e a t  d e a l  of t h i s  n o i s e  can be a t t r i b u t e d  t o  s t r u c t u r a l  
v i b r a t i o n .  This i s  ind ica t ed  by the  c r o s s - c o r r e l a t i o n  of the acce le ro -  
meter w i t h  each i n d i v i d u a l  beam, s i n c e  d e f i n i t e  p e r i o d i c  c o r r e l a t i o n s  of 
s i g n i f i c a n t  magnitudes appa ren t ly  e x i s t  between them. Also it may be 
not iced t h a t  t hese  beams were going through a p l a s t i c  s l eeve  ex tens ion  
of the nozzle  o u t e r  w a l l  which probably con t r ibu ted  t o  the c o r r e l a t i o n .  
Moving the beams downstream two inches (out of t h e  p l a s t i c  s l e e v e )  
appa ren t ly  d id  no t  improve the s i t u a t i o n  s i g n i f i c a n t l y  (see Column 2) .  
The flow cond i t ions  and coordinates  of column 3 a r e  the  same as (1) and 
(2) except  a doninant  peak should have been obtained a t  zero time l a g ,  
s i n c e  the  c o r r e l a t i o n  volume i s  loca ted  i n  a dense shear  l a y e r .  I n  
Column (4) the c o r r e l a t i o n  showed a d e f i n i t e  mechanical o r  a c o u s t i c a l  
v i b r a t i o n  between beams because one beam w a s  completely removed from 
the flow and d i r e c t e d  along s i d e  of t h e  tunnel  w a l l .  Furthermore, 
Columns 4 ,  6, 7 and 8 d e p i c t  va r ious  at tempts  t o  soft-mount the l a s e r s  
and s t a n d s ,  b u t  t h i s  appa ren t ly  did n o t  e l i m i n a t e  the v i b r a t i o n s .  

Upon a n a l y s i s  of t hese  da t a ,  t he  following conclusions and recom- 
mendations were made: 

O The f l o w  f i e l d ,  s t r u c t u r e  and surrounding environment i n  the 
14-inch TWT (STS) f a c i l i t y  were dominated by an extraneous 
p e r i o d i c  no i se  which precluded a s c e r t a i n i n g  u s e f u l  da t a  a t  
the  time of t he  t e s t ,  

O Attempts a t  f i l t e r i n g  these  r a w  d a t a  s i g n a l s  and v a r i o u s  
methods of soft-mounting the  lasers and d e t e c t o r s  did no t  
a l l e v i a t e  the s i t u a t i o n  s o  t h a t  flow r e l a t e d  c o r r e l a t i o n  
could be obtained.  

O Remote sensing measurments i n  the  14 x 14-inch wind tunnel  
might be p o s s i b l e  a f t e r  (1) more a n a l y s i s  of t h e  14-inch 
TWT no i se  problem, and (2) development of techniques t o  
improve s igna l - to -no i se  r a t i o  of t h e  remote sensing system. 

O A d i f f e r e n t  f a c i l i t y  w a s  needed w i t h  a lower f a c i l i t y - i n d u c e d  
no i se  l e v e l .  

These r e s u l t s  e s s e n t i a l l y  l ed  t o  t h e  s e l e c t i o n  of t he  7 x 7-inch 

This  approach appeared t o  o f f e r  t he  most economical method of 
BWT f a c i l i t y  f o r  t he  immediate f u t u r e  development of the remote-sensing 
t o o l .  
exped i t ing  development of the remote-sensing system f o r  measuring super- 
s o n i c  turbulence.  
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APPENDIX C 

UNKNOWN ANOMALIES I N  DATA ACQUISITION SYSTEM 

Unknown anomalies should be expected i n  any r e sea rch  work; the 
r e s e a r c h  involves i d e n t i f y i n g  and r e so lv ing  them. The anomalies i n  
the  system were (1) low-pass f i l t e r s  s e t  too low, thus blocking s i g n i -  
f i c a n t  amounts of da ta ;  (2)  use of a t t e n u a t i o n  a f t e r  a m p l i f i c a t i o n ,  
which, combined w i t h  low maximum a m p l i f i e r  i npu t  v o l t a g e ,  probably 
r e s u l t e d  i n  c l i p p i n g  of s i g n a l s ;  (3 )  high-pass f i l t e r  s e t  too low, 
thus al lowing undes i r ab le  flow no i se  and f a c i l i t y - i n d u c e d  no i se  i n  
the  s i g n a l s ;  ( 4 )  f i l t e r i n g  low frequencies  ( e .g . ,  60 cyc/sec)  w i t h  
l a r g e  amplitudes be fo re  the run,  probably causing c l ipp ing  of s i g n a l s  
during the run, which w a s  not  de t ec t ed  a f t e r  t he  cl ipped s i g n a l  w a s  
f i l t e r e d ;  and (5) photodetectors  and o the r  p o s s i b l e  p o i n t s  of con tac t  
between grounds were no t  i s o l a t e d  (no t  always a source of t r o u b l e ) .  

As  can be seen,  the problem a reas  were a s soc ia t ed  w i t h  the a m p l i -  
f i e r s  ( i . e .  , c l i p p i n g )  and f i l t e r i n g  methods. 
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