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1.0 INTRODUCTION 

t 
t 

1.1 Program Background: A H i s t o r i c a l  Review 

Laser anemometry (or  velocimetry-as i t  is naw more commonly iden- 

t i f i e d  i n  t h e  United S t a t e s )  based on t h e  measurement of t h e  time-of- 

f l i g h t  of a s c a t t e r i n g  p a r t i c l e  between two laser beams was f i r s t  d i s -  

cussed i n  1968 (Ref. 1 ) .  A working implementation of t h e  technique  was 

made by Dr .  R. Schodl i n  West Germany f o r  DFVLR i n  or about 1971, and 

h i s  instrument  has  subsequent ly  been marketed and developed by P o l y t e c  

GmBH. I n  t h e i r  systems, t h e  t ime-of-fl ight technique is r e f e r r e d  t o  as 

t h e  L2F (Laser-two-f ocus p r i n c i p l e .  

I n  1973 Dr. A. E. Smar t ,  then  of Rolls-Royce Ltd i n  England, 

b u i l t  a two-spot or  t rans i t  system based on t h e  same p r i n c i p l e ,  but  

d e s c r i b i n g  t h e  measurement method as laser  t r a n s i t  anemometry (LTA), f o r  

research measurements i n  a i r c r a f t  engine high-speed a x i a l  compressors. 

The L2F/LTA d i s t i n c t i o n  i n  names is h i s t o r i c a l .  I n s o f a r  as t h e r e  is a 

d i f f e r e n c e ,  i t  is one of implementation r a t h e r  than  of p r i n c i p l e .  The 

major d i s s i m i l a r i t y  is t h a t  i n  L2F t h e  s p o t  s o u r c e  and conjugate  

r e c e i v e r  o p t i c a l  s t o p s  are r o t a t e d  s e p a r a t e l y  by a toothed b e l t  d r i v e ,  

whereas t h e  LTA uses an image r o t a t o r  t o  s p i n  t h e  image of t h e  tes t  

space,  l e a v i n g  both sources  and conjugate  d e t e c t o r  s t o p s  f i x e d .  The 

f i r s t  image r o t a t o r  w a s  a doubled-folded Abb6 prism but was changed t o  

one u s i n g  a mir ror  Dove design f o r  a l l  subsequent machines because of 

i t s  s u p e r i o r  performance with r e s p e c t  t o  a b e r r a t i o n s ,  t r a n s m i s s i o n  

e f f i c i e n c y ,  p h y s i c a l  and o p t i c a l  l eng th ,  and reduced weight.  Other 

major d i f f e r e n c e s  were r e s t r i c t e d  t o  t h e  way i n  which t h e  s i g n a l  was 

processed. 

After j o i n i n g  Spectron Development Labora tor ies  i n  C a l i f o r n i a  i n  

1977, Dr. Smart redesigned h i s  LTA system and pursued f u r t h e r  develop- 

ment of t h e  s i g n a l  r e t r i e v a l  technique,  both t h e o r e t i c a l l y  and by 

bui ld ing  hardware. Beginning i n  1978, t h e  Arnold Engineering Develop- 

ment Center supported t h e  i n i t i a l  phase of development of t h e  "Correlex" 

instrument ,  designed f o r  ul t ra-high speed process ing  of t h e  e l ec t r i ca l  



s i g n a l s  from laser  t r ansmi t  anemometers and f o r  o t h e r  phys i ca l  and chem- 

i c a l  a p p l i c a t i o n s  r e q u i r i n g  high-speed c o r r e l a t i o n  techniques .  I n  

succeeding  years  seven  LTA systems, based on t h e  Spectron des ign  of t h e  

LTA o p t i c a l  head and t h e  Corre lex  were de l ive red  t o  NASA, t h e  U.S. A i r  

Force and commercial o rganiza t ions .  A l l  t h e  o p t i c a l  heads were 4" l ens  

diameter  u n i t s  (Model 104) with a range of o p t i c a l  throws from 367 mm t o  

1600 mm (us ing  in te rchangeable  f r o n t  l e n s ) ,  except  f o r  one 6" u n i t  

(Model 106) which had throws of 1 and 4 meters. 

The i n i t i a l  5 11s Corre lex  c o r r e l a t o r  concept embodied a l l  the 

des ign  f e a t u r e s  of t h e  l a t e r  u n i t s ,  but not a l l  were then  implemented. 

The f i r s t  Corre lex ,  appear ing  as a s imple  s i n g l e  channel  system i n t e r -  

n a l l y  based upon t h e  I n t e l  80186 microprocessor ,  w a s  c o n t r o l l e d  by a 

repackaged Apple computer. C a p a b i l i t y  f o r  m l t i c h a n n e l  t i m e  g a t i n g  was 

included from t h e  s t a r t ,  r e q u i r i n g  a high-speed e x t e r n a l  t r i g g e r i n g  

system. Two l a t e r  s y s t e m  provided t h i s  f u n c t i o n  i n t e r n a l l y  us ing  a 

Spectron p r o p r i e t a r y  phase address  card (PAC), which w a s  i t s e l f  a real  

t i m e  m l t i - c h a n n e l  sequencing computer. It  proved too  complex and 

expensive f o r  a l l  but t h e  m o s t  extreme channel swi t ch ing  rates,  as ,  f o r  

example, those  r equ i r ed  i n  high-speed m l t i s t a g e  a x i a l  compressors. 

The las t  machines de l ive red  were c o n t r o l l e d  by a PDP 11/23 computer, 

which had b a s i c  so f tware  f o r  c o n t r o l l i n g  t h e  o p t i a l  head,  d a t a  acqu i s i -  

t i o n ,  d i s p l a y  and s t o r a g e ,  and some s imple  near ly-real- t ime s i g n a l  

r e t r i e v a l  process ing .  

The Spectron LTA system o f f e r e d  some advantages t o  complement t h e  

a l r eady  ex tens ive  f r i n g e  anemometry measurement c a p a b i l i t i e s  a t  NASA and 

A i r  Force Research Centers .  LTA o f f e r s  high accuracy even from small 

h igh-ve loc i ty  p a r t i c l e s  c l o s e  t o  wal ls ,  a t  t h e  expense of measurement 

t i m e .  It has good c a p a b i l i t y  € o r  a c c u r a t e  speed and d i r e c t i o n  measure- 

ment and a l s o  f o r  de te rmining  the  long-term two-dimensional p r o p e r t i e s  

of s t a t i s t i c a l l y  s t a t i o n a r y  tu rbu lence  below about 15%. The a p p l i c a t i o n  

of the LTA ins t rument  t o  var ious f l u i d  dynamic s i t u a t i o n s  has shed  much 

l i g h t  upon t h e  instrument  p r o p e r t i e s  and c a p a b i l i t i e s .  These exper i -  

ments a l s o  demonstrated t h e  need f o r  c a r e f u l  i n t e r p r e t a t i o n  of t h e  
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der ived  measurements and an enhanced unders tanding  of what is now per- 

ceived t o  be a h i g h l y  complex technology. The d e t a i l e d  s t u d y  and com- 

pa r i son  of d a t a  obta ined  from f r i n g e  anemometry and LTA techniques has  

a l s o  given i n s i g h t  i n t o  both measurement t echno log ie s ,  as w e l l  as t h e  

f l u i d  dynamic p r o p e r t i e s  of t h e  flows under examination. This exper i -  

ence has f a c i l i t a t e d  development of t h e  LTA d a t a  p rocess ing  and inf orma- 

t i o n  r e t r i e v a l  so f tware  ncw a v a i l a b l e  a t  NASA and A i r  Force Research 

Centers ,  and has  e s t a b l i s h e d  g r e a t e r  confidence i n  t h e  r e s u l t s  ob ta in-  

a b l e  from LTA systems . 
D e t a i l s  of t h e  i n v e s t i g a t i o n s  performed by Spectron f o r  AEDC, 

which provided much of t h e  background t o  t h e  developments desc r ibed  i n  

t h i s  r e p o r t ,  can be found i n  Ref. 2. F u r t h e r  in format ion  r e l a t i n g  t o  

t h e  Corre lex  p r i n c i p l e s ,  des ign  and performance is  a v a i l a b l e  i n  Refs. 3 

and 4 .  

1.2 Program Goals 

The primary program goal  has been t o  provide  working code which 

w i l l  enable  t h e  LTA systems t o  approach t h e  performance i n  r e a l  app l i ca -  

t i o n s  t h a t  t h e o r e t i c a l  ana lyses  sugges t  should be poss ib l e .  To meet 

t h i s  o b j e c t i v e  a number of a c t i v i t i e s  have been undertaken. These 

inc luded  t h e  des ign  of t h r e e  major so f tware  packages ; f o r  s i g n a l  acqui- 

s i t i o n  and system c o n t r o l  (ACQUIRE), f o r  d a t a  r e t r i e v a l ,  p rocess ing  and 

a r c h i v i n g  (PROCESS), and a data  s i m u l a t i o n  program t o  pe rmi t  v e r i f i c a -  

t i o n  of t h e  p rocess ing  package (SIMULTAC). Other s u b s i d i a r y  t a s k s  

inc luded  coding, t e s t i n g ,  debugging, v e r i f i c a t i o n ,  and documentation of 

t h e  above so f tware  packages, and t h e  p rov i s ion  of a number of s u p p o r t i n g  

packages and a u x i l i a r y  rou t ines .  

1.3 Program Summary 

E a r l i e r  SPECTRON work performed f o r  AEDC between A p r i l  l s t ,  1981 

and December 3 1 s t ,  1983 w a s  r epor t ed  on i n  Ref. 2. The exper imenta l  

equipment, c o n s i s t i n g  of a f u l l y - o p e r a t i o n a l  SPECTRON LTA System with 

t h e  Corre lex  as suppor t ing  s igna l -p rocesso r ,  was desc r ibed  i n  f o u r  

volumes, s u p p l i e d  with t h e  ins t rument  : 

3 
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Vol. 1 Opt i ca l  Head/SDL 81-53003 - March 1981 

Vol. 2 Corre lex  Operator 's  Manual/SDL 82-53010D5 - October 1982 

Vol. 3 MSCLTA I1 User's Manual, Version 1.1 - February 1983 

Vol. 4 MSCLTA I1 User's Manual, Version 2.0 Rev. - September 1986 

The p resen t  program was i n i t i a t e d  t o  produce so f tware  capable  of 

e x p l o i t i n g  t h e  f u l l  p o t e n t i a l  of t h e  SPECTRON LTA System. A major 

a c t i v i t y  was t h e  es tab l i shment  of a modular a r c h i t e c t u r e  w i t h i n  which 

e f f i c i e n t  so f tware  development could t ake  p lace .  The importance and 

v a l i d i t y  of t h i s  e f f o r t  are c l e a r l y  demonstrated by t h e  r e l a t i v e l y  minor 

changes t h a t  have been found necessary  dur ing  t h e  course  of t h e  program. 

VAX PASCAL was chosen as t h e  programming language, and t h e  s p e c i f i e d  

t a r g e t  hardware was t h e  VAX 11/730 with VMS o p e r a t i n g  system. The s o f t -  

w a r e  s t r u c t u r e  having  been es tab l i shed ,  a l a r g e  amount of work w a s  

devoted t o  e r r o r  t r app ing ,  documenting, and r ende r ing  robus t  t h e  code 

f o r  ACQUIRE and PROCESS. Once t h i s  development v e h i c l e  was a v a i l a b l e  

a l g o r i t h n  development proceeded i n  t h e  conf iden t  e x p e c t a t i o n  t h a t  

p rog ram would not c rash  because of unexpected e r r o r s  i n  t h e  house- 

keeping and o r g a n i z a t i o n a l  code. PROCESS, as i t  w a s  developed t o  

inc lude  more of t h e  f u n c t i o n a l  modules, began t o  r e v e a l  problems i n  

running t h e  i n i t i a l  s i m u l a t i o n  program DAS. As a d i a g n o s t i c  t o o l ,  DAS 

was found t o  have i n s u f f i c i e n t  power. A new program, SIMULTAC, w a s  con- 

ceived and a p re l imina ry  ve r s ion  implemented. 

The s t a t u s  of t h e  programs d e l i v e r e d  a t  t h e  end of t h e  c o n t r a c t  

per iod  is as fo l lows :  

ACQUIRE is complete, robus t  and f u l l y  ope ra t iona l .  

SIMULTAC is as complete as has been found p o s s i b l e  with t h e  r e sources  

a v a i l a b l e .  There are always, of course ,  e l a b o r a t i o n s  and enhancements 

t h a t  can be added t o  s i m u l a t i o n ,  test  and d i a g n o s t i c  t o o l s .  

PROCESS is complete, robus t  and f u l l y  ope ra t iona l .  The embedded 

a l g o r i t h m  have not been eva lua ted  over a s u f f i c i e n t l y  wide range t o  be 

I 



s u r e  t h a t  they are optimized f o r  t h e i r  c u r r e n t  purpose. More work on 

t h e  s t r u c t u r e  of t h e s e  a lgor i thms and t h e i r  implementation should  r e s u l t  

i n  more powerful and e f f i c i e n t  ope ra t ion ,  and m i g h t  make b e t t e r  r e s u l t s  

a v a i l a b l e  from poorer da t a .  A framework has  been cons t ruc t ed  w i t h i n  

which such improvements may evolve. S p e c i f i c  recommendations can be 

found i n  Sec t ion  4 .  

The key o b j e c t i v e  of t h e  e f f o r t  was t h e  development i n  an  optimum 

form of a lgor i thms and r e l a t e d  computer codes, t o g e t h e r  with a p p r o p r i a t e  

documentation, f o r  e x t r a c t i n g  from t h e  LTA system correlograms obta ined  

i n  a gene ra l  three-dimensional f low f i e l d  t h e  two components u and v of 

t h e  mean v e l o c i t y ,  t h e  r o o t  mean s q u a r e  f l u c t u a t i o n s  u t  and v' i n  t h e s e  

components, and t h e  f i r s t - o r d e r  v e l o c i t y  s h e a r  stress u 'v '  
- 

A p a i r  of matched d i s c r i m i n a t o r s ,  des igna ted  Channel 8 and having  

1.6 microsecond d e t e c t i o n  f i l t e r s  and, 6 .4  microsecond cen te r - e s t ima t ion  

f i l t e r s ,  were t o  be d e l i v e r e d  t o  Langley f o r  i n s t a l l a t i o n  and eva l -  

ua t ion .  A second p a i r ,  des igna ted  Channel 7 and having  800 nanosecond 

d e t e c t i o n  f i l t e r s  and 3.2 microsecond cen te r - e s t ima t ion  f i l t e rs ,  were 

a l s o  cons t ruc t ed  and d e l i v e r e d  t o  Langley. The c h a r a c t e r i s t i c s  of t h e  

d i s c r i m i n a t o r  modules a v a i l a b l e  i n  t h e  Langley ins t rument  are d i scussed  

i n  S e c t i o n  2.5. 

I 
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2.0 DEVELOPMENT TASKS 

2.1 Data A c q u i s i t i o n  and Sys tem Cont ro l  Software - ACQUIRE 

I n  t h e  p re l imina ry  vers ions  t h e  e n t i r e  program f o r  o p e r a t i n g  t h e  

LTA system e x i s t e d  as a s i n g l e  s u i t e  of modular code. The d e c i s i o n  was 

t aken  a t  an e a r l y  s t a g e  t o  separate ACQUIRE and PROCESS i n t o  two auton- 

omous p rogram which could be run concur ren t ly  w i t h i n  a mul t i - task ing  

environment. This o p t i o n  enabled ACQUIRE t o  be run i n  real  t i m e  wi th  no 

impairment of d a t a  a c q u i s i t i o n  r a t e ,  whi le  s imul taneous ly  making a v a i l -  

a b l e  s e l e c t e d  unprocessed correlograms a t  t h e  CORRELM d i s p l a y .  Sys t e m  

parameters are cont inuous ly  d isp layed  a t  t h e  command t e rmina l .  

2.2 S imula t ion  Software - SIMULTAC 

A major e f f o r t  was devoted t o  t h e  f u r t h e r  development and r e f i n e -  

ment of t h e  LTA s i m u l a t i o n  program SIMULTAC. The program is optimized 

f o r  speed, u s i n g  d e t e r m i n i s t i c  ana ly t i ca l ly -based  computations t o  gener- 

a te  the  b a s i c  correlograms. The e f f e c t s  a r i s i n g  from a f i n i t e  popula- 

t i o n  of l i g h t - s c a t t e r i n g  p a r t i c l e s  are s imula t ed  by p e r t u r b i n g  t h e  

correlogram, u s i n g  a Poisson random number genera tor .  Background n o i s e ,  

assumed t o  be a d d i t i v e ,  is genera ted  i n  t h e  form of a p p r o p r i a t e l y  s c a l e d  

Poisson  d i s t r i b u t e d  random numbers. 

The b a s i c  phys i ca l  assumptions unde r ly ing  both t h e  s i m u l a t i o n  and 

da ta-process ing  so f tware  are t h a t :  

( i )  t h e  p a r t i c l e ' s  v e l o c i t y  is cons t an t  between t h e  l i g h t  s p o t s ;  

( i i )  t h e  par t ic le  concen t r a t ion  is cons t an t  throughout t h e  f l u i d  i n  

( i i i )  t h e r e  is n e g l i g i b l e  r e l a t i v e  motion between p a r t i c l e  and f l u i d ;  

( i v )  t h e  f low is s t a t i s t i c a l l y  s t a t i o n a r y ;  

(v )  t h e  o p t i c a l  geometry and l i g h t  i n t e n s i t y  d i s t r i b u t i o n s  are 

s p a c e  and time ; 

unaf fec t ed  by t h e  flow properties.  
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2.2.1 T h e o r e t i c a l  Background t o  SIMULTAC 

The geometr ica l  model on which SIMULTAC is based ( s e e  F igure  1) 

assumes two i d e n t i c a l  l i g h t  d i s t r i b u t i o n s ,  whose c e n t r a l  maxima O1 and 

0 are s e p a r a t e d  by a d i s t a n c e  s.  It is f u r t h e r  assumed t h a t  t h e  two- 

dimensional l i g h t  d i s t r i b u t i o n  remains cons t an t  i n  t h e  a x i a l  d i r e c t i o n ,  

a t  least  over t h e  reg ion  of exper imenta l  i n t e r e s t .  0 X is  t h e  r e f e r e n c e  

a x i s ,  i n  t h e  plane normal t o  t h e  a x i s  of propagat ion ,  from which t h e  

o r i e n t a t i o n  a of t h e  l i n e  j o i n i n g  t h e  s p o t s  is measured. 

2 

1 

The c i r c l e s  r ep resen t  s p a t i a l  contours w i t h i n  which t h e  s c a t t e r e d  

l i g h t  l e v e l  from a given p a r t i c l e  exceeds t h e  th re sho ld  of d e t e c t a b i l -  

i t y .  A t  p r e s e n t  t h e  th re sho ld  c i r c l e  is assumed t o  have  some f i x e d  rad- 

i u s ,  q ;  t h i s  is equ iva len t  t o  making t h e  a d d i t i o n a l  assumptions t h a t  a l l  

t h e  s c a t t e r i n g  p a r t i c l e s  are of t h e  same s i z e  and t h a t  a l l  p a r t i c l e s  

which pass w i t h i n  a d i s t a n c e  q of Ol’or  O2 are d e t e c t e d ,  whatever t h e  

speed. (A modi f i ca t ion  which would t a k e  i n t o  account t h e  f a c t  t h a t  t h e  

l i g h t  d i s t r i b u t i o n  is i n  r e a l i t y  Gaussian and t h a t  f a s t e r  p a r t i c l e s  

scat ter  less l i g h t  is d iscussed  l a t e r . )  u is t h e  v e l o c i t y  component i n  

t h e  d i r e c t i o n  OIX; v is t h e  or thogonal  component i n  t h e  p lane  of t h e  

diagram. 9 and B are t h e  angles  made by a g e n e r a l  p a r t i c l e  t r a j e c t o r y  

with OIX and 0102 r e s p e c t i v e l y .  Hence: 

€ I = a + B  

For a p a r t i c l e  t r a n s i t  t o  c o n t r i b u t e  t o  t h e  correlogram t h e  cor- 

responding t r a j e c t o r y  must i n t e r s e c t  both th re sho ld  circles.  I n  addi -  

t i o n ,  t h e  t r a n s i t  time ( t i m e  between po in t s  of c l o s e s t  approach t o  t h e  

propagat ion  axes )  must be l e s s  than  t h e  maximum d i sp layed  correlogram 

lag .  

We can now c a l c u l a t e  t h e  bounds imposed by t h e  t h r e s h o l d  con- 

s t r a i n t s  on t h e  pe rmis s ib l e  values of 9. 

For a g iven  0 t h e r e  is a band of width w,  s a y ,  d i sposed  symmet- 

r i c a l l y  about t h e  l i n e  0102, which de f ines  those  t r a j e c t o r i e s  which make 

non-zero c o n t r i b u t i o n s  t o  t h e  correlogram. 
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The extreme t r a j e c t o r i e s  i n  t h i s  band are t angen t  t o  one o r  o t h e r  

of t h e  th re sho ld  c i r c l e s ,  and from F igure  1, 

Note t h a t  w/2q may be i n t e r p r e t e d  as a p r o b a b i l i t y  t h a t  an event a t  t h e  

f i r s t  s p o t  is followed by an event a t  t h e  second. 'Ihe maximum permis- 

s i b l e  a b s o l u t e  va lue  of i3 is determined by t h e  d i r e c t i o n  of t h e  p a r t i c l e  

t r a j e c t o r y  f o r  which w becomes zero. 'Ihus, 

s i n  6 = 2 q l s  , 
clax 

and hence 

This then determines the  range of 8 wi th in  which a p a r t i c l e  t r a j e c t o r y  

may make a c o n t r i b u t i o n  t o  t h e  cor re logran .  

The next s t e p  is  t o  d e f i n e  the  p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  

f o r  t h e  v e l o c i t y  components u and v. This f u n c t i o n  is assumed t o  be a 

j o i n t  Gaussian random process of t h e  form 

where ii and are t h e  mean values of t h e  v e l o c i t y  components u and v 

r e s p e c t i v e l y ,  and Q and Q a r e  t h e  cor responding  s t a n d a r d  dev ia t ions .  

p is t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  which determines t h e  interdependence 

of u and v, and is a s soc ia t ed  with s h e a r  stress through t h e  r e l a t i o n s h i p  

X Y 

where u' and v'  denote t h e  f l u c t u a t i n g  p a r t s  of u and v. 
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I n  t h e  e a r l y  vers ions  of SIMULTAC t h i s  continuous p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  was reduced t o  a two-dimensional h i s togram of va lues  

cor responding  t o  d i s c r e t e  c e l l s  (i, j) i n  (u,  v) - space. Fo r  t h e  

( i , j ) t h  c e l l  

-1 e = t a n  ( v . / u i )  
J 

and only cells  f o r  which t h i s  va lue  of 8 f e l l  w i t h i n  t h e  range g iven  

above con t r ibu ted  t o  t h e  correlogram. 

A major improvement i n  speed and e f f i c i e n c y  was achieved by 

ca r ry ing  out t h e  computation of t h e  correlogram d i r e c t l y  i n  (T, e> - 
space.  The r e l a t i o n s h i p  between t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  i n  t h e  

two spaces  is 

(A t a b l e  of t r ans fo rma t ions  between var ious  p r o b a b i l i t y  d i s t r i b u t i o n  

spaces is given i n  S e c t i o n  2.3.4.) 

Then t h e  conten t  of t h e  i t h  b i n  of t h e  correlogram a t  ang le  

s e t t i n g  a is computed as 
j 

1 
-4 w(8)puv(u = cose,  v = sin8)dOdT (2.6) 

T i  + 0.5 aj  + A 9  

R j b J  = I T - 0.5 I a - A 8  T T 

i j 

where 

~8 = s i n  -1 (2q/s)  , 

and t h e  assumption is made t h a t  c o n t r i b u t i o n s  t o  t h e  i t h  b i n  ar ise  from 

events whose a s s o c i a t e d  de lay  times a r e  symmetr ica l ly  d isposed  over one 

sample t i m e  around T i .  
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Note t h a t  an e x t r a  f a c t o r  T - ~  appears i n  t h e  in t eg rand  of 

Equation (2.61, which r ep resen t s  t h e  e f f e c t  of v e l o c i t y  - b ias ing .  This 

formula f o r  R . ( r i ) ,  i n  which t h e  width w of t h e  t r a j e c t o r y  acceptance 

band appears as a weight ing  f u n c t i o n ,  can be e s t a b l i s h e d  by t h e  

fo l lowing  argument. 

J 

2.2.2 Dependence of t h e  C o r r e l a t i o n  Funct ion  on t h e  Flow-Angle 
Weighting Function and Ve loc i ty  

We assume t h a t  t h e  flow is two-dimensional i n  t h e  p lane  normal t o  

t h e  beam axes and t h a t  t h e  d e t e c t o r  f i e l d s  of view cover an  a x i a l  

d i s t a n c e  R. 

Suppose t h e  flow d i r e c t i o n  is i n  t h e  range (8,  8 + 6 0 )  and t h e  

flow v e l o c i t y  is i n  t h e  range (V,  V + SV). Then t rans i t  times are i n  

t h e  range ( T ,  T + ST), where T = s / V  and s is t h e  s p o t  s e p a r a t i o n .  The 

p r o b a b i l i t y  of occur rence  of t hese  cond i t ions  is 
-~ 

e c t i v e  c ros s - sec t iona l  area presented  t o  the f low is wR where, as 

w = 2q - s l s i n  ( e  - all 

1s t h e  th re sho ld  r ad ius  

\ I f  t h e  p a r t i c l e  concen t r a t ion  is c, t h e  number of p a r t i c l e s  

ng t h i s  area per  u n i t  time is ,  f o r  t h e  g iven  f low c o n d i t i o n s ,  

1 CWRV = cwR 
I T 
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and t h e  c o n t r i b u t i o n  t o  t h e  correlogram i n  t h e  i n t e r v a l  (T, T + 6.r) 

dur ing  an experiment of l eng th  T is e 

Note t h a t  t h e  ve loc i ty -b ia s ing  f a c t o r  l / ~  has  now appeared. I n  t h e  

l i m i t ,  t h e  c o n t r i b u t i o n  t o  t h e  i t h  b in  of t h e  correlogram a t  a n g l e  

s e t t i n g  a w i l l  be 
j 

-1 3 < e < a. + s i n  
S 

B u t  w ( e >  is zero o u t s i d e  the range a. - s i n  -1 
3 S J 

Hence 

2 . 2 . 3  Program D e s c r i p t i o n  

I n i t i a l  i npu t  parameters inc lude  the mean flow v e l o c i t y  and 

d i r e c t i o n ,  t h e  a x i a l  and cross - turbulence  i n t e n s i t i e s  ( s t anda rd  devia- 

t i o n s  as percentages  of t h e  mean va lues ) ,  and t h e  c o r r e l a t i o n  c o e f f i -  

c i e n t ,  p. The number of s t anda rd  dev ia t ions  can a l s o  be s p e c i f i e d  a t  

which computation of t h e  c o r r e l a t i o n  f u n c t i o n  is ended, and a l l  

remaining channels are se t  t o  zero.  The purpose of t h i s  f e a t u r e  is t o  

economize on computational t i m e  a t  very low tu rbu lence  l e v e l s .  The LTA 

system parameters which must be se t  inc lude  s p o t  s e p a r a t i o n  and s p o t  

d iameter ,  t h re sho ld  r a d i u s ,  s p o t  o r i e n t a t i o n  ( r e l a t i v e  t o  mean f low) ,  

angular  increment,  number of s t o r e s ,  de lay  time and a c q u i s i t i o n  time p e r  

correlogram ( ' s t o p  t i m e ' ) .  

12 
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The s i m u l a t i o n  then  begins by computing a set  of c o r r e l a t i o n  

func t ions  accord ing  t o  Equation 2.6, which inc ludes  t h e  v e l o c i t y - b i a s i n g  

f a c t o r .  I n  t h e  i n t e r e s t s  of accuracy, t h e  double i n t e g r a l  is eva lua ted  

f o r  each correlogram b in  by Gaussian quadra tu re ,  u s ing  repea ted  one- 

dimensional i n t e g r a t i o n  (see, f o r  example, Ref. 5). There are 10 nodes 

i n  each i n t e g r a t i o n  un le s s  u or u is less than  1%, i n  which case  

20 nodes are used t o  ensu re  adequate sampling of t h e  p r o b a b i l i t y  d i s t r i -  

bu t ion  f u n c t i o n .  For some tes t  purposes,  a ze ro  th re sho ld  may be 

requi red .  Then w(0) is rep laced  by a de l t a - func t ion  and t h e  double 

i n t e g r a l  becomes an i n t e g r a l  over  T alone. The necessary  mod i f i ca t ion  

t o  t h e  i n t e g r a t i o n  r o u t i n e  is au tomat i ca l ly  performed i n  SIMULTAC when a 

th re sho ld  va lue  of z e r o  is chosen. 

X Y 

The ope ra to r  is then  asked whether t h e  correlograms are t o  be 

s c a l e d  t o  conform with a s p e c i f i c  requirement f o r  t h e  h i g h e s t  channel 

con ten t ,  denoted by h of t h e  c e n t r a l  correlogram. If no t ,  t h e  program 

s t o p s ,  t h e  output  a t  t h i s  p o i n t  c o n s i s t i n g  of a s t o r e d  s e t  of n o i s e l e s s  

correlograms. The channel conten ts  of each correlogram are non- in tegra l  

real  numbers. I f  t h e  c o r r e l o g r a m  are t o  be s c a l e d ,  a va lue  f o r  h i s  

reques ted ,  t o g e t h e r  with a va lue  f o r  t he  r a t i o  of mean background n o i s e  

l e v e l  h t o  h . This background no i se  is assumed t o  be f l a t  i n  t h e  

mean, and r e p r e s e n t s  mainly t h e  e f f e c t s  of p a r a s i t i c  r a d i a t i o n  i n  an 

experiment. (At p a r t i c l e  concen t r a t ions  normally encountered, i t  can be 

shown t h a t  n o i s e - p a r t i c l e  and i n t e r p a r t i c l e  c o r r e l a t i o n  even t s  are rela- 

t i v e l y  rare. See a l s o  t h e  comments i n  Sec t ion  2 .3 .3  concerning non-f la t  

backgrounds. ) 

P' 

P 

n P 

The next s t a g e  of t h e  program c o n s i s t s  of s c a l i n g  t h e  co r re lo -  

g r a m  s o  t h a t  t h e  h i g h e s t  peak takes  t h e  va lue  h - h ; a t  t h i s  p o i n t ,  

t h e  c o r r e l o g r a m  con ta in  c o n t r i b u t i o n s  from p a r t i c l e  events  only.  The 

o p e r a t o r  is then  asked i f  ' f i n i t e  s eed ing '  is t o  be s imula t ed ;  i.e., i f  

s t a t i s t i c a l  e f f e c t s  equ iva len t  t o  those  r e s u l t i n g  from a l i m i t e d  number 

of s c a t t e r i n g  c e n t e r s  are t o  be included. If  no t ,  and i f  a z e r o  va lue  

has been en te red  f o r  hn /h  , execu t ion  of t h e  program s t o p s .  If f i n i t e  

s e e d i n g  is r equ i r ed ,  t h e  correlograms are randomized by means of a 

P n  

P 
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Poisson number generator .  The assumption under ly ing  t h i s  s t e p  is t h a t  

t h e  p a r t i c l e s  a r e  purely randomly d i s t r i b u t e d  i n  t h e  f l u i d .  Then t h e  

number of c o n t r i b u t i o n s  dur ing  t h e  experiment from p a r t i c l e s  w i t h i n  t h e  

speed range (V,  V + 6V) w i l l  be a Poisson-d is t r ibu ted  random v a r i a b l e .  

For each correlogram bin,  t h e  mean of t h e  Poisson process  is s e t  equal  

t o  the  b in  conten t .  It should be noted t h a t ,  s i n c e  a Poisson process  

involves  i n t e g e r  random numbers, a rounding up or  down of t h e  b i n  

contents  is necessary.  

The t o t a l  number of p a r t i c l e s  c o n t r i b u t i n g  t o  t h e  e n t i r e  c o r r e l -  

ogram se t  can now be c a l c u l a t e d .  Since each c o r r e l a t e d  p a r t i c l e  c o n t r i -  

butes  a '1' t o  t h e  c o r r e l a t o r  ou tpu t ,  t h i s  number is simply t h e  sum of 

t h e  c o r r e l a t i o n  b i n  conten ts  over t h e  complete s e t  of correlograms. 

I f  h /h is zero,  execut ion  of t h e  program s t o p s  a t  t h i s  p o i n t ,  

t he  output  c o n s i s t i n g  of a s e t  of c o r r e l o g r a m  i n  which the  only n o i s e  

source  is t h e  f i n i t e  number of c o n t r i b u t i n g  p a r t i c l e s .  If h /h is  non- 

ze ro ,  a randomized noise  background is added t o  each bin.  This is t a k e n  

t o  be a Poisson process  with mean h . The correlograms now r e p r e s e n t  

t he  r e s u l t  of a n  experiment involv ing  a f i n i t e  number of p a r t i c l e s  and 

a n  a d d i t i v e  noise  background with cons tan t  mean. The o p e r a t o r  is then  

asked i f  j i t t e r  n o i s e  is t o  be included i n  t h e  experiment.  This i s  

in tended  t o  s i m u l a t e  e r r o r s  i n  t r a n s i t  t i m e  e s t i m a t e s  a r i s i n g  from, f o r  

example, low l i g h t  l e v e l s  or  e l e c t r o n  t ransi t  time spread  or v a r i a b l e  

g a i n  i n  t h e  p h o t o m l t i p l i e r  tube,  and is only s i g n i f i c a n t  a t  very low 

turbulence  l e v e l s .  The e r r o r s  are modeled as  a Gaussian random process  

and are under most experimental  circumstances i n s i g n i f i c a n t  compared 

with o ther  no ise  sources .  For t h i s  reason, and by mutual agreement,  

development of t h i s  p a r t  of t h e  program was given low p r i o r i t y  and, 

although t h e  necessary hooks are i n  p l ace ,  coding of t h e  procedure 

JITTER is l a r g e l y  incomplete. The intended des ign  c o n s i s t e d  of a 

Gaussian randomization of t h e  delay t i m e  a s s o c i a t e d  with each count i n  

t h e  correlogram; t h e  r e s u l t i n g  random j i t t e r  w i l l  occas iona l ly  move 

counts i n t o  ad jacent  bins .  The s tandard  d e v i a t i o n  f o r  t h e  Gaussian 

process  w i l l  depend on t h e  d i s c r i m i n a t o r s  i n  use ( s e e  S e c t i o n  2.5). 

n P  

n P  

n 
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F i n a l l y ,  d i f f e r i n g  correlogram seed ing  rates can be simulated.  

If t h e  ' seeding  change' op t ion  is s e l e c t e d ,  each c o r r e l o g r a n  is s c a l e d  

by a d i f f e r e n t  random number genera ted  from a Gaussian d i s t r i b u t i o n  with 

a mean of u n i t y  and a s t anda rd  d e v i a t i o n  s e t  by t h e  ope ra to r .  I n  o rde r  

t o  restrict  f l u c t u a t i o n s  t o  a r e a l i s t i c  range, only random numbers with- 

i n  one s t anda rd  d e v i a t i o n  of t he  mean are accepted  by t h e  program. This 

s i m u l a t i o n  of f l u c t u a t i n g  seed ing  r a t e s  is termed 'denormal iza t ion '  . As 

descr ibed  below, PROCESS inc ludes  a compensating ' r enorma l i za t ion '  

procedure. 

2.2.4 Comment on Threshold Modeling 

The assumption of a f i x e d  th re sho ld  f o r  p a r t i c l e  d e t e c t i o n  i n  

S e c t i o n  2.1.1 is  c l e a r l y  u n s a t i s f a c t o r y .  A r a t h e r  nore realis t i c  model 

can be cons t ruc t ed  i n  t h e  fo l lowing  way. 

We r e t a i n  t h e  assumption t h a t  a l l  t h e  p a r t i c l e s  are of t h e  same 

s i z e ,  but now assume t h a t  t h e  l i g h t  d i s t r i b u t i o n  i n  each s p o t  is 

Gaussian. S ince  t h e  t o t a l  q u a n t i t y  of s c a t t e r e d  l i g h t  is i n v e r s e l y  pro- 

p o r t i o n a l  t o  t h e  p a r t i c l e  speed V, w e  s h a l l  assume, as a f i r s t - o r d e r  

approximation, t h a t  t h e  peak of t h e  output from t h e  Gaussian d i sc r imina -  

t i o n  f i l t e r  is a l s o  i n v e r s e l y  p r o p o r t i o n a l  t o  V. A p a r t i c l e  t r a n s i t  is 

de tec t ed  i f  t h i s  peak exceeds t h e  d i s c r i m i n a t o r  t h re sho ld  s e t t i n g .  To 

t a k e  account of t h e  Gaussian l i g h t  d i s t r i b u t i o n ,  a f a c t o r  

exp (- 2r2/r2) ,  where ro is the  d i s t a n c e  t o  

the  beam a x i s  a t  t h e  point'  of c l o s e s t  approach, must be inc luded  i n  t h e  

c a l c u l a t i o n .  Then we can write f o r  t h e  peak h e i g h t  I of t h e  f i l t e r  

ou tput  

t h e  beam radius  and r a  is a o  

P 

where k is some cons tan t  of p r o p o r t i o n a l i t y .  
- 

Suppose t h e  th re sho ld  s e t t i n g  is such t h a t ,  a t  t h e  mean speed  V , 
Then t h e  c r i t e r i o n  f o r  a d e t e c t i o n  a par t ic le  is de tec t ed  when ra = q. 

t o  occur a t  any o t h e r  speed is 
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or  

2 . 3  LTA Data Reduction Software - PROCESS 

The f o l l o w i n g  d i s c u s s i o n  is concerned with t h e  mathematical  b a s i s  

f o r  t h e  sequence of d a t a  r educ t ion  ope ra t ions  which appear w i t h i n  

PROCESS and whose u l t i m a t e  o b j e c t i v e  is the e x t r a c t i o n  of the f i v e  flow 

parameters,  c o n s i s t i n g  of mean v e l o c i t y  components u and v, t h e i r  r.m.s. 

f l u c t u a t i o n s  u '  and v' and t h e  f i r s t  o rde r  s h e a r  stress u 'v ' .  The main 

s t a g e s  i n  t h e  r educ t ion  of t h e  d a t a  are: 

- 

1. Renormalization of correlogram s e t  

2. Correlogram f i l t e r i n g  

3. Correlogram background removal 

4. Transformation of t h e  d a t a  t o  ( V , 0 >  s p a c e  

5. E x t r a c t i o n  of flow parameters 

2.3.1 Renormalization 

Var i a t ions  i n  t h e  r a t e  of a c q u i s i t i o n  of d a t a  from one ang le  

s e t t i n g  t o  ano the r  can r e s u l t  i n  a p a r t i a l l y  random s c a l i n g  w i t h i n  a 

g iven  s e t  of exper imenta l  correlograms. S imula t ion  of t h i s  f e a t u r e  of 

t h e  phys ica l  LTA environment, r e f e r r e d  t o  i n  t h e  program comments as 

denormal iza t ion ,  is a v a i l a b l e  as an  op t ion  i n  SIMULTAC. 

To compensate f o r  t hese  d a t a  r a t e  f l u c t u a t i o n s ,  p rocess ing  of t h e  

d a t a  c u r r e n t l y  begins with a r enorma l i za t ion  s t a g e .  

va lue  yi f o r  each a n g l e  s e t t i n g  0 

Gaussian formula 

The peak co t re logram 

is loca ted  and a bes t  f i t  found t o  t h e  
i 



where c, 8 and n are unkAown cons tan ts .  Each correlogram is then  

r eeca led  by t h e  new peak value. Note t h a t  t h e  assumption t h a t  t h e  

poin ts  l i e  on a Gaussian curve may not be s t r i c t l y  c o r r e c t .  Numerical 

experiments wi th  s imula t ed  d a t a ,  however, sugges t  t h a t  t h e  approximation 

is a very good one. 

0 

2.3.2 Correlogram F i l t e r i n g  

A s e l f - adap t ive  d i g i t a l  f i l t e r  is used t o  smooth t h e  raw data .  A 

t r i a n g u l a r  (Parzen)  weight ing f u n c t i o n  is used, which has  b e t t e r  peak- 

p re se rv ing  p r o p e r t i e s  than  a r ec t angu la r  shape and, hence,  provides  

b e t t e r  performance a t  l o w  turbulence  l e v e l s .  The background l e v e l  f o r  

each correlogram is f i r s t  es t imated  by averaging  over t h e  d a t a  between 

t h e  t h i r d  s t o r e  and the  s t o r e  n e a r e s t  t o  0.6 times t h e  peak s t o r e  

number. A f t e r  s u b t r a c t i n g  t h i s  average l e v e l  t h e  remaining d a t a  are 

summed, g iv ing  an estimate of t he  t o t a l  s i g n a l  con ten t ,  Q s a y ,  of t h e  

correlogram. I f  H is t h e  peak s t o r e  conten t ,  t h e  h a l f v i d t h  of t h e  

f i l t e r  is de f ined  as 

Q MJ = ROUND ( B  E) , 

where t h e  ope ra t ion  ROUND makes HW an in t ege r .  B is an empi r i ca l  con- 

s t a n t  which provides  c o n t r o l  over t h e  broadening induced by the f i l t e r .  

Any f i l t e r i n g ,  of course,  involves  a compromise between no i se  r educ t ion  

and loss of s i g n a l  d e t a i l .  F u r t h e r  i n v e s t i g a t i o n  af t h e  r e l a t i o n s h i p  

between turbulence  l e v e l  and the  optimum value  f o r  $ is clearly d e s i r a b l e .  

Having determined HW, t h e  f i l t e r  is now app l i ed  t o  t h e  o r i g i n a l  

correlogram da ta .  Each da ta  poin t  Y(k) is rep laced  by a t r i a n g u l a r l y  

weighted average over t he  set  of d a t a  po in t s  from l o c a t i o n s  k - HW t o  

k + HW according t o  the  formula 

I 
1 7. 



The f i l t e r i n g  computation is c a r r i e d  out i n  t h e  procedure FILTER 

i n  the  ALGORITHM module. 

2 . 3 . 3  Correlogram Background Removal 

During the  course of t h i s  work much d i s c u s s i o n  has been devoted 

t o  t h e  p rob lem of d e a l i n g  with background no i se  i n  t h e  c o r r e l a t i o n  

da ta .  Unfor tuna te ly ,  some c h a r a c t e r i s t i c s  found i n  exper imenta l  d a t a  

are  not f u l l y  understood; f o r  example, background l e v e l s  may d i f f e r  

s i g n i f i c a n t l y  a t  small and l a r g e  de lay  times, and s l o p i n g  backgrounds 

have been observed on a number of occasions.  'Ihe b a s i c  assumptions are 
made i n  PROCESS t h a t  t h e  background can, f o r  most purposes,  be reason- 

ab ly  w e l l  approximated by a h o r i z o n t a l  correlogram f l o o r ,  and t h a t  t h e  

s i g n a l  conten t  does not occupy more than  t h e  c e n t r a l  50% of t h e  c o r r e l -  

ogram. Accordingly,  t h e  means of t h e  con ten t s  of two groups of 

channels,  occupying t h e  i n i t i a l  and f i n a l  20% of t h e  c o r r e l a t i o n  

f u n c t i o n ,  are c a l c u l a t e d  and compared. The g r e a t e r  is taken  as t h e  

e f f e c t i v e  o v e r a l l  no i se  l e v e l .  'Ihe channel numbers a t  which t h e  c e n t r a l  

cor re logram peak decays t o  t h e  no i se  l e v e l  a r e  a l s o  determined a t  th i s  

s t a g e .  Af t e r  s u b t r a c t i o n  of t h e  background, t h e  correlogram i s  

t r u n c a t e d  by s e t t i n g  a l l  channel conten ts  t o  z e r o  beyond t h e s e  po in t s .  

The computations are performed i n  t h e  ALGORITHM module i n  procedure 

BACKGROUND. 

I f ,  i n  a p a r t i c u l a r  experiment, t h e  correlogram background is not  

f l a t ,  t h e  e f f e c t  of t hese  numerical procedures w i l l  be t o  over- 

compensate f o r  t h e  no i se  and reduce t h e  s i g n a l  con t r ibu t ion .  For 

unimodal v e l o c i t y  d i s t r i b u t i o n s ,  mean values w i l l  probably not be 

g r e a t l y  a f f e c t e d ,  but h i g h e r  moments w i l l  c e r t a i n l y  become u n r e l i a b l e .  
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2.3.4 Transformation of t h e  Data t o  (V, 8) Space 

I 

To c l a r i f y  the  d i s c u s s i o n ,  Table 2.1 is inc luded  h e r e  t o  show t h e  

r e l a t i o n s h i p s  between t h e  var ious  spaces  i n  which t h e  v e l o c i t y  probabi l -  

i t y  d e n s i t y  f u n c t i o n  can be expressed. These r e l a t i o n s h i p s  are governed 

by t h e  modulus of t h e  Jacobian of t h e  a p p r o p r i a t e  t r ans fo rma t ion ,  IJ1. 

FUNCTION SPACE I 
OUTPUT 

TABLE 2.1 

I J I  
PDF 

RELATI ONSHIPS 

n 

T3 

The v a r i a b l e s  i n  t h e  t a b l e  have t h e i r  convent iona l  meanings and 

a r e  r e l a t e d  by t h e  formulas 

u = v case, v = V s i n e ,  

v = G-7, e = a r c t a n  ( v / u > ,  

It is a p p r o p r i a t e  a t  t h i s  po in t  t o  c o r r e c t  an e r r o r  appear ing  i n  

Ref. 2 ;  on Page 33, t he  f a c t o r  T~ should  be rep laced  by T~ i n  Equations 

(4.7) and (4.8). 

I 
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A l l  t h e  flow informat ion  is ,  of course,  a v a i l a b l e  i n  any of t h e  

spaces of Table 2 .1 .  The choice of space  i n  which t o  c a r r y  out t h e  

da ta -process ing  w i l l  be governed i n  p r a c t i c e  by a number of cons idera-  

t i o n s ,  i nc lud ing  no i se  c h a r a c t e r i s t i c s ,  t h e  s i g n i f i c a n c e  of nonuniform 

spac ing  of samples ,  i n t e r p o l a t i o n  o r  t r u n c a t i o n  p rob lem and computa- 

t i o n a l  burden. It is not p o s s i b l e ,  on the  bas i s  of p re sen t  expe r i ence ,  

t o  make very g e n e r a l  recommendations, but a scheme which ope ra t e s  almost 

e n t i r e l y  i n  (u ,v)  space  and which is based on weaker assumptions t h a n  

t h e  p r e s e n t  procedures is desc r ibed  i n  S e c t i o n  4.1 .  

Veloc i ty-b ias ing  should be cons idered  i n  t h e  t r ea tmen t  of 

exper imenta l  data.  As demonstrated above ( s e e  Sec t ion  2 . 2 . 2 )  f o r  t h e  

s imple  f ixed- threshold  d e t e c t i o n  model, t h e  unbiased d i s t r i b u t i o n  func- 

t i o n  can be recovered by inc lud ing  an a d d i t i o n a l  d i v i s i o n  by v e l o c i t y ,  

or ,  e q u i v a l e n t l y ,  m u l t i p l i c a t i o n  by T/S. (See a l s o  Ref. 6 )  For 

example, t h e  t r ans fo rma t ion  from ( ~ , e )  space  t o  (V,e) space  is g iven  by 

If  p:e r e p r e s e n t s  t h e  b iased  d i s t r i b u t i o n  f u n c t i o n  obta ined  from expe r i -  

ment, w e  then  have 

I n  a Correlex-LTA system, each d e t e c t e d  t r a n s i t  is rep resen ted  by 

a s i n g l e  pu l se  a t  t h e  a p p r o p r i a t e  de lay  t i m e .  Hence, i n  t h e  absence of 

n o i s e  and given adequate sampling of t h e  flow, t h e  f i n a l  correlogram 

should  have t h e  same form as t h e  biased d i s t r i b u t i o n  f u n c t i o n  expressed  

i n  (T, 0)  coord ina te s ;  i.e., i t  should  be p r o p o r t i o n a l  t o  p' . Thus, a 

s e c t i o n  through t h e  p d i s t r i b u t i o n  can be recovered d i r e c t l y  from t h e  

correlogram by t h e  use of Equation ( 2 . 9 ) .  

T e  

v e  
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t 

I n  t h e  c u r r e n t  v e r s i o n  o f  PROCESS, t h e  cor re lograms a r e  t rans formed 

f r o m  ( r y e )  space t o  (V,@) space b e f o r e  t h e  r e q u i r e d  f l o w  parameters a r e  

e x t r a c t e d .  The necessary t r a n s f o r m a t i o n  o f  t h e T - c o o r d i n a t e s  i n t o  V-coord ina tes  

i s accompl i shed u s i n g  t h e  forrnul  a 

1 1  
16641 

= TRUNC [ - 
T 

iV 

where iT i s  t h e  c o r r e l o g r m  channel  number and i v  t h e  c o r r e s p o n d i n g  channel 

number i n  V-space. Note t h a t  16641 = (256 x 65)  t 1. The '1' i s  added t o  

ensure  t h a t  a s i g n i f i c a n t  e r r o r  i s  n o t  i n t r o d u c e d  when t h e  d i v i s o r  i s  a f a c t o r  

o f  16640. Only channel  numbers 64-225 a r e  conver ted  i n  t h i s  way ( i n t o  channel  

numbers 255-64 i n  V-space), t h e  assumption b e i n g  t h a t  t h e r e  a r e  no s i g n a l  

c o n t r i b u t i o n s  t o  t h e  c o r r e l o g r a m  f o r  ir = 0-63. The da ta  i n  V-space, now non- 

u n i f o r r n l y  spaced, a r e  a l s o  t a k e n  t o  be zero  f o r  i v  = 0-63. 

2.3.5 E x t r a c t i o n  o f  Flow Parameters 

The c o r r e l a t i o n  f u n c t i o n  i n  ('rye) space has now been t r a n s f o r m e d  i n t o  an 

unnorma l i zed  s e c t i o n  t h r o u g h  t h e  v e l o c i t y  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  i n  (V,0) 

space. The succeeding s tage o f  da ta-process ing  c o n s i s t s  o f  e x t r a c t i n g  f rom each 

o f  t h e  t r a n s f o r m e d  cor re lograms,  a t  a n g l e  s e t t i n g s  F ) j ,  t h e  peak h e i g h t  H j ,  peak 

p o s i t i o n  P j ,  t h e  sum o f  t h e  channel  c o n t e n t s  Qj and t h e  f i r s t  and second moments 

o f  v e l o c i % y  V j  and T j ,  r e s p e c t i v e l y .  The b e s t  p a r a b o l i c  f i t  i s  t h e n  found t o  

t h e  5 h i g h e s t  va lues  o f  t h e  s e t  [Hj], u s i n g  t h e  e q u a t i o n  

H = a1e2 + 

A t  t h e  h i g h e s t  PO 

a b l e  f l o w  a n g l e  

b l B  + c1 (2.10) 

n t  (H0,e0) o f  t h i s  c u r v e  dH/d@ = 0, g i v i n g  as t h e  most prob-  
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b: 
Then H = c  --• 

o 1 4al 

This c a l c u l a t i o n  is based on t h e  assumption t h a t  t h e  v e l o c i t y  

d i s t r i b u t i o n  can be we l l  approximated near  t h e  peak by a parabola .  This 

is  not  unreasonable f o r  a j o i n t  Gaussian func t ion .  We s h a l l  a l s o  assume 

t h a t  e is a good approximation t o  t h e  mean flow angle .  
0 

Having found eo,  t h e  n e a r e s t  f i v e  angle  s e t t i n g s  can be i d e n t i -  

f i e d .  A second p a r a b o l i c  f i t  is now performed on t h e  f i v e  va lues  of V 

a s s o c i a t e d  with t h e s e  ang le s ,  u s ing  
j 

(2.11) 2 -  v = a e 2 + b e + c  2 2 

Having thus  determined a b and c2 ,  t h e  mean speed is t aken  t o  be 2’ 2 

V = a e 2 + b e  + c 2 .  
0 2 0  2 0  

We now have o u r  es t ima tes  o f  mean f l o w  speed and d i r e c t i o n .  

Es t ima tes  o f  bX, e-, and P a r e  o b t a i n e d  by  l o c a t i n g  p a i r s  o f  p o i n t s  i n  

each t rans fo rmed  co r re log ram ( s t i l l  i n  ( V , @ )  space) wh ich  l i e  on t h e  
Y 

c o n t o u r  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  a t  some g i v e n  l e v e l .  

t h e  c u r r e n t  v e r s i o n  of  PROCESS t h i s  l e v e l  i s  l / E t i m e s  t h e  h i g h e s t  

I n  

p o i n t  Ho o f  t h e  d i s t r i b u t i o n .  

This choice  was o r i g i n a l l y  made because t h e  s l o p e  of t h e  proba- 

b i l i t y  d e n s i t y  f u n c t i o n  is  a maximum a t  t h i s  p lane ,  and t h e  s e n s i t i v i t y  

of t h e  d a t a  p o i n t s  t o  n o i s e  is  minimized. S e l e c t i n g  a lower l e v e l ,  how- 

eve r ,  has  t h e  advantage of gene ra t ing  more i n t e r s e c t i o n s ,  and t h e  cho ice  

is not  n e c e s s a r i l y  optimal. 



The b a s i c  assumption h e r e  is t h a t  each correlogram i n  ( V , e )  space  

can be desc r ibed  by a Gaussian. Although not s t r i c t l y  t r u e  i f  p is 

s i g n i f i c a n t l y  non-zero, t h e  e r r o r s  are probably very small f o r  contours 

a t  t h e  l /&  l e v e l .  Hence, w e  write f o r  t h e  j t h  transformed correlogram 

(2.12) 
Y = H .  exp { 

J 

The l/& plane  is a t  an a b s o l u t e  h e i g h t  of H /&. S e t t i n g  Y 
0 

equal  t o  t h i s  va lue ,  w e  o b t a i n  f o r  t h e  p a i r  of p o i n t s  on t h e  contour  

Pa i rs  of po in t s  can be obta ined  i n  t h i s  way from a l l  c o r r e l o g r a m  

f o r  which H .  > H /6. The coord ina te s  (V ,€I.) are  f i n a l l y  transformed, 

a l s o  i n  procedure KARY, t o  ( u , v )  space  by means of t h e  r e l a t i o n s  
J 0 e j  J 

= v ( e  - e o )  , 
e j  e j  j 

(2.13) 

v = v s i n  ( e j  - eo) 
e j  e j  

R e f e r r i n g  t h e  angular  s e t t i n g s  t o  8 a l i g n s  t h e  v-axis with t h e  mean 

flow. The der ived  values f o r  u and u w i l l  now rep resen t  t h e  r e q u i r e d  
X Y 

a x i a l -  and cross - turbulence  magnitudes r e s p e c t i v e l y .  

0 

It should  be noted h e r e  t h a t  t h e r e  is an e r r o r  i n  t h e  procedure 

descr ibed  above. The p a i r s  of po in t s  a t  t h e  1 / 6  l e v e l  should  be found 

i n  (u ,v>  space ,  no t  ( V ,  8 )  space ,  s i n c e  t h e  t r ans fo rma t ion  from one space  

t o  t h e  o the r  a l t e r s  t h e  shape of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n .  

The a p p r o p r i a t e  J acob ian  is g iven  by Table 2.1. 

The parameters u 0 and p a r e  obta ined  by t h e  fo l lowing  
x7 Y 

argument . 
Equation (2.3) r ep resen t s  t h e  model f o r  t h e  normalized v e l o c i t y  

p r o b a b i l i t y  d e n s i t y  func t ion .  An a r b i t r a r y  s c a l i n g  f a c t o r  is in t roduced  

i n  t h e  case  of t h e  f u n c t i o n ,  p l V  s a y ,  d e s c r i b i n g  t h e  exper imenta l  da t a :  
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A t  t h e  l /& contour l e v e l  

' = h /de' . 
puv 0 

Hence t h e  equa t ion  f o r  t h i s  contour,  an e l l i p s e ,  is 

D i f f e r e n t i a t i n g ,  w e  f i n d  

p a  u (u - a - ux* (v  - 5) du 
X Y  

dv 
du 00 when - =  

- - 
PQ Q (u - u)  = u2 X ( v  - v )  

X Y  

S u b s t i t u t i n g  i n  Equation ( 2 . 1 5 )  w e  o b t a i n  

- 
u = u + u  

X 

dv 
du When - = 0 w e  o b t a i n  

- 
v = v + u  

Y 

( 2 . 1 5 )  

( 2 . 1 6 )  

( 2 . 1 7 )  

Hence u and Q can be found from t h e  p o i n t s  on t h e  e l l i p s e  a t  which t h e  

t angen t s  are p a r a l l e l  t o  t h e  coord ina te  axes. 
X Y 
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(u - ] 1/2 p =  [ l -  (2.18) 

X 

Hence p can be found from e i t h e r  of t h e  po in t s  of i n t e r s e c t i o n  of t h e  

e l l i p se  with t h e  u-axis. As desc r ibed  above ( s e e  Equation (2 .13) ) ,  t h e  

coord ina te  axes a r e  chosen s o  t h a t  = 0. 

The f i n a l  s t e p s  i n  t h e  p re sen t  procedure for computing Q , a and . 
X Y  

p then  c o n s i s t  of a least  squares  f i t  of an  e l l i p s e  t o  t h e  s e t  of p o i n t s  

given by Equation (2.131, f i n d i n g  t h e  po in t s  a t  which t h e  tangents  t o  

t h i s  e l l i p s e  are p a r a l l e l  t o  t h e  axes ,  f i n d i n g  a po in t  on t h e  u-axis a t  

which v = 0, and f i n a l l y  apply ing  Equations (2.16), (2.17) and (2.18). 

I f  a contour  is chosen a t  some h e i g h t  o t h e r  t h a n  t h e  e-1/2 l e v e l ,  

s a y  a t  e-b , it  can e a s i l y  be shown t h a t  Equations (2.16) t o  (2.18) 

become 

- 
(U - uI2  = 2 b a i  

( v  - 

P '  

- v)2  2bu2 

Y 
when = 0 du 

- 
when v = v (u - U P  ,1/2 1 -  

2 b u-! 
A 

F i n a l l y ,  t h e  comment may be added t h a t  ux, u and p can be 

der ived  d i r e c t l y  from t h e  c o e f f i c i e n t s  found i n  c a r r y i n g  ou t  t h e  e l l i p -  

t i c a l  f i t  t o  t h e  da ta .  lhe equa t ion  on which t h i s  procedure is based is 

Y 
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uv + c u + c v = 1 1 2 4 5 c u2 + c v2 + c3  

By expanding Equation (2.15) and comparing c o e f f i c i e n t s ,  w e  f i n d  

L 
0 = 2  I 

X 4c1c2 - c32 

Cl ( l  + ClV2) 1 / 2  
(J = 2  Y 4c1c2 - c32 

S i m i l a r  formulas can be found f o r  contours a t  o t h e r  t han  t h e  1 / 6  l e v e l .  

2.3.6 M u l t i s t a t i o n  Provis ions  i n  t h e  MSCLTA I1 Software 

The o r i g i n a l  des ign  of t h e  MSCLTA I1 s o f t w a r e  inc luded  p rov i s ions  

f o r  t h e  c o n t r o l  of a Corre lex  system con ta in ing  a PAC card  f o r  mult i -  

s t a t i o n  d a t a  a c q u i s i t i o n .  To v e r i f y  t h a t  t h e  m l t i - s t a t i o n  p rov i s ions  

d id  indeed work, a s imula ted  tes t  flow was s e t  up a t  SPECTRON, where 

mult i -  t a t i o n  a c q u i s i t i o n  was s u c c e s s f u l l y  performed. Communication was 

e s t a b l i s h e d  and d a t a  sets t r a n s f e r r e d  from t h e  Corre lex  t o  t h e  VAX and 

s t o r e d .  

Following t h e  f i r s t  so f tware  d e l i v e r y  t o  t h e  NASA L e w i s  f a c i l i t y ,  

t h e  Corre lex  equipment w a s  s e t  up. NASA L e w i s  provided a tes t  f low t o  

demonstrate t h e  f u n c t i o n a l i t y  of both s i n g l e  and m l t i - s t a t i o n  a c q u i s i -  

t i o n  modes. Once aga in ,  d a t a  were s u c c e s s f u l l y  acqui red .  However, some 

communication problems were encountered with t h e  Lewis  arrangement t h a t  

were not de t ec t ed  with t h e  SPECTRON conf igu ra t ion ,  p r i m a r i l y  i n  t h e  

s e t t i n g  of c e r t a i n  PAC card  f r o n t  pane l  parameters.  

While t h e  PROCESS por t ion  of t h e  MSCLTA I1 s o f t w a r e  was being 

developed, t h e  s i m u l a t i o n  program was nodif i e d  t o  produce correlogram 
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d a t a  sets i m i t a t i n g  a m u l t i - s t a t i o n  a c q u i s i t i o n  mode. This permi t ted  

t e s t i n g  of m u l t i - s t a t i o n  f e a t u r e s  i n  t h e  PROCESS program.It is be l i eved  

t h a t  t h e  m l t i - s t a t i o n  mode f u n c t i o n s  as in tended ,  and demonstrated a t  

t h e  Lewis f a c i l i t y ,  al though t h e  a n a l y s i s  of d a t a  u s i n g  PROCESS i n  t h e  

m u l t i - s t a t i o n  mode has not  been performed as ex tens ive ly  as f o r  t h e  

s ing le - s  t a t i o n  mode. 

2.4 Software T e s t i n g  

A r e s t r i c t e d  s e t  of so f tware  t e s t s  has  been conducted. A st rat -  

egy was developed with t h e  goa l  of ach iev ing  a working SIMULTAC/PROCESS 

combination which met c e r t a i n  performance c r i te r ia .  SIMULTAC and 

PROCESS were demonstrated i n i t i a l l y  on i d e a l  d a t a  and subsequent ly  with 

a l i m i t e d  number of c o n t r i b u t i n g  p a r t i c l e s  and with background noise.  

Performance c r i t e r i a  inc luded  t h e  fo l lowing:  

( i  1 

( i i )  

( i i i )  

Table 

Both computers involved - SPECTRON's VAX 11/730 and I B M  PC/AT - 
should  y i e l d  t h e  same r e s u l t s  with common so f tware .  

Output estimates f o r  7 , 0, ax, u and p should  improve i n  

accuracy with i n c r e a s i n g  numbers of p a r t i c l e s ,  reducing turbu-  

l ence  and reducing  n o i s e  l e v e l s .  

Y 

Repeated t r i a l s  with no i se  d a t a  should r e v e a l  no b i a s e s .  

The tes t  parameters used f o r  ( i )  and ( i i )  are s e t  out i n  

2.2. Some s t a t i s t i c a l  tests were a l s o  c a r r i e d  out f o r  t h e  two 

tu rbu lence  l e v e l s  and f o r  h 'Ihe resul ts  of a l l  

t h e s e  t r ia l s  are inc luded  as Tables 2.3, 2.4 and 2.5. It can be s e e n  

t h a t ,  f o r  t h e  IBM and VAX 11/730 computers, t h e  performance c r i t e r i a  

have been g e n e r a l l y  w e l l  m e t .  

= 500, h n / h p  = 0.1 
P 
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Spot Sepa ra t ion  
Spot Diameter 
Threshold Radius 

Delay t i m e  
Number of S to res  

Mean Ve loc i ty  
Mean Flow O r i e n t a t i o n  
Axial Turbulence 
Cross Turbulence 

C o r r e l a t i o n  C o e f f i c i e n t  

Angular Steps 
Angular Increment 
1.1' a t  5% tu rbu lence  

Height of Correlogram 
F r a c t i o n a l  Background 

Peak, h 
Level ,  h ;hp  

852 micron 
40 micron 
0, 1, 15 micron 

200 ns 
256 

30 ns-l 
0 degrees 

1,5 % 

0.4 

9 

0.15O a t  1% tu rbu lence  

500, 100 
0, 0.1, 0.5 
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TABLE 2.5 

STATISTICAL 'JESTS (VAX C W U T E R )  

Input Parameters: 

Mean Velocity = 30 ms-1 
Threshold Diameter = 30 Um 
Greatest Channel Content (h ) = 500 
Fractional Background Level (hn/h ) = 0.1 P 

P 
Output Estimates for ax = uv = 5% 

4.98 

5.18 

5.07 

5.01 

4.92 

4.95 

5.01 

4.99 

5.05 

4.99 

Velocity Estimate 
(ms-1) 

5.33 

5.07 

5.52 

5.23 

5.13 

5.45 

5.27 

4.91 

5.44 

5.48 

30.076 

30.017 

30.067 

30.064 

30.056 

30.055 

30.076 

30.093 

30.072 

30.052 

Flow 
Direct ion 

0.06 

-0.02 

0.01 

0.04 

-0.02 

-0.03 

0.01 

0.04 

0.11 

-0.04 

= 1% - - 
uV 

Output Estimates for 

U 
Y P 

0.37 

0.35 

0.39 

0.37 

0.38 

0.38 

0.38 

0.37 

0.39 

0.41 

P 

0.25 

0.17 

0.33 

0.17 

0.46 

0.21 

0.27 

0.20 

0.14 

0.22 
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. .  2.5 D i s  crimi- 

As p a r t  of t h e  th i rd-year  c o n t r a c t ,  a d d i t i o n a l  d i s c r i m i n a t o r  

hardware was provided t o  extend t h e  LTA equipment c a p a b i l i t i e s  t o  

inc lude  lower speed flows. Each of t h e  s i x  d i s c r i m i n a t o r  modules on a 

d i s c r i m i n a t o r  card ,  of which t h e r e  are two i n  t h e  o p t i c a l  head, is 

in tended  f o r  a s p e c i f i c  speed range, with a f a c t o r  of two between 

ranges. Each d i s c r i m i n a t o r  is designed t o  be compatible with f low 

speeds from one-half t o  twice t h e  c e n t e r  va lue ,  although t h e  perforrzance 

is accep tab le  over a range s e v e r a l  times g r e a t e r  than  t h i s .  The s i x  

pa i r s  of d i s c r i m i n a t o r  f i l t e r  modules o r i g i n a l l y  s u p p l i e d  t o  NASA 

Langley are desc r ibed  i n  Sec t ion  V I  of SDL 81-53003 ( O p t i c a l  Head), 

March 1981, which w a s  provided with t h e  o r i g i n a l  LTA equipment. The 

ranges o r i g i n a l l y  covered were i d e n t i f i e d  as 1 through 6; t h e  ranges of 

t h e  two new f i l t e r  modules supp l i ed  under t h e  p r e s e n t  c o n t r a c t  are 

des igna ted  7 and 8. The c h a r a c t e r i s t i c s  of t h e  d e t e c t i o n  f i l t e r s  and 

c e n t e r  e s t i m a t i o n  f i l t e r s  a r e  shown i n  Table 2.6. 

Table 2.6. 

S l o t  

A 

B 

C 

D 

E 

F 

De tec t ion  F i l t e r  
Range No. Width 

1 15 ns 

2 25 11s 

3 50 ns 

4 100 ns 

5 200 ns 

6 400 ns 

7 800 ns 

8 1.6 pii 

Center  Es t imat ion  F i l t e r  
Width 

50 ns 

100 ns 

200 ns 

400 ns 

800 ns 

1.6 ps 

3.2 us 

6.4 us 

Figures  2-6 which re la te  t o  t h e  Range 7 d i s c r i m i n a t o r s ,  are 

inc luded  t o  i l l u s t r a t e  t y p i c a l  performance f e a t u r e s .  
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A br ie f  d e s c r i p t i o n  of t h e  ope ra t ion  of t h e  d i sc r imina to r s  was 

given i n  t h e  Manual r e f e r r e d  t o  above. A more d e t a i l e d  d i scuss ion  can 

be found i n  Ref. 7. 
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I 

3.0 COMMENTS AND CONCLUSIONS 

3.1 Software S t r u c t u r e  

A t  t h e  beginning of t h i s  progran  i t  was r e a l i z e d  t h a t  success  o r  

f a i l u r e  i n  c r e a t i n g  a usab le  se t  of so f tware  depended on a c l e a r  under- 

s t a n d i n g  of i t s  in tended  func t ion .  Indeed, t h e  process  of 'des ign '  has  

been descr ibed  as 'understanding t h e  requirements. '  The va lue  of t h e  

d e t a i l e d  d i scuss ions  of t h e  framework of t h e  so f tware  s t r u c t u r e ,  which 

occupied s o  much of t h e  i n i t i a l  e f f o r t ,  has been demonstrated by t h e  

f a c t  t h a t  t h e  a r c h i t e c t u r e  has  subsequent ly  remained e s s e n t i a l l y  

unchanged. Severa l  modules have undergone some a l t e r a t i o n s ,  and cos- 

met ic  work is s t i l l  needed, but t h e  s k e l e t o n  is f i x e d  and has proved 

a p p r o p r i a t e  f o r  t h e  t a sk .  

The s e p a r a t i o n  of t h e  d a t a  a c q u i s i t i o n  program, ACQUIRE,  from t h e  

informat ion  r e t r i e v a l  progran, PROCESS, was an e a r l y  and s i g n i f i c a n t  

development. I ts  va lue  is obvious i n  r e t r o s p e c t .  The f i r s t  r e p o r t a b l e  

a c t i v i t y  cons i s t ed  of gene ra t ing  a user -acceptab le  i n t e r f a c e ;  as a 

r e s u l t ,  many of t h e  so f tware  ope ra t ions ,  while a c c e s s i b l e  t o  t h e  dedi- 

ca ted  a n a l y s t ,  a r e  t r a n s p a r e n t  t o  the  u s e r  i n  r o u t i n e  a p p l i c a t i o n s .  

This early p lanning  made t h e  f i n a l  p rogram easy t o  main ta in ,  and t h e  

gene ra t ion  of t h e  necessary documentation a s t r a i g h t f o r w a r d  t a sk .  

It should be noted t h a t ,  i n  i t s  p r e s e n t  form, ACQUIRE assumes 

t h a t  t he  resources  of a VAX mul t i - task ing  environment are a v a i l a b l e .  

For t h e  convenience of users of more b a s i c  s y s t e m ,  ACQUIRE would need 

t o  be modified t o  inc lude  some s imple  p rocess ing  c a p a b i l i t i e s .  

3 . 2  S i  mu 1 a t i ons 

The e f f o r t  t h a t  has  gone i n t o  s i m u l a t i o n  has  demonstrated t h e  

importance of planning, i n  t h e  e a r l y  s t a g e s  of t h e  program, t h e  s t r u c -  

tu re  and f u n c t i o n s  of t h e  t e s t i n g  and v a l i d a t i o n  methods t o  be used i n  

the  e v a l u a t i o n  of t h e  da ta -process ing  so f tware .  Since t h i s  program was 



i n i t i a t e d  a g r e a t  d e a l  of knowledge and exper ience  has  been gained i n  

these  areas, and t h e  need t o  devote adequate resources  t o  t h e  c r e a t i o n  

of a computer model r e f l e c t i n g  as f a i t h f u l l y  as p o s s i b l e  t h e  p h y s i c a l  

p r o p e r t i e s  of t h e  primary d a t a  is now c l e a r l y  apprec i a t ed .  Attempting 

t o  model t h e  LTA system i n  a l l  i t s  m a t e r i a l  a s p e c t s  would, however, have 

been an unacceptably l abor - in t ens ive  t a s k  i n  t h e  p r e s e n t  program and 

some s i m p l i f i c a t i o n s  and approximations have been i n e v i t a b l e .  For 

example, i nc lud ing  a l l  t h e  p r o p e r t i e s  of a f u l l  three-dimensional f l ow 

f i e l d  would r a i s e  f a r  t o o  many compl ica t ions ,  and t h e  unde r ly ing  assump- 

t i o n  w a s  t h e r e f o r e  made t h a t  t h e  flow is pure ly  two-dimensional i n  t h e  

p l ane  normal t o  t h e  t r a n s m i t t e r  ax i s .  Eventual ex tens ion  t o  i n c l u d e  

three-dimensional e f f e c t s  on p a r t i c l e  t r a n s i t s  would, of course ,  be 

h i g h l y  d e s i r a b l e .  
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4.0  RECOMMENDATIONS 

I 

4.1 Software 

While t h e  d e l i v e r e d  so f tware  is complete and o p e r a t i o n a l ,  our 

primary recommendation is t o  g ive  p r i o r i t y  t o  t h e  program of t e s t i n g ,  

conf i rma t ion  and v e r i f i c a t i o n  i n  o rde r  t o  ga in  confidence t h a t  t h e  

programs r e a l l y  do what they are supposed t o  do, p a r t i c u l a r l y  with 

imperfec t  da ta .  It remains necessary  t o  i n s p e c t  t h e  correlograms 

v i s u a l l y  t o  dec ide  whether process ing  should cont inue  o r  whether t h e  

d a t a  should  be d iscarded .  The c r i t e r i a  on which t h i s  choice  is made, 

and which should be incorpora ted  i n  the  code have not been q u a n t i t a -  

t i v e l y  i d e n t i f i e d ,  and t h e  degree of dependence on t h e  expe r i ence  of t h e  

ope ra to r  remains h i g h e r  than  is r e a l l y  d e s i r a b l e .  Progress  towards 

r e l i a b l e  fully-automated so f tware  w i l l  depend on a thorough under- 

s t a n d i n g  of t h e  procedures i n  PROCESS and any shortcomings t h a t  may 

remain. Close  t e c h n i c a l  l i a i s o n  among u s e r s  is a l s o  very important.  

I n  p a r t i c u l a r  w e  recommend t h a t  PROCESS is exe rc i sed  on h igh  

q u a l i t y  d a t a  over as l a r g e  a range of values of t h e  var ious  parameters 

as p o s s i b l e ,  and only subsequent ly  on p r o g r e s s i v e l y  poorer da t a .  The 

f u l l  t es t  ma t r ix  is g iven  i n  Table 4.1. 

The least  s a t i s f a c t o r y  a spec t  of PROCESS i n  i t s  p resen t  form i s  

t h e  under ly ing  assumption t h a t  t h e  flow can be modeled as a c o r r e l a t e d  

bivariate  Gaussian random process. This w i l l  certa inly  not be true i n  

some cases - f o r  example, i n  s h e a r  flows o r  where shock waves are 

p resen t .  A r a d i c a l  s o l u t i o n  t o  t h i s  problem of gene ra l  a p p l i c a b i l i t y  

would be t o  replace a l l  t h e  procedures fo l lowing  t h e  i n i t i a l  condi- 

t i o n i n g  of t h e  co r re log rans  ( f i l t e r i n g ,  background removal and t runca-  

t i o n )  with a model-free s p l i n e  f i t .  
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Table  4.1. Complete Test Matrix 

Spot Sepa ra t ion  
Spot Diameter 

Delay Time 
Number of S t o r e s  

Mean Ve loc i ty  Components: 
U 
V 

852 micron 
40 micron 

5 ns - 1 us 
256 

2 - 1000 ms-1 
2 - 1000 ms -1 

Turbulence Components: 
U 0 - 30% 

0 - 30% 
C o r r e l a t i o n  C o e f f i c i e n t  -1 t o  +1 

Angular Steps 3 

Angular Increment 0.02O - 5" 

X 
0 

Y 

Height of Correlogram Peak, h 10 - 104 

F r a c t i o n a l  Background Level ,  hn/hp 
P 

0.05 - 0.5 

A modi f ica t ion  t o  t h e  e x i s t i n g  da ta - reduct ion  procedure f o r  Gaussian 

f lows ,  which has r a t h e r  more g e n e r a l i t y  and which ope ra t e s  i n  (u ,v )  

space ,  is recommended as a s imple r  s o l u t i o n  and has  t h e  f o l l o w i n g  

s t r u c t u r e :  

p recond i t ion  correlograms i n  ( T, 0) space  with p r e s e n t  a lgor i thms 
but i n  t h e  order :  f i l t e r ,  remove background, renormal ize .  

t r a n s f o r m  t o  (u ,v )  space.  

f i n d  peak h e i g h t  H a t  each ang le  and i t s  coord ina te s  
( u . , v . )  . 
f i t  Nth o r d e r  polynomial (N = 4 may be a good cho ice )  t o  t h e  
H. as a f u n c t i o n  of and f i n d  peak H and cor responding  a n g l e  
$ *  t h i s  is taken  to%, t h e  mean flow 8 i r e c t i o n .  

f i t  Nth o rde r  polynomial t o  t h e  set  {(u.  , u .  > )  . 
f i n d  i n t e r s e c t i o n  of ray a t  8 with t h i s  curve; t h i s  g ives  mean 
flow speed. 

f i n d  l/c po in t s  (o r  po in t s  a t  some o t h e r  l e v e l )  from c o r r e l o -  
grams i n  (u ,v )  space.  

j 0j 
J J  

0' 

J J  

0 

( v i i i )  perform e l l i p t i c a l  f i t  as a t  p r e s e n t  t o  f i n d  u , u and p . 
X Y  

Implementing such a scheme would not  involve  major a l t e r a t i o n s  t o  

t h e  s t r u c t u r e  of t h e  p re sen t  sof tware .  
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4.2 Hardware 

Enhancements t o  t h e  hardware which would improve t h e  a v a i l a b l e  

accuracy i n  t h e  e s t i m a t i o n  of t u rbu lence  could be made with e x i s t i n g  

technology. 

The f i r s t  p o s s i b i l i t y  is t o  modify t h e  p r e s e n t  Cor re l ex  by i n t r o -  

ducing a known de lay  i n t o  t h e  "A" channel. This has  t h e  e f f e c t  of 

s h i f t i n g  t h e  correlogram d a t a  t o  t h e  l e f t  s i n c e  t h e  t r a n s i t  times a r e  

appa ren t ly  smaller. The de lay  t i m e  p e r  s t o r e  may then  be reduced t o  

s p r e a d  t h e  d a t a  over a l a r g e r  number of s t o r e s .  L imi t a t ions  on t h i s  

technique a r e  t h a t  t he  de lay  time cannot be less than  5 nanoseconds and 

t h a t  t h e  "A" channel de lay  uus t  be known t o  an accuracy c o n s i s t e n t  with 

t h a t  r equ i r ed  f o r  the  measurements. 

Secondly, new c o r r e l a t o r s  have been designed and cons t ruc t ed  

us ing  a t iming  p r i n c i p l e  which is not based on d i s c r e t i z a t i o n  of t i m e  

i n t o  set  i n t e r v a l s .  These ins t ruments  are capable of uuch improved 

accuracy and use a d i g i t a l  implementation of t h e  former ana log  LTA 

f i l t e r / d i s c r i m i n a t o r s ,  t o g e t h e r  with improved a lgor i thms.  The pro- 

ces s ing  of t h e  event i n t e r v a l  d a t a  is based on t h e  Cor re l ex  p r i n c i p l e .  

I 

i 
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