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ABSTRACT 

This report describes an experimental program and technique8 for 
studying the internal aerodynamics of pulverized coal combustors of the 
type used in magnetohydrodynamic test trains at The University of Tennaosee 
Space Institute. The combustors are modeled with small scale, soad %Pow 
models that permit both flow visualization and velocity field eurvays to be 
performed. Water was selected as the working fluid so that the model flow 
fields had the same Reynolds number as the actual reactive combustors, and 
also to facilitate flow visualization. The systems used for flow viauali- 
zation and velocity field surveying are described in detail, The velositp 
field survey equipment is based on a vector-velocity, laser doppler veloci- 
meter coupled to a controllable field scanning device and a micropsoseseos 
for on-line data reduction. Results are presented that were obtained from 
a laser velocimeter study of recirculating flows in a combustor model. The 
results show that, even for exceedingly simple geometrical arrangement8 of 
oxidant injector configurations, complex three dimensional highly turbulent 
flow fields exist in the combustor. A brief discussion of the impact of 
the results on fuel injector positioning is presented. 
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1.0 INTRODUCTION 

1.1 Background 

The Energy Conversion Research and kve lopmen t  Programs (ECP) of The 
Univers i ty  of Tennessee Space I n s t i t u t e  (UTSI) i s  conduct ing r e sea rch ,  
development and t e s t i n g  of a  p i l o t  sca1.e system t h a t  could s e r v e  a s  a  
system f o r  t e s t i n g  power gene ra to r s  f o r  cyc l e  augmentation of coa l  f i r e d ,  
steam gene ra t i ng  power p l a n t s .  The c u r r e n t  r e sea rch  i s  d i r e c t e d  toward t h e  
e v a l u a t i o n  of t h e  h e a t  recovery,  seed recovery and p o l l u t a n t  c o n t r o l  
c h a r a c t e r i s t i c s  of a  r a d i a n t  furnace  and secondary combustor system. The 
open cyc l e  t e s t  t r a i n  a t  t h e  Coal F i r ed  Flow F a c i l i t y  (CFFF) i s  shown sche- 
ma t i ca l l y  i n  F igure  '1. The flow processes  t h a t  occur  i n  t h i s  cyc le  begin 
w i t h  coa l ,  which i s  pulver ized  toge the r  wi th  a  seed m a t e r i a l  (e.g. K2C03) 
and fed  t o  a  combustor where i t  i s  i n j e c t e d ,  mixed wi th  v i t i a t i on -hea t ed  
o x i d i z e r  and burned, producing high temperature  gas  t h a t  i s  e l e c t r i c a l l y  
conducting. The gas , .which i n  t h e  UTSI des ign  con ta in s  a l l  of t h e  s l a g  
s p e c i e s  i n  vapor o r  l i q u i d  form, f lows ou t  of t h e  combustor through a  t ran-  
s o n i c  nozzle  and i n t o  a  magnetohydrodynamic channel contained between t h e  
po l e s  of a  magnet. The gas  flow l eaves  t h e  channel a f t e r  doing work 
a g a i n s t  t h e  magnetic f i e l d  and e n t e r s  a  f low d e c e l e r a t o r  o r  d i f f u s e r .  
Downstream equipment removes hea t  and s l a g  from t h e  flow t o  gene ra t e  steam 
f o r  convent ional  power producing cyc les .  

One o b j e c t i v e  of t h e  r e sea rch  conducted hy t h e  ECP i s  t o  opt imize t h e  
v i t i a t i o n  h e a t e r ,  t h e  c o a l  combustor, and t h e  nozzle  components of t h i s  
f l ow  system t o  provide t h e  channel w i th  e l e c t r i c a l l y  conducting gas  of 
uniform v e l o c i t y ,  temperature and conduc t iv i t y  t o  ( i )  opt imize power 
e x t r a c t i o n s ,  and ( i  i )  i n s u r e  r e l i a b i l - i  t y  of t h e  components while  minimizing 
h e a t  l o s s ,  cor ros ion  and component performance degrada t ion .  To d e f i n e  t h e  
r e s e a r c h ,  i t  i s  necessary t o  desc r ibe  t h e  d e t a i l s  of t h e  combustor system. 
F igure  2 i s  a  schematic  of t h e  primary combustor con f igu ra t i on .  

Since t h e  UTSI combustor i s  based on pass ing  100 percent  of t h e  
combustion-generated s l a a  through t h e  nozz le ,  channel and d i f f u s e r ,  t h e  
combustor con f igu ra t i on  des ign  i s  based on t h e  aerodynamics of m u l t i p l e ,  
p a r a l l e l ,  t u r b u l e n t  l e t s  a l i gned  wi th  t h e  a x i s  of t h e  combustor. The j e t s  
a r e  c r ea t ed  by m u l t i p l e ,  round, p a r a l l e l  ho l e s  pass ing  through a  p l a t e ,  
normal t o  t h e  combustor a x i s ,  c a l l e d  an  i n j e c t o r  o r  d i s p e r s e r  p l a t e ,  shown 
schemat ica l ly  i n  Figure 2  and i n  d e t a i l  i n  F igure  3. The p l a t e  c r e a t e s  a 
two-stage combustion process  by d i v i d i n g  t h e  combustor volume i n t o  an  
upstream v i t i a t i o n  h e a t e r  wi th  a  smal l  f u e l  flow and a  downstream c o a l  com- 
b u s t o r  where t h e  main f u e l  mass i s  burned. The gas  from t h e  v i t i a t i o n  
h e a t e r  passes  through t h e  d i s p e r s e r  p l a t e  ho l e s  c r e a t i n g  j e t s  of ho t  
( t y p i c a l l y  about 1111K) ox id i ze r .  The c x i d i z e r  j e t s  n i x  wi th  t h e  f u e l ,  
pu lve r i zed  c o a l  and/or  f u e l  o i l ,  which i s  i n j e c t e d  through nozz les .  The 
c o a l  nozz le  i s  a  c e n t r a l l y  l oca t ed ,  plugged p i n t l e  v a r i e t y .  The primary 
combustor des ign  v a r i a b l e s  a r e  t h e  o x i d i z e r  ho l e  d iameters ,  t h e  number of 
h o l e s ,  t h e  r a d i i  of t h e  concen t r i c  r i n g s  of t he se  ho l e s  from t h e  c e n r e r l i n e  
of  t h e  combustor, and t h e  c h a r a c t e r i s t i c s  of t h e  f u e l  o i l  and pulver ized  
c o a l  i n j e c t i o n  nozzles.  F igure  4 schemat ica l ly  i l l u s t r a t e s  t h e  type of 
f low c rea t ed  by t h e  d i s p e r s e r  p l a t e .  Research i s  underway a t  IJTSI t o  
i n v e s t i g a t e  t h e  e f f e c t s  of v a r i a t i o n s  of t h e s e  fundamental parameters  on 
t h e  combustor performance, i n t e r n a l  aerodynamics, s l agg ing  c h a r a c t e r i s t i c s ,  

and hea t  f l u x  d i s t r i b u t i o n s  on t h e  wal l s .  
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Figure 1. Schematic of CFFF Power Train 
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Figure 2 .  Sct.ematic of V i t ia t ion  Heater and Primary Combustor Hardware 



Note: Dimensions i n  inches 6cm) 

Figure 3. Schematic Drawing of Typical Dispeoser Plate 

.on Heater Cod CclT1Sustor 



r DISPERSER PLATE 

RING OF OXIDIZER 
HOLES OR JETS 

COMBUSTOR 

N2 +02+ PRODUCTS- - FLAMES - 
OF COMBUSTION 
FROM FUEL OIL 

Np + O2 + PRODUCTS - -FLAMES - 
OF COMBUSTION 
FROM FUEL OIL 

Figure 4. . Simplified Schematic of Primary Combustor Flow Field Created by 
Disperser Plate 



To minimize hea t  l o s s ,  t h e  combustor su r f ace  a r e a  i s  minimized s o  t h a t  
t h e  space hea t  r e l e a s e  r a t e  i s  of t h e  o rde r  of 1.4903 x l o 8  ~ / m ~ / s e c .  
Compact combustors have been developed f o r  i n d u s t r i a l  use t h a t  ope ra t e  
based on e i t h e r  s w i r l i n g  o r  r e c i r c u l a t i n g  flows o r  both. The UTSI com- 
b u s t o r  does no t  provide s w i r l  but  does depend on aerodynamically generated 
and c o n t r o l l e d  r e c i r c u l a t i o n  through t h e  mechanisms of j e t  mixing and 
en t ra inment .  The jets a r e  designed to:  

1 )  En t r a in  and mix thoroughly t h e  pu lver ized  c o a l  (and seed m a t e r i a l )  
w i t h  t h e  o x i d i z e r  i n  a compact c y l i n d r i c a l  combustor; 

2 )  E s t a b l i s h  s u f f i c i e n t  f u e l  r e s idence  t imes i n  t h e  combustor t o  pro- 
v i d e  f o r  c o a l  p a r t i c l e  p y r o l y s i s ,  f i x e d  carbon and v o l a t i l e s  u t i -  
l i z a t i o n  and combustion, and permit s l a g  s p e c i e s  vapor i za t i on ;  

3) Decay quick ly  and e f f i c i e n t l y  s o  t h a t  t h e  c h a r a c t e r i s t i c  j e t - l i k e  
v e l o c i t y ,  t empera ture  and s p e c i e s  p r o f i l e s  (which a r e  Gaussian o r  
cos ine  p r o f i l e  shaped)  become uniform o r  f l a t ,  t hus  providing 
homogenous, h igh  temperature ,  uniform e l e c t r i c a l  conduct iv i ty  flow 
a t  t h e  nozz le  i n l e t  plane,  wi thout  induc ing  flame impingement on 
t h e  combustor o r  nozz le  wa l l s ;  and 

4) Provide a s u f f i c i e n t l y  high bulk gas  v e l o c i t y  t o  promote s l a g  
r e j e c t i o n  a t  a 100 percent  r a t e  from t h e  combustor volume s o  t h a t  
i t  passec ou t  through the  genera tor .  

The key parameters  c o n t r o l l i n g  t h e  combustor aerodynamics and com- 
b u s t i o n  k i n e t i c s  a r e :  ( i )  composition of t h e  coa l .  ( i i )  c o a l  p a r t i c l e  s i z e  
d i s t r i b u t i o n s ,  ( i i i )  temperature  and composition of t he  v i t i a t i o n  gas ,  ( i v )  
number and d iameter  of t he  o x i d i z e r  ho l e s  i n  t h e  d i s p e r s e r  p l a t e ,  (v )  
geome t r i ca l  placement of o x i d i z e r  ho l e s  over  t h e  s u r f a c e  of t he  p l a t e .  and 
( v i )  de s ign  and ope ra t i on  of t h e  c o a l  i n i e c t i o n  nozzle  which i s  loca t ed  on 
t h e  combustor c e n t e r l i n e  and t h e  f u e l  o i l  nozz les  a t  t h e  per iphery.  Note 
a l s o  t h a t  t h e  c o a l  i s  seeded t o  about  LO% by weight wi th  potassium car -  
bona te  be fo re  be in^ pu lve r i zed ,  piped and i n j e c t e d  i n t o  t h e  combustor. The 
combustor flow f i e l d  i s  c o n t r o l l e d  mainly by t h e  gas j e t s  i r o n  the o x i d i z e r  
h o l e s  and t h e  c a r r i e r  gas  f low provided i n  t h e  c o a l  stream. The UTSI C6n- 
b u s t o r  i s  based on very dense phase coa l  f low,  w i th  n e ~ l i g i b l e  c a r r i e r  ga s ,  
where t h e  c o a l  p a r t i c l e s  become d i s t r i b u t e d  i n  t h e  combustor a s  a r e s u l t  
o f :  

1) P a r t i c l e  s i z e  and i n j e c t i o n  v e l o c i t y ,  

2 )  Aerodynamic d r a g  a c t i n g  on t h e  c o a l  p a r t i c l e s  caused by a flow 
f i e l d  e s s e n t i a l l y  c r ea t ed  by o x i d i z e r  j e t  mixing and i n t e r a c t i o n ,  
and 

3) Turbulent  f l u c t u a t i o n s  o r  e f f e c t i v e  t u r b u l e n t  d i f f u s i v i t y  c r ea t ed  
by t h e  tu rbulence  from t h e  i n t e r a c t i n g  gas j e t s  (which can have an 
extremely l a r g e  e f f e c t )  . 

For o t h e r  systems, where coa l  flow Is i n j e c t e d  i n t o  a combustor with 
a p p r e c i a b l e  amounts of secondary c a r r i e r  ga s ,  t h e  combustor aerodynamic 
f low can be s i g n i f i c a n t l y  a f f e c t e d  by t h e  gas  i n j e c t e d  wi th  t he  coa l  
because t h i s  gas  " s a t i s f i e s  the  entrainment  capac i ty"  of t he  o x i d i z e r  j e t s  

and t h e r e f o r e  s i g n i f i c a n t l y  a f f e c t s  t he  r a t e s  of j e t  spreading  and decay. 



The e f f e c t  of added secondary gas flow on ducted j e t  mixing and r e c i r -  
c u l a t i o n  has  been observed exper imenta l ly ,  f o r  example, r e f e r ences  1-3. I n  
t h i s  ca se ,  t h e  coa l  would hecome , d i s t r i b u t e d  i n  t h e  combustor n o t  only by 
t h e  causes  i d e n t i f i e d  above, bu t  a l s o  hy t h e  i n t e r a c t i v e  aerodynamics of 
t h e  c o a l  c a r r i e r  gas j e t  w i th  t h e  mu l t i p l e  surrounding o x i d i z e r  j e t s .  The 
p re sen t  UTSI coa l l s eed  supply and i n j e c t i o n  system i s  based on n e g l i g i b l e  
c a r r i e r  gas  i n  t h e  feed  system, s o  t h a t  t h e  o x i d i z e r  j e t s  a r e  p r imar i l y  
r e spons ib l e  f o r  t he  combustor aerodynamics. 

1.2 Research Required - 
The r e sea rch  r equ i r ed  t o  permit t h e  development of mathematical models 

of  combustor flows c o n s i s t s  of two p a r a l l e l  e f f o r t s .  The primary e f f o r t . i s  
t o  conduct experimental  i n v e s t i g a t i o n s  of combustor flows t o  gene ra t e  d a t a  
f o r  comparison t o  t h e  p r e d i c t i o n s  and f o r  b a s i c  understanding of t h e  
phys ics  of t h e  processes  i n  t h e  combustor. The second e f f o r t  i s  t o  develop 
e f f i c i e n t  and accu ra t e  numerical s o l u t i o n  procedures  f o r  so lv ing  t h e  mathe- 
m a t i c a l  system of  governing equa t ions .  This  i nc ludes  t h e  e v a l u a t i o n  and 
development of tu rbulence  t r a n s p o r t  models f o r  h e a t ,  mass and momentum, i n  
i t s e l f  a  formidable  task .  

The d a t a  needed from an  experimental  combustor research  program 
inc lude  t h e  fol lowing:  

- - - - A -  

1 ) Time-mean flow f i e l d  v a r i a b l e s :  u ,  v ,  w ,  p ,  T, p and T 

2) F luc tua t ing  flow f i e l d  a u a n t i t i e s  t h a t  de f ine  tu rbulence  s t r u c t u r e  ~. -- - -- 
and turbulence  t r a n s p o r t  of  h e a t ,  mass and momentum: u 1 2 ,  v ' 2 ,  w'2, - . - - -  - - -  
k = 112 (u '2  + v ' 2  + w12),  pu 'v ' ,  ulT', v l T ' ,  w1T', p 'T', p 1 C ' ,  -- -. 
p ' u ' ,  p ' u ' v ' ,  and o the r s .  The t h e o r e t i c a l  number of t he se  t u r b u l e n t  
c o r r e l a t i o n  func t ions  i n  r e a c t i v e  t u r b u l e n t  flow i s  enormous a s  
shown by Bray, r e f e r ence  4. rIopefully,  no t  a l l  of t he se  co r r e l a -  
t i o n s  a r e  requi red  t o  develop u s e f u l  t u r b u l e n t  t r a n s p o r t  models f o r  
r e a c t i v e  flows. Current  t r a n s p o r t  models a r e  l i m i t e d  t o  modeling 
r ' e l a t i v e l y  few of t h e  c o r r e l a t i o n s  because d a t a  d e f i n i n g  t h e  
importance o r  t h e  phys ica l  meaning of most of t h e  c o r r e l a t i o n s  a r e  
n o t  y e t  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

3) Data d e f i n i n g  t h e  l o c a t i o n  and e x t e n t  of t h e  r e c i r c u l a t i o n  zones,  
shea r  l a y e r  reat tachment  p o i n t s ,  and, whether t h e  flow i n  t h e  com- 
b u s t o r  i s  s teady o r  unsteady. 

The d a t a  a r e  requi red  f o r  both i so thermal  and r e a c t i v e  flows i n  corn- 
bus to r s .  For r e a c t i v e  combustors, t h e  f lows a r e  r e l a t i v e l y  more complex 
than  i n  i so thermal  environments. In p a r t i c u l a r ,  i n  t h e  UTSI pu lver ized  
c o a l  combustor, t h e  combustion chemistry i s  based on f lames of par- 
t i c u l a t e s ,  t h e  pu lver ized  c o a l ,  seed and atomized o i l  d r o p l e t s .  The coa l  
spray i s  formed by a  nozzle-ejected cloud con ta in ing  s p e c i f i c  s i z e - c l a s s  
c o a l  and seed p a r t i c l e s .  In t h e  c u r r e n t  system, t h e  seed and c o a l  a r e  
pu lver ized  toge the r  t o  a  powder wi th  a  mass mean diameter  of about  45 
microns. The phys i ca l  mechanisms of c o a l  p a r t i c l e  p y r o l y s i s  a r e  coupled t o  



t h e  combustor aerodynamics and t h e  fundamental mechanisms t h a t  govern t h e  
chemical d e s t r u c t i o n  of "coa l"  and o x i d i z e r  and t h e  formation of gaseous 
p roduc t s  of  combustion, i nc lud ing  t h e  vaporized s l a g  spec i e s .  The h igh  
tempera tures  w i t h i n  t h e  combustor a l s o  produce s i g n i f i c a n t  thermal 
r a d i a t i o n  which i n  t u r n  a f f e c t s  t h e  h e a t  f l u x  t o  t he  c o a l  p a r t i c l e s  and 
t h e r e f o r e  t h e  r a t e s  of p a r t i c l e  combustion. The coupl ing of a l l  t h e s e  pro- 
c e s s e s  may be i n d i c a t e d  schemat ica l ly  a s  shown by t h e  arrows below. 

J 
aerodynamics 

t u r b u l e n t  mixing \ combustion 

/ r ad i a t i o i i  and 
h e a t  r e l e a s e  / 

The mechanisms of t h e  coupl ing  a r e  presumed t o  be descr ibed  by t h e  co r r e l a -  
t i o n s  i n d i c a t e d ,  bu t  t h e  c o r r e l a t i o n s ,  being numerous and no t  y e t  physi- 
c a l l y  modeled, must e i t h e r  be determined by experiment,  emp i r i ca l l y  
modeled, o r  neg lec ted .  

Because t h e  p h y s i c a l  p rocesses  i n  t h e  combustor a r e  s o  complex, and 
d e t a i l s  of  t he  f low a r e  d i f f i c u l t  t o  a s s e s s ,  many s i m p l i f i c a t i o n s  a r e  
r e q u i r e d  i n  t h e  exper imenta l  i n v e s t i g a t i o n .  One major s i m p l i f i c a t i o n  i s  t o  
s tudy  co ld ,  i so the rma l  f lows  where d e t a i l e d  surveys  of t h e  i n t e r n a l  aerody- 
namics can he ob ta ined  wi th  r e l a t i v e  e a s e  and e f f i c i e n c y .  Add i t i ona l ly ,  i t  
h a s  been found t h a t  t h e  co ld  f lows possess  t h e  e s s e n t i a l  q u a l i t a t i v e  
f e a t u r e s  of  t h e  h o t  o r  r e a c t i v e  f lows (e.g. r e c i r c u l a t i o n  zone s t r u c t u r e ,  
nondimensionalized p r e s s u r e  d i s t r i b u t i o n s ,  v e l o c i t y  d i s t r i b u t i o n s ,  and 
b a s i c  s t a b i l i t y  o r  i n s t a b i l i t y  behavior)  whi le  d i f f e r i n g  i n  c e r t a i n  quan- 
t i t a t i v e  a r e a s ,  f o r  example, such a s  t h e  l eng ths  o r  e x t e n t s  of t h e  r e c i r -  
c u l a t i o n  zones,  t h e  r a t e s  of decay of maximum v e l o c i t y ,  and t h e  point-wise 
t u rbu lence  s t r u c t u r e .  Experience has  shown, however, overwlielmir-I# b e n e f i t s  
from performing co ld  flow experiments ,  t o  o b t a i n  Informat ion  on such f lows 
which permi ts  t h e  r e a c t i v e  flows t o  be q u a l i t a t i v e l y  understood and permi ts  
t h e  v e r i f i c a t i o n  o r  c a l i b r a t i o n  of mathematical models of t h e  combustor 
f lows.  Thus, a c r i t i c a l  need e x i s t s  f o r  i so thermal  t e s t  d a t a  from com- 
b u s t o r  models f o r  t h e  purposes  descr ibed .  

1 . 3  Research In  P roa re s s  

The cold flow r e s e a r c h  i n  progress  c o n s i s t s  of f a b r i c a t i n g  p l e x i g l a s  
combustor con f igu ra t i ons  and e v a l u a t i n g  them i n  a  water  tunne l  flow c i r -  
c u i t .  The primary component being modeled i s  t h e  d i s p e r s e r  p l a t e .  

Two types  of  d a t a  a c q u i s i t i o n  a r e  employed, namely, flow v i s u a l i z a t i o n  
and l a s e r  doppler  velocimetry.  Flow v i s u a l i z a t i o n  provides  a  q u a l i t a t i v e  
unders tanding  of  t h e  n a t u r e  of t h e  combustor flow f i e l d s ,  i nc lud ing  



steadiness or instability modes. The flow is made visible by injecting air 
and hydrogen gas bubbles, and also various dye materials into the flow. 
In-situ or photographic observations of the bubble motions and patterns 
provides the basic flow visualization. The laser doppler velocimeter is a 
device for obtaining direct, quantitative data on the internal flow field 
variables. The technique is non-intrusive, no mechanical probing of the 
flow is required. The device, described in detail in Section 3 and 
Appendix A, measures two instantaneous velocity components in the flow. 
The electronic circuitry developed for use with this instrumentation 
analyzes the velocity components being measured and converts them into time 
averaged or mean values, and also their statistically averaged fluctuation - 
quantities, that is, into u and T, and n, 7 and u'v', respectively. 
The laser velocimeter provides direct measurements of both the time 
averaged flow in the combustor and the structure of the turbulence within 
the combustor. The data can be interpreted to establish the expected rates 
of diffusion of heat, mass and momentum in the recirculating combustor 
flows. 

The data described above are used to optimize disperser plate technology 
by evaluation of many different disperser plate configurations. Each con- 
figuration is characterized by a relatively unique hole pattern consisting 
of hole sizes and their number and distribution over the face of the plate. 
The optimum plate design will be one that: 1) provides a steady turbulent 
flow in the combustor with acceptable pressure fluctuation levels, 2) pro- 
duces the most uniform velocity and turbulent intensity profiles at the 
combustor outlet station, 3) establishes recirculation zones of' acceptable 
size with turbulence levels high enough for intense mixing of fuel and oxi- 
dizer, and 4) has an acceptable pressure loss level. 

1.4 Research Planned 

A series of tests is in progress for a variety of disperser plate 
designs that have different injector hole patterns and hole sizes. The 
disperser plate designs will be for both single and multiple coal injector 
configurations, hence, disperser plates with clusters of geometrically 
similar oxidant injector hole patterns will be tested. The fundamental 
aerodynamic environment created by each of these configurations will be 
mapped in detail, together with the flow visualization studies. Designs 
for actual disperser plate geometries will be developed for testing in the 
existing coal fired flow trains at UTSI. 

2.0 DESCRIPTION OF TEST APPARATUS 

2.1 Test Site and Shelter 

A site for the cold flow test circuit installation was selected that 
provides both water and air supplies of adequate size. 

Figure 5 is a photograph of the exterior of the shelter, which also 
shows the concrete pad extending past the shelter. The concrete pad was 
designed to support water tanks that are reservoirs for the water tunnels. 



Figure 5 .  Photo of Test Shelter 



Because a laser-based flow f i e l d  survey system is used i n  t h e  s h e l t e r ,  a  
p a i r  of r o t a t i n g  warning beacons i s  i n s t a l l e d  on the  outside of the  s h e l t e r  
t o  a l e r t  workers outs ide  t h e  bui ld ing t o  not e n t e r  while the  l a s e r  is  i n  
operation. Of course, workers ins ide  t h e  bui ld ing a r e  protected by the  
appropr ia te  sa fe ty  goggles and o the r  equipment during l a s e r  operation. A 
l a s e r  beam s t o p  is connected e l e c t r i c a l l y  t o  the  s h e l t e r  door. Anyone from 
ou t s ide  who opens t h e  door automatically t r i g g e r s  the  beam t o  stop. This 
i s  another sa fe ty  precaution. 

2.2 Water Tunnel Flow Circui t  

Currently th ree  flow c i r c u i t s  a r e  i n s t a l l e d  i n  the  test she l t e r .  One 
i s  an a i r  tunnel  i n  which a d i f f u s e r  model i s  i n s t a l l e d ,  Figure 6. The 
o the r  two flow c i r c u i t s  a r e  water tunnels ,  one of which is  shown i n  Figure 
7. A p lexiglas  model of the  primary combustor i s  i n s t a l l e d  i n  t h i s  water 
flow c i r c u i t .  The model cons i s t s  of a  d i spe rse r  p l a t e ,  a  c y l i n d r i c a l  com- 
bustor  sec t ion ,  and a contrac t ing o u t l e t  sect ion.  The remainder of the  
flow c i r c u i t  is  made up of a  water tank, both Plexiglas  and PVC ducting, 
water pumps and water f i l t e r s .  A schematic of t h e  flow c i r c u i t  i s  shown i n  
Figure 8. 

Water i s  continuously c i r c u l a t i n g  through t h e  tank and main piping 
system during tes t ing .  A t  t he  same t i m e ,  water i s  continuously being 
withdrawn from t h e  tank,  f i l t e r e d ,  and re-added t o  t h e  tank by an aux i l i a ry  
pump, piping and f i l t e r  system. 

2.3 Model Combustors 

The model combustor i s  shown schematically i n  Figure 9. The p r inc ipa l  
components of t h e  combustor a r e  shown i n  Figures 10-12. A d i spe rse r  p l a t e  
current ly  i n s t a l l e d  i n  t h e  system i s  shown schematically i n  Figure 10 and 
photographically i n  Figure 11. The dimensions of the  system a r e  shown i n  
Figure 12. 

The d i sperse r  p l a t e  can be a x i a l l y  t raversed along the  Plexiglas  ducf 
t o  a x i a l l y  s h i f t  t h e  e n t i r e  flow f i e l d  crea ted  by the  d i sperse r  p l a t e  re la-  
t i v e  t o  a f ixed window posit ion.  By t h i s  technique r a d i a l  flow f i e l d  
surveys can be obtained a t  any desired d is tance  downstream of the  p la te .  
When the  d i sperse r  p l a t e  i s  moved, t h e  conical  o u t l e t  o r  contrac t ing sec- 
t i o n  i s  a l s o  moved t o  keep the  a x i a l  d i s t ance  between these  components 
f  ixed. 

A 0.95 c m  wide s l o t  w a s  cu t  i n t o  t h e  wal l  of the  combustor c y l i n d r i c a l  
s e c t i o n  t o  provide undistosted o p t i c a l  access f o r  the  l a s e r  beam. The s l o t  
i s  surrounded by a windowbox arrangement, Figure 12, which a l s o  contains 
water. The windowbox serves t o  nrovide a deep cavity surrounding t h e  s l o t  
c u t  i n t o  t h e  combustor wall. The deep cavi ty  reduces the per turbat ions  
t h a t  might be created i n  t h e  combustor flow by t h e  s l o t .  The s l o t  and 
window cavity configurat ion was designed a f t e r  an arrangement used pre- 
viously i n  a highly successful  combustor research program t h a t  a l s o  used 
t h a t  same l a s e r  velocimeter techniques, Qeference 3. 



Figure 6 .  Photo of Diffuser Model Installed i n  Air Tunnel 



Figure 7. Photo of Combustor Model Installed in Water Tunnel 



Figure 8 .  Schemtic of Water Tunnel Flow Circuit 
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Figure 9 .  Schematic of Combustor Model Installed in Water Tunnel 
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Figure 11. Photo of Disperser Plate Installed 
in Combustor Model 
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Figure 12. Schematic of Windm Rox Details 



3.0 DATA ACQUISITION SYSTEM 

3.1 Laser Vector Velocimeter 

3.1.1 Introduction 

The Laser Vector Velocimeter (LV), i s  designed t o  simultaneously 
measure two orthogonal vector  components of veloci ty  i n  a p a r t i c l e  laden 
flow. The instrument d iv ides  i n t o  th ree  bas ic  subsystems: ( i )  t h e  o p t i c a l  
system ( i i )  t h e  s i g n a l  processing system and ( i i i )  t h e  d a t a  acqu i s i t ion  
system. 

i 

3.1.2 Optical  System 

A schematic of the Laser Vector Velocimeter (LV) o p t i c a l  system i s  
shown i n  Figure 13. It u t i l i z e s  a four  watt Argon ion laser manufactured 
by Lexel. Ttie l a s e r  i s  mounted on a 60.96 c m  x 121.92 cm th ick  aluminum 
base p l a t e  which a l s o  holds t h e  t ransmit t ing  and receiving o p t i c a l  systems. 
A water- f i l led  u l t r ason ic  Bragg c e l l  with x-cut 5 MHz fundamental frequency 
quartz transducer c r y s t a l s  operat ing a t  15 and 45 MHz overtones is  used t o  
beam s p l i t  and frequency s h i f t  t h e  input  l a s e r  beam i n t o  four  beams having 
a common center.  The frequency s h i f t s  a r e  used t o  determine veloci ty  
d i r e c t i o n s  and iden t i fy  components. The Bragg c e l l  c r y s t a l s  a r e  driven by 
a power ampl i f ier  which is  referenced t o  a l o c a l  o s c i l l a t o r  c i r c u i t  common 
t o  both the  s igna l  separa tor  e lec t ron ics  and the  power amplif ier .  In t h i s  
way, e r r o r s  because of d i f ferences  i n  frequency betQeen the  Bragg c e l l  and 
s i g n a l  separa tor  mixers a r e  eliminated. Lenses a r e  used t o  focus the  beams 
t o  t h e  measurement pos i t ion ,  ca l l ed  the  probe volume. The l ens  t r a i n  is  
mounted on op t i cs  r a i l s  t o  pos i t ion  the  probe volume where desired. A zoom 
l e n s  system is a l s o  used t o  vary probe volume diameter and f r inge  period. 
The present  o p t i c a l  system was designed t o  be used i n  a backscat ter  obser- 
va t ion  mode and the  backscatter  c o l l e c t i o n  o p t i c s  were mounted i n  a ver- 
t i c a l  plane immediately above the  t ransmit t ing  lenses.  T.n t h i s  configura- 
t i o n ,  the  receiving o p t i c a l  system can he focused on any probe volume 
posit ion.  For example, when t h e  probe volume is focused 50.8 cm i n  f r o n t  
of t h e  output of t h e  t ransmit t ing  op t i cs ,  t h e  receiving op t i cs  subtend an 
angle of approximately 20'. This provides f o r  high s p a t i a l  r e so lu t ion  f o r  
t h e  sca t t e red  l i g h t  receiver  giving a depth of f i e l d  of about s i x  probe 
volume diameters. The backscatter  receiving lens i s  an F12.4 projec t ion 
l e n s  which i s  capable of c o l l e c t i n g  a l a r g e  s o l i d  angle of sca t t e red  l i g h t .  
It should be noted t h a t  the  design i s  such t h a t  forward s c a t t e r  observation 
can be obtained by decoupling t h e  receiver  from the  t ransmit ter .  The pho- 
tode tec to r  i s  an EMI 9781R photomult ipl ier  tube with approximately 12% 
quantum eff ic iency f o r  t h e  major wavelengths of t h e  Argon ion l a se r .  
Figure 14 is a photograph of the  assembled o p t i c a l  system. The e n t i r e  base 
p l a t e  i s  mounted on a m i l l  bed which has been modified t o  produce th ree  
motorized scan di rec t ions .  



TOP VlEW 

1 .  BEdM 
,WLL IMATOR 
Z.I. 

AR + LASER % G 
-BRAGG CELL 

FRINGE PERIOD AND 
PROBE VOLUME DIAMETER 

/RECEIVING LENS CONTROL ZOOM LENS 

P&lT <::I / 

C \- I; I 
I I f )  II I 

- - I 1  I +--- 

SIDE VlEW 

Figure 2 3 .  Schematic o= Laser Vector Velocimeter Sysrem 





3 .I .3 Signal  Woceseing and Data Reduction Systems 

The major components of t h e  s i g n a l  processing system are shown i n  
Figure  15. The s i g n a l s  generated by t h e  photomult ipl ier  tube a r e  
t r ansmi t t ed  t o  t h e  s i g n a l  separator .  This  device has been designed and 
developed by t h e  UTSI Gas Diagnost ics  Division and is s i m i l a r  i n  function 
t o  a n  FM r a d i o  receiver .  F i r s t ,  t he  v e l o c i t y  components corresponding t o  
each of four  poss ib le  c a r r i e r  frequencies a r e  separated and iden t i f i ed .  
The carrier frequencies correspond t o  15, 30, 45, and 60 MHz and correspond 
t o  two orthogonal v e l o c i t y  components (15 and 45 MHz) and t o  two nonortho- 
gonal  components (30 and 60 MHz). Secondly, i n  order  t o  achieve a high 
signal-noise r a t i o ,  t h e  high frequency s i g n a l s  a r e  mixed t o  a lower fre- 
quency which i s  switch-selectable i n  10 KHz s t e p s  t o  3 MHz. This allows 
opt imizat ion  of system accuracy and reso lu t ion  achieved by thumbwheel 
swi tches  and f i l t e r  pos i t ion  s e t t i n g s  f o r  each channel. In t h e  present  
conf igura t ion ,  only t h e  15 and 45 MHz channels of v e l o c i t y  are heaaured. 
The v e l o c i t y  measuring e lec t ron ics  a r e  b r i e f l y  summarized i n  Appendix A. 
A f t e r  t h e  v e l o c i t y  components have been i d e n t i f i e d  and the  proper parame- 
ters measured t o  ob ta in  a vector  ve loc i ty ,  t h e  da ta  are i n  a d i g i t a l  format 
recorded by a small  microprocessor system developed by Croruewco@. Software 
h a s  been developed t o  compute the  mean and standard dev ia t ion  of each of 
t h e  ve loc i ty  components. When da ta  occur simultaneously i n  both ve loc i ty  
channels ,  a two dimensional ve loc i ty  vector ,  i t s  magnitude and d i rec t ion ,  
i s  computed along with t h e  ve loc i ty  d i s t r i b u t i o n  s t a t i s t i c a .  An i n t e r n a l  
c lock may a l s o  be used t o  i d e n t i f y  ind iv idua l  da ta  point acqu i s i t ion  t i m e  
t o  t h e  nea res t  microsecoad. Prom the  data ,  power s p e c t r a l  d e n s i t i e s  can be 
computed using spec ia l i zed  software programs developed i n  the  TJTSI Gas 
Diagnost ics  Division.  

I f  i t  i s  des i red  t o  measure p a r t i c l e  s i z e  i n  add i t ion  t o  ve loc i ty ,  e lec t ro-  
n i c s  can be incorporated i n t o  t h e  e x i s t i n g  system with minimal modifica- 
t ion .  Figure 16 shows t h e  s i g n a l  processing and da ta  acquisit . ton systems. 

3.1.4 T ~ s t  Bed f o r  Laser Velocimeter (LV) 

Because the  LV provides s p a t i a l l y  resolved ve loc i ty  measurements i t  is  
poss ib le  t o  measure ve loc i ty  and turbulence p r o f i l e s  by t ravers ing  the  J,V 
probe volume ac ross  t h e  flow. Therefore, a t r ave r se  has been designed 
around a Brown and Sharpe three  a x i s  hor i zon ta l  mi l l ing  machine configured 
t o  move the  l a s e r  head and o p t i c a l  system along any of three  mutually 
orthogonal  axes. To al low d i r e c t  measurement of ve loc i ty  co~uponents when 
t r ave r s ing  the  Flow, t h e  two component axes measured by the  LV were se lec ted  
a s  two of the  t h r e e  t r ave r se  axes. The t r a v e r s e  was designed t o  move t h e  
l a s e r  and o p t i c s  a s  one u n i t  s o  t h a t  o p t i c a l  adjustments could be made t o  
form t h e  probe volume by beams i n t e r s e c t i n g  a t  t h e i r  waist  region (where 
t h e  wave f r o n t s  a r e  p lanar)  thus avoiding 'non-uniform f r inge  spacing. The 
t r a v e r s e  pos i t ion  i s  displayed d i g i t a l l y  by a mill bed motion m o n l t ~ r  
having a n  accuracy of 0.00127 cm, so t h a t  the  s p a t i a l  i s o l a t i o n  of the 
LV measurements is l imi ted  by t h e  s i z e  of  t h e  LV probe volume and not the  
t r ave r se .  
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3 . 2  Flow V i s u a l i z a t i o n  Techniques 

3 . 2 . 1  Bubble Genera to rs  

Two methods f o r  i n j e c t i n g  t r a c e r  bubbles  i n t o  t h e  f low have been 
u t i l i z e d .  One method i s  t o  i n j e c t  a i r  bubbles  i n t o  t h e  f low,  a t  d e s i r e d  
l o c a t i o n s ,  through hypodermic-needle-t ipped p robes .  A s m a l l  t u b e  d iamete r  
i s  n e c e s s a r y  t o  make s m a l l  enough bubbles .  Small  bubb les ,  of t h e  o r d e r  of 
2  mm, provided optimum r e s u l t s .  They a r e  l a r g e  enough t o  be v i s i b l e  and 
r e f l e c t  l i g h t ,  and y e t  small enough t o  f o l l o w  t h e  f low reasonably wel l .  
The hypodermic t i p  must be  s m a l l e r  t h a n  2 mm because  t h e  a i r  expands from 
t h e  t i p  when i t  forms t h e  bubble.  

The o t h e r  method of  f low v i s u a l i z a t i o n  i s  t o  g e n e r a t e  hydrogen bubbles  
on t h e  s u r f a c e  of f i n e  w i r e s  s t r u n g  a c r o s s  t h e  f low. Vol tage i s  a p p l i e d  t o  
t h e  wires atid h y d r o l y s i s  r e l e a s e s  hydrogen g a s  on t h e . w i r e  s u r f a c e .  The 
g a s  forms small bubbles  and t h e s e  a r e  swept o f f  t h e  w i r e  by hydrodynamic 
f o r c e s .  The hydrogen huhble  g e n e r a t i o n  method i s  a p p l i c a b l e  p r i m a r i l y  
i n  t h e  ve ry  low v e l o c i t y  regimes.  The bubbles  c r e a t e d  a r e  n o t  l a r g e  enough 
n o r  a r e  t h e r e  enough of them t o  be v i s i b l e  i n  t h e  t u r b u l e n t  f low downstream 
o f  t h e  p l a t e .  

3 . 2 . 2  Dye I n j e c t i o n  

Another type  of f low v i s u a l i z a t i o n  t r i e d  w a s  dye i n j e c t i o n .  C o l o r f u l  
dyes  a r e  i n j e c t e d  i n t o  t h e  f low a t  d e s i r e d  l o c a t i o n s  through hypodermic- 
need le - t ipped  probes.  The f low n e a r  t h e  i n j e c t o r  l o c a t i o n  i s  e a s i l y  
observed  b e c a u s e . o f  t h e  dye i n  t h e  f low.  However, t h e  t u r b u l e n c e  i n  t h e  
cdmbustor s i m u l a t o r  downstream of t h e  p l a t e  i s  s o  i n t e n s e  t h a t  a f t e r  about  
t e n  o x i d i z e r  j e t  d i a m e t e r s  downstream of  t h e  p l a t e  t h e  f low becomes a lmost  
un i fo rm i n  c o l o r .  N e v e r t h e l e s s ,  t h e  dye i n j e c t o r  method i s  u s e f u l  f o r  
p rob ing  and v i s u a l i z i n g  l o c a l  r e g i o n s  i n  t h e  combus t o r .  

4.0 RESULTS AND SYSTEM STATUS 

4.1 1 n s t a l l a t i ~ n  and Se tup  ----- 
A model of t h e  CFFF primary conbus to r  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d .  

The flow system and t h e  l a s e r  v e l o c i m e t e r  measurement sys tem a r e  f u l l y  
o p e r a t i o n a l .  C u r r e n t l y ,  a  v a r i e t y  of d i f f e r e n t  d i s p e r s e r  p l a t e  models a r e  
b e i n g  i n v e s t i g a t e d  t o  d i s c o v e r  t h e  aerodynamic f low f i e l d s  genera ted  by 
d i f f e r e n t  d i s p e r s e r  p l a t e s .  A t  p r e s e n t ,  t h e  c o l d  f low modeling i s  l i m i t e d  
r o  completion of t h e  i n v e s t i g a t i o n  of t h e  e x i s t i n g  v e r s i o n  of t h e  C Y F Y  com- 
b u s t o r  w i t h  s i n g l e ,  c e n t r a l l y  l o c a t e d  c o a l  i n j e c t i o n .  Fhen f o r  t11i.s s i n p l e  
c u ~ ~ f i g u r a ~ i o r l ,  some interesting r e s u l t s  have been o b t a i n e d .  

F i g u r e  17 shows a  s k e t c h  oE t h r e e  d i f f e r e n t  d i s p e r s e r  p l a t e s  t h a t  have 
been t e s t e d .  Fach c o n t a i n s  only  a  s i n g l e  row o r  r i n g  o f  h o l e s  i n  a  circum- 
f e r e n t i a l  p a t t e r n .  Each d i s p e r s e r  p l a t e  has  t h e  same number of h o l e s ,  and 
t h e  h o l e s  a r e  a1.1 t h e  same s i z e .  The d i f f e r e n c e  i n  t h e s e  d i s p e r s e r  p l a t e s  
i s  t h a t  t h e  r a d i u s  of t h e  r i n g  o f  h o l e s  i s  i n c r e a s i n g ,  from p l a t e  1 t o  
plate  3. 



P l a t e  1 

E i g h t  h o l e s  @ 
1.19 c m  d i a .  f o r  

2  8.58 c m  t o t a l  a r e a ,  o r  
2.57% p l a t e  p o r o s i t y .  

P l a t e  2  

P l a t e  3 

r = Radius  o f  h o l e s  

R = Radius  o f  p l a t e s  

F i g u r e  17.  P l a t e  Designs  f o r  t h e  P r e l i m i n a r y  Exper imenta l  I n v e s t i g a t i o n  

2  6 



4.2 Resu l t s  from Cold Flow Tes t ing  

I n  o rde r  t o  e x p l a i n  t h e  measured f e a t u r e s  of t h e  flow f i e l d ,  i t  i s  
necessary  t o  examine t h e  measurements i n  comparison t o  t h e o r e t i c a l  predic-  
t ions.  

To i l l u s t r a t e  t h e  t h e o r e t i c a l  aerodynamic behavior  of t h i s  type of com- 
bus to r ,  Figure 18 p r e s e n t s  t h e  s t r eaml ines  and a x i a l  ve loc i ty  components 
t h a t  were computed f o r  a  case  where t h e  combustor flow f i e l d  was t r e a t e d  a s  
a n  axisymmetric, two-dimensional flow. It i s  important  t o  observe from 
Figure  18 t h a t  t h e  d i s t i n g u i s h i n g  f e a t u r e s  of t h i s  type  of combustor a r e  
two zones of r e c i r c u l a t i n ~  f l u i d .  The zones a r e  t h e  regions where flames 
a r e  s t a b i l i z e d  by aerodynamic processes  and t h e  geomet r ies ,  s t r e n g t h s  and 
temperature  d i s t r i b u t i o n s  c o n t r o l  t he  combustor opera t ion .  These zones a r e  
t h e  o u t e r  r e c i r c u l a t i o n  zone near  t h e  wal l s  of t h e  combustor and t h e  i n n e r  
r e c i r c u l a t i o n  zone on t h e  c e n t e r l i n e  of t h e  combustor. 

The l a s e r  velocimeter  s t u d i e s  of t h e  flow f i e l d s  generated by t h e  
t h r e e  p l a t e s  revealed t h a t  cvcn gcomct r ica l ly  s imple i n j e c t i o n  con- 
f i g u r a t i o n s  produced complex flow p a t t e r n s .  F igure  19 shows t h e  mean 
v e l o c i t y  vec to r  f i e l d  i n  a  v e r t i c a l  plane pass ing  through t h e  coi~ibustor f o r  
p l a t e  1. Comparison of t he  gene ra l  s t r eaml ine  p a t t e r n  from t h e  v e l o c i t y  
v e c t o r s  wi th  t h e  two-dimensional c a l c u l a t e d  s t r eaml ine  p a t t e r n  of F igure  
1 8  r e s u l t s  i n  a n  i n t e r e s t i n g  d i f f e r ence .  In t h e  measured flow f i e l d ,  t h e r e  
i s  no c e n t r a l  r e c i r c u l a t i o n  zone. In t h e  c a l c u l a t e d  flow f i e l d ,  f l u i d  i s  
backflowing on t h e  c e n t e r l i n e  toward t h e  d i s p e r s e r  p l a t e ,  whereas measured 
v e l o c i t y  v e c t o r s  i n  t h i s  region a r e  d i r e c t e d  downstream toward t h e  nozzle .  
The conclusion i s  t h a t  t h e  measured flow f i e l d  i s  three-dimensional wi th  
some, bu t  no t  a l l ,  of t h e  f e a t u r e s  of a  two-dinensional flow. The explana- 
t i o n  of F igure  19 i s  provided i n  F igure  20. Figure 2 0  i s  a  survey of t h e  
same flow a s  shown i n  Figure 19,  bu t  i n  a  plane of t h e  combustor between 
t h e  ho l e s  of t h e  d i s p e r s e r  p l a t e .  Carefu l  comparison of F igures  19 and 20 
r e v e a l s  t h a t  t h e  f l u i d  from t h e  o u t e r  wa l l  r e c i r c u l a t i o n  zone passes  down 
between t h e  ho l e s  i n  t h e  d i s p e r s e r  p l a t e  and e l i m i n a t e s  t h e  c e n t r a l  r e c i r -  
c u l a t i o n  zone. This  phenomenon was d i scovered  f o r  two of t h e  s i n g l e -  row- 
of-holes  d i s p e r s e r  p l a t e s .  F igures  21 - 24 show t h e  vec to r  v e l o c i t y  f i e l d  
measured f o r  t h e  o t h e r  p l a t e s  taken  i n  d i f f e r e n t  p lanes  c u t t i n g  t h e  com- 
bus tor .  Note t h a t  f o r  p l a t e  No. 3 ,  a c e n t r a l  regime of back flow does 
e x i s t ,  a s  two-dimensional theory r equ i r e s .  For t h i s  case ,  t h e  between-hole 
survey showed f l u i d  flowing up between t h e  ho l e s  and then  coming down 
f a r t h e r  ou t .  This  produces an i n t e r e s t i n g  t h r e e  dimensional ,  c e l l u l a r  flow 
p a t t e r n  i n  t h e  combustor model. 

I n  t h e  Coal F i r ed  Flow F a c i l i t y  (CFFF), t h e  d i s p e r s e r  p l a t e  has  up t o  
t h r e e  rows o r  r i n g s  of ho l e s  a v a i l a b l e  f o r  ox idant  i n j e c t i o n .  The ho le s  
can  be i n d i v i d u a l l y  opened o r  plugged t o  gene ra t e  v a r i a b l e  ho le  pat:erns 
f o r  oxidant  i n j e c t i o n .  The c u r r e n t  ve r s ion  of t h e  CFFF combustor has  a  
d i s p e r s e r  p l a t e  wi th  two unplugged r i n g s  of ho l e s ,  ' F i s r e s  3 and 10. 

The model of t h e  CFFF d i s p e r s e r  p l a t e ,  Figure 10,  was t e s t e d  i n  t h e  
Cold Flow Modeling F a c i l i t y .  The v e l o c i t y  vec to r  f low f i e l d  ob ta ined  by 
l a s e r  velocimetry i s  shown i n  Figure 25. A s  can he seen ,  t h i s  p l a t e  a l s o  
gene ra t e s  a  three-dimensional flow f i e l d  which has  a  smal l  o r  n e g l i g i b l e  



- .  . - i g u r e  18. T h e o r e t i c a l  Calculaticn of Y i o w  F i e l d  i n s i d e  t h e  UTSI  Desrgn P u l v e r i z e d  Coa l  Combustor  
S i n g l e  Oxidizcr I n j e c t o r  Ring 



VER. TRAV. PLOT, PLATE 1, FLOW RATE = 0.002839 m3/sec or 2.839 liters/sec 

JETS ON RADIUS = 3.493 cm, ORIENTATION = 0.0 DEG 
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Figure 19. Velocity Field in the Plane of an Oxidant Jet 
(Plate 1, Figure 17) 



VER. TRAV. PLOT,. PLATE 1, FLOW RATE = 0.002839 m3/sec o r  2.839 l i t e r s / s e c  

JETS ON RADIUS = 3.493 c m ,  ORIENTATION = 22.5 DEG 

Figirre 20 . Ve1,oct t y  F i e l d  i n  P l a n e  Re tween Oxidant  J e t s  
( P l a t e  1, F i g u r e  17) 



VER. TRAV. PLOT, PLATE 2,  FLOW RATE = 0.002839 m3/sec br 2.839 l i t e r s l s e c  

JETS ON RADIUS = 5.232 cm, ORIENTATION = 0 .0  DEG 

Figure 21. V e l o c i t y  F i e l d  i n  the  Plane  of an Oxidant J e t  
( P l a t e  2, Ngure 17)  





VER. TRAV. PLOT, PLATE 3, FLOW RATE = 0.002839 m3/sec or 2.839 l i t e r s / s e c  

JETS ON RADIUS = 6.985 cm, ORIENTATION = 0.0 DEG 

Figure 23.  Veloci ty  F ie ld  i n  the Plane of an Oxidant J e t  
(Plate 3, Pigure 17) 



VERTICAL TRAVERSE VELOCITY VECTOR PLOT, PLATE 3 ,  FLOW RATE = 0.002839 m3/s,ec or 
2.839 l i t e r s l s e c  

JETS ON RADIUS = 6.985 cm, ORIENTATION = 22.5 DEG 

Figure 24.  Ve loc i ty  F ie ld  i n  the Plane Between Oxidant Jets 
( P l a t e  3, Figure 17) 



VERTICAL TRAVERSE VELOCITY VECTOR PLOT, 32 JETS, FLOW RATE = 0.002839 m3/sec or 
2.839 l i t e r s / s e c  

JETS ON RADIUS = 3.886 & 5.055 c m ,  ORIENTATION = 0 . 0  DEG 

"I:::: 

Figure 25. Ve loc i ty  F i e l d  of  the  CFFF Disperser  P l a t e ;  (Figure 10)  With 
Two Rows of In jec tor  Holes,  i n  the  Plane o f  an Oxidant J e t  



regime of r e c i r c u l a t i o n  on t h e  c e n t e r l i n e .  Again, t h i s  e f f e c t  i s  caused by 
t h e  f l u i d  from t h e  o u t e r  r e c i r c u l a t i o n  zone pass ing  down between t h e  ho l e s  
i n t o  t h e  c e n t r a l  r eg ion  of t h e  combustor, t hus  blowing o f f  t h e  c e n t r a l  
r e c i r c u l a t i o n  region.  

4.3 h p l i c a t i o n s  of  t h e  Experimental Resu l t s  

Seve ra l  i m p l i c a t i o n s  r e s u l t  from t h e  experimental  r e s u l t s  t h a t  a f f e c t  
combustor performance and performance eva lua t ion .  F i r s t ,  t h e  d a t a  sugges t  
t h a t  i n  t h e  CFFF combustor t h e  c e n t r a l  c o a l  i n j e c t i o n  system i n j e c t s  c o a l ,  
n o t  i n t o  a  r e c i r c u l a t i o n  zone a s  p red i c t ed  by two-dimensional theory ,  bu t ,  
i n t o  a  downstream d i r e c t e d  f low,  s i m i l a r  t o  a  c e n t r a l i z e d  plug flow. 
Opera t ion  of t h e  combustor a s  a n  e n t r a i n e d  f low,  f u l l y  s t i r r e d  r e a c t o r  i s  
n o t  probable ,  t h e r e f o r e ,  and a t  b e s t  w i th  e x i s t i n g  i n j e c t i o n  systems f o r  
o x i d i z e r  and f u e l ,  i t  o p e r a t e s  a s  a  p a r t i a l l y  s t i r r e d  r eac to r .  

Second, t h e  d a t a  show t h a t  an  a n a l y t i c a l  o r  numerical t h e o r e t i c a l  
model of  t h e  combustor must be three-dimensional t o  accu ra t e ly  p r e d i c t  tem- 
p e r a t u r e  p r o f i l e s ,  v e l o c i t y  p r o f i l e s ,  and gas  s p e c i e s  concen t r a t i on  p ro f i -  
les. Thus, s i n c e  computer models of t h e  combustor, (which can be used t o  
g e n e r a t e  t he  a n t i c i p a t e d ,  complex combustor s c a l i n g  r u l e s )  must be f u l l y  
three-dimensional ,  they w i l l  be expensive t o  formula te  and t o  opera te .  

Th i rd ,  any changes i n  d i s p e r s e r  p l a t e  con f igu ra t i on ,  which change f u e l  
o r  ox idant  i n j e c t i o n  p a t t e r n s ,  should be exper imenta l ly  eva lua ted  i n  a  cold 
f low model con f igu ra t i on  f i r s t  because of t h e  complex n a t u r e  of t he  flows 
gene ra t ed  by even r e l a t i v e l y  s imple d i s p e r s e r  p l a t e  geometr ies  ( i . e .  ho l e  
p a t t e r n s ) .  Then, i f  co ld  flow ope ra t i on  i s  s a t f s f a c t o r y ,  a  new, a c t u a l  
CFFF d i s p e r s e r  p l a t e  con f igu ra t i on  can he ho t  t e s t e d .  

4.4 Problems Encountered. i n  Laser Velocimeter Research ---- 
Seve ra l  problems were encountered i n  s e t t i n g  up t h i s  f a c i l i t y  f o r  t h e  

r e s e a r c h  e f f o r t .  Many of t h e s e  problems a r e  very f a m i l i a r  ones such a s  
me te r ing  t h e  flow of t h e  working f l u i d ,  water ,  i n  o r d e r  t o  e s t a b l i s h  t 'he  
c o r r e c t  mean v e l o c i t i e s ,  tu rbulence  and flow Reynolds numbers. The 
problems s p e c i f i c  t o  t h e  ope ra t i on  of t h e  l a s e r  velocimeter  inc lude :  

1) developing techniques  f o r  focus ing  t h e  beams a t  known p o s i t i o n s  i n  
t h e  f low,  which gene ra t e s  t h e  probe volume a t  known s p a t i a l  
p o s i t i o n s .  

2 )  e l i m i n a t i n g  random a i r  bubbles from t h e  water flow s o  t h a t  a  l a r g e  
number of bubbles of very uniform s i z e  could be generated i n  t h e  
ayetem and uocd a e  "aced" o r  e c n t t e r i n g  ccn t e ro  f o r  t h e  LV heam.  

3) a r r ang ing  t h e  pho tomul t i p l i e r  tube and l i g h t  c o l l e c t i o n  o p t i c s  i n  a 
back s c a t t e r  arrangement t h a t  permi ts  opt imal  s i g n a l  recovery. 

4) developing sof tware  f o r  t h e  microprocessor  c o n t r o l l e d  d a t a  
a c q ~ i i s i t i o n  system t h a t  permi ts  d a t a  wi th  accep tab l e  s t a t i s t i c a l  
confidence. t o  he ob ta ined  wi th  reasonahly manageable d a t a  sample 
s i z e s ,  and a t  f a s t  enough r a t e s .  



A l l  of t h e  problems have been resolved.  The d i scus s ion  of t h e  problems 
i s  o u t s i d e  t h e  scope of t h e  p re sen t  r epo r t .  Some of t h e  problems a r e  
d i s cus sed  i n  d e t a i l  i n  r e f e r ence  5. 

5.0 STATUS OF RESEARCH FACILITY 

The Cold Flow Modeling F a c i l i t y  i s  f u l l y  ope ra t i ona l .  Various f l u i d  
dynamic r e sea rch  programs have been conducted t h e r e ,  a l l  d i r e c t l y  app l i -  
c a b l e  t o  CFFF performance eva lua t ion  and improvement. For example, 
r e f e r e n c e  5 i s  a d e s c r i p t i o n  of r e sea rch  conducted t o  e v a l u a t e  t h e  per for -  
mance of t h e  CFFF secondary combustor a i r  i n j e c t i o n  and mixing system. 
Problems i n  applying t h e  LV t o  both seeded a i r  and water  f lows have been 
reso lved ,  and c u r r e n t  LV measurements occur  on a r o u t i n e  bas i s .  The Cold 
Flow Modeling F a c i l i t y  i s  a powerful t o o l  f o r  i n v e s t i g a t i n g  t h e  f l u i d  dyna- 
mic behavior  of both smal l  and l a r g e  s c a l e  opera t ions .  
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APPENDIX A 

Laser  Velocimeter Burst  Processors  and S igna l  V i s i b i l i t y  Analyzers 

I .  LV Burst  Processors  

Whenever a  p a r t i c l e  passes  through t h e  probe volume of  a  l a s e r  ve loc i -  
meter  (LV),system, i t  s c a t t e r s  l a s e r  l i g h t  from t h e  i n t e r f e r e n c e  f r i n g e s .  
The i n t e n s i t y  of  t h i s  s c a t t e r e d  l i g h t  i s  cover ted  i n t o  an e l e c t r i c a l  s i g n a l  
by a  pho tomul t i p l i e r  tube (PMT). This  PMT output  s i g n a l  c o n s i s t s  of  a  
higher-frequency Doppler component added t o  a  lower-frequency pedes t a l  com- 
ponent. The frequency of t h e  Doppler component i n d i c a t e s  t h e  v e l o c i t y  of 
t h e  p a r t i c l e  which produced i t .  One way t o  measure t h e  Doppler frequency 
o f  i n d i v i d u a l  s i g n a l  b u r s t s  i s  t o  use a  b u r s t  p rocessor ,  which b a s i c a l l y  
o p e r a t e s  l i k e  a frequency counter  i n  t h e  t i m e  per iod mode. 

The block diagram of t h e  b a s i c  b u r s t  p rocessor  shown i n  F igure  A-1 
i l l u s t r a t e s  i t s  ope ra t i ng  p r i n c i p l e s .  Shown below t h e  system's block 
diagram i s  a sample t iming c h a r t .  me ampl i f ied  b u r s t  s i g n a l  from t h e  PMT 
goes  i n t o  a  zero-crossing d e t e c t o r  (ZCD) a f t e r  a high-pass f i l t e r  has  
removed the  pedes t a l  component. The ZCD i s  b a s i c a l l y  a  Schmidt t r i g g e r  
which compares i t s  input  t o  a  t h r e sho ld  vo l tage .  The Z C D ' s  d i g i t a l  ou tput  
i s  h igh  only when i t s  inpu t  exceeds t h e  t h r e sho ld  vo l tage .  Therefore ,  t h e  
f requency,  f ,  of  t h e  ZCD's  ou tput  i s  

where Vy i s  t h e  p a r t i c l e ' s  v e l o c i t y  component perpendicu la r  t o  t h e  i n t e r -  
f e r ence  f r i n g e s  having t h e  spacing 6 .  

T h i s  ou tput  s e rves  a s  t h e  c lock  s i g n a l  f o r  a  f r i n g e  counter  which i s  
p r e s e t  t o  count N pu lses .  While t h e  f r i n g e  counter  i s  advancing, i t  pro- 
duces an  ou tput  pu lse  of l eng th  NT which i s  used t o  enable  a  c lock  counter .  
A s  long a s  t h e  f r i n g e  coun te r ' s  ou tput  i s  high,  t h e  c lock  counter  counts  
pu l se s  frou a high-frequency r e f e r ence  clock.  Af t e r  t h e  f r i n g e  coun te r ' s  
ou tput  r e t u r n s  low, t h e  clock counter  con ta in s  a  number, n, which repre-  
s e n t s  t h e  amount of time r equ i r ed  f o r  a  p a r t i c l e  t o  c r o s s  N i n t e r f e r e n c e  
f r i n g e s .  The p a r t i c l e ' s  v e l o c i t y  perpendicu la r  t o  t h e  f r i n g e s  i s  then 
determined from 

where f c  i s  t h e  frequency of t he  r e f e r ence  clock.  

Th i s  simple bu r s t  processor  i s  t h e o r e t i c a l l y  accep tab l e ,  but i n  prac- 
t i c a l  a p p l i c a t i o n s  where t he  ZCD input  i s  a  no isy ,  random s i g n a l ,  i t  would 
n o t  perEom w e l l .  Therefore ,  s e v e r a l  d a t a  v a l i d a t i o n  f e a t u r e s  need t o  be 
incorpora ted  i n t o  t h e  a c t u a l  processor  design.  
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One t y p e  o f  e r r o r  may be  caused by r e l a t i v e l y  l a r g e  p a r t i c l e s  p a s s i n g  
th rough  t h e  probe volume. These p a r t i c l e s  t end  t o  l a g  behind t h e  f low and 
produce e r r o n e o u s l y  low v e l o c i t y  measurements. S i n c e  low v e l o c i t i e s  
co r respond  t o  low s i g n a l  f r e q u e n c i e s ,  i t  i s  p o s s i b l e  t o  r e j e c t  t h e s e  
measurements by u s i n g  a  h igh-pass  f i l t e r .  A d i g i t a l  h igh-pass  f i l t e r  may 
e a s i l y  b e  implemented i n  t h e  h u r s t  p r o c e s s o r .  For  a  g i v e n  f r i n g e  c o u n t ,  
lower-frequency Doppler i n p u t  s i g n a l s  w i l l  c a u s e  l a r g e r  c o u n t s  t o  accumu- 
l a t e  i n  t h e  c l o c k  c o u n t e r .  Ry comparing t h e  c l o c k  c o u n t e r  o u t p u t  t o  a  
number s t o r e d  i n  a  l a t c h ,  i t  i s  p o s s i b l e  t o  d e t e c t  when t h e  p r o c e s s o r  i s  
a t t e m p t i n g  t o  measure a  b u r s t  w i t h  t o o  low o f  a Doppler f r equency .  

A measurement e r r o r  would a l s o  o c c u r  i f  t h e  b u r s t  p r o c e s s o r ' s  i n p u t  
s i g n a l  b r i e f l y  d i s a p p e a r e d  w h i l e  a measurement was be ing  made. T h i s  c o u l d  
e a s i l y  b e  caused by one p a r t i c l e  l e a v i n g  t h e  probe volume s h o r t l y  fo l lowed  
by a n o t h e r  p a r t i c l e  enter in^ i t .  The f i n a l  count  t h e r e b y  accumulated i n  t h e  
c l o c k  c o u n t e r  would be  e r r o n e o u s l y  h igh .  A s  a r e s u l t ,  t h e  v e l o c i t y  would 
a p p e a r  t o  be lower  t h a n  i t  t r u l y  was. 

One way t o  avo id  t h i s  e r r o r  i s  t o  t e s t  t h e  i n p u t  s i g n a l  f o r  p e r i o d i -  
c i t y .  Such a t e s t  may be performed u s i n g  two s e t s  o f  f r i n g e  c o u n t e r s  and 
two sets of  c l o c k  c o u n t e r s .  One f r i n g e  c o u n t e r  i s  p r e s e t  f o r  a  LONG c o u n t ,  
NL,  w h i l e  t h e  o t h e r  i s  p r e s e t  f o r  a  SHORT c o u n t ,  Ns ,  where NL i s  g r e a t e r  
t h a n  Ns. A f t e r  comple t ion  o f  b o t h  f r i n g e  c o u n t s ,  t h e  c o r r e s p o n d i n g  LONG 
and SHORT c l o c k  c o u n t s  a r e  nL and n s  r e s p e c t i v e l y .  The a p e r i o d i c i t y ,  E ,  

c a n  he computed from 

A p e r i o d i c  s i g n a l  would produce a n  a p e r i o d i c i t y  o f  z e r o  s i n c e  t h e  r a t i o  
N L / N S  would e q u a l  t h e  r a t i o  n ~ / n s  ( n e g l e c t i n g  d i g i t i z a t i o n  e r r o r s ) .  
However, when t h e  ZCD s i g n a l  t e m p o r a r i l y  d r o p s  o u t ,  n ~ / n s  assumes a  v a l u e  
d i f f e r e n t  from NL/NS, and t h e  a p e r i o d i c i t y  i n c r e a s e s .  T e s t  r e a d i n g s  w i t h  
a n  a p e r i o d i c i t y  exceeding a  p r e s e t  l i m i t  would he c o n s i d e r e d  i n v a l i d .  

An example i s  shown i n  F i g u r e  A-2 where t h e  ZCD o u t p u t  h a s  one m i s s i n g  
c y c l e .  T h i s  and a l l  o t h e r  t iming  diagrams have d o t t e d  l i n e s  t o  i n d i c a t e  
s i g n a l  l e v e l  changes which depend upon each o t h e r .  The LONG and SHORT 
s i g n a l s  a r e  t h e  f r i n g e  c o u n t e r  o u t p u t s  which g a t e  c l o c k  p u l s e s  i n t o  t h e i r  
r e s p e c t i v e  c l o c k  c o u n t e r s .  The NL and NS f r i n g e  c o u n t s  a r e  4 and 3  respec-  
t i v e l y ,  w h i l e  t h e  r e s u l t i n g  nL and ns  c l o c k  c o u n t s  a r e  10 and 8 respec-  
t i v e l y .  Thus, t h e  a p e r i o d i c i t y  g i v e n  by Equa t ion  ( 3 )  i s  6.7 p e r c e n t .  

Another  common problem w i t h  LV s i g n a l s  i s  t h e  l o s s  of  a  b u r s t  s i g n a l  
b e f o r e  t h e  f r i n g e  c o u n t s  a r e  complete.  T h i s  problem, known a s  s i g n a l  drop- 
o u t ,  w i l l  produce one o f  two a c t i o n s .  I f  a  second h u r s t  soon s t a r t s ,  t h e  
f r i n g e  c o u n t s  w i l l  he completed,  b u t  t h e  e r r o n e o u s  c l o c k  c o u n t s  w i l l  l a t e r  
b e  d i s c a r d e d  by t h e  p e r i o d i c i t y  t e s t .  O therwise ,  i f  t h e  f r i n g e  c o u n t s  a r e  
n o t  completed,  t h e  c l o c k  c o u n t e r s  w i l l  c o n t i n u e  c o u n t i n g  u n t i l  they  exceed 
t h e  d i g i t a l  h igh-pass  f i l t e r  l i m i t ,  bu t  t h i s  cou ld  t a k e  a r e l n t i v e l y  Ions  
t ime .  S i n c e  s i g n a l  d ropou t  o c c u r s  o f t e n ,  t h e  i n s t r ~ i m e r l t  would was te  most 
o f  i t s  t ime  e i t h e r  l e t t i n g  t h e  c l o c k  c o u n t e r s  overrrr? o r  cornpt1ti11.c t l i t r  
a p e r i o d i c i t y  o f  many g r o s s l y  i n v a l t d  measurements. The d r o p o ~ ~ t  tlt>ttv-tor 
i l l u s t r a t e d  i n  F i g u r e  A-3 minimizes  t h e  t t m e  recluI red t o  recovc>r f I-mn 
such  c o n d i t i o n s .  



Clock 
I l l  I I  
1 1 1  1 

I I ZCD 

LONG 
Clock 

I  I I 

I  I 
I 

I  
I  I 

LONG I I I  
I I  I  

I  1 
I  I  
I I  

S ORT r I I I  

C ock 

I Output 

I  I 

SHORT I I  
I  I  

Figure A-2 Timing Diagram for an Aperiodic ZCD Signal 

I I 

I 
I 
I  
I 

I  I  I  I 
I I I I 



ZCD 
output 

LONG 

Reset 

Fipire  A-3 Rlock Magram of Dropout Detector  



While t h e  ou tput  from t h e  LONG f r i n g e  counter  i s  h igh ,  t h e  ZCD output  
a l t e r n a t e l y  g a t e s  c lock  pu l se s  i n t o  one of  two r b i t  counters .  For t h i s  
s imple  example, assume t h a t  t h e  ZCD output  frequency i s  less than t h e  c lock  
frequency.  TJhenever ZCD and LONG a r e  both h igh ,  c lock  pu l se s  a r e  ga ted  
i n t o  a coun te r  c a l l e d  t h e  high coun te r ,  whereas a  low ZCD and high LONG 
combinat ion g a t e s  c lock  pu l se s  i n t o  a  low counter .  Each output  h i t  from 
t h e  low counter  i s  compared wi th  t h e  next lower o rde r  output  h i t  from the  
h i g h  counter .  Thus, KL i s  compared t o  2KH + 1 where KL i s  t h e  low count 
and KH i s  t h e  h igh  count .  

Suppose t h a t  t h e  ZCD ou tput  i s  a  r e l a t i v e l y  symmetrical s i g n a l  which 
completes  t h e  LONG f r i n g e  count .  Then, t h e  f i n a l  va lues  of KL and KH a r e  
approximate ly  equa l ,  and t h e  d i g i t a l  comparator 's  ou tput  always remains 
low. Conversely,  i f  s i g n a l  dropout occurs  while  LONG i s  s t i l l  high,  t h e  
h i g h  count  w i l l  remain cons t an t  while  t h e  low count cont inues  t o  i nc rease .  
Once KL exceeds 2KH + 1, t h e  comparator 's  ou tput  goes high and a c t i v a t e s  
t h e  r e s e t  l o g i c .  Hence, t h e  time r equ i r ed  t o  r e s e t  the  instrument  a f t e r  
d ropout  i s  approximately equa l  t o  t h e  amount of time f o r  whfch LONG s tayed 
h igh  bcfsrc d ~ o p o u t .  

These e r r o r  d e t e c t i o n  c i r c u i t s ,  a long with o t h e r  va r ious  f e a t u r e s ,  a r e  
inc luded  i n  t h e  complete high-speed LV b u r s t  processor  block diagram 
i l l u s t r a t e d  i n  F igure  A-4. Because i t s  o p e r a t i o n  involves  t h e  high-speed 
rnan ip~ l l a t i on  of many b ina ry  numbers, t h i s  instrument  i s  c o n t r o l l e d  by a  
microcomputer. The microcomputer i n i t i a l i z e s  d a t a  l a t c h e s  and f l i p - f l o p s ,  
s t o r e s  t h e  a v a i l a b l e  d a t a  i n  memory, and l a t e r  performs t h e  necessary  com- 
p u t a t i o n s .  Parameters  such a s  f r i n g e  counts ,  f r i n g e  spacing,  and c lock  
r a t e  a r e  en t e r ed  by t h e  ope ra to r  through a  keyboard. F i n a l  r e s u l t s  may he 
d i s p l a y e d  on a  CRT t e rmina l ,  l i s t e d  on a  p r i n t e r ,  o r  s t o r e d  on a  f loppy  
d i s k .  

Re fe r r ing  t o  F igu re  A-4, t h e  b u r s t  s i g n a l  from the  PFlT i s  f i r s t  
a m p l i f i e d  by a  p r e a m p l i f i e r  t o  a  l e v e l  which may be t r ansmi t t ed  r e l a t i v e l y  
l ong  d i s t a n c e s  through a  c o a x i a l  cab le .  The lower-frequency pedes t a l  com- 
ponent of  t h e  s i g n a l  i s  removed by an analog high-pass f i l t e t .  'L'hi.9 f r l r e r  
must be manually s e t  by t h e  ope ra to r  t o  a frequency jus t  under the expected 
range  of  Doppler f requenc ies .  The b u r s t  i s  then transformed i n t o  d i ~ i t a l  
p u l s e s  by t h e  ZCD which was i l l u s t r a t e d  i n  Figure A-1 .  

I n  o r d e r  t o  avoid s t a r t i n g  measurements a t  t he  beginning of a  bu r s t  
when t h e  s igna l - to -noise  (SIN)  r a t i o  i s  low, a  p r e s e t  number (1 t o  15) of 
ZCD p u l s e s  must f i r s t  be counted by a  precounter .  Af te r  i t  has counted the 
neces sa ry  number of p u l s e s ,  t h e  precounter  g a t e s  the  ACU ouput i n t o  the  
f r i n g e  counters .  While t h e  LONG and SHORT f r i n g e  counts  a r e  accumulating, 
t h e  corresponding c lock  coun te r s  a r e  allowed t o  count pu lses  from a 
r e f e r e n c e  clock.  (High-speed po r t i ons  of these  c i r c u i t s  must he designed 
us ing  emit ter-coupled l o g i c  (EDL) devices ;  t he  remainder may use 
t r a n s i s t o r t r a n s i s t o r  l o g i c  (TTL) devices . )  Upon completion of t he  
r e q u i r e d  LONG and SHORT f r i n g e  counts  (NL and NS r e s p e c t i v e l y ) ,  t h e  micro- 
computer i s  s igna l ed  t h a t  t h e  c lock  coun t s ,  n~ and ns ,  a r e  ready t o  be pro- 
cessed .  
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The p r e c i s i o n  of v e l o c i t y  measurements i nc reases  a s  t h e  magnitude of 
t h e  c lock  count  i nc reases .  This  i n d i c a t e s  t h e  need f o r  a  high-frequency 
r e f e r e n c e  c lock  s i n c e  t h e  f r i n g e  count is  usua l ly  l i m i t e d  by phys ica l  
c o n s t r a i n t s  on t h e  probe volume. However, i f  a  high-frequency clock i s  
used f o r  t h e  measurement o  E low-f requency inpu t  s i g n a l s  , t h e  c lock counters  
w i l l  overflow. The des ign  i n  F igure  A-4 overcomes t h a t  dll-emma by us ine  a 
dual-frequency r e f e r ence  clock.  Via t h e  microcomputer, one may s e l e c t  
e i t h e r  a  100 MHz c lock  f o r  t h e  measurement of high-frequency i n p u t s  o r  a 1.0 
MHz c lock  f o r  lower-frequency inpu t s .  The clock r a t e  would normally be s e t  
t o  100 MHz u n l e s s  t h i s  causes  t h e  c lock  counters  t o  overflow. 

Rese t  l o g i c  r e s e t s  a l l  of t h e  counters  and f l i p - f l o p s  i n  p repa ra t i on  
f o r  t h e  next measurement. A r e s e t  pu lse  may be t r i gge red  by t h e  d ig i t a l .  
high-pass f i l t e r ,  t h e  dropout d e t e c t o r ,  e i t h e r  of t he  clock counter  
ov~.rf lows,  v v  8 co~~~ulaild from the  microcomputer. 

11. SIGNAL VISIBILITY ANALYZER 

The PMT b u r s t  s i g n a l  con ta in s  in format ion  about  t h e  s i z e  of t h e  par- 
t i c l e  a s  we l l  a s  i t s  v e l o c i t y .  This  i s  i l l u s t r a t e d  i n  F igures  A-5 and A-6 
which show p a r t i c l e s  c r o s s i n g  t h e  i n t e r f e r e n c e  f r i n g e s  and t h e  
corresponding PMT output  waveforms. The p a r t i c l e  i n  Figure A-5, having a 
d iameter  much sma l l e r  t han  t h e  f r i n q e  spac ing ,  6 ,  produces a  PMT s i g n a l  
w i t h  near ly  100% modulation. F igure  A-6 shows a  p a r t i c l e  wi th  a  diameter  
comparable t o  t h e  f r i n g e  spacing.  Its corresponding PNT output  waveform i s  
n o t  f u l l y  modulated l i k e  t h e  one i n  Figure A-5. Thus, t he  depth of modula- 
t i o n  of t h e  b u r s t  i n d i c a t e s  t h e  s i z e  of t h e  p a r t i c l e  which produced i t .  

The high-frequency Doppler and lower-frequency pedes t a l  component 
ampl i tudes ,  DOP and PED, r e s p e c t i v e l y ,  a r e  def ined  as 

Imax - Imin nolj = - 
2 

Imas + Imin 
PED = 2 

where Imax i s  t h e  maximum s i g n a l  ampli tude and Imin  i s  t h e  next  r e l a t i v e  
minimum s i g n a l  ampli tude as shown i n  F igures  A-5 and A-6. 

I n  o p t i c a l  work, t h e  depth  of modulation of t h e  s i g n a l  i s  c a l l e d  i t s  
v i s i h i l i t y .  This  v i s i b i l i t y ,  V,  i s  def ined  a s  

PED v = = -  Imax - Imin 
- --... 

DOP Imax + Imin ' 



Figure A-5 WT Signal Produced by a Particle With a 
Diameter Much Smaller Than 6 



Figure A-6 PMT Signal Produced By a Particle With a 
Dialueter of About 6/2 



A particle much smaller than the fringe spacing will have a visibility near 
1.0 since its Imin is nearly 0, but with larger particles where Imin 
approaches the value of Imax, the visibility will approach 0. 

Through some rather complicated mathematical manipulations, it is 
possible to show that visibility can also be calculated from the ratio of 
two integrals. Let PED be the integral of the total signal and DOP be n/2 
times the integral of the absolute value of the Doppler component, with 
both integrals being taken over the same integer number of fringe periods. 
Using these values for DOP and PED, it can be shown that the visibility is 
still given by Equation (6). 

This fact can easily be verified by calculating the visibility of an 
artificial signal, shown in Figure A-7, which consists of 2 ma, peak-to- 
peak, since wave added to a 2 ma DC offset. Using the indicated values of 
Imax and Imin, Equation (6) gives the visibility of this signal to be 1/2. 
Integrating over one period of the signal, we get the following values for 
PED and DOP 

and 

DOP = n /2 [ %  sin(x) dx + - sin(*) dx] = 2n . 2" (8 

Taking the ratio of these two integrals as shown.in Equation (6) gives a 
visihility of 1/2, just as we previously calculated. 

The relationship between particle sizes and their visibilities depends 
upon the shape of the particles. If we assume that they are spherical and 
that the PMT is focused on the probe volume along an axis bisecting the two 
laser beams, then visibility is related to the particle's mean diameter, D, 
by 

where 6 is the fringe spacing and J1 is a first order Bessel function of 
the first kind. Similar relationships may be derived by assuming ~ther 
particle shapes. Thus, in order to determine a particle's size, one needs 
a signal visibility analyzer (SVA) which will measure the DOP and 'PED 
values. 

The block diagram in Figure A-8 illustrates the operation of a complete 
SVA. It is designed to be connected to and operated with an LV burst pro- 
cessor. The PMT output first passes through a preamp which buffers and 
amplifies the signal so that it can he transmitted down a 50 ohm coaxial 
cable to the SVA. In addition to the Doppler and pedestal components, this 
signal also contains a DC component caused by stray light striking the PMT. 
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The h ighe r  frequency Doppler component i s  e x t r a c t e d  through a  high-pass 
f i l t e r  having a  c u t o f f  frequency s e l e c t e d  by the  ope ra to r  i n  accordance t o  
t h e  expected p a r t i c l e  v e l o c i t i e s .  Th i s  s i g n a l  s e rves  a s  t h e  ZCD i npu t  f o r  
t h e  LV processor  which measures i t s  frequency. The ampli tude of t h e  
Doppler component i s  measured by an  AC i n t e g r a t i n g  vol tmeter ,  c o n s i s t i n g  of 
a r e c t i f i e r ,  a  low-pass f i l t e r ,  and an  i n t e g r a t o r .  The r e c t i f i e r  i s  a  pre- 
c i s i o n  c i r c u i t  whose ou tput  i s  ( t h e o r e t i c a l l y ,  a t  l e a s t )  t h e  a b s o l u t e  va lue  
o f  i t s  inpu t .  This  un ipo la r  ou tput  v o l t a g e  i s  then i n t e g r a t e d  f o r  t he  
l e n g t h  o f  t i m e ,  N T ,  t h a t  t h e  LONG pu l se  from t h e  LV processor  i s  high. 

A low-pass f i l t e r  i s  used t o  e x t r a c t  t h e  pedes t a l  component of t h e  
b u r s t .  Accompanying t h i s  s i g n a l  w i l l  be an extraneous DC vo l t age  genera ted  
by e f f e c t s  such a s  PMT da rk  c u r r e n t s  and unwanted l i g h t  s t r i k i n g  t h e  PMT. 
Before  t h e  p e d e s t a l  component can be proper ly  measured, t h i s  DC o f f s e t  must 
b e  removed by an  a u t o n u l l  c i r c u i t  which w i l l ' b e  f u r t h e r  descr ibed  l a t e r .  
The p e d e s t a l  v o l t a g e  i s  then  i n t e g r a t e d  s imultaneously wi th  t h e  Doppler 
component . 

A t  t h e  complet ion of t h e  i n t e g r a t i o n  t ime,  t h e  i n t e g r a t o r s '  ou tpu t s  a r e  
d i g i t i z e d  by ana log- to-d ig i ta l  conve r t e r s  (ADC's) and read by t h e  microcom- 
p u t e r  which l a t e r  c a l c u l a t e s  t h e  v i s i b i l i t y  from Equation ( 6 )  where DOP i s  
now t h e  ou tput  from the  Doppler i n t e g r a t o r  and PED i s  the  ou tput  from t h e  
p e d e s t a l  i n t e g r a t o r .  Amplif ier  ga in s  i n  t h e  SVA a r e  ad jus t ed  s o  t h a t  DOP = 
PED when a  s i g n a l  wi th  a  v i s i b i l i t y  of 1.0 i s  app l i ed  t o  t h e  processor .  

Before  t h e  pedes t a l  s i g n a l  i s  i n t e g r a t e d ,  t h e  extraneous DC l e v e l  must 
b e  removed by t h e  a u t o n u l l  c i r c u i t .  However, t h i s  unwanted l e v e l  s h i f t  
must n o t  be confused wi th  t h e  DC component of t h e  a c t u a l  s i g n a l  hu r s t .  
The re fo re ,  t h e  DC s h i f t  must be measured only  when no s i g n a l  b u r s t s  a r e  
p r e s e n t .  This  i s  accomplished i n  t h e  a u t o n u l l  c i r c u i t  by measuring the  DC 
s h i f t  only wh i l e  t h e r e  i s  no ZCD pu l se  t r a i n  presen t .  

F i g u r e  A-9 i s  a  block diagram which w i l l  h e lp  t o  exp la in  t h e  o p e r a t i o n  
o f  t h e  a u t o n u l l  c i r c u i t .  The inpu t  s i g n a l  ( p e d e s t a l  p lus  DC o f f s e t )  f i r s t  
goes  i n t o  a  low-pass sample-and-hold (SfH) c i r c u i t .  In  t h e  sample mode, 
t h i s  c i r c u i t  a c t s  l i k e  a  100 Hz low-pass f i l t e r  w l l l e l l  passes the  DC 
vo l t age .  The presence of a  ZCL) pu l se  t r a i n  stsicches che S&H i t l ro  1 L s  11ulJ. 
mode, and i t s  ~ p f p u t  s t a y s  cons t an t  r e g a r d l e s s  of changes i n  t h e  input  
vo l t age .  The hold pu l se  i s  genera ted  by a  ZCD a c t i v i t y  d e t e c t o r  which con- 
s is ts  of a  r e t r i g g e r a b l e  monostable m u l t i v i b r a t o r .  Thus t h e  SbH output  i s  
t h e  DC o f f s e t  vo l t age  without  t h e  i n f luence  of t h e  s i g n a l  bu r s t s .  

I n  accordance wi th  a  microcomputer command, t h i s  DC vo l t age  i s  d ig i -  
t i z e d  by an ADC. The ADC ou tput  i s  then  read by the  microcomputer which 
de te rmines  i f  t h e  DC l e v e l  i s  t o o  h igh  t o  a l low proper measurements. I f  
t h e  v o l t a g e  i s  too  h igh ,  t h e  ins t rument  i s  r e s e t  and more measurement 
a t t e m p t s  a r e  made u n t i l  t h e  DC drops t o  an accep tab l e  l e v e l .  

The ADC ou tput  a l s o  goes t o  a corresponding d ig i ta l - to -ana log  conver te r  
(DAC) which r e c o n s t r u c t s  t h e  o r i g i n a l  DC vo l tage .  The ADC-DAC combination 
forms a  sample-and-hold device  wi th  un l imi ted  hold ' t ime. Sub t r ac t i ng  t h e  
DAC ou tput  from t h e  o r i g i n a l  i npu t  s i g n a l  l e aves  t h e  pedes t a l  compoflenc 
wi thout  the  DC o f f s e t .  This  i s  t h e  s i g n a l  which i s  then s e n t  t o  t he  
p e d e s t a l  i n t e g r a t o r .  



Figure A-9 Block Diagram of the Autonull Circuit 



F u r t h e r  e x p l a n a t i o n  should  a l s o  he g i v e n  t o  t h e  i n t e g r a t o r s  which a r e  
shown o v e r s i m p l i f i e d  i n  F i g u r e  A-8. Suppose t h a t  d u r i n g  normal o p e r a t i o n  
t h e  i n p u t  v o l t a g e  t o  a n  i n t e g r a t o r  v a r i e s  o v e r  a  range of  100 t o  1, and t h e  
i n t e g r a t i o n  t ime  ( i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  Doppler f requency)  a l s o  
v a r i e s  o v e r  a r a n g e  o f  100 t o  1. Thus, t h e  o u t p u t  of  t h e  i n t e g r a t o r  w i l l  
v a r y  o v e r  a  r ange  of  10 ,000  t o  1. It i s  i m p r a c t i c a l  t o  b u i l d  any e l e c -  
t r o n i c  i n t e g r a t o r  which w i l l  o p e r a t e  l i n e a r l y  o v e r  such  a  wide dynamic 
r a n g e ,  and 'the ADC would n o t  g i v e  adequa te  r e s o l u t i o n  on t h e  lower  o u t p u t  
v o l t a g e s .  

To overcome t h e s e  problems, each  i n t e g r a t o r  i s  a c t u a l l y  c o n s t r u c t e d  o u t  
o f  f o u r  i n t e g r a t o r s  i n  a n  a u t o r a n g i n g  arrangement  a s  shown i n  F i g u r e  A-10. 
Each o f  t h e s e  l a t t e r  i n t e g r a t o r  o u t p u t s  c o v e r s  a  r ange  o f  1 t o  LO; t h u s ,  
t h e  f o u r  c o v e r  a  r ange  o f  f o u r  decades .  T h e i r  i n t e g r a t i o n  t ime c o n s t a n t s  
a r e  i n  c o n s e c u t i v e  o r d e r s  of  10,  i . e .  when t h e  o u t p u t  o f  t h e  most sen- 
s i t i v e  i n t e g r a t o r  i s  10 v o l t s ,  t h e  o t h e r  o u t n u t s  w i l l  be  1 v o l t ,  0 .1  v o l t ,  
and 0 .01  v o l t ,  w i t h  t h e  las t  b e i n g  t h e  l e a s t  s e n s i t i v e  i n t e g r a t o r .  An ana- 
l o g  m u l t i p l e x e r  s e l e c t s  one i n t e g r a t o r  o u t p u t ,  s t a r t i n g  w i t h  t h e  most sen- 
s i t i v e ,  and s e n d s  i t  t o  t h e  ADC. T h i s  o u t p u t  i s  compared t o  a  r e f e r e n c e  
v o l t a g e  of 10 v o l t s ,  and whenever i t  exceeds  t h a t  v a l u e ,  t h e  nex t  lower  
i n t e g r a t o r  o u t p u t  i s  s e l e c t e d .  Two range  h i t s  i n d i c a t e  t o  t h e  microcom- 
p u t e r  by what power of t e n  t o  m u l t i p l y  t h e  ADC o u t p u t .  T h e r e f o r e ,  f o u r  
d e c a d e s  of i n t e g r a t i o n  a r e  covered w h i l e  t h e  ADC i n p u t  remains  between 1 and 
10 v o l t s ,  a l l o w i n g  good r e s o l u t i o n .  
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Figure A-18 Block Diagram of the Autoranging Integrators 




