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A t h e o r e t l c a l  and e x p e r l m e n t a i  l n v e s t l g d t l o n  
o f  s l n g l e ~ p h a s e  and p a r t l c l e - l a d e n  weak ly  swirling 
j e t s  was conduc ted .  The j e t s  were i n j e c t e d  ve r  
t l c d l l y  downward f r o m  d 19 mm d i a m e t e r  tube w i t h  
s w l r l  numbers r a n g l n g  f rom 0 t o  0 . 3 3 .  The 
p a r t l c l e  l a d e n  j e t s  had a s l n g l e  l o a d l n g  r a t l o  
( 0 . 2 )  w l t h  p a r t l c l e s  h a v i n g  an SUO o f  39 "m.  Mean 
and f l u c t u d t l n g  p r o p e r t i e s  o f  b o t h  phases were 
measured u s l n g  n o n l n t r u s l v e  ldser based methods 
w h l l e  p a r t l c l e  mass f l u x  was measured u s l n g  an 
l s o k l n e t l c  samp l lng  p robe .  The c o n t l n u o u s  phase 
was a n a l y z e d  u s l n g  b o t h  a b a s e l l n e  k - c  t u r b u l e n c e  
model and a n  ex tended  v e r s l o n  w l t h  mod l f l ca ! l ons  
based on t h e  f l u x  R l c h a r d s o n  number to accoun t  f o r  
e f f e c t s  o f  s t r e a m l l n e  C u r v a t u r e .  l o  h l g h l l g h t  
e f f e c t s  o f  I n t e r p h a s e  t r a n s p o r t  r a t e s  and p a r ! l c l e /  
t u r b u l e n c e  l n t e r a c t l o n s .  e f f e c t s  o f  t h e  p a r t l c l e s  
were  a n a l y z e d  I n  t h r e e  ways, as f o l l o w s :  
( I )  l o c a l l y  homogeneous f l o w  ( L H F )  a n a l y s l s .  
where I n t e r p h a s e  t r a n s p o r t  r a t e s  a r e  assumed !o 
be l n f l n l t e l y  f a s t ;  ( 2 )  d e t e r m l n l s t l c  separa ted  
flow ( D S F )  a n a l y s l s .  where f l n l t e  l n t e r p h a s e  
t r a n s p o r t  r a t e s  a r e  c o n s l d e r e d  b u t  p d r t l c l e /  
t u r b u l e n c e  l n t e r a c t l o n s  a r e  I g n o r e d ;  and ( 3 )  s t o -  
c h a s t l c  separa ted  f l o w  (SSF)  a n a l y s l s ,  where b o t h  
e f f e c t s  a r e  c o n s l d e r e d  u s l n g  random wa lk  
c o m p u t a t l o n s .  

. Nomenclature __ .. ~ ~. 

a a c c e l e r a t l o n  o f  g r a v l t y  

C D  d r a g  c o e f f l c l e n t  

C ,  paramete rs  I n  t u r b u l e n c e  model 

d I n j e c t o r  d l a m e t e r  

dp p a r t l c l e  d l a m e t e i  

f p a r t l c l e  mass f r a c t l o n  

G p a r t l c l e  mass f l u x  

k t u r b u l e n c e  k l n e t l c  ene rgy  

* S e n l o r  r e s e a r c h  e n g i n e e r ;  member A I A A .  
**A.B. Mondlne P r o f e s s o r  o f  Aerospace E n g l n e e r l n g ;  

a s s o c l a t e  f e l l o w  A I A A .  
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d i r s i p a t i o n  l e n g t h  s c a l e  

p a r t l c l e  mass 

number o f  p a r t l c l e  groups 

number o f  p a r t l c l e s  p e r  u n l t  t l m e  I n  
g roup  1 

p r e s s u r e  

r a d l a l  d l s t a n c e  

l n j e c t l o n  t u b e  r a d l u s  

Reynolds number 

sou rce  t e r m  

source  t e r m  due t o  p a r t l c l e s  

t l m e  

eddy l l f e t l m e  

a x l d l  v e l o c l t y  

r a d l a l  v e l o c l t y  

volume of  c o m p u t a t l o n a l  cell j 

a n g u l a r  v e l o c l t y  

a x i a l  d l s t a n c e  

p a r t l c l e  p o s l t l o n  v e c t o r  

r e l a t l v e  p a t h  l e n g t h  o f  p a r t l c l e s  I n  an eddy 

t l m e  o f  p a r t l c l e  r e s l d e n c e  I n  an eddy 

r a t e  o f  d l s s l p a t l o n  of  t u r b u l e n c e  k l n e t l c  
ene rgy  

t u r b u l e n t  v l s c o s l t y  

d e n s l t y  

t u r b u l e n t  P r a n d t l / S c h m i d t  number 

g e n e r l c  p r o p e r t y  

v 
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c c e n t e r l l n e  q u a n t l t y  

p p a r t l c l e  p r o p e r t y  

- o l n J e c t o r  e x l t  c o n d l t i o n  

m amb ien t  c o n d l t l o n  

m maximum va lue  

5 9 e r z L r j e t r  

( ) '  r o o t  mean square f l u c t u a t i n g  q u a n t i t y  

( - )  t i m e  averaged v a l u e  

(+)  v e c t o r  q u a n t i t y  

(")  f a v r e  averaged v a l u e  

. I n t r o d u c t i o n  - 
H i i l t i o h a s e  f l o w s  a r e  e x t r e m e l y  i m o r t a n t  i n  

many p ;ac t i ca l  d e v l c e s .  
f o r  example,  f u e l  I s  sprayed l n t o  a h l g h l y  t u r -  
b u l e n t ,  r e c l r c u l a t i n g  f l o w f l e l d .  where i t  evapo 

I n  a gas t u r b i n e  e n g l n e .  

r a t e s  and takes  p a r t  In chemlca l  r e a c t i o n s  
P d r t i c l e - l a d e n  f l o w s  a r e  b e i n g  s t u d i e d  as d s t e p  
toward  a b e t t e r  u n d e r s t a n d l n g  o f  complex m u l t i -  
phase f l o w s  such as those  I n  f u t u r e  advanced a l r -  
b r e a t h l n g  e n g l n e s .  P a r t i c l e - l a d e n  f l o w s  a l l o w  t h e  
s t u d y  of  I n t e r a c t i o n s  between t h e  c o n t l n u o u s  and 
d l s p e r s e d  phases w l t h o u t  I n t e r f e r e n c e  f rom vapor -  
i z a t l o n  o r  combus t lon  e f f e c t s .  The o b J e c t l v e  o f  
t h l s  l n v e r t i g a t l o n  w a s  t o  e x t e n d  p r e v l o u s  work on 
f r e e  p a r t l c l e - l a d e n  j e t s  t o  c o n s l d e r  e f f e c t s  o f  
s w l r l .  w h i c h  I s  a n  l m p o r t a n t  a s p e c t  o f  many p r a c -  
t i c a l  s p r a y s .  The pe r fo rmance  o f  t y p i c a l  two- 
phase f l o w  models of  t h i s  p rob lem was o f  
p a r t i c u l a r  I n t e r e s t .  

S i n g l e - p h a s e  s w l r l l n g  J e t s  have been s t u d l e d  
s e v e r a l  t lmes  In t h e  p a ~ t . l - ~  These f l o w s  a r e  
n o r m a l l y  c h a r a c t e r l z e d  by t h e i r  s w l r l  number. Fo r  
a F r e e  J e t  lo s t a g n a n t  s u r r o u n d i n g s ,  t h e  s w i r l  
number can b e  exp ressed  a s  f o l l o w s :  

where 5 1 s  an I n v a r i a n t  o f  t h e s e  f l o w s . 5  Fo r  
s w i r l  numbers g r e a t e r  t h a n  r o u g h l y  0.6, t h e  
d d v e r s e  p r e s s u r e  g r a d l e n t  s e t  up by t h e  decay of  
a n g u l a r  v e l o c i t y  causes r e v e r s a l  o f  t h e  s t reamwlse  
v e l o c i t y  and f o r m a t i o n  o f  a zone o f  r e c l r c u l a t l o n  
a l o n g  t h e  a x l s .  However, even a t  l o w e r  s w i r l  
numbers, t h e  p resence  of  s w i r l  has l a r g e  e f f e c t s  
on t h e  s t r u c t u r e  o f  d j e t .  Fo r  example. 
i n c r e a s l n g  s w l r l  numbers cause I n c r e a s e d  r a t e s  o f  
J e t  g r o w t h ,  e n t r a l n m e n t  o f  amb len t  f l u l d .  and 
decay o f  s t reamwlse  v e l o c i t y .  

E a r l l e r  t h e o r e t i c a l  and e x p e r l m e n t a l  i n v e s -  
t l g a t i o n s  o f  p a r t i c l e - l a d e n  J e t s  have r e c e n t l y  
been rev iewed ;6  t h e r e f o r e  t h e  p r e s e n t  d l s c u s s l o n  
o f  p a s t  work w l l l  be b r l e f .  The p r e s e n t  s t u d y  1 s  
an e x t e n s l o n  O F  e a r l l e r  1 n v e s t l g a t l o n s ' - l 0  
i n v o l v l n g  a n a l y s l s  and exper lmen ts  f o r  p a r t i c l e -  
l a d e n  j e t s .  
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Three methods o f  a n a l y z i n g  m u l t l p h a s e  

f l o w s  were c o n r l d e r e d ,  dS f o l l o w s :  ( 1 )  a l o c a l l y  
homogeneous f l o w  (LHF) model ,  where p r o p e r t l e s  o f  
b o t h  phases were t a k e n  t o  be t h e  same; ( 2 )  a 
d e t e r m l n i s t l c  s e p a r a t e d  f l o w  (OSF) model ,  where 
f i n i t e  l n t e r p h a s e  t r a n s p o r t  was c o n s i d e r e d  b u t  
e f f e c t s  o f  t u r b u l e n c e  on p a r t i c l e  m o t l o n  were  
i g n o r e d ;  and ( 3 )  a $ t o c h a s t l c  s e p a r a t e d  f l o w  ( S S F )  
model where e f f e c t s  o f  b o t h  f i n i t e  i n t e r p h a s e  
t r a n s p o r t  r a t e s  and t u r b u l e n c e  on p a r t i c l e  m o t i o n  
were c o n s i d e r e d  u s i n g  random s a m p l i n g  t e c h n i q u e s .  
I n  g e n e r a l .  t he  LHF and OSF models  o v e r  and 
u n d e r e s t i m a t e d  r a t e s  o f  p a r t l c l e  sp read  and f l o w  
deve lopmen t ,  r e s p e c t l v e l y .  In c o n t r a s t .  t h e  SSF 
model y i e l d e d  encourag ing  p r e d i c t i o n s  o f  f l o w  
 structure^ e x c e p t  a t  h i g h  p a r t i c l e  mass l o a d i n g s ,  
where e f f e c t s  o f  p a r t i c l e s  on t u r b u l e n c e  p r o p  
e r t l e s  ( t e r m e d  t u r b u l e n c e  m o d u l a t i o n  by A1 Taweel 
and Landaui1) wh ich  were n o t  c o n s l d e r e d  I n  t h e  
t h e o r y .  were i e l t  t o  be r e s p o n s i b l e  f o r  t h e  
d e f i c i e n c y .  

t h e  p r e v l o u s  s t u d l e s  were ex tended  t o  p a r t l c l e ~  
l a d e n ,  weak ly  s w i r l i n g  j e t s .  R e l a t l v e l y  few 
t h e o r e t i c a l  s t u d i e s  t r e a t i n g  p a r t l c l e - l a d e n  
s w l r l i n g  f l o w s  have been p u b l i s h e d .  Hamedl2 
modeled t h e  t r a j e c t o r l e s  of  s o l i d  p a r t i c l e s  I n  a 
f l o w  downstream of  s w l r l  vanes.  D r l n g  and S u o l 3  
c a l c u l a t e d  p a r t i c l e  t r a j e c t o r l e s  In a f r e e ~ v o r t e x  
f l o w .  E f f e c t s  o f  t u r b u l e n c e  on t h e  p a r t i c l e  t r a ~  
J e c t o r l e s .  however, were n o t  c o n s l d e r e d  i n  e i t h e r  
o f  t hese  s t u d l e s .  Fu r the rmore .  no p r e v l o u s  
e x p e r i m e n t a l  s t u d l e s  of  p a r t i c l e - l a d e n  j e t s  w i t h  
s w l r l  c o u l d  be found i n  t h e  l l t e r a t u r e .  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n .  t h e  r e s u l t s  o f  

Due t o  t h e  absence o f  e x i s t i n g  measurements, 
t h e  p r e s e n t  e x p e r l m e n t a l  s t u d y  was conduc ted  t o  
o b t a l n  d a t a  t h a t  c o u l d  b e  used t o  assess t h e  p r e -  
v l o u s l y  d e s c r l b e d  models I n  a s w l r l l n g  f l o w f i e l d .  
I n  o r d e r  t o  o b t a l n  s i g n l f i c a n t  i n t e r a c t i o n  between 
phases,  r e l a t i v e l y  s m a l l  s o l l d  p a r t l c l e s  ( w i t h  an 
SHO o f  39 pm) were used.  Emphasls was p l a c e d  on 
o b t a i n i n g  gas -phase  v e l o c l t i e s  In t h e  p resence  o f  
p a r t l c l e s .  w l t h o u t  s l g n a l  i n t e r f e r e n c e  f r o m  t h e  
p a r t i c l e s .  I n i t l a l  c o n d l t i o n s  were measured n e a r  
t h e  J e t  e x i t .  S l n g l e - p h a s e  J e t s  were  a l s o  s t u d l e d  
t o  e s t a b l l s h  b a s e l l n e  r e s u l t s ,  p r l o r  t o  t r e a t l n g  
t h e  p a r t i c l e - l a d e n  f l o w s .  

. E x&er i menta .~ I Met hod __ s 

I gl_ ! J l @ ~ t ~  

were d l r e c t e d  v e r t l c a l l y  downward w l t h l n  a l a r g e  
( 1 . 0  m-square x 2 . 4  m h i g h )  screened e n c l o s u r e .  
The i n J e c t o r  c o u l d  be t r a v e r s e d  v e r t i c a l l y  w l t h l n  
t h e  e n c l o s u r e  w h l l e  t h e  e n c l o s u r e  and l n j e c t o r  
c o u l d  b e  t r a v e r s e d  t o g e t h e r  I n  t h e  two h o r l z o n t a l  
d l r e c t l o n s .  T h i s  ar rangement  a l l o w e d  r l g l d  
m o u n t l n g  o f  a l l  o p t l c a l  i n s t r u m e n t a t l o n  used 
d u r l n g  t h e  s t u d y .  

B o t h  t h e  s l n g l e - p h a s e  and p a r t l c l e - l a d e n  J e t s  

The J e t  t ube  had an i n s l d e  d l a m e t e r  o f  1 9  mn 
and ex tended  v e r t l c a l l y  downward f o r  100 i n j e c t o r  
d l a m e t e r s .  S w i r l  was g e n e r a t e d  by l n j e c t l n g  a i r  
t a n g e n t l a l l y  t h r o u g h  f o u r  9.5 mn l o n g  s l o t s ,  
l o c a t e d  1 4 . 6  mm uos t ream o f  t h e  l e t  e x l t .  The 
s w l r l  number was ;hanged by v a r y i n g  t h e  amount o f  
a i r  l n J e c t e d  t h r o u g h  t h e  t a n g e n t l a l  s l o t s .  The 
a l r  f l o w l n g  t h r o u g h  t h e  i n j e c t o r  t u b e  was f l l -  
t e r e d .  B o t h  t h e  s w l r l  and ma ln  a l r  s t reams were 

r w l r l  number was i h a n a e d  bv v a r v i n o  t h e  amount o f  
a i r  l n J e c t e d  t h r o u g h  i h e  t k g e n i l a i  s l o t s  
a l r  f l o w l n g  t h r o u g h  t h e  i n j e c t o r  t u b e  was f l l -  
t e r e d  B o t h  t h e  s w l r l  and ma ln  a l r  s t reams were 

The 

mete red  w i t h  c a l i b r a t e d ,  c r l t l c a l - f l o w  o r l f l c e s  
The s o l i d  g l a s s  p a r t i c l e s  used d u r i n g  t h e  s t u d y  
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were i n j e c t e d  l n t o  t h e  f l o w  f a r  ups t ream o f  t he  
i n j e c t l o n  t u b e  u s i n g  a v i b r a t i n g ,  v a r i a b l e ~ s p e e d  
screw f e e d e r .  P a r t l c l e  p r o p e r t i e s  and t e s t  con- 
d l t l o n s  a r e  summarlzed i n  Tab le  I .  

_- I n s t r u m e n t a t i o n  

Gas v e l o c i t y .  Mean and f l u c t u a t l n g  gas 
v e l o c G s  i n  t h e  s l n g l e - p h a s e  j e t s  were measured 
w l t h  a t w o ~ c h a n n e l  ( f r e q u e n c y  s h l f t e d  on b o t h  
c h a n n e l s )  A r - l o n  l a s e r  v e l o c i m e t r y  ( L V )  system. 
The b a c k s c a t t e r  mode w a s  used w l t h  a collecting/ 
r e c e i v l n g  l e n s  f o c a l  l e n g t h  o f  750 nun. A beam 
e x p a n s i o n  r a t i o  o f  3.75 was used t o  Improve 
s i g n a l - t o - n o l s e  r a t i o .  B o t h  t h e  j e t  and t h e  
amblen t  s u r r o u n d l n g s  i n s i d e  t h e  e n c l o s u r e  were 
seeded ( w i t h  1 pm nomina l  d l a m e t e r  alumlnum o x l d e  
p a r t i c l e s )  t o  e l i m i n a t e  c o n c e n t r a t i o n  b i a s  near  
t h e  edge o f  t h e  J e t .  Two horizontal t r a v e r s e s .  
90' a p a r t .  a t  each a x i a l  p o s l t l o n  y i e l d e d  all 
r e q u l r e d  v e l o c l t y  components, s l n c e  two V F l O C l t y  

components were measured s l m u l t a n e o u s l y .  

Gas-phase v e l o c i t i e s  were measured I n  t h e  
presence o f  p a r t i c l e s  u s l n g  a s i n g l e - c o m p o n e n t  
p h a s e - d o p p l e r  anemometer, d e s c r l b e d  I n  d e t a i l  by 
Bacha lo  and H 0 u 8 e r . l ~  W i t h  t h i s  i n s t r u m e n t .  
p a r t l c l e  s l z e  and v e l o c l t y  were measured s I m u l -  
t a n e o u s l y .  Gas-phase v e l o c i t y  was measured by 
s e e d i n g  t h e  p a r t i c l e - l a d e n  J e t  and ambien t  s u r -  
r o u n d i n g s  w i t h  1 vm nomlna l  a luminum o x l d e  p a r -  
t i c l e s  and u s l n g  t h e  v e l o c l t y  measured f o r  t h l s  
s l i e  range t o  r e p r e s e n t  t h e  c o n t i n u o u s  phase. The 
g r e e n  ( 5 1 4 . 5  nm) l l n e  o f  t h e  A r - I o n  l a s e r  was used 
w i t h  a 602.4 mn f o c a l - l e n g t h  l e n s .  To reduce t h e  
s l z e  o f  t h e  p r o b e  volume, a beam e x p a n s i o n  r a t l o  
o f  3 was used. The r e c e l v i n g  o p t l c s  were mounted 
309 o f f - a x i s  I n  t h e  f o r w a r d  s c a t t e r  d i r e c t l o n ,  
w i t h  s c a t t e r e d  l i g h t  c o l l e c t e d  u s l n g  a 495 mn 
f o c a l - l e n g t h  l e n s .  S i n c e  f requency  s h i f t i n g  was 
n o t  a v a i l a b l e  f o r  t h i s  system; measurement of  
r a d i a l  and a n g u l a r  v e l o c l t i e s  were n o t  per fo rmed,  
and o n l y  mean and f l u c t u a t i n g  a x i a l  v e l o c l t i e s  a r e  
r e p o r t e d .  

measured u s l n g  t h e  tu:-component LV sys tem used 
f o r  t h e  s l n g l e - p h a s e  f l o w s .  e x c e p t  t h a t  t h e  
r e c e l v i n g  o p t l c s  were p l a c e d  o f f - a x i s  a p p r o x i -  
m a t e l y  30' i n  t h e  f o r w a r d  s c a t t e r  d i r e c t i o n .  The 
c o l l e c t i n g  l e n s  f o r  t h e  r e c e i v i n g  o p t i c s  had a 
f o c a l  l e n g t h  o f  602.4 mn and f r e q u e n c y  s h l f t i n g  
was used f o r  b o t h  c h a n n e l s .  P r e s e n t  d a t a  a r e  
number averages  over  a l l  p a r t l c l e  s l i e r .  O u r i n g  
t h e  p a r t i c l e  v e l o c i t y  measurements. s e e d l n g  p a r -  
t l c l e s  were n o t  l n t r o d u c e d  l n t o  t h e  f l o w  and b o t h  
l a s e r  power and d e t e c t o r  g a l n  were reduced t o  
f u r t h e r  l n s u r e  t h a t  o n l y  s l g n a l s  f r o m  t h e  t e s t  
p a r t i c l e s  were observed.  A t  each a x i a l  p o s l t i o n .  
two t r a v e r s e s ,  90' a p a r t ,  y i e l d e d  a l l  r e q u l r e d  
v e l o c i t y  components.  

P a r t l c l e  v e l o c i t  . P a r t l c l e  v e l o c i t i e s  were 

_.__ P a r t l c l e  mass f l u x .  P a r t l c l e  mass f l u x  was 
measured u s i n g  an i s o k l n e t l c  Sampling p r o b e .  
Samples were c o l l e c t e d  on f i l t e r  paper f o r  a t l m e d  
i n t e r v a l  and we ighed.  Probes h a v i n g  I n s l d e  d iam-  
e t e r s  o f  2 and 5 mn were used t o  l n r u r e  adequate 
r e s o l u t l o n  and r e a s o n a b l e  s a m p l l n g  t i m e s  I n  war- 
lous r e g l m e s  o f  the f l o w .  Measured P a r t l c l e  mass 
f l u x e s  l n t e g r a t e d  a c r o s s  t h e  j e t  were w i t h i n  
$10 p e r c e n t  of  t h e  c a l l b r a t e d  p a r t i c l e  f l o w  r a t e  
a t  a l l  a x l a l  l o c a t l o n s .  

T h e o r e t l c a l  Methods 

General  O e s c r l p t i o n  

The a n a l y s i s  11 l l m i t e d  t o  s teady ,  aX1Sym- 
m e t r l c ,  d l l u t e ,  s o l l d - p a r t i c l e - l a d e n .  weak ly  
s w l r l i n g  t u r b u l e n t  j e t s  I n  an i n f l n i t e  s t a g n a n t  
med la .  The s w i r l  number, c a l c u l a t e d  f r o m  Eq. ( 1 )  
i s  r e s t r i c t e d  t o  v a l u e s  l e s s  t h a n  a p p r o x h a t e l y  
0 . 5  t o  p r e v e n t  any zones o f  r e c l r c u l a t i o n .  The 
b o u n d a r y - l a y e r  a p p r o x i m a t i o n s  a r e  adopted ,  how- 
e v e r ,  t h e  r a d l a l  p r e s s u r e  g r a d l e n t ,  w h l c h  l s  
u s u a l l y  n e g l e c t e d  i n  t h e  b o u n d a r y - l a y e r  d 0 d l y S i S .  
1s c o n s i d e r e d ,  A k - c  t u r b u l e n c e  model 1s used 
t o  p r o v i d e  c l o s u r e  s i n c e  i t  has modest computa- 
t i o n a l  r e q u i r e m e n t s .  E f f e c t s  o f  s t r e a m l l n e  c u r -  
v a t u r e  on t h e  k - r  model a r e  c o n s l d e r e d .  The 
l n j e c t o r  e x i t  Mach number i s  l e s s  t h a n  0 . 3 ;  
t h e r e f o r e  t h e  k l n e t l c  energy  and v l s c o u s  d i s s i p a ~  
tion o f  the  mean f l o w  a r e  n e g l e c t e d  w i t h  I l t t l e  
e r r o r .  

- 

Three methods o f  t r e a t l n g  m u l t i p h a s e  f l o w .  
t y p i c a l  o f  c u r r e n t  p r a c t i c e .  a r e  c o n s l d e r e d .  The 
methods a r e :  ( 1 )  l o c a l l y  homogeneous f l o w  (LHF).  
where l n t e r p h a s e  t r a n s p o r t  r a t e s  a r e  assumed t o  
be l n f t n l t e l y  f a s t  and t h e  f l o w  can be t r e a t e d  
l i k e  a s i n g l e - p h a s e ,  v a r l a b l e - d e n s i t y  f l u i d ;  
( 2 )  d e t e r m l n i s t l c  s e p a r a t e d  f l o w  ( D S F ) .  where 
f l n l t e  i n t e r p h a s e  t r a n s p o r t  r a t e s  a r e  c o n s i d e r e d  
b u t  t h e  d l s p e r s e d  phase 1s assumed t o  i n t e r a c t  
o n l y  w i t h  mean p r o p e r t l e s  o f  t h e  c o n t i n u o u s  phase; 
and ( 3 )  s t o c h d s t l c  s e p a r a t e d  f l o w  (8%).  where 
i n t e r p h a s e  t r a n s p o r t  r a t e s  and e f f e c t s  o f  t u r b u -  
l e n t  d l s p e r s i o n  o f  t h e  d i s p e r s e d  p.hase a r e  
t r e a t e d .  A l l  t h r e e  methods w l l l  be  o n l y  b r l e f l y  
d i s c u s s e d  s i n c e  t h e y  have been f u l l y  d e s c r l b e d  
e l s e u h e r e . 6 - l 0  

__ Cont inuous  Phase 

Mean q u a n t i t l e s  f o r  t h e  c o n t i n u o u s  phase a r e  
found by s o l u t l o n  of  g o v e r n l n g  e a u a t l o n s  f o r  con- 
s e r v a t i o n  o f  mass and momentum in c o n j u n c t l o n  w l t h  
s e c o n d - o r d e r  t u r b u l e n c e  model e q u a t i o n s  f o r  t u r -  
b u l e n t  k l n e t t c  energy  and I t s  r a t e  o f  d l s s l p a t l o n .  
The volume f r a c t l o n  of  t h e  p a r t i c l e  phase was 
n e g l e c t e d ,  s i n c e  v o i d  f r a c t i o n s  f o r  t h e  p r e s e n t  
f l o w s  exceeded 9 9 . 8  p e r c e n t .  The g o v e r n l n g  equa- 
t i o n s  f o r  t h e  c o n t i n u o u s  phase can be p u t  i n t o  t h e  
f o l l o w i n g  g e n e r a l  fo rm:  

4 

a i a  (;La) + ; ( r & )  

The parameters  0. Sa, and SpO a p p e a r i n g  l n  
Eq. ( 2 ) .  a s  w e l l  as e m p i r i c a l  c o n s t a n t s ,  a r e  sum- 
m a r l z e d  In T a b l e  t t .  A m o d l f i c a t l o n  t o  t h e  c 
e q u a t i o n ,  based on use o f  a f l u x  R i c h a r d s o n  number 
c o r r e c t i o n  t o  a c c o u n t  f o r  t h e  e f f e c t  o f  s t r e a m l l n e  
c u r v a t u r e . 1 5  was a l s o  s t u d i e d .  
f l c a t l o n .  C,1 i s  r e p l a c e d  by 

For  t h l s  mod i -  
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where 

A consequence of the presence of angular 
veloclty 1s that even though the standard boundary 
layer assumptlons have been made, the radial 
momentum equatlon stlll must be consldered: 

2 .- 
@ . E  
ar r 

and cross-stream pressure gradlents are not neg- 
ligible. Because of the decay of angular veloc- 
ity, the axlal pressure gradlent i s  also included. 

The turbulent viscoslty was calculdted as 
usual: 

The flow leaving the 1nJector was slmllar to 
fully developed flow and had n o  potentlal core. 
The boundary condltlons for Eq. ( 2 )  are: 

( 7 )  - - - 
+ =  r w :  r = O .  rw = O ;  r * - ,  rw: 0 

Inltlal condltlons were measured at 
x/d = 0.5. for the single-phase cases, all three 
mean and fluctuatlng velocltles were measured. 
c o  was calculated from the deflnltlon of a 
turbulent length scale, as follows: 

,’ 

where L was chosen as a fractlon of the lnltial 
jet wldth to provlde good agreement wlth the 
lnltlal axlal profile for k .  Slnce only ii and 
u ’  could be measured for the partlcle-laden 
cases, lnltlal values of the contlnuous phase 
angular velocity were estlmated by subtracting the 
measured partlcle angular momentum from the slngle 
phase values. Slngle-phase lnltlal values of k 
and P were used for the partlcle-laden jet 
calculatlons. 

E.8 per? ed-P_hp 8s. GX Ewmuldtlon). 
The dlrpersed phase was treated by solvlng 

Lagranglan equatlons for the trajectorles of a 
statlstlcally slgnlflcant sample of lndlvldual 
partlcles (n groups deflned by lnltlal posltlon. 
veloclty. and sample) as they move away from the 
Injector and encounter a random dlstrlbutlon of 
turbulent eddles. This approach provldes a means 
of treatlng effects of turbulent fluctuations on 
partlcle drag and dlsperslon as well as effects 
of partlcles on turbulence propertles. 

The present approach lnvolves modlflcation and 
extenslon of methods reported by Gosman and 
ioannides.lb 
form within each eddy and to randomly change from 
one eddy to the next. At the start of a partlcle- 
eddy lnteractlon, the velocity of an eddy i s  found 
by maklng a random selection from the probablllty 
denslty functlon ( P O F )  of velocity assuming an 
lsotro 1c Gausslan P O F  having standard deviatlons 
( 2 k / 3 ) y / 2  and mean values 3 ,  V. and W. 
partlcle I s  assumed to interact wlth an eddy for 
a tlme which 1 s  the mlnlmum of elther the eddy 
llfetlme or the tlme requlred for a partlcle to 
cross an eddy. These times are estlmated fol- 
lowing past p r d c t l ~ e . ’ - ~ ~  assumlng that the 
Characteristlc slre of an eddy 1s the dlssipation 
length scale 

Propertles are assumed to be u n l -  

A 

( 9 )  
L = c  3 / 4 k 3 / 2 / c  
e i r  

and that the eddy llfetlme 1s 

1 / 2  
te = Le/(2k/3) (10) 

lherefore, partlcles are assumed to Interact wlth 
an eddy as long as both the tlme and dlstance of 
lnteractlon satlsfy the followlng crlterla 

Assumptlons for partlcle trajectory calcula- 
tlons are ty lcal of analysls of dllute partlcle- 
laden flows:g drag I s  treated emplrlcally. 
assumlng quasisteady flow for spherlcal partlcles 
wlth no influence of nearby partlcles; partlcle 
colllslons are neglected; slnce pp/p > 200 for 
present tests, effects of vlrtual mass, Bassett 
forces and Magnus forces are neglected wlth Ilttle 
error: and statlc pressure gradlents are negll- 
glble. Local amblent propertles are flxed by 
Instantaneous eddy propertles. as descrlbed 
earller. whlch lmpllcltly provldes for effects of 
turbulent fluctuatlons on partlcle dlsperslon and 
drag. 

Wlth these assumptions, the posltlon and 
veloclty for each partlcle group can be found by 
lntegratlng 

dx 
2. u 
dt pl 

where i = 1.2.3 and the velocltles shown In these 
equations are Instantaneous velocltles for a par- 
tlcular eddy and partlcle group.5 
partlcles used l n  the study were relatively round, 
the standard drag coefflclent for solld spheres 
was taken as fo11ows:b 

Slnce the 

Key elements of the SSF model are the methods CD = 0 . 4 4  , Re > 1000 (14) 
-‘ used to speclfy eddy proDertles and the tlme of 

lnteractlon of a partlcle with a partlcular eddy. 
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P a r t i c l e  Source Terms 

The i n t e r a c t i o n  between p a r t i c l e s  and t h e  
c o n t i n u o u s  phase y i e l d s  sou rce  terms i n  t h e  gov-  
e r n i n g  e q u a t i o n s  f o r  c o n s e r v a t i o n  of  a x l a l  and 
a n g u l a r  momentum. The sou rce  terms a r e  found by 
compu t ing  t h e  n e t  change i n  momentum as each p a r -  
t i c l e  g roup  i passes t h r o u g h  c o m p u t a t i o n a l  
c e l l  j 

( 1 6 )  

where "1 i s  t h e  number o f  p a r t l c l e s  p e r  u n l t  
t l m e  i n  each g r o u p .  

O S F  and . LHF .____ Models 

~- OSF mode l .  E f f e c t s  o f  t u r b u l e n t  f l u c t u a t i o n s  
on p a r t i c l e  d r a g  and d i s p e r s i o n  as w e l l  as e f f e c t s  
o f  t u r b u l e n c e  m o d u l a t l o n  a r e  i g n o r e d  f o r  t h e  DSF 
mode l .  P a r t i c l e  t r a j e c t o r l e s  a r e  found by i n t e -  
g r a t i n g  E q s .  ( 1 0 )  and ( 1 1 ) .  b u t  t h e  l o c a l  mean 
v e l o c i t y  o f  t h e  c o n t l n u o u s  phase r e p l a c e s  t h e  
i n s t a n t a n e o u s  eddy v e l o c l t y .  Each i n l t l a l  c o n d i -  
t i o n  v i e l d s  a s i n a l e  d e t e r m i n i s t i c  t r a i e c t o r v :  
t h e r e i o r e .  1000 p a r t i c l e  g roups  s u f f i c e  t o  n;mer~ 
i c a l l y  c l o s e  t h e  s o l u t i o n .  E f f e c t s  o f  p a r t l c l e  
d r a g  I n  t h e  mean momentum e q u a t i o n  a r e  found f rom 
Eqs. ( 1 5 )  and ( 1 6 ) .  s i m i l a r  t o  t h e  SSF 
c a l c u l a t i o n s  

___ LHF mode l .  T h i s  a p p r o x i m a t i o n  i m p l i e s  t h a t  
b o t h  phases have t h e  same l n s t a n t a n e o u s  v e l o c i t y  
a t  each p o i n t  i n  t h e  f l o w ;  t h e r e f o r e ,  t h e  f l o w  
co r responds  t o  a v a r i a b l e - d e n s i t y  s i n g l e - p h a s e  
f l u i d  whose d e n s i t y  changes due t o  changes i n  
p a r t i c l e  c o n c e n t r a t i o n .  T u r b u l e n t  d l s p e r s i o n  o f  
p a r t l c l e s  1s t h e n  e q u i v a l e n t  t o  t h a t  o f  a gas and 
p a r t i c l e  i n e r t i a  f u l l y  i n f l u e n c e s  t u r b u l e n c e  
p r o p e r t i e s ;  ( . e . .  t h e  method i m p l i c i t l y  accoun ts  
f o r  e f f e c t s  o f  t u r b u l e n c e  m o d u l a t l o n  t o  t h e  e x t e n t  
t h a t  t h e  n o - s l i p  assumpt ion  1s c o r r e c t .  

i s  s i m i l a r  t o  p a s t  p r a c t i c e . 6  however f i s  
d e f i n e d  h e r e  as t h e  mass f r a c t i o n  of  p a r t i c l e s  i n  
t h e  f l u l d .  Measured i n i t l a l  v a l u e s  o f  f were 
used f o r  t h e  LHF p r e d i c t i o n s .  Through t h e  
assumpt ion  o f  n o - s l i p ,  t h e r e  i s  no need t o  compute 
p a r t i c l e  t r a j e c t o r i e s  and a l l  p a r t i c l e  sou rce  
terms i n  t h e  g o v e r n i n g  e q u a t i o n s  f o r  t h e  
c o n t l n u o u s  phase a r e  z e r o .  

Numer i ca l  S o l u t i o n  

The t r e a t m e n t  o f  t h e  v a r i a b l e - d e n s i t y  f l u i d  

The c a l c u l a t i o n s  f o r  t h e  c o n t i n u o u s  phase 
were pe r fo rmed  u s i n g  a m o d i f i e d  v e r s i o n  o f  
G E N M I X . 1 8  
w i t h o u t  s w i r l  was s l m l l a r  t o  p a s t  work:b-lo 
33 c r o s s - s t r e a m  g r l d  nodes and s t reamwise  s t e p  
s i z e  was l i m i t e d  t o  5 p e r c e n t  o f  t h e  c u r r e n t  f l o w  
w i d t h  o r  a n  e n t r a i n m e n t  i n c r e a s e  o f  5 p e r c e n t  
wh ichever  was s m a l l e r .  Fo r  t h e  cases w i t h  swirl. 
33 c r o s s - s t r e a m  g r l d  nodes were a l s o  used b u t  
s t reamwlse  s t e p  s i z e  was reduced t o  t h e  s m a l l e r  
o f  e i t h e r  2 p e r c e n t  o f  t h e  c u r r e n t  f l o w  w l d t h  o r  

The c o m p u t a t i o n a l  g r i d  f o r  t h e  cases 

an e n t r a l n m e n t  i n c r e a s e  of  2 p e r c e n t .  
and r a d i a l  momentum e q u a t i o n s  r e q u i r e d  m o d i f i c a -  
t i o n s  t o  t h e  s t a n d a r d  s o l u t l o n  p r o c e d u r e .  GENHIX 
u t i l i z e s  a n  expand ing  g r i d  i n  t h e  s t reamwise  
d i r e c t i o n  and downstream va lues  o f  r a r e  n o t  
known b e f o r e  t h e  a x i a l  momentum e q u a t i o n  i s  
s o l v e d .  
a c t e r  o f  t h e  s o l u t i o n  p r o c e d u r e ,  t h e  a n g u l a r  
momentum e q u a t i o n  i s  s o l v e d  f l r s t  t o  o b t a i n  r w  
and t h e n  t h e  r a d l a l  momentum e q u a t i o n  i s  i n t e -  
g r a t e d  a c r o s s  t h e  f l o w f i e l d  u s i n g  downstream 
v a l u e s  o f  r w  and ups t ream va lues  o f  r .  Then 
dp/ax i s  c a l c u l a t e d  and a c o r r e c t i o n  a p p l l e d  t o  
i t  based on c o n s e r v a t i o n  of  a x l a l  momentum. T h i s  
p r o c e d u r e  has been p r e v i o u s l y  r e p o r t e d  by 
S 1 d d h a r t h a . l 8  I t  was found t o  conserve  a x i a l  
momentum w i t h i n  2 p e r c e n t .  
was computed u s i n g  a second-o rde r  f i n i t e .  
d i f f e r e n c e  a l g o r i t h m  f o r  b o t h  separa ted  f l o w  
models .  Fo r  t h e  SSF mode l ,  2000 and 4000 p a r t i c l e  
groups were t r a c k e d  t h r o u g h  t h e  f l o w f i e l d  f o r  t h e  
non s w i r l  and s w i r l  cases,  r e s p e c t i v e l y .  

The a n g u l a r  

,-' 
I n  o r d e r  t o  p r e s e r v e  t h e  m a r c h i n g  c h a r -  

The d i s p e r s e d  phase 

R e s u l t s  and Di8-n _ _  
.~ S i n ! e - P h a s e  R e s u l t s  

The s i n g l e ~ p h a s e  r e s u l t s  w i l l  o n l y  be b r l e f l y  
d l s c u s s e d  s i n c e  t h e  p r e s e n t  emphasis 1 s  on 
p a r t l c l e - l a d e n  f l o w s .  T y p i c a l  r e s u l t s  a r e  shown 
t o  g l v e  a n  i n d i c a t i o n  o f  t h e  e f f e c t  o f  s w i r l  on 
t h e  gas-phase f l o w f i e l d .  P r e d i c t i o n s  a r e  shown 
b o t h  i g n o r i n g  and c o n s i d e r i n g  t h e  c u r v a t u r e  c o r -  
r e c t l o n  t o  t h e  d i s s i p a t i o n  e q u a t i o n  based on t h e  
f l u x  R icha rdson  number. 

A x i a l  v a r i a t i o n  o f  f L o x o g e r t i e s .  P r e d i c t e d  
and measured mean s t reamwise  v e l o c i t v  a l o n a  t h e  
a x i s ,  maximum a n g u l a r  v e l o c i t i e s ,  and t u r b i l e n t  
k i n e t i c  ene rgy  a l o n g  t h e  a x i s  f o r  t h e  s i n g l e - p h a s e  
j e t s  a r e  i l l u s t r a t e d  i n  F i g s .  l ( a )  t o  ( c ) .  
R e s u l t s  f o r  s w i r l  numbers of  0, 0 .19,  and 0.33 a r e  
shown on t h e  f i g u r e s .  
s t reamwise  v e l o c i t y  a l o n g  t h e  a x i s  i s  i n c r e a s e d  
as s w i r l  i s  i n c r e a s e d .  T u r b u l e n t  k i n e t i c  ene rgy  
a l s o  i n c r e a s e s  q u i t e  d r a m a t i c a l l y  w i t h  i n c r e a s i n g  
s w i r l .  Fo r  t h e  S = 0 .33  case,  t u r b u l e n t  k i n e t i c  
energy r i s e s  s t e e p l y  a l m o s t  i m n e d i a t e l y  and peaks 
a t  an x/d of  o n l y  2 b e f o r e  d e c r e a s i n g  once 
a g a i n .  The maximum a n g u l a r  v e l o c i t y  decays q u i t e  
r a p i d l y ,  r e a c h i n g  o n e - h a l f  i t s  o r i g i n a l  v a l u e  in 
l e s s  t h a n  2 i n j e c t o r  d i a m e t e r s  f o r  S = 0.33. 
P r e d i c t i o n s  a r e  i n  r e a s o n a b l y  good agreement w i t h  
t h e  measurements a t  l o w  s w i r l .  P r e d i c t i o n s  a r e  
shown f o r  b o t h  t h e  s t a n d a r d  k - c  model and t h e  
f l u x  R icha rdson  c o r r e c t i o n .  A s  shown i n  
F i g .  l ( b ) ,  t h e  c u r v a t u r e  c o r r e c t i o n  g r e a t l y  
i n c r e a s e s  k l m n e d i a t e l y  downstream o f  t h e  
i n j e c t o r  e x i t .  However. f o r  S = 0.33, t h e  r a p i d  
r i s e  o f  k nea r  t h e  i n j e c t o r  e x i t  i s  n o t  p r e -  
d i c t e d  v e r y  w e l l ,  even w l t h  t h e  c u r v a t u r e  c o r r e c -  
t i o n .  A s  shown I n  F i g s .  l ( a )  and ( c ) .  t h e  
i n c r e a s e  i n  k u s i n g  t h e  c u r v a t u r e  c o r r e c t i o n  
i n c r e a s e s  t h e  r a t e  o f  decay o f  b o t h  a x i a l  and 
a n g u l a r  v e l o c i t i e s .  

R a d i a l  D r o f l l e s .  R a d i a l  p r o f i l e s  o f  mean and 
t u r b u i e n c e  q u a n t i t i e s  a t  
w l t h o u t  s w l r l  a r e  i l l u s t r a t e d  i n  F i g .  2 .  The j e t  
w i d t h  1 s  P r e d i c t e d  r e a s o n a b l y  w e l l ,  however. cen-  
t e r l l n e  v a l u e s  of  k and Peak v a l u e s  o f  Reynolds 
s t r e s s  a r e  somewhat o v e r e s t i m a t e d .  

The r a t e  of  decay o f  

x /d  = 15 f o r  t h e  j e t  

R a d i a l  pro.  
f i l e s  a t  x/d = 30 a r e  n o t  shown, however. - 



agreement between predlctlons and measurements was 
qulte good. 

Radlal proflles at x/d = 5 for the two 
slngle-phase jets wlth swlrl are shown In 
F l g s .  3 ( a )  and (b). A s  expected, lncreaslng the 
swlrl number lncreases the rate of spread of the 

Turbulent klnetlc energy and Reynolds 
stress also Increase wlth lncreaslnq swlrl at thls 
axlal locatlon. Predlctlons are reasonably good 
with the flux corrected verslon yleldlng best 
agreement wlth measurements. Radlal profiles at 
x/d = 10 for the same swlrllnq flows are lllus- 
trated In Flgs. 4 ( a )  and (b). Flndlngs are qulte 
slmllar to those obtalned at x/d = 5 (lllustrated 
l r i  Flgs. 3 ( a )  and (b)). 

Partlcle-Laden ~ Jets ~ 

'- jet. 

Predlctlons and measurements of the partlcle- 
laden jets are dlscussed I n  the followlng. A s  
discussed earlier, only mean and fluctuatlng axlal 
velocities could be measured for the gas phase; 
therefore, It w a s  necessary to estlmate lnltlal 
values of angular veloclty and turbulent klnetlc 
energy for the gas phase. lnltlal angular veloc- 
ity of the contlnuous phase was estlmated by sub- 
tractlng the measured lnltlal partlcle-phase 
angular momentum from the values obtalned for the. 
slngle-phase cases. For both swlrl flows, 
partlcle~phase angular momentum was approxlmately 
10 percent of the values measured for the slngle- 
phase cases. 
lnltlal values of k were assumed to be the same 
as the slngle~phase flows. Measured values o f  
u' 
cent lower across the entlre jet wldth for the 
partlcle-laden cases (at the lnltlal condltlon of 
x/d = 0.5) than for the correspondlng slngle~phase 
flows. Predlctlons showed that reductlons of k ' of 20 percent caused negllglble changes I n  flow 
propertles except very close to the Injector. 
Inltlal values of c for the partlcle-laden jet 
predlctlons were also unchanged from the slngle- 
phase cases. Only the standard k - r  model was 
utillzed for the predlctlons reported In the 
following. 

A&la,J.._va.rj a t 1 on of f 1 o w q r p ~ J j . ~ ~ .  Pred 1 c ted 
and measured mean gas-phase axlal velocltles are 
Shown I n  flg. 5 for swlrl numbers of 0, 0.16, and 
0.3. For no swlrl, axlal veloclty decays more 
slowly for the partlcle-laden flows than for the 
slngle-phase flow due to the momentum exchange 
from the partlcles. For the swlrl flows, Inlet 
swlrl numbers Were reduced approxlmately 10 per- 
cent for the particle-laden cases; therefore. a 
dlrect comparlson wlth the slngle-phase measure- 
ments cannot be made. Predlctlons from both the 
SSF and LHF models are nearly Identlcal and show 
good agreement wlth the data for both sw1:l flows. 

Predlctlons and measurements of mean partlcle 
axlal and maxlmum angular velocltles as a functlon 
of streamwlse dlstance are Illustrated In F l g s .  6 
and 7 .  A s  expected, the LHF model overestlmates 
the rate of decay o f  veloclty for all cases slnce 
the partlcles possess slgnlficant lnertla. D l f -  
ferences between the DSF and SSF models were small 
wlth both models glvlng reasonable agreement wlth 
the measurements. 
partlcle veloclty was lower than the gas phase at 
x/d = 0 . 5 .  Partlcle axlal veloclty lncreases due 
to momentum exchange from the contlnuous phase 

For the predlctlons shown here, 

for the gas phase were approxlmately 20 per- 

For both cases wlth swlrl. 

before flnally beglnnlng to decay, c.f. 119.  6 .  
It I s  encouraglng that both separated-flow models 
correctly predict this behavlor. 

Radlal varlatlon cf flow proEt&. The __--__ 
radlal varlatlon of both gasand partlcle-phase 
Flow propertles at 
I n  Flgs. 8 and 9. 
gas-phase predictlons are nearly ldentlcal for 
both the SSF and LWF models slnce partlcle loadlng 
ratlo i s  relatlvelv low. Predlcted partlcle 

x/d = 5 and 30 are Illustrated 
Slmllar to past results,b 

veloclty shows the largest varlatlon between 
models at x/d = 5 .  Here, the LHF model under- 
estimates partlcle veloclty whlle both sepdrated- 
flow models are In reasonably good agreement wlth 
the data. At x/d ~ 30, shown In Flg. 9 ,  the 
different physical assumptions embodled In the 
models are qulte evldent I n  the plot of radlal 
mass flux. The LHF model overestlmates the dls- 
perslon of partlcles whlle the OSF model clearly 
underestlmates partlcle dlsperslon. Only the SSF 
model correctly predlcts partlcle mass flux at 
thls locatlon. The predlctlons of fluctuatlng 
partlcle propertles for the SSF model, also shown 
In F l g s .  8 and 9 are reasonably good, however. 
u c p  1 s  conslstently underestimated. Thls 1s 
probably caused by the dssumptlon Of lsotroplc 
fluctuatlons In the SSF model and the monodlsperse 
assumptlon i n  the predlctlons. slnce the lnjected 
partlcles have a standard devlatlon of 15 m. 
Measured values of u' were always greater than 
v' and w '  for the slngle-phase jet and It 1s 
expected that thls behavlor should be slmllar for 
the partlcle&laden jet. 

Radlal proflles of flow propertles ln the 
swlrllng, partlcle-laden jets are lllustrated In 
Flgs. 10 to 14. G a s  phase propertles at x/d = 5 
are shown In Flq. 10 for swlrl numbers of 0.16 and 
0.3. Predlctlons uslng the SSF and LHF models are 
nearly Identlcal and show that the wldth of the 
jet 1s sllghtly overestlmated. Predlctlons thls 
close to the Injector are somewhat dependent upon 
lnltlal condltlons. Turbulence modulatlon by the 
partlcles, not lncluded In these predlctlons, 
could also be a factor In the decreased wldth of 
the jet. 

Radlal proflles of partlcle propertles at 
x/d = 5 are Illustrated ln Flgs. ll(a) and (b). 
Both separated-flow models sllghtly overestimate 
axlal and angular partlcle velocltles because the 
gas phase wldth I s  overertlmated. The LHF model 
underestlmates partlcle velocltles here slnce the 
partlcles have lnertla and do not lmedlately 
respond to the contlnuous phase. Partlcle flux, 
also shown In Flg. 1 1 .  1s qulte dlfferent for the 
swlrl cases than for the round jet wlthout swlrl. 
The swlrl component has shlfted the maxlmum flux 
outward from the center o f  the j e t .  Olfferences 
between the models are clearly evldent In partlcle 
flux predlctlons. Even though lnltlal values of 
partlcle concentratlon were used as lnltlal con- 
dltlons for the LHF model, the hlgh rate of tur- 
bulent dlsperslon due to the no-sllp assumptlon 
has caused the predlcted maxlmum partlcle flux to 
shlft to the center of the jet. Thls 1s clearly 
not correct. Both the SSF and DSF models predlct 
an off-center maxlmum. however the predlcted peak 
1s shlfted radlally outward from the measured 
value due to the overpredlctlon of angular veloc- 
lty. The effect of turbulent dlsperslon 1s 
clearly lmportant For thls flow slnce the par- 
tlcles have spread much farther than the OSF model 
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p r e d i c t s .  f l u c t u a t i n g  p a r t i c l e  v e l o c i t i e s  a t  
x/d = 5 a r e  a l s o  i l l u s t r a t e d  i n  F i g s .  l l ( a )  and 
( b )  and show d i s t l n c t  d l f f e r e n c e s  f o r  t h e  two 
s w i r l  numbers. For  t h e  lower  s w i r l  number, 
S = 0 .16 ,  SSf p r e d i c t i o n s  f o r  a l l  t h r e e  f l u c -  
t u a t i n g  v e l o c i t i e s  compare q u i t e  w e l l  w i t h  d a t a .  
f o r  t h e  S = 0.3 case,  however, u o P  i s  somewhat 
o v e r e s t i m a t e d .  For  t h e  s i n g l e - p h a s e  case a t  
x/d = 5 ,  t h e  measured peak v a l u e  of  u '  i s  
a p p r o x i m a t e l y  4 0  p e r c e n t  h i g h e r  t h a n  measured f o r  
t h e  p a r t i c l e - l a d e n  J e t .  Some o f  t h e  r e d u c t l o n  i n  
u '  1 s  due t o  t h e  r e d u c t i o n  in s w i r l  number caused 
b y  t h e  l n t r o d u c t l o n  of  p a r t l c l e s  ( a p p r o x .  10 p e r -  
C e n t ) .  however p a r t  of  t h e  r e d u c t i o n  i s  t h o u g h t  
t o  be due t o  t u r b u l e n c e  m o d u l a t i o n  by t h e  p a r -  
t i c l e s .  T h i s  appears  t o  be more i m p o r t a n t  f o r  t h e  
s w i r l  f l o w s .  

R a d i a l  p r o f i l e s  o f  gas-phase p r o p e r t i e s  a t  
x/d = 20 a r e  i l l u s t r a t e d  in F i g .  12 f o r  b o t h  s w i r l  
f l o w s .  P r e d l c t i o n s  a r e  In b e t t e r  agreement u l t h  
measurements a t  t h i s  p o s l t i o n  t h a n  c l o s e r  t o  t h e  
i n J e c t o r .  a l t h o u g h  t h e  J e t  w i d t h  i s  s t i l l  s l l g h t l y  
o v e r e s t i m a t e d .  P r e d i c t i o n s  a t  x/d 20 a r e  n o t  
as s e n s i t i v e  t o  i n l t i a l  c o n d i t i o n s  and t h e  s w i r l  
component has a l m o s t  c o m p l e t e l y  decayed. Aga in ,  
t h e r e  i s  l i t t l e  d i f f e r e n c e  between p r e d l c t l o n s  o f  
gas-phase p r o p e r t l e s  f o r  t h e  LHF and SSF models .  

R a d i a l  p r o f i l e s  o f  p a r t l c l e  p r o p e r t i e s  f o r  
b o t h  s w l r l  f l o w s  a r e  l l l u s t r a t e d  in F l g s .  1 3 ( a )  
and ( b ) .  P r e d i c t i o n s  o f  a x i a l  v e l o c i t y  a r e  i n  
good agreement w i t h  measurements f o r  a l l  t h r e e  
mode ls .  P r e d i c t e d  v a l u e s  of  u l P  u n d e r e s t i m a t e  
t h e  measurements w h l l e  v I P  and w ' ~  a r e  i n  
r e a s o n a b l y  good agreement w i t h  measurements u s i n g  
t h e  SSF model .  S i n c e  e f f e c t s  o f  s w i r l  have 
decayed a t  t h i s  a x i a l  l o c a t i o n ,  i g n o r i n g  t h e  a n i -  
s o t r o p y  of  t h e  c o n t i n u o u s  phase and u s l n g  a s i n g l e  
p a r t i c l e  s i z e  f o r  t h e  p r e d l c t l o n s  a r e  t h e  m a i n  
reasons  f o r  t h i s  b e h a v i o r - - a s  d i s c u s s e d  e a r l i e r .  
The p a r t i c l e  mass f l u x  p r e d i c t i o n s  a g a i n  h i g h l i g h t  
t h e  d i f f e r e n t  p h y s i c a l  assumpt ions  o f  t h e  t h r e e  
mode ls .  P a r t i c l e  mass f l u x  measurements i n d i c a t e d  
t h a t  between x/d = 5 and x/d F 10, t h e  maximum 
mass f l u x  s h i f t e d  t o  t h e  c e n t e r  o f  t h e  j e t  f o r  
b o t h  sulrl cases .  S i n c e  a n g u l a r  and r a d i a l  
v e l o c i t i e s  have decayed t o  r e l a t i v e l y  s m a l l  v a l u e s  
a t  t h i s  d i s t a n c e  and wou ld  t e n d  t o  move p a r t i c l e s  
ou tward ,  t h e  o n l y  mechanlsm f o r  t r a n s p o r t  l n w a r d  
i s  t u r b u l e n t  d i s p e r s i o n .  A s  shown i n  F i g .  1 3 ( a ) ,  
f o r  t h e  l o w e r  s w i r l  number, t h e  SSF model p r e d l c t s  
t h i s  s h i f t  i n  mass f l u x .  I n  c o n t r a s t ,  t h e  DSF 
model p r e d i c t s  a v e r y  n a r r o w  d i s t r i b u t i o n  w i t h  
a l m o s t  no p a r t i c l e s  a t  t h e  c e n t e r  o f  t h e  J e t .  For  
S = 0.3, t h e  p r e d l c t e d  maximum p a r t i c l e  f l u x  f o r  
t h e  SSF model has n o t  c o m p l e t e l y  s h i f t e d  t o  t h e  
c e n t e r .  however i t  i s  c l e a r l y  e v o l v i n g  i n  t h i s  
d l r e c t l o n .  Aga in .  t h e  DSF model p r e d l t t l o n s  show 
t h e  p a r t i c l e s  r e m a i n i n g  i n  a n a r r o w  a r e a .  I n  
c o n t r a s t  t o  t h e  n o - s w i r l  case, t h e  LHF model 
u n d e r e s t i m a t e s  p a r t l c l e  d i s p e r s i o n  f o r  b o t h  sulr l  
f l o w s  a t  x/d = 20. This b e h a v i o r  i s  caused by 
n e g l e c t i n g  t h e  a n g u l a r  i n e r t i a  o f  t h e  p a r t i c l e s  
w h i c h  tends  t o  t r a n s p o r t  them r a d i a l l y .  

C o n c l u s i o n s  

HaJor c o n c l u s l o n s  c o n c e r n l n g  t h e  models t h a t  
were e v a l u a t e d  d u r l n g  t h i s  i n v e s t l g a t i o n  a r e  as 
f o l l o w s :  

v 
1 .  f o r  s i n g l e - p h a s e  weak ly  s w i r l i n g  J e t s ,  a 

c o r r e c t i o n  t o  t h e  d i s s i p a t i o n  e q u a t i o n ,  based on 
t h e  f l u x  R i c h a r d s o n  number and des igned t o  a c c o u n t  
f o r  t h e  e f f e c t  o f  s t r e a m l i n e  c u r v a t u r e ,  gave b e t -  
t e r  agreement w l t h  measurements t h a n  t h e  s t a n d a r d  
k - c  t u r b u l e n c e  mode l .  T h l s  m o d i f l c a t i o n  a lways  
t n c r e a s e d  p r e d l c t e d  l e v e l s  of  k a c r o s s  t h e  
e n t i r e  w l d t h  o f  t h e  J e t  w h i c h  i n c r e a s e d  b o t h  t h e  
r a t e  o f  spread of  t h e  J e t  and t h e  r a t e  o f  v e l o c i t y  
decay w i t h  s t reamwise  d i s t a n c e .  

2 .  The SSF model ,  whlch accounts  f o r  b o t h  
p a r t i c l e  i n e r t i a  and p a r t i c l e / t u r b u l e n t  i n t e r a c -  
t l o n s .  y l e l d e d  r e a s o n a b l y  good r e s u l t s  f o r  t h e  
p a r t l c l e - l a d e n  J e t s .  The p r e s c r i p t l o n  o f  eddy 
p r o p e r t i e s  was n o t  changed f o r  t h e s e  c a l c u l a t i o n s  
f r o m  i t s  o r i g l n a l  c a l i b r a t i o n . 8  The OSF model 
per fo rmed q u i t e  p o o r l y  f o r  p r e d i c t i o n  o f  t h e  p a r -  
t i c l e  mass f l u x  d i s t r i b u t i o n  f o r  t h e  weak ly  
s w i r l i n g  j e t s  c o n s i d e r e d  i n  t h i s  s t u d y .  T h i s  
suggests  t h a t  t u r b u l e n t  d l s p e r s l o n  o f  t h e  p a r -  
t l c l e s  was t m p o r t a n t  f o r  t h e  p r e s e n t  f l o w s .  f o r  
t h e  s u l r l i n g  p a r t i c l e - l a d e n  J e t s ,  i n  c o n t r a s t  t o  
t h e  p a r t i c l e - l a d e n  J e t s  w i t h o u t  s w i r l ,  t h e  LHF 
model u n d e r e s t l m a t e d  t h e  spread o f  t h e  d l s p e r s e d  
phase. Thus, t h e  a n g u l a r  and r a d i a l  i n e r t i a  o f  
t h e  p a r t i c l e s  a r e  i m p o r t a n t  c o n s l d e r a t i o n s  i n  t h e  
mass f l u x  d i s t r i b u t i o n  of  t h e  p a r t i c l e s  f o r  t h e  
p r e s e n t  f l o w s .  

3 .  For t h e  s w i r l i n g  p a r t i c l e - l a d e n  J e t s ,  t h e  
c o n t i n u o u s  Dhase l e t  w i d t h  was somewhat o v e r e s t i -  
mated u s i n g ' t h e  s i a n d a r d  k - c  t u r b u l e n c e  mode l .  \r' 
T h l s  1s l n  c o n t r a s t  t o  t h e  s l n g l e - p h a s e  f l o w s ,  
where J e t  w i d t h s  were u n d e r e s t i m a t e d  w i t h  t h e  
s t a n d a r d  k - c  model.  T u r b u l e n c e  m o d u l a t i o n .  n o t  
c o n s i d e r e d  i n  t h e  p r e d i c t i o n s  p r e s e n t e d  here ,  was 
p r o b a b l y  a s i g n i f i c a n t  f a c t o r  i n  t h e  r e d u c t i o n  o f  
t h e  J e t  w i d t h .  
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I Pa rame t e r  

Case 1 Case 2 Case 3 

C e n t e r l i n e  a l r  a x i a l  v e l o c i t y .  m/sb 
Maxlmum a l r  a n g u l a r  v e l o c i t y .  m/sb 

C e n t e r l i n e  p a r t i c l e  a x i a l  v e l o c i t y .  m/sb 
Maximum p a r t i c l e  a n g u l a r  v e l o c i t y .  m/sb 

i S w i r l  numberC 
0 
0 

1 3 . 8  
0 

39 

1 4 . 8 6  112.94 ~ 1 3 . 3 4  
. - - . - . . - - . 

. 1 6  . 3  
10.39 10.26 

1 . 4 8  2 .26  
39 39 

0 ’ 3 . 1 6  ~ 5.92 
0 I . 19  ~ . 33  

P a r t l c l e - l a d e n  J e t s  I 

1 3 . 1 5  

. 2  1 . 2  1 . 2  

aAmblent  t e m p e r a t u r e  and p r e s s u r e s .  296.K. 9 7  kPa; i n j e c t o r  I n s i d e  d i a m e t e r .  1 9  mn; 

bMeasured a t  x /d  = 0 . 5 .  
c C a l c u l a t e d  f r o m  Eq.  ( 1 ) .  
dThe s i z e  d i s t r i b u t l o n  has  a s t a n d a r d  d e v i a t l o n  o f  1 5  ’m. 
e R a t l o  o f  i n j e c t e d  p a r t i c l e  mass f l o w  r a t e  t o  a l r  mass f l o w  r a t e .  

p a r t l c l e  d e n s i t y .  2500 kg/m3. 

TABLE 11. ~ SOURCE T E R M S  I N  GOVERNING EQUATIONS 

0 

- a j  
ax 

0 

0 

sP” 

5 
PW 

0 

0 

0 

0 .09  1 . 4 4  1 .H7 1 . o  1 . 3  0 . 1  I 
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TABLE I .  - SUMMARY O F  TEST CONOIIIONSa 
-7 ___ ~~- ~. ~~~~~~ . 

P a r a m e t e r  

C e n t e r l i n e  a l r  a x i a l  v e l o c i t y ,  m /sb  
Hax lmum a i r  a n g u l a r  v e l o c i t y .  m/sb 
S w i r l  numberc  
C e n t e r l i n e  p a r t t c l e  a x i a l  v e l o c i t y .  m /sb  ...~ .... , ..... 
Haxlmurn p a r t i c l e  a n g u l a r  v e l o c l t y ,  m / s b  

L o a d i n g  r a t l o e  . 2  

I 

SHO, ,md I:::.: l - . . ~ -  

a A r n b i e n t  t e m p e r a t u r e  and  p r e s s u r e s .  2 9 6 . K .  97  k P a ;  i n J e c t o r  I n s i d e  d l a r n e t e r ,  1 9  mm; 

b H e a r u r e d  a t  x / d  = 0.5. 
C C a l c u l a t e d  f r o m  Eq. ( 1 ) .  
dThe  s i z e  d l s t r l b u t l o n  h a s  a s t a n d a r d  d e v i a t l o n  o f  1 5  urn. 
e R a t l o  o f  I n j e c t e d  p a r t i c l e  mass f l o w  r a t e  t o  a i r  mass f l o w  r a t e .  

p a r t i c l e  d e n s i t y .  2 5 0 0  kg/rn3. 

TABLE 11. - SOURCE TERMS IN GOVERNING EQUATIONS 

SP9 9 s+ 

1 0 0 

- 
ru 

a!5 
a x  %“ 

I F  0 0 

0 

0 

O f  
0 C c l  c c 2  Ok 
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