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Abst rac t  

The use o f  swirl t o  improve flame s t a b i l i t y  
and s h o r t e n  t h e  l e n g t h  o f  a flame makes i t  poss- 
i b l e  t o  o p e r a t e  p r a c t i c a l  combustion devices  a t  
r e l a t i v e l y  h igh  f u e l  f l o w r a t e s .  However. t h e  
e v e n t u a l  blowoff l imits a r e  o f  fundamental import-  
ance i n  t h e  d e s i g n  o f  i n d u s t r i a l  burners  and gas 
t u r b i n e  combustors.  Three blowoff limits were 
i d e n t i f i e d  i n  t h e  p r e s e n t  s t u d y .  The t h r e e  l i m i t s  
correspond t o  a maximum f u e l  v e l o c i t y ,  a maximum 
s w i r l  v e l o c i t y ,  and a minimum s w i r l  number. To 
h e l p  e x p l a i n  t h e  blowoff l i m i t s .  contours  of  mean 
v e l o c i t y ,  t u r b u l e n c e  l e v e l ,  and gas tempera ture  
were measured i n  twelve s l i g h t l y  l i f t e d  f lames.  
Non- in t rus ive  LDV and Rayleigh s c a t t e r i n g  d i a g -  
n o s t i c s  were used. For comparison, a TEACH code 
was used t o  numer ica l ly  s i m u l a t e  t h e  f lames .  

Heasurements show t h a t  blowoff due t o  excess  
f u e l  v e l o c i t y  occurred  a f t e r  t h e  f u e l  j e t  pene- 
t r a t e d  and weakened t h e  r e c i r c u l a t i o n  bubble .  
which occurred  f o r  a r a t i o  o f  f u e l  j e t  v e l o c i t y  
t o  a i r  a x i a l  v e l o c i t y  o f  1 . 6 .  Excessive s w i r l  
caused v i s i b l e  s t r e t c h i n g  and f ragmenta t ion  o f  
t h e  flame and caused blowoff o f  lean  f lames.  Heat 
r e ' e n s e  caused l o c a l  a c c e l e r a t i o x n e a r  t h e  r e c i r c -  
u l a t i o n  zone edge,  i n c r e a s i n g  t h e  r e c i r c u l a t i o n .  
For t h e  p r e s e n t  geometry,  c o l d  flows d i d  not 

yet  flames had r e c i r c u l a t i o n  f o r  s w i r l  numbers 
as low a s  0 . 2 5 .  Rich f lames were more s t a b l e  than 

W r e c i r c u l a t e  u n t i l  t h e  s w i r l  number exceeded one 

lean flames. 
I n t r o d u c t i o n  

The blowoff o f  non-premixed flames i s  of 
fundamental imporrance t o  t h e  des ign  oi ' :ombust ion 
systems,  i n c l u d i n g  i n d u s t r i a l  burners  a s  wel l  as 
gas t u r b i n e  combustors.  For example, flame blow- 
out  i n  turbofan  engines occurs a t  high a l t i t u d e  
when t h e  chemical k i n e t i c s  a r e  slowed by t h e  low 
o p e r a t i n g  p r e s s u r e ,  and i t  can occur  f b r  l a r g e  a i r  
mass f lowra tes  i n  m i l i t a r y  maneuvers. In i n d u s t -  
r i a l  b u r n e r s .  blowoff l i m i t s  t h e  burner  des ign  f o r  
which t h e  h e a t  r e l e a s e  r a t e  and flame length  can 
be t a i l o r e d  f o r  a p a r t i c u l a r  a p p l i c a t i o n .  

One o f  t h e  c r i t i c a l  f a c t o r s  t h a t  i s  be l ieved  
t o  a f f e c t  flame blowoff i s  t h e  way i n  which t h e  
l o c a l  v e l o c i t y .  t e m e r a t u r e .  and f u e l - a i r  contours  

a s  wel l  as t h e  contours  of  l o c a l  t u r b u l e n c e  l e v e l .  
F u r t h e r  compl ica t ions  arise because t h e  c o n t o u r s  
o f  v e l o c i t y  and f u e l - a i r  r a t i o  can be s i g n i f i c a n -  
t l y  a l t e r e d  by t h e  flame i t s e l f ( J 1  so a d d i t i o n a l  
n o n - i n t r u s i v e  measurements o f  t h e s e  contours  i n  
flames (and no t  j u s t  c o l d  f lows)  a r e  needed. 

In  s p i r e  of  t h e  compl ica t ions ,  t h e r e  has been 
c o n s i d e r a b l e  progress  made i n  t h e  understanding 
o f  t h e  blowoff o f  a non-premixed j e t  f lame,  which 
can be cons idered  a two s t e p  process .  As f u e l  
v e l o c i t y  i n c r e a s e s ,  there is  t h e  i n i t i a l  l i f t o f f  
of t h e  non-premixed, h i g h l y  s t r e t c h e d  f lame.  
rim geometry and l o c a l  v e l o c i t y  g r a d i e n t  i n  t h e  
wake o f  t h e  rim a r e  impor tan t .  Such flames have 
been analyzed by Peters and Wil l iam(:)  and Taka- 
h a s h i ,  e t .  a 1 . ( 6 ) .  The second s t e p  i s  t h e  blow- 
o f f  o f  t h e  l i f t e d  f lame,  which has been anal?-ed 
by V a n T i g g e l e n ( l ) ,  K a l q h a t g i ( 2 ) .  and C h a t r a v a r t y ,  
Lockwoad, and S i n i c r o p i  ( 7 )  who assume t h a t  f u e l  
and a i r  premix i n  t h e  l i f t o f f  zone. Eichhoff ,  
Lenre and Leuckel (8 )  present  exper imenta l  e v i -  
dence t h a t  such premixing does i n  f a c t  o c c u r .  In 
a d d i t i o n .  t h e  importance o f  t h e  mixing t ime s c a l e  
and r e a c t i o n  time s c a l e  has  been shown by Broad- 
w e l l ,  Dahm, and Mungal(9).  

The 

Swir l  s t a b i l i z e d  flames a r e  o f  s p e c i a l  i n t e r -  
e s t  because they  o f f e r  t h e  enhanced s t a b i l i t y  
and r e s i d e n c e  t ime r e q u i r e d  i n  many p r a c t i c a l  
a p p l i c a t i o n s .  Blowoff l i m i t s  o f  s w i r l i n g  flames 
have been made by Leuckel and F r i c k e r  ( l O , l l ) ,  
Rawe and Kremer ( 3 ) .  and Syred.  Chig ier  and Beer 
( 1 2 ) ,  among o t h e r s .  S u f f i c i e n t  s w i r l  c r e a t e s  a 
r e c i r c u l a t i o n  zone and t h u s  a contour  s u r f a c e  
along which t h e  a x i a l  v e l o c i t y  i s  z e r o ,  as  shown 
in F i g .  1 .  The flow p a t t e r n  i n  F i g . 1  was deduced 
from measurements d e s c r i b e d  below and from photo-  
graphs o f  Ref. J. Of c r i t i c a l  importance is t h e  
o b s e r v a t i o n  t h a t  che zero a x i a l  v e l o c i t y  l i n e  can 
c r o s s  t h e  d i v i d i n g  s t r e a m l i n e  [which enc loses  hot  
"on-combustible products )  and can extend upstream 
i n t o  t h e  region where t h e  f u e l  and a i r  f i r s t  m i x .  
X t  a x i a l  l o c a t i o n  i n  Fig.  1 ,  t h e r e  can be txo 
r a d i a l  l o c a t i o n s  of zero  a x i a l  v e l o c i t y  but  t h e  
f u e l - a i r  r a t i o  may b e  a p p r o p r i a t e  t o  suppor t  a 
flame only  a t  t h e  o u t e r  l o c a t i o n .  as shown. In  
t h e  p r e s e n t  s t u d y ,  t h e  s c a b i l i : s t i p n  poin t  appears  
a s  a r i n g  o f  f l a m e l e t s  which is  l i f t e d  one t o  
two c e n t i m e t e r s  above t h e  f u e l  tube .  This  i s  . .  

o v e r l a p  i n  space!":' I f  one c o n s i d e r s  a non-pre- 
mixed l i f t e d  flame which has  c o n s i d e r a b l e  premix- 
i n p  of fues  and a i r  i n  t h e  l i f t o f f  r e g i o n ,  blowoff 

c o n s i s t e n t  with F ig .  I .  

In s w i r l i n g  f lames t h e r e  a r e  many f a c t o r s  
i s - b e l i e v e d  t o  o c c u r  when t h e  l o c a l  gas v e l o c i t y  
normal t h e  t h e  flame everywhere exceeds t h e  l o c a l  o f  : e r o a x i a l  v e l o c i t y ,  f u e l  c o n c e n t r a t i o n ,  and 
t u r b u l e n t  burn ing  v e l o c i t y ( l , : , j l .  An unders tand-  a i r  c o n c e n t r a t i o n  not  t o  o v e r l a p  p r o p e r l y .  For 
ing  o f  blowoff is complicated because t h e  v e l o c i t y  example, Rawe and Kremer ( 5 )  found t h a t  e x c e s s i v e  
normal t h e  :lame s u r f a c e  depends o f  flame o r i e n t -  s w i r l  can impart  c e n t r i f u g a l  f o r c e s  t h a t  f o r c e  the  
a t i o n ,  i . e .  t h e  c o n t o u r s  of l o c a l  f u e l - a i r  r a t i o ,  

t h a t  could cause  blowoff.  i . e .  cause  t h e  contours  
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f u e l - a i r  con tour s  t o  m v e  t o o  far r a d i a l l y  outward 
and rhus  e l i m i n a t e  t h e  c r i t i c a l  r e g i o n  o f  ove r l ap  
shorn i n  F ig .  1. 

The purpose o f  t h e  p re sen t  program is t o  measure 
blowoff l i m i t s  f o r  some l i f t e d ,  s w i r l - s t a b i l i r e d  
flames and t o  map out  t h e  ove r l app ing  contours  o f  
v e l o c i t y ,  t u rbu lence  l e v e l s ,  t empera tu res ,  and f u e l  
concen t r a t ions  i n  t h e  f lames us ing  non- in t rus ive  
l a s e r  d i a g n o s t i c s .  The p resen t  paper  r e p o r t s  on 
some f i n d i n g s  t h a t  r e l a t e  t h e  blowoff l i m i t s  t o  t h e  
l a r g e  s c a l e  r e c i r c u l a t i n g  flow p a t t e r n  measured w i t h  
LDV and Rayleigh s c a t t e r i n g  d i a g n o s t i c s .  
pape r  is planned t o  d e s c r i b e  t h e  l o c a l i z e d  flow 
p a t t e r n  n e a r  t h e  s t a b i l i z a t i o n  p o i n t ;  i t  is  planned 
t o  measure f u e l  c o n c e n t r a t i o n s  us ing  laser induced 
f luo rescence  from an i o d i n e  t r a c e r  gas .  

A f u t u r e  

Experimental  Arransement 

Swir l  s t ab i1 i ; ed  f lames were s t u d i e d  us ing  t h e  
appa ra tus  o f  F ig .  2 .  The f u e l s  used were e i t h e r  
pure methane o r  hydrogen en r i ched  methane. A . i l l  
cm. d iameter  f u e l  t u b e  is surrounded by a s w i r l i n g  
a i r  flow i n  a tube  o f  t h r o a t  d iameter  of 2 . 2 2  cm. 
The s w i r l  number S i s  de f ined  t o  be i d e n t i c a l  t o  t h e  
convent iona l  d e f i n i t i o n  (121; i t  i s  t h e  t o t a l  angu- 
l a r  momentum p e r  second pass ing  through t h e  t h r o a t ,  
d iv ided  by t h e  a x i a l  momentum per  second t imes t h e  
t h r o a t  r ad ius .  S is determined from t h e  measured 
f lowra tes  o f  a x i a l  a i r  and t a n g e n t i a l  a i r  (131,  A 
quar l  s e c t i o n  havinp  bO degree  d ivergence  was used .  
as seen  i n  F i g .  2 .  Photographs o f  t h e  r e s u l t i n g  
flames a r e  g iven  i n  Ref .  4 .  

V e l o c i t i e s  were measured us ing  and LOV system 
w i t h  two Bragg c e l l s  ope ra t ed  a t  35 and 40 Mhz. A t  
each l o c a t i o n ,  1700 samples  were t aken .  The Rayleigh 
s c a t t e r i n g  system t o  measure gas  tempera ture  is based 
o f  p r i n c i p l e s  desc r ibed  by Dibble  (14 )  and o t h e r s  
[ l S , l b ) .  Temperatures  were measured f o r  a f u e l  t h a t  
was S3% methane, 17% hydrogen by weight ,  f o r  which 
t h e  Rayleigh c r o s s  s e c t i o n s  o f  f u e l ,  p r o d u c t s ,  and 
a i r  a r e  equal  t o  wi th in  2 %  so t h a t  measured l i g h t  
i n t e n s i t y  i s  i n v e r s e l y  p ropor t iona l  t o  gas temper- 
a t u r e .  A 5 watt argon l a s e r  was used w i t h  an ," . 2  
c o l l e c t i o n  l e n s  and a 3 Angstrom i n t e r f e r e n c 2  : I l t e r  
t o  e l i m i n a t e  flame r a d i a t i o n  (161. S p a t i a l  r e so lu -  
t i o n  cas 0.2IO.2Xl.O mm. A t  each l o c a t i o n  8000 twelve 
S i t  samples were c o l l e c t e d  a t  7 . 5  k h z .  

Resu l t s  

A photograph o f  a t y p i c a l  s w i r l  flame [S=l ,Oo= 
. 6 7 )  is  shown i n  Fig.  Sa.  The f u e l  flow p a t t e r n  
i s  v i s u a l i - e d  i n  F i g .  3b; aluminum oxide  p a r t i c l e s  
were i n j e c t e d  i n t o  t h e  f u e l  flow on lv  and were i l l -  
uminated us ing  a s h e e t  o f  l a s e r  l i g h t .  A b lue  f i l t e r  
was used t o  e l i m i n a t e  blackbody r a d i a t i o n  from p a r t -  
i c l e s  no t  i n  t h e  l a s e r  s h e e t .  The f u e l  flow i n  F ip .  
3b is seen t o  look similar r o  t h a t  shown i n  F i g .  I :  
a c e n t r a l  f u e l  j e t  d i s t o r t s  t h e  shape o f  t h e  c e n t r a l  
r e c i r c u l a t i o n  bubble  but  does  not  p e n e t r a t e  a i l  t h e  
way through.  The f u e l  then  passes  over  t h e  o u t s i d e  
edge o f  t h e  r e c i r c u l a t i o n  bubble where i t  burns .  

A l l  t h e  flames s t u d i e d  were s l i g h t l y  l i f t e d  
by 1-2 cm. (except  f o r  a few f lames Nhich were 
a t t a c h e d  t o  t h e  f u e l  t ube  rim when hvdroqen en r i ch -  
ed methane was used,  as desc r ibed  below.)  Blowoff 
l i m i t s  f o r  methane f lames a r e  p l o t t e d  i n  F i g . J a .  

~ 

2 

The dependent  v a r i a b l e  is t h e  maximum fuel f lowra te  
which is p r o p o r t i o n a l  t o  hea t  ou tpu t  ( k J o u l e s / h r . ) .  
Resu l t s  o f  F ig .  4a are similar eo those  ob ta ined  by 
Leuckel and F r i c k e r  (10) i n  a f u l l  s c a l e  i n d u s t r i a l  
burner having  gas  f lowra te s  200 times l a r g e r  than  t h e  
p re sen t  r e sea rch  bu rne r .  F i g .  Ja shows tha t  f o r  S =  
I ,  optimum ope ra t ion  is a t  3n o v e r a l l  equiva lence  
r a t i o  0 o f  0 . 8 .  Conversely,  i f  t h e  d e s i r e d  $ i s  

0 0 0 . 8 ,  t h e  optimum s w i r l  number is I and a n y  i n c r e a s e  
o r  dec rease  i n  swirl w i l l  be d e s t a b i l i z i n g .  The zero 
s w i r l  f lames were u n s t a b l e  un le s s  t h e  coflowing a i r  
v e l o c i t y  was reduced,  f o r c i n g  9 t o  i n c r e a s e .  F i g . l a  
a l s o  shows t h a t  fo r  h igh  s w i r l , o l e a n  flames were not  
s t a b l e ,  as d i scussed  below. 
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I t  was found t h a t  a more u s e f u l  way t o  p l o t  t h e  
blowoff limits was tokeep t h e  a i r  f lowra te  f i x e d  and 
t o  vary t h e  swirl and f u e l  f low.  Fig.4b shows r e s u l t s  
f o r  an a i r  flow r a t e  of  ,435 kg/min. 
t o  t h e  shaded s t a b l e  reg ion  of F i g .  4b correspond t o  
t h r e e  independent  phys i ca l  reasons  f o r  b lowoff .  The 
l e f t  s i d e  of  t h e  s t a b l e  reg ion  r ep resen t s  blowoff due 
t o  excess ive  fuel v e l o c i t y  U 
a i r  v e l o c i t y  U a t  t h e  throa!. Measurements below 
and previous  w d r k  (10) i n d i c a t e  t h a t  when U / U  
exceeds a c r i t i c a l  v a l u e ,  t h e  f u e l  j e t  p e n e t r a t e s  and 
weakens t h e  r e c i r c u l a t i o n  bubble .  F i g .  4b shows t h a t  
t h e  l e f t  blowoff l imi t  i s  curved such t h a t  flames w i t h  
h ighe r  s i r i r l  a r e  more s t a b l e  and can wi ths tand  l x r g e r  
UF/U4 before  blowoff .  While UF/UA is a s u i t a b l e  
parameter  f o r  t h e  p r e s e n t  s tudy ,  a more s u i t a b l e  
parameter  i n  genera l  i s  t h e  momentum ratiofFUF/PAUA 
where /i' is t h e  f u e l  d e n s i t y  and/ 
r e c i r c d f a t e d  a i r  d e n s i t y  khich depends on t h e  ad iab -  
a t i c  flame tempera ture  o f  t h e  f u e l  used. Blowoff 
due t o  e x c e s s i v e  f u e l  v e l o c i t y  also can result  from 
one o t h e r  mechanism bes ides  f u e l  j e t  p e n e t r a t i o n  of  
t h e  r e c i r c u l a t i o n  zone; if f u e l  submerges t h e  zero  
a x i a l  v e l o c i t y  contour  i n  F i g .  1 .  blowoff can occur .  

The t h r e e  s i d e s  

wi th  r e s p e c t  t o  axia l  

4 

1s t h e  
4 

The lower l imit  t o  t h e  s t a b l e  reg ion  of  F i g . l b  v 
r ep resen t s  the minimum s w i r l  number S t o  cause r e c i r c -  
u l a t i o n .  The minimum S i s  t y p i c a l l y  0 . 2 5  and i t  
i n c r e a s e s  as t h e  flame becomes l e a n e r ,  e s p e c i a l l y  f o r  
t h e  case  o f  no q u a r l .  Lean flames r e q u i r e  a l a r g e r  
s w i r l  t o  induce r e c i r c u l a t i o n  because r i c h  flames 
have more h e a t  r e l e a s e  and i t  i s  shown below t h a t  
hea t  r e l e a s e  inc reases  r e c i r c u l a t i o n  (1).  

The upper l i m i t  t o  t h e  s t a b l e  region i n  F i g . l b  
r ep resen t s  a maximum swirl v e l o c i t y .  The h i s h  ; r l r l  
l i m i t  L S  be l i eved  t o  be due L O  two causes :  t h e  
flsme i s  s t r e r c h e d  and fragmented in t h e  t a n g e n t i d l  
d i r e c t r a n  due t o  l a r g e  U v e l o c i t y  t a n g e n t i a l  t o  t h e  
f lame.  and t h e  excess ive  c e n t r i f u g a l  fo rces  th rob  t h e  
a i r  r a d i a l l y  outward so t h a t  the s t o i c h i o m e t r i c  
contour  no longe r  ove r l aps  t h e  :ero a x i a l  v e l o c i t y  
l i n e  ( j ) .  Near t h e  blowoff l i m i t .  t h e  flame i s  
observed t o  be fragmented,  sometimes only e x i s t i n g  
i n  one t h i r d  o f  t h e  circumference o f  t h e  flow and 
s p i n s  v i o l e n t l y  about  c e n t e r l i n e .  Lean flames a r e  
l e s s  s t a h l e .  as seen  by t h e  s l o p e  o f  t h e  upper  blow- 
o f f  l i m i t  i n  Fig.4b; i f  more f u e l  is added t h e  flame 
shee t  becomes cont inuous  ove r  t h e  e n t i r e  c i r c m f e r -  
ence ,  r e s t o r i n g  s t a b i l i t y .  

a 

To nondimens iona l i re  and thus  g e n e r a l i r e  t h e  
maximum s w i r l  v e l o c i t y  l i m i t .  i t  is  seen  t h a t  t h e  
swirl number (which is p ropor t iona l  t o  U /U ' ' 1 , Q  a p p r o p r i a t e .  I n  F i g s .  1b .c  and d.  *hen 

is n o t  

1 s  5 f a r  example, t h e  maximum swirl  v e l o c i t y  U ' 
e 

L 



is 30 mlsec independent  of the a x i a l  a i r  v e l o c i t y  

uA. with  t h e  laminar burn ing  speed ,  as shown by Fig .Sa  
f o r  which 8% hydrogen i s  added t o  t h e  methane. 
and Kremer ( 3 )  presen t  a dimensional  a n a l y s i s  t h a t  
sugges ts  one way t o  g e n e r a l i z e  t h e  maximum s w i r l  
l i m i t s .  Another way t h a t  is used f o r  s t r e t c h e d  
flames i s  t h e  c o n s i d e r  t h e  i n v e r s e  Damkohler number 
which i s  t h e  r e a c t i o n  t ime d iv ided  by t h e  mixing 
time and is  given by Ue/(SL d/x)  where S is  t h e  
s t o i c h i o m e t r i c  laminar flame speed  and& 'is t h e  
thermal  d i f f u s i v i t y .  Thus i t  might b e  more,approp- 
r i a t e  t o  s c a l e  t h e  maximum v a l u e  o f  U 
but  f u n h e r  r e s e a r c h  is r equ i r ed .  

Furthermore,  t h e  maximum Ug l i m i t  increaSeS 

Rawe 

v 

2 

by S L  d / x  e 

The a d d i t i o n  o f  hydrogen t o  t h e  methane f u e l  
improves s t a b i l i t y  by i n c r e a s i n g  t h e  maximum f u e l  
v e l o c i t y  and maximum swirl v e l o c i t y ,  a s  seen  i n  
F i g . 5 .  
t h e  f u e l  t ube  rim f a r  s t a b l e  cond i t ions  dea ic t ed  i n  

The flames were observed  t o  be a t t a c h e d  t o  

F ig .  5 f o r  which 6<0.3 ( l e a n  f l ames ) ;  f l a i e s  were 
l i f t e d  by I cm. fo? @ ; 0 . 3 .  

Figures  3 and 5 a l s o  show t h a t  t h e  use o f  a 
q u a r l  s e c t i o n  improves s t a b i l i t y  by reducing  t h e  
minimum swirl number r equ i r ed  from above 1 .0  (no 
q u a r l )  t o  as l o w  as 0 .25  (wi th  q u a r l ) .  The q u a r l  
is a l s o  seen t o  a l low f o r  l a r g e r  f u e l  j e t  v e l o c i t i e s  
before  blowoff .  Wi th  no q u a r l ,  t h e  s w i r l i n g  a i r  
flow s e e s  a s t e p  d i s c o n t i n u i t y  i n  area:  c e n t r i f u g a l  
forces  r e q u i r e  t h e  a i r  t o  r a p i d l y  expand r a d i a l l v  
outward caus inx  a r a p i d  dec rease  i n  s w i r l  v e l o c i t y  
i n  t h e  a x i a l  d i r e c t i o n .  The a n l y  d e s t a b i l i z i n g  
e f f e c t  o f  t h e  q u a r l  i s  t h e  r educ t ion  o f  t h e  maximum 
s w i r l  v e l o c i t y  shown i n  F i g s .  3 and 5 .  This  is 
because t h e  q u a r l  f o r c e s  the l o c a l  t a n g e n t i a l  ve lo -  
c i t y  t o  remain l a r g e  a t  t h e  flame s t a b i l i z a t i o n  
p o i n t ;  i . e .  i t  p reven t s  r a p i d  dec rease  i n  t a n g e n t i a l  
v e l o c i t y  i n  t h e  a x i a l  d i r e c t i o n .  

v To bet ter  unders tand  t h e  measured blowoff 
l i m i t s ,  t h e  v e l o c i t y  f i e l d  was mapped ou t  f o r  twelve 
flames t o  d a t e .  Some of  t h e  r e s u l t s  a r e  shown i n  
F ig .6 .  LDV measurements were made on one s i d e  o f  
c e n t e r l i n e  only  but  a r e  p l o t t e d  on both  s i d e s  f o r  
b e t t e r  v i s u a l i z a t i o n .  The co ld  flow does n o t  r e c i r -  
c u l a t e  f o r  S-1 ( c a s e  6 a )  y e t  t h e  cor respondi r - ,  
flames f o r  S = 1  do have i n t e r n a l  r e c i r c u l a t i o n  (6b-d) .  
This  shows t h a t  l o c a l  hea t  r e l e a s e d  by :he flame 
a c c e l e r a t e s  t h e  gas  n e a r  t h e  r e c i r c u l a t i o n  zone edge 
thereby  enhancing t h e  r e c i r c u l a t i o n ,  As t h e  f u e l  
v e l o c i t y  U F  is i n c r e a s e d ,  t h e  f u e l  j e t  evenmall!  
pene t r a t e s  through t h e  r e c i r c u l a t i o n  zone when U / U  
equa ls  1 .6  a s  seen  i n  F ig .  6d. 
( i l j  r epor t  a similar va lue  o f  U /U  
j e t  pene t r a r ion .  F u r t h e r  i n c r e a s e s  In UF/U, were 
found t o  weaken t h e  r e c i r c u l a t i o n  zone, r e s u l t i n g  
i n  blowoff .  For s w i r l  numbers exceeding one ,  a l l  
t h e  co ld  flows had r e c i r c u l a t i o n .  

Leuckel and Fritter" 
F .\. 

o f  2 . 0  f a r  

Local con tour s  o f  t u r b u l e q c e  $eve!, kl'Z/U,k a r e  

A 

shown i n  Fig.  7 where k is (? ' '+v '  + w ' - ) / 2  
and U is t h e  t h r o a t  a x i a l  v e l o c i t y  of  12.7 m/sec 
i n  t h i s  case.  Turbulence l e v e l s  i n  t h e  flame were 
more than twice  t h a t  o f  t h e  c o l d  flow and reached 
a maximum nea r  t h e  flame s t a b i l i z a t i o n  l o c a t i o n .  
The v e l o c i t y  p r o f i l e s  o f  F ig .8  show t h a t  t h e r e  can 
be two r a d i a l  l o c a t i o n s  of  zero  v e l o c i t y ,  as was 
depic ted  i n  F i g . 1 .  I t  is noted  t h a t  t h e  t a n g e n t i a l  
ve loc i ty  nea r  t h e  zero  a x i a l  v e l o c i t y  loca t ions  i s  
r e l a t i v e l y  l o w ,  so t h a t  flame s t r e t c h  may not  be 
important  f o r  t h i s  p a r t i c u l a r  flame ( S = l ,  b o = l ) .  - 

The tempera tures  measured i n  s e l e c t e d  f lames are p l o t -  
t e d  i n  F i g .  9 .  
e x i s t  n e a r  the T=ZOOO K i so thenn ;  t h e  t h e o r e t i c a l  
a d i a b a t i c  flame tempera ture  of t h e  methane-hydrogen 
mixture  is 2330K. The tempera ture  p r o f i l e s ,  when 
over lapped  w i t h  t h e  v e l o c i t y  p r o f i l e s ,  show t h a t  
s i g n i f i c a n t  gas expansion occurs  near t h e  edge o f  
t h e  r e c i r c u l a t i o n  ;one. In a d d i t i o n ,  By cornparin2 
F i g .  Qb wi th  F ig .9a ,  i t  is seen t h a t  f u e l  j e t  pene- 
t r a t i o n  o f  t h e  r e c i r c u l a t i o n  zone (F ig .6d)  d r a s t i c a l l y  
changes t h e  tempera ture  p a t t e r n  i n  t h e  flame. 

The v i s i h l e  flame was observed t o  

Xumerical Model of t h e  S w i r l i n g  Flames 

A t  p r e sen t  t h e r e  a r e  s e r i o u s  ques t ions  whether  
o r  no t  k-E models o r  even h ighe r  o r d e r  c l o s u r e  models 
have any p r e d i c t i v e  c a p a b i l i t i e s  i n  complex f laws such 
as s w i r l i n g  f lames .  
p o s i t i o n  u n t i l  t h e  eva lua t ion  o f  t h e  exper imenta l  
d a t a  and t h e  numerical  c a l c u l a t i o n s  has  been completed.  
Some d i s t u r b i n g  d i f f e r e n c e s  have been noted between 
t h e  assumption o f  small s c a l e  mixing i n  n e a r l y  a l l  
models and t h e  observed bimodal v e l o c i t y  PDF in t h e  
p re sen t  exper iment (4)  which i n d i c a t e s  t h a t  l a r g e  s c a l e  
mixing(due t o  p r e c e s s i o n ,  flame movement, and perhaps 
l a r g e  v o r t i c e s )  is impor tan t .  Hawever, t h e  pred iLted  
mean v e l o c i t y  p a t t e r n s  shown below appear  t o  be 
r easonab le ,  3nd only rhe  "universa l"  empi r i ca l  
c o n s t a n t s  i n  t h e  code have been used.  

The au tho r s  cannot s t a t e  a 

The numerical  code used was a ve r s ion  o f  r h e  
TE,kCH code w r i t t e n  b y  Gosm:in, e t .  a l . ( l : ) .  I t  had been 
developed f o r  a" axisymmetr ic .  p ropane -a i r ,  b l u f f  
body combustor: t h e  boundary c o n d i t i o n s ( i . e .  geometry) 
and t h e  f u e l  t ype  were changed t o  match those  o f  t h e  
p r e s e n t  exper iment .  The i n l e t  p r o f i l e s  o f  v e l o c i t y  
and tu rbu lence  l e v e l s  a t  t h e  t h r o a t  were s e t  equal  t o  
t h e  measured p r o f i l e s .  The Favre-averaged farm o f  t h e  
fo l lowing  conse rva t ion  equa t ions  were so1ved:cont inui t .v .  
t h r e e  momentum equa t ions ,  en tha lpy ,  a conserved s c a l a r ,  
mass f r a c t i o n  of  f u e l ,  t u r b u l e n t  k i n e t i c  energy .  and 
t u r b u l e n t  d i s s i p a t i o n  r a t e .  Closure  o f  t h e  " a n - l i n e a r  
e l l i p t i c  equa t ions  f o r  h igh  Reynolds numbers i s  
achieved  by us ing  g r a d i e n t  d i f f u s i o n  approximations 
f o r  t h e  Reynolds s t r e s s  by in t roduc ing  an a i g e b r a i c  
r e l a t i o n  between eddy v i s c o s i t y  and k and f. The 
chemical r e a c t i o n  is  modelled by approximat ing  t h e  
S O U ~ C ~  term i n  t h e  equa t ion  f o r  t h e  f u e l  mass f r a c t i o n  
in t h e  manner proposed by \ l a p u s s e n ,  e t . a l . ( l 8 1 .  

The s o l u t i o n  procedure 1s based on t h e  f i n i t e  
volume approach and a Bounded S k e w  Hybrid Di f f e renc ing  
Scheme (BSHD). 
us ing  a P res su re  I m p l i c i t  S p l i t  Opera tor  a lgo r i thm 
(PISOI. The g r i d  used was 30 by 50 g r i d  po in t s .The  
q u a r l  was s imula t ed  us ing  a s t a i r  case  approximation 
f o r  che i n c l i n e d  walls; 159 g r i d  p o i n t s  were l o c a t e d  
i n s i d e  t h e  q u a r l .  
p o i n t s  n e a r  t h e  q u a r l  and fewer downstream. The i n l e t  
v e l o c i t y  p r o f i l e  was s e t  equa l  t o  t h a t  measured u s i n g  
a h o t  wire anemometer a t  t h e  t h r o a t ;  a l s o ,  t h e  
i n l e t  p r e s s u r e  was Set equa l  t o  t h a t  measured a t  t h e  
t h r o a t  using wall p r e s s u r e  t a p s .  The i n l e t  va lue  o f  
t h e  d i s s i p a t i o n  r a t e  was s p e c i f i e d  us ing  t h e  s t anda rd  
method, i.e. it is e s t ima ted  by us ing  empi r i ca l  
r e l a t i o n s  developed f o r  p ipe  f lows and boundary l a y e r s .  
Th i s  approximation i s  o f  major concern ,  o f  course .  
when a s s e s s i n g  t h e  v a l i d i t y  o f  such models. 
combustar o u t l e t .  t h e  g r a d i e n t s  o f  a l l  q u a n t i t i e s  
except  a x i a l  v e l o c i t y  c e r e  S e t  t o  :era .  
o f  a x i a l  v e l o c i t y  a t  t h e  e x i t  i s  i n h e r e n t l y  a d j u s t e d  
by t h e  code i n  t h e  normal f a sh ion  t o  s a t i s f y  o v e r a l l  
conse rva t ion  o f  mass. A t  t h e  c e n t e r l i n e ,  t h e  g r a d i e n t  

P r e s s u r e - v e l o c i t y  coup l ing  i s  handled 

The non-uniform g r i d  had more 

A t  t h e  

The . i r i d i r n t  

3 



of  all quantities is set to zem. Along each rigid 
wall. the normal velocity, the pressure correction, 
and gradient of fuel mass fraction and the conserved 1 ,  Vanquickenhourne,L, and Vanriggelen, A ,  Comb, and 
scalar are set to :era. Velocity parallel to the F l m e ,  1O,j9, 1966. 
wall. and k are specified using wall functions (19) 2 .  Ka1ghatgi.G. Comb. Sci Tech. 41,1:,19a4, 
which replace any attempts to resolve the ielocir? 
profile in the us11 boundary layer, khich i s  t o o  l.Tangrr3ls,V.,Chen, R . H . ,  and Drii~ol1,J.F.~ ;abn~tted~.J 
costly. Similarly, the dissipation rate n e a r  the to Comb. Sci. and Tech. 
wal? is specified u s i n g  the assumption of local equi -  5,Peters.X. and Williams,F.A.,AI,A.4 J. !1,j,1983. 
libriw (19); wall temperature also is prescribed. 

a1 equations for U ,U .U .p' , p " , k  and e are strongly 
coupled to the thekno-chemical equations for h, mf 
and conserved scalar f through the mean density And 
the turbulent viscosity. Convergence of  the solution Combustion.1985. 
will not occur unless the inlet swirl is  s lowly  
introduced as the iterations proceed. A l s o ,  the Symp on Combustion,l985. 
convergence is accelerated if a known converged 
solution for Some other condition is used as the 
initial condition to obtain a desired higher swir l  
solution. Heavy underrelanation of the equations for Combustion, 1971. 
mean density, fuel mass fraction, and conserved scalarlj.Clalpole,T.C.and Syred,N..l8th Symp. an Comb.,iY81. 
was required. The fuel flowrate also was slowlv 
increased during the iteration procedure to t h e  Combustion,l971. 
desired value. Ij.Uriscoil.J.F.,Schefer,R.W.and Dibble,R.W.,lYth 

:6.Culsti,l,and Driscol1,J.F.. to appear in Comb. 

I: Gooinsn,A.U.and P u n . W . ? I . .  Report HTS/7li2,Imperiai 
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Numerical Results 

The calculated velocity patterns for four cases 
are shown in Figs.11-14. The first major observation 
is that the model, using "universal" empirical 
constants, at least predicts some of the gross 
features of the flow. That is, it predicts that for 
S = l ,  cold flow, there is no recirculation yet r 
S=l, 0 = 0 . 5  and 0 . 6 7  there is recirculation. I ' rh 
sgrees'with the experiment. 
that S = 2  cold flow w i l l  recirculate for this gcornetry, 
as observed in the experiment. 

The code a l so  prearcts 

The predicted values of turbulence level3  re 
shown in Fig.15 for one selected case. It is seen 
that the predicted turbulence l e v e l  L S  less t h i n  
half than the measured values. This difference is 
believed due to the observation(4) that l a r g e  sca le  
motions are a primary cause of turbulence, and these 
large scale motions are neglected in the numerical 
model. The model also seems to overpredict the kidth 
of the recirculation zone, which agrees with the 
results of Correa(Z0). The mean temperature profiles 
calculated for one case are shown i n  Fig. 16 and 
they differ from the measured profiles in that :he 
calculated flame is wider than the actual flame. 
Profiles of the predicted miring length are shown in 
Fig. 1 7 .  The contours of calculated local r e a c t l o "  
rate are shown in Fig.18; this quantity is the source 
term in the equation for fkel mass fraction. 
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F l u c t u a t i o n s  f o r  c o n d i t i o n s  o f  
F i g .  6b and 6d. 



Figure l l .  Calculated Velocity Field 
f o r  S=1, cold flow 

\ 

\ \ 

\ 
\ 

I 

/ 
/ 

/ 

Figure 12. Calculated Velocity 
Field, S = l ,  Po= 0.5 
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Figure 13. Calculated Velocity Field, Figure 14. Calculated Velocity 
S = l ,  $ 0 = 0 . 6 7  Field, S = l ,  @ 0 -0.0 
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Figure  15. Calcu la ted  Turbulence Level Figure 16. Calcu la ted  Mean Temperature 
for S = l ,  0, = O . s  k 1 l 2 / u  for S = I ,  Q = O . S  0 
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Figure 18. Calcu la ted  P r o f i l e s  o f  
Local Reaction Rate f o r  
S = l ,  =o.s 
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Figure 17. Calcu la ted  Mixing Length i n  
meters f o r  S = l ,  $ = o . s  
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