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I I I  ‘ I I IS IC A I  ~ I ld i ’ I I Rl  i l l  t ’RI i l ’ l  I N t  I I A’U S

N .A . Cl i i  g i e  r * .ind A .  .t V u  I t
‘~~~i t  t u~ ’ l i t  t I  C l t e t t i i  c i  it i t i t e r l u g  .ind Fue l  i e e l tn . t l  .‘gv

t i i , t s i t v  ‘ i  ‘.Iu’i i e l t t , ~I .,~i p , I t  S t r t ’ ,’t  , Stt ’ tj t j i ’ I d , S I  1.111 ,
F it~ I a nd

M ’ v t  I i An . i . l t I i j e n . t l  ‘ h . ’ . t I ye ‘I t h e  . ‘x p . ’r im e n t  i s  t o
e x t i t l i i i t e  the  I l ow  st  r u c tu r e  with emp l ia si  s on the

Thi p ip. ’ I .~~ ‘ .‘ I I s  .‘ll , ‘ . t s i . i  I I ’ , ’ I l l s  made i n  t h e  r. ’l  es .’ I I •trger s ale s of imit ion  in t h e  I t i u s i  t i o n—
S i ng i • ‘g i.’n . t  ui a s  ‘ ‘ i ’ , ’ i i c  I iii t’uli n t p rop in e/  I I  and t i l t  I ’ t t l e n t  r . g i o l l s  ol I l  ame s

I i i  ~, I i s s t ; i t i g  t i .  rt .1 ‘ t I l l t i ’ , . ’ 1 i ’  i n t o  .i l.’w—
V t ’ I ‘ i  I V • I .‘s— I u i i .  e t f l t  i i .  i t  v • nu t ’ o nt  i n, d t o —  l i t rbt I cUt  . 1  I I  .ini. ’ . . t t . ’ d , ’ pe nule t i  t i t t ion  the
I ‘~~~i t t g  . i l i s t  t .  i i i . h . . ’ s i t  v. I ’ ~~i t v  i t  t he I t  pI t ys i c t i l s t r i l t I t i r , ’ ot  turbulent  j e t s  w i t h  t h e  added

I t t i d  ol d i t s  t i  b t i ~ c . i ,  i t  i t ’  t v ir e  s u i t  i , - i u u t l v  ‘cr 1  u r l i t i t  i ons  caus , ’,t  hr  c h em i c a l  r ea ct  ion  and b e t
ic t~ a I tm t Ile r i ’ . i i i  i i  t i g  i ’  i t i ‘it w i t  Iii ii fl l , ’ ,t st’ In gast’ t ’iIs I lie I j e t s  dependen t  upon d i l l  —

he ‘ l x i  i t g  I t s , , • l , ’iti i. I.’ .l , ‘ii t he i n s i d e , hr  t h e tis i on of a i r  t rum t lie s u r r o u n d i n g s , t h e  I I  att ic char—
~‘.‘t  t n t  i i i  c t , ’ ‘ i  t h e  . 1  in t l  • ‘ i i  t h e  o u t  s i  .1. ’ , by  .i~ ’t  ,‘ t - i i t t  i cs • t ’onihu st ion p e r f o r m a n c e  and f o r m a t i o n
t h u  s.’.’ .’n.Lit v ii st .‘ .i tr . I i i  ph sp.’ t ’ I  .‘ i n,’ N l t t t s  and  d e s t r u c t  j o l t  ~t pollut ants Ii,’ governed by mix—
st , , i, ,‘‘.‘ t d  , ‘ i l , e , l I c i v i l  I .11 .‘t t o r I  i ‘.‘s ,ittt t t I , t i i i , ’ h i p  t r i t e  SI t eS .  ~1i x i n g  occurs  ;ii r tu t ,s i n l t ’ r l  li es
l e t s  i t  t h e  i t t t e i t  i i  u ’s . l I t , ’ ‘ l i , i i i ~’cs in  sh ip . ’ , ns ’s’.’ — scj.,i r .ii i n g  t In.’ let front surr .tiinding f l u id  and cots—

, ‘,‘ i i i i n t l  , , t l 1 5 , 0 1  , ‘ t c n . t  re , t t i t  ‘I  t h e  t i t l e  i r e  bus t  i cti i s  rest  ri c t e u l  t o  r eg ions  w t t e r t  t l t ’ m i x i n g
. s.ti: : i~~,c l .  M,’.lsiir, ’nk ’ i l ts  ,. t I liii ’ t i j , i t  ing s ’e l o c i t v  art ’ r a t i o  is within the limits ot I lanmiahi l i tv .  The
ma tt e  by ,i 5111 1 : 1 ,  h u t  I I  c — c o u n t  i ng fo r w ar d s c at  te r i . . t i ’ t  i on  ‘o ne and I l a m e  t r ou t  s r e p r e s e n t  r egi  otis

i s ,  I , i t i . ’lll. ’i l’ i ’ I  C r .  Fl Oc t  t i lt in g  I etn p er . . t  or. ’ is me t — where  mix ing has  been conip l e t e d  on t h e  m o l e c u l a r
1 , ’ W i tlt ttii ci ’— t I l t ’  rm. ’c I h ii l i 1,5 s it It ~ ‘: ~, Ste t i su r e— set , it’ and t he  cr  itt’ ri a I or II ame st tb i i i  nat ion have

t i  I tS  ‘li st l i i i and Ii r . ’ .’t  conipens it ion  by be en s i t  i s t  ied . Flame propagat ion and stahl Ii z3t 1111
p i t  a I gil ,, I i . c ’ r  tl i ng ,,n ,t ant i  I vs i s . V.. r I at  l i i i  i it dt ’ ~te nde’n t ii pon t lie mat c i t i ng  of burning s e  I or it v

in  ‘. 1 1  ion ,in s i  i mp I i  t i i d e  ‘f p eaks  i tt t’ t ’ t ’,’i t v  and si tit l oc a l  f l  ow v e l o c i t y  and h e a t  r e l ea s e d  bit’
I i i  t i re r r .i ,‘s I n ’  di  r o t  l v  associttt e’d w i thi clit ’mi ‘il rt’,i.’t ion must  exceed hea t  convec t  ion is is’

• me i t t  r tic t o re rt ’ cor ded by I i I m . S I gut, it i rom f r o n t  t lie I I time
.1 I ~‘t  ‘I’e are .11( 1111 r,’d and p r o c e s s e d  1.’.’ l’l )I’ — g and

1 1 ) 1 — I  I i t I l)i g i l  a l  I . l i l i p m e n t  C o r p o r i t  it ’ll compu t . ’i - s  . An ex tensive research program l,iis het it m i t  I a —
Ct ’mp ar  i t ot s be t w een  c o l d  h id  biirni ng j e t s  show t h . i t  t ed w i t  Ii I he aim of u n d e r s t a n d i n g  and d e s c r i b i n g
tt ie ,’ ss, lit i,i l p I v s i  c a l  pr . ’.’ .’s s i s . ’ I t r a n s i t i o n  art ’ l it ’ m ect i a r t i e s  . 1  t u r b i i l t ’ n t  st ruc ture  and m i x i n g i n
tb ,  same b r  I’,.t It ,‘.ist’ s .~~‘ . i i i  t , ’x growtl i . .’t ’. i l —  j . t  1 1  ames.  Th e case of ii f ree round v e r t i c a l  j e t
v s . .  ii , , ’ , I l i r e ,  d imens  i . it . i I  h t , ’ .t h I ,wn and t u r b u l e n t  c i  ga seous  t Il t ’1 i n j e c t e d  i n t o  a low v e l o c i t y ,  low
I • .r p . ’ ,‘d , tv I or m . t t  i o n .  the m . i j . ’t i t  I t ’ , ’ t  .11 co t t th i i s — t i i rh t i l e n c e  in t e n s  i t  v , f ree  m a i n  a i  r s t  ream has  been

i o n  i n  t In’ in  i t  .11 rt’g ion i I t i c  r e t  setl  v i s c o u s  se i t . ’ t e d  is oite of I Ii.’ ‘s i m p lest con t i gur ti t 1 (ills

It Ifll~~~tl~ o t  i n t e r t  i ’ , ’ i n si  . i t i i  l i t  i . ’s w h i c h  gr e it  l v  or d e t a i l e d  s t u dy , hu t  it , ,l so  htti s w i d e  p rat ’t it ’al

i ncr e a s e s  h ot  Ii t h e  t r , i i l s i  t t , ’n .,iid potent  i i i  core r t ’ l e v u ’iic ,’ . Il t i s cont  i g ur a t i t in  p r o v i tt e s  tin t n t  I i a l
I t ’ ngt  Its .‘ I t hi ’ I e t  . nil x in  p rep i t iit , ho un t Ied by an i f l u e  r pot e lit i a l  t ’ ore

a nd tn on t e  r u n i t  0 I’m I low , whi i cli c an a l so  he re —
l n t r , ’ d i i , t i t ’ t i  I i t cu t  to  t h e  t w o — d i m e n s i o n a l  m i x i  ri g l a y e r .  For

j e t s  w i th  low i n i t i a l  turbulence i n te ns i ty  and
Many fund,,meitt i l  t xl’t ’r i m r ’n t  i l  si t id ies h ive been l a m i n a r  Ili ’c ;’ I~’ hound,irv I a ve r s , t he  mixing layer

made oh nt .n r,’,lu ’t ing t i ir l . i thent shear f l o w s  f o l  l ow— is m i t  i il lit’ laminar and is dominated by v i s u ’it,is
i n  p t Itt’ I , ye I opmen t i ’ I re Ii il. I r’ hot w i r • ’ anemott ie t c r I ,‘i ct s , For t lit ’ co I d cast ’ t lie se cond i t  i on s a l l o w
t e t ’hn iqiies. In recent vea l’s emp lias i it has been t lit ’ I ,‘ r t t i t l t  it ’ ll o t i l ear and di st m e t  ring vor t  i ci’ s ,

l . i i ’e.t on t h e  import iii. , .’ f not  on !’.’ me’ .isiir,’mr’nI s’hi cli can he seen to s e par a t e  • move downst ream ,
, iir,t , ’ v , bit t  a Is,’ the i t . ’ i i r , icv w i t  It wh ich the  heu ’om e t i n s t ab le  and break tip t o  pr ovide the ‘k er —

i i i  t i , ,I  and hotiii,I,,iv ,‘,‘tt.t it i o n s  i t  the’ t low s are nel s ’ of tur bulent edd y strut’tureii

• kn.’s’n and cu ’nt  rol h it , Wi I t t  some I t t ’ t  alt I . ’ ,‘xt ’ept  t o l l s ,
m d  l~rim ,ir i l v  l’, caus . ’ of t hi , ’ great di I I i , , i l  t v .‘t Roshk o and co—workers  have shown by f l ow vi s—

m a k i n g  ,,t iv tm’ . i s i i t  en.ent s I t  a l l  • t urhu le ’n t I I ,‘ws w i t  hi itit I i  r at  ion and by mea surement  that  i n t e r f a c e s  in
r i ,m u t  ott liar. ’ ii, ’ t h’, ’e,i h i t’,’ it i i p i t  , u l in  th e I a 1 . An t wo— d i me us i ona I mi x i  ng I a  ye r s can ro l l  up t o  form
u ibjet’ t iv .  .‘t I t t  i s  i n s i s t  I pa t  i , ’it i s  t .‘ map tit,’ 11.1w v or t  i ct ’s whi cli move downstre a m , coa le sce  and grow
t i e ’ I eh ,.l ax i s%’ n w i e ’ t I - i u ’ gas  , I i t  t t i s i , ’ n  f l a m e s o r i p i —  in s i z e  w i t h  the incre a se  in w i d t h  of the mixing
n a t  i rig I i ’ s  I ow I i i r t ’ , t I  i’n u ’ l’ cu ’ n .h i  t i ‘i ts  i t  the  n oz z l e  I ave r .  Yule . !  has i nvest  i gut ted l o t  e t r a n s i t  iona l
,iTiut th in I .imi n ,, r i i ’ ,’ .’ I e hi t i nd  .1 l v  l iv,’ rs . liii’ ti lt  — int l  t u i r h u l  ent f l o w s  in the mix ing  layer  regi on of
, i r . i l in s t  at ’ i l i t  v . i i ~ I t r im s i t  i o n  i t  t h e  mixing layer a round j e t  for  a range of R eyn o lds  numbers h~’
i s  ex a m i n e d  i, ’ r  (Ii , ’ f l a m e  ca st , i n  which m i t  id  using f low v i s i i a l i z at  Ion ~nd hot wire  t ec h n i q u e s .

l int, ’ s t i l t  i i i  S i t  ~Ofl and u’omh iu s t  i i to occurs ti C  .. w e l l  1k’ showe d c l e a r l y  the i n t e r a c t  ion and coalescence
ii’ I I neut I . i mi n .u r  j I l t e r  I i ce .  Comp. t r l  t un i s  Ir e  mache of vu ’ rt e’ x r ings  in t he tr a ns i t  i u’ ,i r egion . The

w i t  11 t lit’ .‘. ‘t re’si ion tli ng n , ’n — h i i r n  i np j e t s  to de te . r t r a n s i t  ion region i s  ch~~r ac t i ’r i  zed by the growth
m i n e  t Ii. ’ l i l t  C r tle t ion between u u ,mh ti g t ion , in uh t h e  u t t  t h re e—d i n ~’ns iona I f l o w  due to w i ’ .’,’ i n s t a b i l i ty

r t , n s i  t j o f l  p rocess .  E x p e r i m e n t s w i t h  n on —r, ’ , i u t  ing ,t f the core s of the v o r t e x  r i n gs .  The tu *rgi ng of
I l ows have shown the i~~~ort a n ce ol the  r e l a t i v e l y  these d i s t o r t e d  v o r t i c e s  produ ces ting e eddies ,
organi sed and repetitiv e p h y s i u ’ .il  event  and e d d i e s ,  w h i c h  can rem ain coherent up t o  t h e  end of t he

~Agsocj at. 7ef ~~~ ~~~~ p o ten t  i. i I t or e reg ion of the’ je t. Turbulent
e d d i e s  were found t o  t h i f l e r  s i g n i f i c a n t l y f rom the
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U ,’, v , i  i i , , ‘s , ,  it oh w e t . ’ t t ’und t . ’ I ’. ’ I l i t  .‘ ,‘ ,I t I i k ’ i i i t  i t ’ l l -  .‘sc i  I I,tscu’ It . I t ic, ’,, .1 i i . .  I I v  , ,n I l i i i  t i u t iti I Ii. ’ I - i ’ .. ’ I

~. h ,u imul  . . ‘n t  . 1 1 , 1  i i  I u ’ p u l, e t  stii,u I I— s. . a l e  t i i ’h ’ t i t u ’U , ’ u ’ , ,tu , ’iti , .iiiu i ‘i ati d t hu. ’ I I i , ’ i t t i u t ,’ u~u i I i l t  , .‘ i i , i l ’ i  I ti 5 ‘ . ‘ tl ’ it i i i
I h i , ’ ,ut’ ,’ t .Ilt , ’ ,I 1 u ’ uu u ’t it t , . ’ I t ui h t u I , ’l i t  e t t , h i , ’,, i t , , ee l  c i  i t s ,utd t i nt l . I ii a.’ C u t I’ .’ m l i i , ’ . I I v  . t ’ . ’~~’ • I I I  u t

s i n i i l , t i  i l l t’ l. ’,.it ’-s,’ct ion I. ’ ( l i i i  , , I  a w i t h tb. lt ,Iss,,lPi ’ i ’I  ~l i ~ ,~’ i e i , ’ u’ .t.I v s t l t i .  i o t t o ,

v o r t ex  1111g .  V , I t ’ ’ i t s ’  i t t  ii, ’, t s u t  , ‘ .l h ’ s’ .i I u s . ’ t ,In,’u tit ’tiie t i i  • l i S t  t i 1

‘ect  1 ,1  h ’ I i v s i  CS I t t  A u  g ,.ii I t ’ll 1 W  l , ~~. i  ,~~~~~\ , .  u t 1 ’ I ,
I i i , ’ i n v e s t  i g ~i t  i on  r eh i . i l  t i’.h I n  1 1 t h  5 I t . u h t t ’ I  t , ., ‘ i i , t  — ‘ l i t  i t ’ l e  u ’ u ’un t  i t i g  , t v s i  , t s  i s ui , , e , I  i,- i I I t  , I , , i I

i’s tI t i n t  i on  on t I i , ’ I ~‘i nvi t i . ’n u ’ t  s u i t  I i  c,’s , i i i u t  cu lt 1’ . ’  s i l l  ,I ,t t I t i ll I ogi u ’ . A t l e t  s u  g it .i I ‘ i  . ‘ . . 1  up i t  . ‘ . l v
St l’u,.’t it , et , I ti t h u  i t t  i t  I i l  uegi.’o u ’ t  t h i , ’ i i i  x i  t ip •,s ., I un i t i u .n . 1  ‘ , a  I t in s ’  i s  i . . . t  i i ,  i t • v i i

I , i i t’ , ’ I 01 1 l’ ,iiu. i t ion ,t  I I I , ’ . jet I l , t m e s .  I I I  e l i — s h o t ’.1 I I i i  I mi t ’ i . — h t r . ’ u ’ es s , ’ i ’  , on I lu .1 i s ; I ~ t i l  ,i l ’ h ’ t ’ — S I  v i  u .

cu lt’ h tt iu .t t lg t , lphiy l i t  t itt e’ uh I t ,  j u l t’nt i t ’ . ’  t ie  I t ’ , ’ u t i u ~n t ’ , .m h i t i t c u t ’ . l ’h t us . sy s t  tnt il lu iw s ni,’ , is , i i , ’ n ,. ’ t t  u ’ I t ’ ’ . un it !

. 1  1 l~in ’~’ t l ou t  it .ttid u’egi.tit s ot  h ’ t t r t m i l l g .  I . u s t , ’ l  ellis v i i  , ‘ , i t s ’  I i civ ‘,i i , i i u t i t s i g i t , i l  it i t  ,‘ K II,’ • ‘i
, i i t t ’fltu ’ilte ’ t  e t  t t , u s  .‘ t  ‘.es pe ’t ’ iii l iii~’ ,u~,tii eiis’ui u ’ t  in s t  .1111 — i l i t ’ t  tlu ’nti i I v  1 un u t i . ’n s ,  u’u ’n di  t I ‘n i l  s u ts I ’ l  i t i ~
, tuu , ’ ,’io, ,t n u h ,t ’.’ ,’t  ag, ‘ . - e l u ’cj  I ’ . ’  d i  St t i t ’ u i l  l u t t i s  ~~~~~~~~~ ‘ c i t - .’ I , i i  i ‘i i , . , u i , ’ a l i t .’ j e l l  C. ’ , t , I , ’ i i t 1i , ’ i  i i  ii i, ’ i t ’

I lie p . t  , ‘l i t  i t t  c. ’t e  r e g i  t ’n ,til ut t h i i ’ u .ugh I hi ,  ni l  sin .: in’,t i t U  ia’ ! by I u t1’ w i l . ’ It f i t  Phi I hi t ’ t ’ i i iu .u ’ . i ir  lt ’~i I ~t t

h . t i t ’ t ’t’ . (‘tilt lhi , i l ’ i i t t ’i ts  ‘1 t t t t ’ h . u u l , ’n t i t  itt i n t ’l u t - , , uu ,l I ’ i iste ‘ o u S t  l i i i  it i i , ’ iti,’,usiul i’ uh . 1 1  I . ’ . I I s  in I Ii . ’ I I t i n . ’

d i s c  I uihlmt’uI t a l e  n~td e  I u i  t ’ u i I  n l u g  i i i . t  it,’n—htui t ii~ ttp l v  I t i t  i ’ t t u h l i u ’ i I l ~~ .1 Io’ ,tI  i lip l iii I s , ’ . i t iu l  ns’ , . s t i I  u ’in, ’ l i t  it is ,

u’.’tt d i t i u i n s .  l’,’utipe ’ r , m t u i i i ’ th h s, i t i I ’ u t  t , ’i i  i r e ’ u t i e , u su r , ’ut 1 t uui t , ’t i u ’n 01 l e t  t i n t , ’ l i i ’ ,i h s , , . t i ’ ’ , ’ i , I , ’ , t u .n the
l’’.’ h i g h — I  u’equenu ’v t’t’SllOns ,’ t e l  t t tu ’u ’ u t U ~. l i s t  t i t i u l  1’l’ .’~ 

.11 i t ’. ‘ I  t i le ’ I’l ) I ’ 14 1’ u ’ u i n l h l u t t  e t  s i t  It s i i l ’ s e u u u t ’n t  tt i p h t . t l
t ’ , tt ’ i h i u y  de’ns it v l ut i ct i u ’ns. h ’asi ’,l on s’ .’ Io c  i t s ’  u , ’ .‘ , ‘u i i 1 ’ e t l i t ,  I t i i i  t , ,t s,’d t i n  t i . ’ n i e , t s i ir e d  t i ts , ’ , ‘ , ‘i , s t  , t t i l
S l iu ’Wt i  i t i l h i u t n i i i , i g  , t t i uh  t i , ’ l i — l . u u i  it i t i g . u ’ i i t l i  1 i u ’i i i t .

I’ h u t s  i t  I o u t ,  I I ’ I u t , ’

1 ’ , FLAME 
- - - -

— 
- I R~ d~ ~~ ~~ j • ,

~~ • j~ I i  ui s i  t I .‘ i i , .  I I l ot,’ , V I i t . . ’ i i i .

I ‘ I . ’t  c, ’ ,’ , u t , ’ u l i g i t i I i , ’ . , t t l  , t l i u l  I I , ’..’ i t t  t’ U.’ t li l t ’ IS Ht ’’

TUPT ~~~ s ~
‘ I ii. ’ huts iu i im h i , ’ i’ ult ’p et i den t . l i i  I lie I We ’ - ,~ t iiiu ’iit. i cii i I

‘I ‘ t itix in g l,tv, ’i I l i i i’,’ I s ,  scsi, ’ e v i t l , ’u , ’ ,’ ’’ I t i , i  I i  a n s i —
I i o n  - i n  I. .’ I’u ’s I h t t t t i . ’ t I l , t t  l u it i g , h i s t  .u i . ’ .’s • t , ’u e t t s i I ‘a t : ’ ,

SPLITTER \ PHOTOMULTIPL~~R I’ I ’ t i ’.  i deu l t l i ,t  I I Iii ’ b, t i i i id  I up sI  I . ‘ .inus It t s’, s. ’is ’ I u lt,’

LASER I u i r b u l , ’ti , ’e i tit ,‘tls i t  t u t u . AS 5,’,’it , , t ,  I I t ,  I i i t h ’ t t  I , ’ t t u ’ ,’
I tt e’liS ~ 1 V ~5 i ii , iitis, iI , , tnu l  . i I  so i i i  I l ie I i i  , I , ’s’lt

COMPUTER it t r , ’ ,un i  t u ’ ’, i o n  • t In ’  t ti  r h o  I t i l t  I I ,o.’ I ’ r , ’u t , ’n i 111.1 i , ’ . ‘u t

TRANSITIONAL INTERFACES it ha s not  i’.’ .’ t i  u ’ I , ’ . , t  I v  tI , ’ti ’ , ’ ’t s t  n a t  .o! t h i ,i t I hi , ’
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I
in s i m i l a r  a z i m u t h a l  p o s i t i o n s  and t h i s  r e s u l t s  in
appearance of axial streaks , or striations , in many
f l o w  visualizat ions of ,jets, e . g .  the Schlieren  jphotographs t ’f Br adshaw ~~. I t  is important to know
the e f f e c t  of this physical s t r u c t u r e  on the f lame
s t r u c t u r e  f o r  the  case of two gases reacting at the 1
i n t e r f a c e  s e p a r a t i n g  them.  C o n v er s e l y ,  i t  is mm— 

o iamepc ’r tant  to know how reaction modifies this t ran— S

sitional structure , which is so clearly found in J.tMudngLa~ r
— Ithe non—reacting case . Stm~~s Dsvs~op 1 

fr” I
The kinematic viscosity of gases is very tent—

~“ if I Iperature—sensitive arid , even though there are no 

~ I ‘accurate measurements of viscosity at flame temp—
. Iera tures , kinema tic viscosity varies approximately

as T312 . When comparisons are made between jet m j~ I
flows under non—burning and burning conditions , Interface .. ~~~~~~~~~~~ 

~~

‘ 

~~~ 
LiThtsof/ CoidJetaccount needs to be taken of the increase in kine— Layer

static viscosity by a factor of up to 20 as temp — 
• / Muxing Layer

300 K to burning flow at approximately 2000 K. This 1 ~
erature increases from cold flow at approximately ‘ A 

~ , /large—scale increase in kinema tic viscosity can be
expected to produce a significant change in the ‘ 1 / “ ~ I
len t jets. I II , I
transitional flow regime compared with cold turbu— ‘‘ 

lj 

~ 
/

Under burning conditions , the effects of vis— u1 1u13
cosity should pe r s i s t  to much h igher  Reynolds
numbers (based on cold condi tions at the nozzle
exi t). There is evidence that turbulen t non— 

/4, 
~

‘

burning jets can be almost comp letel y laminarized Boundary
af ter ignition ,for examp le , Takeno and Kotani6

studied hydrogen jets qualitativel y at a Reynolds
ar,”ier of 1240 with a corresponding flame Reynolds Fig. 2. Interface between jet and surrounding
‘a b c :  of 227  and a c e t y lene j e t s  of Reyno lds  number f l u i d  in mix ing  layer  of i n i t i a l  region of

~~~~ w i t h  a co r respond ing  f l a m e  Reyno lds  number of t u r b u l e nt  round j e t .
~ t . Schl ie ren  pho tographs showed the transition
:o turbulence in the cold jets , whil e the flame 

examine the relationship be tween the ph ysical
jets appeared to be laminar throughout the whole structure of the mixing region under burning and

fl ow field. The other major phenomenon that needs non—b urning conditions and determine the extent to

to be co n sidered in d i f f e r e n t ia t ing between the cold which chemical reaction and heat release during

and burning cases is dilatation caused by the den— combustion cause changes to the flow field and

si ty change s ac company ing reac tion . rt is impor— eddy structure.

tant to quantif y and differentia te between the
dila tation and viscosity effects. Photographic Evidence

The M i x i n g  Layer  Fi gure 3 shows pho tographs of the flame with an
exposure time of 1/500 a. Figure 3a shows the

The mixing layer is shown schematica lly in firs t 24 diameters of the jet flames. Ignition
Fig. 2, It orig inates at the nozzle lip, spreading occurs  at , or very close to , the lip of the nozzle
outwards radially and inwards towards the axis.I t and , f o r  a d i s tance of approx imate ly  4 D , there is
is bounded on the inside by the potential core a re la t i ve ly  und i s turbed cy lindrical sheet of
region and on the outside by a low velocity, low flame which must coincide with an undisturbed
turbulence intensity, uniform air flow field. The in terface. Subsequently, the flame interface de—
rich premix ture of propane and air has a fuel/air velops wave instabilities, cur l s  up in scrolls and
equivalence ratio of 10.4, which is well outside then relic up to form ring vortices at about 10 D.
the limits of flaulinability so that the flame acts This transitional flow is relatively orderly and
as a diffusion flame , dependent upon mixing wi th periodic. Figure 3b shows the region of the flame
the surrounding air flow. The interface between fue l between 24 and 48 D. Here the flame interface be—
and surrounding fluid initiall y has a tnickness comes more ragged and the flame appears to be
dependent on molecular—diffu sion . Flame stabiliza— ‘nicked’ into discrete ‘chunks ’. In some cases ,
tion occurs in the laminar mixing layer within 2 Urnt comp le tely  dark zones can be seen across the whole
of the nozz le  l i p .  The react ion zone is always j e t , s epa ra t ing  f lame chunks.  D i s t i n c t  bulges are
wi thin the interface where the mixture ratio is seen at regular intervals along the flame length.
within the limits of flammability. Thus instabili— Even at 40 D, dark patches can be discerned
ties of the interface and vortex growth are visual— within the general luminous flame . The spread of
ized by the luminous reaction zone. When the jet the jet flame (excluding the bulges) is only a few
and surrounding Streams have low turbulence inten— degrees.
silica , schlieren photography shows clea s - the
formation of distinct vortex rings by the rolling Figure 4 shows a single frame made with the

“,‘ of the in i t i a l  laminar vortex sheet and it is high—speed cine camera at 1000 f p s .  and
‘ t own that the size and separation of these vortex shows the typ ical f l a m e  cond i t ion  in the region
r .ngs can be artificall y con t ro lled  by acous t ic  8—1 6D , In the axia l  d i r e c t i o n , the j e t  is gene—
fields. The purpose of the present Stud y 15 to r a l l y di v id ed in t o short distinct flame regions

_ _ _  
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I t  guit’ ,’ ,.

~~~ t )  ( l e f t ) .  h n i t i , t l  regi , ,n ,t l 1 1 . -m it’ , it • 2.uI ) , , , 
‘ 

, , ‘ -F i t o u t . ’ u . ~i i t t g le I u’an mc I ront hu i g h i — s p e ’ ,’ul t i  tieshowin g brc’akchown ~i t 1 ant i fla t’ t r i t e ’  i’ lace  ,t i t t (  I t irni a— -
- ‘ mi St ’ t i , RtI.ti,t I i ’ s • Sit it ‘ It t l) st i t swt tug sepat ’ tit  C’l i on  oh edd ie’s .  -r u n g  v o r t e x  I lames .ttttl St re .tk t t tr nu u tt  t o i t .

1(h) (right . turbulent r.’gi~’ii of I lame , 2,. •

showing transit ~ t ’ti , ‘t  t’thth i es with laminar int e ’r—
faces t o  h.trgi ’— su d .mie ’ eddy flame structures.

..‘‘,s ,tt i t, .1 I’ . l.trgi ’ dark i’ e’gi tilts . l’ht ’se i’orrt ’s pu ’iid het s ’t ’ u ’tt l , , r ~ ,’ u’t’ Id  .m i  r edul v tu t  r u m u ’ t t i r e ’ s ,  The flante
u’ the w.tves .Irud vortex rings lormeth by t h e K~’ lv iii — s u u r  I . h d u ’ .tpp e .t I ’ $ I ti Is. ’ smu ’ot hi and I ami nat ’ — h i  Pu ’

He I mho I t .’ inst ab it i ies . the i nut i ‘u i  dua l  I i  ask’ v u’ i — t h e  ~- e al e si gti i t  i ~ . inI  d i  I I e r e t i c  u’s i t t  I u . tat i u ’ii t t I
t ex r i iug s  . tr i ’ a l so brok en up az imu tha  I I  ~ m u ’ t he  hi t I ge $ I t ort I rame t .’ [r attle’ • as the  u’ d u h i e  it t I e ’
pat ehea u ’ I l i g h t  and da rk , i t t d i  c a t  i t t g  t h at  1 cmi i n utu i s  ,‘ ,‘n v’ e’ d i  ,‘ t i du’wiis t r eam.
burning is not t a k i n g  p l ace . t l t ’ng the  comp l e t e ’  c i r —
cum terene ’e u t l  the vortex ring. Th,ese .tzimtiut hal l’hu e’ s.’que’ltci’ ot  I r . ,i~i,’s be tw een  lb tut t d ,!.~tl(
burning regions dci not vary rand oml y in p o s it lu i lt  shi, ’wn , F i g .  5 , des,t t t t s t  I’itt t’ t h a t  ‘ lie Lit-ge u ’u t ward
t r otti one vortex ring to the ’ next. The ts t he  reg ions bu lges ot  flame whi ch occur in t , . i s  r eg iu tu  ti re
of l um i nous burning in  successive ’  s o r t  i dt ’ i t  C r,’.mt .’ t’ ausCuh by t h e ’ coa lescenc e  ot ’ th e vo r t  j e t ’s c l e , , r h v
.t seri es o h  axia l s tr e . tk tu . The longest .‘t these’ seen upstream (Fi g. -u . )
individ ual at reaks c,ili St  retch be twe’e’n . and ,‘u iP ,
Further downstream the streak tin an inuh i s’iuiu .iI
vortex ini’reases in length,. lniti,, l l v  the’y ti lt l v  T t m i  $ ph,itu tg r tt p li iu ’ study resit l ted in t h e’ ini
have ax ia l  cei~~ionent s b eut , s ub s e q u e n t  1 v , t hey  ,‘ ,,n po r t  ant d t ’t t ,  h i s  i ,‘ii t h a t  .111 t’ I the ’ It h u yS i tot I st rio t —

deve l op t a nge’nt i .ii compo nent s u - rt’,,t i ng the’ im— tir es ,tttth i”.’etit s found  in  t hu t ’ t I’ tun s  it I ~‘n .‘ I non
pression of h e l i c e s  is th e’ f l a m e  etirl s around the re’.t.’t i h g  r , ’e,nul j e t s  I ron l a m in a r  nozzle hu’und.trv
almost ds’hindr ical jet of unmixed fuel. Figure 5 l,u v ’-rs 2 , ,‘,ln a l s o  he clearly ide’tt t i l i e ’ul I,’r the’
shows frames typical of condit Ions hetwe’e’n it’ and I ’ ,’ , ,d t  ing d . h s u ’ . l t i t ’se pIle’nutniena ,ur,’:
24D. A hollow ,‘ylinul er flame’ re’giuin . u’ctit’qtle te’lv ti ’ . ie’.ivt ’ int u t ,mh i l it s’ ,’f th i t ’ i n i t i a l  I an t i n , , r  n i i i t u n g
dark on the In *Ide ’  and outaide and wIt ht diameter l.tvt ’r leading t O  \‘t ’ l ’ h i ’it groit’thi.
only slightly great.’r than that of the hm ,rner , d ill  (ii ) Th ree dimensi onal un s t . t b i i i t  i e s  ~~t v ’ c I I  I . e ’s .
be seen. The [lame front appears etnd is tumr he’tI m d  ctmei s jug ,ix i i l  ~t I c  mit s il l  I lie I I ow.
lamina r . Above this , a bu l ge u t i (lame i i i  s,’,’ii wi th (i i i )  i ’u ’a h , ’ti u ’,’i ic , ’ .‘t distorte ’ul sort i ce s  resuilt h g
an outer diameter  almos t twice  th a t  of the  u’~ ’ h i n u I e r  in  ou t ward b u r s t s  oh I he tid , forma tit ’n u’t l,mr p ,-
of fla me . Th~ (hatt ie I r u int ha~ spread t . ’ form a t u r b u l e n t  e d d i e ’s an ti e s t a h h i s h i m e ’n t  ,‘t l u l l s ’
much larger sur face  area htm l the ’ react  ion /on , ’ tur h,the’nt lh~ ws,

~t i l I  remains concentrated around a d i s t i n c t j I l t e r —
fac e w i t h  no eviden ce of burning on the ’ i n s i d e  or Ft-our this photogtaphir study , thtere ’ i i . ’ h e l l

on the o u t  a i de .  Above t h i s  bu hg . , t hi ’ l l a n w  a pp — cv i  , he ’nu’e I l l _ m t  flame interl a ces s.irrt’uttd ring v i a  —

ear , to be n i cked as though i t  were sqe tee ’zeuh t i ce’s and t h u . t t  thesc  r i n g  S or t  d C S  u hi  I’ i’ u ’t l v  e,v’ . ’I v, ’
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and d i f f u s e , as coalescence and engulfment proceed.
Towards the end of the transition region , potential
—core fl uid and some fluid originally contained in
the vortices , is ejected outwards between the vor-
tices to form a diffuse layer at the outer part of
the jet. This ejection corresponds to the radial
bursts of f l a m e  in the b u r n i n g  j e t .

Pass in g  f r e q u e n c ie s  were measured dire ctly f rom
high—speed cine films in  the f l a m e s  and the  calcu-
lated Strouhal numbers are shown in Fig. 6, where
they are compared with th e previous measurements of
Y u l e  in cold a i r  j e t s .  The cold f l o w  da ta  showed
two distinct passing frequencies followed by a slow
decay in the t u rbu len t  reg ion.  The hi gh Reynolds

I is passing freq uencies show that , at 8D, St is 0.4
typical for a turbulent mixing layer. The flame

and this decreases due to coalescence and also de-
celer ation of vortices. It can be concluded from
this comparison that , a t any given value of x/D ,the
separa tion distances between vortices are larger in

h 

“
~~~~~~ number j e t  showed a cont inuous  decay of St which is

the flame compared to the corresponding air jet.
Coalescing in th e flame also appeared to have con-
siderabl e variation , and even periods wi thout visi-
ble vortices could be discerned . The convection
velo city for vortices in the flame s t,-as approxima tely
0.7 which is wi thin the range of convection vel-
ocities of vortices in mixing layers of cold jets ,

1g. Sequence of frames of region between 16 as measured  by several inves tigators. This is an

and 24D at 8 msec intervals, important result as it indicates that buoyancy
forces did not cause any significant acceleration

into eddies in the downstream region. Changes in 
of the Vortices lfl the transition region. Thus

flame l uminosity result from convolutions at the the transi t ion reg ion in the flame is not signifi—

interfaces. For example , the luminous axial streaps cantly lengthened by buoyancy forces. The effec t

indicate oxygen starvation due to the folding of of combustion in lowering vortex passing f req uencies

interfaces accompany ing three dimensional instab— 
and lengthening the transition distance can be

ili ties. The physical picture under flame con— exp lained by the increased damping and delay of

ditions is thus very similar to that seen under non— decay due to the higher viscosity which can be

burning conditions with one very important excep— considered roughly equivalent to a reduction in

tion; the transition region is very much longer, 
Reynolds number.

extending to 20D rather than 3D for the cold case,

~~~ COLD AIR JET
Passing Freguences of Vort ices  ~5 1’5

Re-21,000 
FLAME

Analysis of high—speed cine films in non—
react ing j e t s  have been made by Yule 2 , Browand and 1 ~~~S

Lau f er and others.  Vortex rings were clearly seen ~~
in the reg ions where frequency halving was found in Z \r \Re~u4 m500
the measured power spectra. The average local pass-’ ..J
ing frequencies of the vortices , as measured from 

0’5
Re-10,000the f i l ms  2 , we r e wi t hin  5Z of the local power

spectra peaks. Vortex coalescing could be clearly 
~~~~ 0 ‘

seen and the average positions where coalescence
occ u rred were the same as the positions where ire— ~f l  0 5 10 15 20
quency halving was observed in the spectra. The xj D
coalescin g of neighbouring vortex rings in the cold
r oun d j e t s  was found to be similar to that observed
for line vortices in two—dimensional mixing layers F ig .  6 .  Strouhal Number calculated from powe r

and is associated with enfuigment of potent ial— sp ec t ra pe aks in air  j et s and ave ra ge vor t ex

flow fluid in wedges between the vor t ices .  M easure — passing frequencies in f lames.

merits for cold air jets are shown in Fig. 6. where
the Strouhal number is plotted as a function of x/D; Velocity and Temperature Measurements

the Strouhal number St(x) FD/U~ was derived from
the power spectra of axial velocity component urea— A nozzle with a relatively large diameter has

surements by hot wire anemometer where F is the peat been selected in order to permit measurements with

frequency . The transitional flow can Contain three good spatial resolution in the initial , transition—

vortex—coalescing regions, depending on the Reynolds al and turbulent regions of the flame . Reasonably

nuther. These regions overlap in a given jet arid high Reynolds numbers can also be achieved with
there are no fixed values of x at which coalescence relatively low velocities. A Reynolds number ,

always occurs. The initial orderly, spiral inter— based on cold flow conditions at the nozzle exit ,

face between the jet and the entrained ambient of io~, was chosen for the study reported in this

based upon viscosity at flame temperatures ,
Limi d 

in the vortex becomes increasingly disordered paper. This provides an exit Reynolds number ,

_____________ ~~~-~~-—
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~~. Ci ’m p . i r  i son u -f  b u r n i ng  and n u ’n — h u i r n u n g  [lutws
F i g .  7. ? I ea su r e ’ m u’ nt s  tO v tsltc i ty  I’y LDA and a t  x / D  = 4
teltiperut ut re by iii cru .—t he rnsic-i ’ip Ic’ in  initial re-gi on
ol  t l . ime ’ . peaks o f f  the  a x i s  b u t  t u r b u l e n t -c lu -sc -Is in t h ~

c e n t r a l  ‘~~c~ion are  w e l l  abos- e th o se  at the  nozz le
Ret , of app roxini.i tel y 500. Measurements of r ican e x i t , However , f u s r  t h e b u r n i n g  c o nd i t i o n ,
v c ’l oc i t y , U , .ts measured by t h e  la s e r  anemometer  in t h e  p o t e n t i a l  core is  c l e a r l y e v i d e n t  and e x t e n d s
t h e  I L . t t i w , are  shown at three ax i a l  s t a t  ions corr— to r iD 0. 4 . The rms i ’aliies of v e l o c i t y  in  the
esponding to x/D = 0 .12 , 2 and 4 (Fi g. 7 ) .  These p o t en t i a l  core reg ion  are unchanged f rom the nozzle
measurements stuo w a small increase in w i d t h  of the  tacit conditions and the peak rms valetes in the
mixing region so that the potential (‘ore still mixing layer are only h a l f  those measured in the
domina te s  the I l o w  at x/D 4 . T h e  mean t em pera— n o n — b u r n i n g  c o n d i t i o n . T h i s  compar i son  shows
ture profile for x/D = 2 shows that temperature that velo city decay, growth of the mixing layer ,
v.urcations are confined to the mixing layer atd the generation of turbulence and rates of entrainment ,
temperature peak is towards the outer region of the have all been very si gn i f i can t l y  reduced as a
mixing layer and does not coincide with the region consequence of combustion . However combustion has
of maximum -vorticity. In this transitional region not affected the  p o t e n t i a l  f l o w  of jet fluid
the mixing l ayer contains an essentiall y laminar bu t it has dampened the transition of the
interface laye r where reaction occurs. This inter— mi xing layer flow to turbulence. It is noted that
lace layer is distorted by vor ticity interaction examination of the comparisons of the burning and
and by the reaction i t s e l f .  Chemical r eac t ion  only non—burning f l o w s  in F i g .  8. could  lead to  the
occurs within limits of flaumtiability so that the incorrect conclusion that combustion has acceler—
peak temperature can be expected to coincide with ated the flow locally. In f a c t , in this transi—
the region of the interface l ayer into which fue l tional interface burning reg ion , combustion has
and air are diffusing at near stoichiometric mix— delayed the decay to turbulence wh i c h  has the resul t
tOre ratios, In addition to vorticity induced that velocities can be higher loca lly f o r  the
var ia t ions  the locations of the s to ich iomet r i c  re— burning than for the non—burning case , even though
gions of the flame will also be a function of the locally there is no significant temperature change .
degree of premix in the nozzle fluid and the local
diffusion coefficients , wh ich are themselves aff— Probability Distributions
ected by heat release, The inter—relation ship be—
tween the temperature and velocity profiles will be An important link between the time—dependent
studied in more detail, changes and mean values is provided by probability

density functions. Measurettit’nts made in the past
The very significant differences between of t ime averaged va l ues of velocit y, temperature

burning and non—burning flows in the initial region and species concentration in flame s have not been
are clearly shown in Fig. 8, where mean and rms able to provide an exp lana tion for unntjxedrtess and
velocity distributions are shown at x/D 4. For other important time—dependent features of turbu—
the non—burning je.., the potential core is ended; lent flames. Just as frame by frame analysis oh’

the mean velocity on the axi s is lower than the the high—speed cine films showsqualitativelv the
exit jet velocity and the mixing layer has spread relationship between instantaneous pictures and
across the whole jet. The runs velocity still shows the long—time exposure photograph . It is essential
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t i i n t u ’ i ’ h ’ t  ‘‘ I  t Tte ,uti q u i n t  i t  i c - s in  t t ’r ms o t p h i y s i u ’ u l  ~h i o t i l d  be n o t ed  t h u ~ut  t hu e su ~ i l c ’s t u t  b o t lu  p r o b a h i —
dc ’sc ’ r i p t i u ’t ~~ 01 t hu t ’ t l u c t u a t i n g  t i c ’l d s ,  T h i s  is  h i t ’ ,’ and v e l o c i t y  , ur e  d i f f u ’ r e n t  i n  the  su’p i r u t e  d i a -

I y E e c  in  1 ~~~~ cIa-ru ’ ‘ u ’ u uh e  r en t  it t ’ u c t u r e s  ‘ g r a m s  I or b u r n i n g  and n o n — b u r n i n g  condi  t i u n s  ot
are known to  bu i t~1 ’ t -t  m t  . Thi us , I or  example , i n  F i g .  9.  The PDFs f o r  t he  b u r n i n g  case are  v e r Y

bc t r io ’, i t i ‘no I I I  ante , mean q u a n t i t i e s  n u t s  t he mu - h i narrowe r than those for the n o n — b u r n i n g  e lse .
i nt  c’ rpt’et ~‘d i 0 t c i  c ,  o t t h u e  i i  gn o  I s  p r o d u u ’ed b y a The negat  I vu ’ skewn ess  on t he  i n n e r  (pot  en t  í a  I core )
, , ‘uut i u t i ~oiis  St  rt- .iri o t  di  st -r ot e  s o r t  l i - u - s .  A I<c ’v s i d e  and the  p o s i t  l vii skewness on t h i e  u t u t e r  s i d e
t c ’. i t u r e  in t h e  un dc ’r st  ~u n d u u u g  u t

, 
t he i n t e r a c t i o n  bc — U t  t h e  n:u x i n g  l ayer  arc more pronounced I u ’r  t h e

I cccii turbo 1 eta u - and i’orib s t i n  i s  t h e  p robah i  I i  t 
~ b u r nt  n~’ f I u ’ ’  pt ’ rhap s  i c ’  I l ect  i rig th e more regular

cOOS!  t y  t u tu ic  C ions at id joint pr ob ab  i l l  t i e s  and t r u ss and or d e r l  v edd ie s  i n  the  f l am e  a t  t l t  i s  p u s i  I i  ‘t i .
c o r r u ’I a t i on i i o t v ar i o u s  qu , u n t i t i u ’s in  t l a me s .  ~le a— Skewness provides an i n d i c a t i o n  of intermittency,
Surement ot  1t r ohabi  l i l y  d u t u s  i t  y f u n e t  I u r i s  r eq uu i  ru ’s so t h a t  u’nt raitiment for hurtiing and non—
i n s t r u m e n t s  measuring properti c- s us  a u n c t i o n  of b u r n i n g  f l o ws  appea r s  t o  he significantly difter u ’nt.

ice w i t h  h i g h — fr t ’q u e ’n t -y response  and sopb t i st  i ou ted
d. ,ta  p r oc ’ c-ss i n g .  Both the l a s e r  a n e m o m e t e r  and Ccn ,,- l u s  iot ia
fi tt e i.’i ru  t h i u ’ r i e t u ’ u L p I c ’s i t t ’ d i r e c t l y ,  and s i m u l t —
,uiic ’ i s I 5’ , j Ott’ E l  t o e d  w i t h  a d , it  ,u ana l ys is c o m p u t e r .  The m a j o r  phys ic;ul processes of vortex forma—
C u i r r c ’n t l v , the si gnal validation logic provides an tion and coalescence in the initial region of

~i u ’ o ur a ey  of 0.  5~ i t t  i n s t a n t a n e o u s  \‘ u’l o c i  ty wi thu an m i x i n g  l a y e r s  of j e t s  appear  to  be s i m i l a r  fo r
upper  f r e q u ency  response i i  4k l Iz .  In I , i ct  wi t h u  c o l d  and b u r n i n g  cond i t i ons . In  b o t h  eases , wa ve
the comparitiv c’l v low vel ocities uuse d in this study instabili ties develop in the l aminar flow and vor—
the  upp e r f r e q u e n c y  is  d e t e r m i n e d  b y the  m i n i m u m  t i c e s  are formed w h i c h  have si g n i f i c a n t  p er i o d ic i t y .
o b t a i n a b l e  t i m e  i n t e r v a l  between in d i v i d u a l  in— Coa l e scence  of d i s t o r t e d  v o r t i c e s  r e s u l t s  in  t h e
stantaneous velocity measurement s. This is die— establishment of turbulent flow and t h i s  can be
t , i t u u i  by the presence and passage of seeding part— identified by bight—speed cine photography and from
id es through t h e measurement control volume , and major power s p e c t r a .  For Re of l0~ , coa lescence
u Sc’ by the need to avoid multip le s c attering of in the flame s occurs between 16 and 20D, compared
lig ht, wi th x< 2D under non—burning conditions. Regions of

f l a m e  l u m i n o s i t y  i n d i c a t e  t h a t  r e a c t i o n  is occur—

NON-BURNING r i n g  p r e d o m i n a n t l y at interfaces which bound indi-
vidual vortices, Wave instabilities in vortices

06 ,‘
~~ are identified by lumino us axial streaks. The

0~6 
I luminous streaks mark the azimuthaly dis tributed

0 6 0-4 - 
~~. 

t r o u g h s  of r ing  v o r t i c e s  and are caused b y quench-
ing and/or oxygen starvation. Approximatel y 12
wave s are seen to f o r m  around the c i r cumfe rence  of0’4 the flame but the number of waves (and streaks) is
a f u n c t i o n  of the R e yn o l d s  number .  Downstream of

02 t r a n s i t i o n  de tached  i s l a n d s  of f l ame can be seen to
be ex tinguished , due to de tached  f u e l  edd ies , local
quench ing  and loca l  oxygen s t a r v a t i o n .

3 2 1 0 1 2
Significan t differences are measured in vortex

u/u1— o’96 ———07 0’5 p a s s i n g  f r e q u e n c i e s  and S t r o u h al  numbers  for

BURN ING burning and non—burning conditions . The hi gh va l ues
1-5 of St between 1 and 2 in the first 2D of the non—

15 - I burning jet are not detected under flame conditions,
I ‘ For the particular flame studied St is 0.4 at 8D

10 and decays  to 0. 15.  Coalescence is random in bo th
~ 1’O - cases but , in the f l a m e , separa t ion dis tanc es are

larger , resulting in lower vortex passing f r e0-5

o ~~~~~~~~~~~~~~~~~~~~ 
o, ~~5 t.o Combus t ion causes tempera ture , density, vis—

quencies.

0’5 
0-5 

~ J , 
~~~~

cosity, conduc tivity and molecular diffusion changes
0 —.~

u 1,Q 0~51 0,~ 0’,~ 1’O of the order of one magnitude . Buoyancy fo rces
10 0-5 0 05 1’O are genera ted , due to d e n s i t y  d i f f e r e n c e s  and den-

si ty change results in expansion , which must mani—
VELOCITY u rn/s fest itself in r a d i a l  expansion and /o r  a c c e l e r a t i o n ,

so as to acconmiodate the increased volumetric flow
Fig.  9. P r o b a b i l i t y  d i s t r i b u t i o n s  ot  v e l o c i t y  at rate. The results obtained from the present study
x/D 4 f o r  b u r n i n g  and non—burning flows . suggest that the changes in kinematic viscosity

have been the most important factor in the transi—The p r o b a b i l i t y  d e n s i ty  functions for velocity tional f l ame in the very significant changes seenat x/D — 4 are shown at three radial positions
a t Re lO~ . The ini tial reg ion is stretched inFig. 9, where U/U 1 has value s of 0.96 (edge of pot— the axial direction from 3D to 20D. The potentialential core), 0.7 and 0.5 (centre of mixing layer), core length is increased and the rate of growth ofwhere U 1 is the centre line velocity. The compari— the mixing layer is reduced . This stretching issons between burning and non—burning conditions not due to increased convection speeds , but ishave been made at radial positions , where values of caused by the delay in the establishment of tur—U/U 1 are the same; this takes into account the buleru t flow . The fundamental mechanisms of poten—large differences in thickness of thue mixing layer ti~ l flow , causing the roll—up of the interface ,under burning and non—burning conditions. It

7

remains hut , through the action of increased
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kinematic viscosity, inst abilities are d amped.  flit’
net effect is roughl y equisalent to redu c ing  the
Reynolds number. The detailed mechanisms c i  vortex
growth and the physical structure utf mixing layers
in flames are being investigated in much greater
detail.
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examined . Measurements of fluctuating velocity are made by a single particle—
counting forwardscatter laser anemometer. Fluctuating temperature is measured
with micro—thermocouples with “in situ” measurement of time constant and direct
compensation by di g ital signal recording and analysis. Variation in location
and amp l i tude of peaks of velocity and temperature traces are directly associate
with flam e structures recorded by film. Signals from all probes are acquired
and processed by PDP—8 and PDP—1103 Digital Equipment Corporation computers.,..ç
Comparisons between cold and burning jets show that the essential physical “S— .,

processes of transition are the sane for both cases , i.e. vortex growth , coal— ‘-‘--

escence, three dimensional breakdown and turbulent large eddy formation. The
major effect of combustion in the intial region is increased viscous damping
of interface instabilities which greatly increases both the transition and
potential core lengths of the jet.
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