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INTRODUCTION 

The p r o j e c t  i s  aimed a t  u n d e r s t a n d i n g  w a l l  quenching and  o t h e r  
pi'ocesses r e s p o n s i b l e  f o r  s u r f a c e  g e n e r a t e d  hydrocarbons  i n  combust ion 
under  e n g i n e - l i k e  c o n d i t i o n s .  The s t u d y  c o n c e r n s  t h e  e f f e c t s  o f  
t u r b u l e n c e  on t h e  e v o l u t i o n  o f  h y d r o c a r b o n s .  A t  t h e  c o n c l u s i o n  o f  t h e  
program, s i g n i f i c a n t  new e x p e r i m e n t a l  i n f o r m a t i o n  w i l l  have  been 
g e n e r a t e d  and a n  a n a l y t i c a l  model o f  t h e  f l u i d  mechanics and some 
a s p e c t s  o f  t h e  c h e m i s t r y  o f  quenching w i l l  b e  f o r m u l a t e d .  

The work i s  d iv ided .  i n t o  t h r e e  t a s k s :  ( I )  combust ion  bomb e x p e r i m e n t s  
a t  Ford t o  measure t h e  e f f e c t  o f  t u r b u l e n c e  on t h e  chemica l  s p e c i e s  
n e a r  t h e  c o l d  s u r f a c e ,  (11) combust ion bomb e x p e r i m e n t s  a t  U .  o f  M . ,  
u s i n g  a s i m i l a r  t u r b u l e n c e  g e n e r a t i n g  d e v i c e ,  t o  f u l l y  c h a r a c t e r i z e  
t h e  f l o w  and t u r b u l e n c e  i n  t h e  v i c i n i t y  o f  t h e  quenching s u r f a c e ,  and 
(111) a n  a n a l y t i c a l  s t u d y ,  a l s o  a t  U .  o f  M . ,  t o  c h a r a c t e r i z e  f l u i d  
m e c h a n i c a l  s c a l e s  o f  i n t e r e s t  i n  t h e  boundary l a y e r  and t o  f i n d  a n  
a n a l y t i c a l  s o l u t i o n  t o  d e s c r i b e  t h e  e v o l u t i o n  o f  t h e  l a y e r .  

. . . . 

T h i s  r e p o r t  c o v e r s  t h e  work performed from May t o  J u l y  1980 
on , t h e  o r i g i n a l  c o n t r a c t ,  a n d  from August t o  November 1980 under  
a c u r r e n t  no-cos t  e x t e n s i o n .  A f i n a l  r e p o r t  w i l l l b e  s u b m i t t e d  
pending a  d e c i s i o n  o n  f u n d i n g  o f  a  proposed e x t e n s i o n  t o  t h i s  
c o n t r a c t .  

. .  . . . .  

TECHNICAL 'STATUS 

S i g n i f i c a n t  a r e a s  o f  p r o g r e s s  d u r i n g  t h e  r e p o r t i n g  p e r i o d  a r e :  ( i )  
sampl ing  v a l v e  d a t a  o f  w a l l - l a y e r  hydrocarbon  c o n c e n t r a t i o n s  have  
been o b t a i n e d  and a n a l y z e d  f o r  b o t h  l a m i n a r  and t u r b u l e n t  f low 
c o n d i t i o n s '  i n  t h e  quench zone .  A l s o ,  b u l k  g a s  samples  o f  t h e  e x h a u s t  

. --.-- . .. e m i s s i o n  were o b t a i n e d  and it was d e t e r m i n e d . t h a t  a t  , l e a s t  85% o f  t h e  
e x h a u s t  hydrocarbon e m i s s i o n  i n  t h i s  r e a c t o r  w a s  coming 'from o u t -  
g a s s i n g  o f  s t o r e d  hydrocarbons  i n  t h e  dynamic c h a r g i n g  s y s t e m  o f  t h e  

" r e a c t o r ,  (ii) a n  improved s t r e a k  s c h l i e r e n  s y s t e m  w i t h  h i g h  m a g n i f i -  
c a t i o n  h a s  been developed f o r  pho tographs  o f  t h e  quench a n d / o r  
boundary l a y e r  and t h e  c y l i n d r i c a l  combust ion  bomb w i t h  o p t i c a l  a c c e s s  
h a s  been p r e p a r e d  f o r .  f i r i n g ,  and (iii) a  s i m p l i f i e d  a n a l y s i s  o f  
q u e n c h - l a y e r  t h i c k n e s s  under  t u r b u l e n t  f low c o n d i t i o n s  h a s  been c a r -  
r i e d  o u t  and a  model which i n c l u d e s  d i f f u s i o n  and burnup i n  t h e  
boundary l a y e r  h a s  been f o r m u l a t e d .  

A d e t a i l e d  d i s c u s s i o n  o f  t h e s e  i t e m s  f o l l o w s :  

Task I '- Chem'ica'l' 'Comp'ositi'on 'Probing 'of t h e '  Hy'droc'arbo'n 'Q'u'e'n'ch Tiayer 
(FORD) 

. . 
Measurements o f  t h e  w a l l - l a y e r  and bu lk -gas  hydrocarbon  c o n c e n t r a t i o n s  
have  been o b t a i n e d  i n  a c y l i n d r i c a l  combust ion bomb u n d e r  i n i t i a l l y  
q u i e s c e n t  c o n d i t i o n s  and w i t h  s w i r l i n g - t u r b u l e n t  f l o w s  g e n e r a t e d  by 
t h e  dynamic c h a r g i n g  o f  t h e  v e s s e l .  The a p p a r a t u s  i s  shown s c h e m a t i -  
c a l l y  i n  f i g u r e  1.' I t  h a s  a  c y l i n d r i c a l  i n t e r n a l  shape  w i t h  a n '  8 .25  
cm. d i a m e t e r ,  an  8 . 2 5  cm. l e n g t h  and a , ,volume o f  . 4 4  l i t e r s .  , I t  
c o n t a i n s  a  c a p a c i t i v e  d i s c h a r g e  s p a r k ,  p r e s s u r e  t r a n s d u c e r ,  a f l u s h  

. . 
- -  - .  -~ - . . , . 



mounted Ford e l e c t r o - h y d r a u l i c  sa,mpl*g y a l v e  CFEHSYI-- dek ' c r ibed  i n  
d e t a i l  i n  t h e  .Sep t  . -Dec . , 19.7 9  ' p r o g r e s s  r e p o r t - -  and a dynamic c h a r g i n g  . 

sys tem.  The 'dynamic c h a r g i n g  s y s t e m  i s  d e s c r i b e d  i n  t h e  Jan ' . -Apr . ,  
1980 p r o g r e s s  r e p o r t .  

I n  a  t y p i c a l  q u i e s c e n t  f l o w  e x p e r i m e n t ,  t h e  combust ion  bomb i s  f i l l e d  
w i t h  p r o p a n e - a i r  a t  a n  e q u i v a l e n c e  r a t i o  o f  0.9 and a l l o w e d  s u f f i c i e n t  
t i m e  f o r  a l l  g a s  mot ion  due  t o  t h e  f i l l i n g  p r o c e s s e s  t o  dampen o u t .  
The m i x t u r e  i s  t h e n  i g n i t e d  and a .  s m a l l  g a s .  sample ,  a p p r o x i m a t e l y  
1 x l 0 - ~  gms, i s  c a p t u r e d  i n  a 1 2  cm3 p r e v i o u s l y  e v a c u a t e d  m a n i f o l d  
t h r o u g h  t h e  FEHSV a t  a  p r e - s e t '  t i m e  a f t e r  i g n i t i o n .  I n  a d d i t i o n  t o  
th i s  sample ,  a  b u l k  g a s  sample i s  removed t h r o u g h  t h e  i n l e t  v a l v e  i n t o  
a n  e v a c u a t e d  p y r e x  c o n t a i n e r  a t  e i t h e r  5 o r  1 0  m i n u t e s  a f t e r  i g n i t i o n .  

. These samples  a r e  i n j e c t e d  in - to  a g a s  chromatograph and a n a l y z e d  f o r  
s t a b l e  C1-Cq  h y d r o c a r b o n s ,  0 2 ,  N 2 ,  CO and C02. 

I n  a  t y p i c a l  s w i r l i n g - t u r b u l e n t  f l o w  e x p e r i m e n t ,  t h e  combust ion  bomb 
i s  i n i t i e l l y  f i l l e d w i t h  p r o p a n e - a i r  t o  1 atmosphere  p r e s s u r e  and 
t h e  prechamber i s  f i l l e d  t o  6 a tmospheres  p r e s s u r e .  Upon i n i t i a t i o n  
o f  t h e  t i m i n g  s e q u e n c e ,  t h e  s o l e n o i d  f i l l i n g  c o n t r o l  v a l v e  i s  opened 
f o r  80 msec. and a l l o w s  t h e  r e a c t o r  t o  b e  f i l l e d  t o  t h e  f i r i n g  p r e s -  
s u r e  o f  2 a t m . ,  w i t h  a d d i t i o n a l  p r o p a n e - a i r  f r o m . t h e  prechamber .  A t  
100 msec.  a f t e r  i n d u c t i o n ,  t h e  g a s  i n  t h e  r e a c t o r  i s  i g n i t e d ,  and a  
g a s  sample withdrawn a t  a p r e s e t  t i m e  a f t e r  i g n i t i o n .  Bulk g a s  
sampl ing  and G C  a n a l y s i s  p r o c e d u r e s  a r e  t h e  same a s  i n  t h e  q u i e s c e n t  
e x p e r i m e n t s .  

F i g u r e  2 shows t h e  p ropane  c o n c e n t r a t i o n  -- f u e l  m o l e c u l e  -- and 
f i g u r e  3  shows t h e  e t h y l e n e  c o n c e n t r a t i o n  -- t y p i c a l  i n t e r m e d i a t e  
s p e c i e s  -- as a f u n c t i o n  o f  t i m e  r e l a t i v e  t o  t h e  t i m e  c o r r e s p o n d i n g  
t o  peak p r e s s u r e  i n  t h e  r e a c t o r .  Sampl ing-valve  d a t a  a r e  p r e s e n t e d  

,. . f o r  t h e  c a s e  o f  a  f l a m e  p r o p a g a t i n g  i n t o  a  q u i e s c e n t  m i x t u r e  and t h e  
c a s e  i n  which t h e  f l a m e  p r o p a g a t e d  i n t o  a  s w i r l i n g - t u r b u l e n t  f l o w f i e l d .  
For  t h e s e  d a t a ,  t h e  v e l o c i t y  n e a r  t h e  r e a c t o r  w a l l  was 2 0  m/sec .  and 
t h e  t u r b u l e n c e  i n t e n s i t y  was . 8  m / s e c . ,  a s  d e t e r m i n e d  by t h e  f low 
measurements  d e s c r i b e d  i n  t h e  Jan ' . -Apr . ,  1980 p r o g r e s s ' r e p o r t .  d 

. - 

For  q u i e s c e n t  f l ame  q u e n c h i n g ,  w e  o b s e r v e  t h a t  t k e  p ropane  
c o n c e n t r a t i o n  d r o p s  from i t s  i n i t i a l  v a l u e  o f  1 0  ppmTC' t o  
a p p r o x i m a t e l y  5  ppm'C' w i t h i n  5  msec o f  f l ame  a r r i v a l  a t  t h e  
sampl ing  v a l v e .  Under t u r b y l e n t  f l o w  c o n d i t i o n s ,  t h e  p r o p a n e  
c o n c e n t r a t i o n  d r o p s  from 1 0  ppmlC' t o  a p p r o x i m a t e l y  1 ppm'C' 
i n  t h e  same t i m e  p e r i o d , s u g g e s t i n g  a s t o n g  e f f e c t  o f  t u r b u l e n c e  
o n w a l l  quench ing .  However, a t  t h i s  t i m e  i n  o u r  e x p e r i m e n t a t i o n ,  
it i s  d i f f i c u l t  t o  a t t r i b u t e  t h i s  d i f f e r e n c e  i n  minimum propane  
l e v e l  t o  t h e  d i r e c t  i n t e r a c t i o n  o f  t u r b u l e n c e  w i t h  t h e  quench ing  
p r o c e s s .  T h i s  d i f f e r e n c e  may a l s o  b e  due  t o  t h e  e f f e c t  o f  t h e  
b u l k  g a s  mot ion  on t h e  d e t a i l e d  s h a p e  o f  t h e  g a s  volume drawn 
i n t o  t h e  sampl ing  v a l v e .  Thus no f i r m  c o n c l u s i o n  can  be  made 

. a t  t h i s  t i m e  as t o  t h e  e f f e c t  o f  t u r b u l e n c e  on  w a l l  q u e n c h i n g .  
For  b o t h  i n i t i a l  f l o w  c o n d i t i o n s ,  t h e  p ropane  c o n c e n t r a t i o n  
t h e n  r i s e s  f rom t h e  minimum v a l u e  t o  a f i n a l .  w e l l  mixed e x h a u s t  
c o n c e n t r a t i o n  ( 350 ppm1C')  which i s  i d e n t i c a l  f o r  t h e  two c a s e s  
w ' i th in  t h e  e x p e r i m e n t a l  r e p e a t a b i l i t y .  



A s  r e p r e s e n t . e d  by e t h y l e n e  i n  f i g u r e  3 ,  t h e  i n t e r m e d i a t e  s p e c i e s  
c o n c e n t r a t i o n s  i n  t h e  sampl ing  r e g i o n  peak  a t . a  t i m e  i n  which t h e  
c o r r e s p o n d i n g  r a t e  o f  consumption o f  f u e l  i s  a t  a maximum. The 
c o n c e n t r a t i o n  t h e n  d r o p s  t o  below 1 0  ppm[C1 w i t h i n  30 msec.  o f  f l a m e  
a r r i v a l .  I n  t h e s e  ' e x p e r i m e n t s ,  the '  maximum amount o f  e t h p l e n e  p r e s e n t  
i n  t h e  g a s  sampled f r o m . t h e  w a l l  l a y e r  u n d e r  q u i e s c e n t  f l o w  c o n d i t i o n s  
i s  i d e n t i c a l  t o  t h e  maximum amount o f  e t h y l e n e  s'ampled f rom t h e  w a l l  

. . .  

l a y e r  u n d e r  t u r b u l e n t  f low c o n d i t i o n s .  Again t o  w i t h i n  e x p e r i m e n t a l  
r e p e a t a b i l i t y ,  t h e  f i n a l  w e l l  mixed e x h a u s t  v a l u e s  a r e  e q i v a l e n t .  

. . . .. . . . . . 

I n  a d d i t i o n  t o  the sampl ing  v a l v e  e x p e r i m e n t s ,  bu lk -gas  sampl ing  
e x p e r i m e n t s  were  conduc ted  t o  d e t e r m i n e  t h e  s o u r c e  o f  t h e  m a j o r i t y  o f  
t h e  e x h a u s t  hydrocarbon  e m i s s i o n ,  I n  t h e s e  e x p e r i m e n t s ,  t h e  r e a c t o r  
was f i r e d  u n d e r  q u i e s c e n t  f l o w  c o n d i t i o n s  w i t h  and w i t h o u t  t h e  
~ ~ I - I ~ J I I ~ C  c h a r g i n g  sys tem c o i ~ i ~ e c t e d  t o  -the r e a c t o r .  With t h e  c h a r g i n g  
sys tem a t t a c h e d  t o  t h e  r e a c t o r ,  t h e  e x h a u s t  hydrocarbon  l e v e l  was 
c o n s i s t e n t l y  2 5 0 -  5 0 0  ppml C . Without  t h e  c h a r g i n g  sys tem a t t a c h e d  
t o  t h e  r e a c t o r ,  t h e  e x h a u s t  hydrocarbon  e m i s s i o n  was a p p r o x i m a t e l y  
50  p p m r C ' .  T h i s  i n d i c a t e s  t h a t  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  
e x h i k t  hydrocarbon  l e v e l  i n  t h e  bomb and hence  t h e  s e c o n d a r y  r i s e  
b t h e  p ropane  c o n c e n t r a t i o n  i n  f i g u r e  2 i s  due t o  o u t g a s s i n g  of 
c r e v i c e  volumes i n  t h e  c h a r g i n g  sys tem.  

. - .. . .  . . . 

These e x p e r i m e n t s  s u g g e s t  t h a t  pos t -quench ing  d i f f u s i o n  and 
o x i d a t i o n  p r o c e s s e s  from open w a l l s  a r e  f a s t  enough t h a t  w a l l - .  
quench hydrocarbons  do n o t  make a  ma jor  c o n t r i b u t i o n  t o  t h e  e x h a u s t  
e m i s s i o n s  i n  t h i s  r e a c t o r . .  'The e x p e r i m e n t s .  a l s o  s u g g e s t  t h a t  
- f l u i d  mot ion  p a r a l l e l  t o  t h e  quench ing  s u r f a c e  and f l u i d  mot ion  
w i t h  a low d e g r e e  o f  t u r b u l e n c e ,  u l =  4 % u ,  a p p e a r  t o  r e d u c e  t h e  

-,minimum propane  c o n c e n t r a t i o n  i n  t h e  w a l l  l a y e r  from 5 t o  1 ppmlC' .  
However, - t h e  c a u s e  o f  t h i s  d i f f e r e n c e  i s  n o t  w e l l  u n d e r s t o o d  a t  

. . t h i s  t i m e  and c o u l d  be  r e l a t e d  t o  s y s t e m a t i c  changes  i n  t h e  
sample volume s h a p e  due t o  t h e -  b u l k  f l u i d  motion..  I n  a d d i ' t i o n ,  
f o r  t h i s  p a r t i c u l a r  r e a c t o r ,  i t  w a s  shown t h a t  t h e  e x h a u s t  
hydrocarbon  . emiss ion  l e v e l  w a s  s t r o n g l y  i n f l u e n c e d  by c r e v i c e  
volunies i n  t h e  dynamic c h a r g i n g  s y s t e m ,  and t h a t  t h e s e  c r e v i c e  
s t o r e d  hydrocarbons  d e t e r m i n e  t h e  e x h a u s t  hydrocarbon  e m i s s i o n  
l e v e l .  



Task I1 C h a r a c t e r i z a t i o n  o f  t h e  T u r b u l e n t  Flow F i e l d  
(The U n i v e r s i t y  of ~ i c h i g a n )  

I n  o u r  p r e v i o u s  T e c h n i c a l  P r o g r e s s  Repor t  f o r  J a n u a r y  t o  

A p r i l  1 9 8 0  we p r e s e n t e d  r e s u l t s  o f  a  number o f  e x p e r i m e n t a l  

measurements  c h a r a c t e r i z i n g  t h e  c o l d  f l o w  p a t t e r n  i n  t h e  c y l i n -  

d r i c a l  Ford  combust ion bomb. Graphs were inc l -uded t o  p r e s e n t  

o u r  measurements of  g a s  v e l o c i t y ,  t empera tu re . ,  p r e s s u r e ,  and 

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

p h o t o g r a p h s  o f  t h e  d e n s i t y  g r a d i e n t s  and o v e r a l l  f low pat iern.  

S i n c e  A p r i l  we have  improved t h e  s c h l i e r e n  s y s t e m  t o  o b t a i n  

c o l o r  s c h l i e r e n  p h o t o g r a p h s ;  we have  used  ' s e v e r a l  l e n s  combina- 

t i o n s  t o  magnify t h e  s c h l i e r e n  image f o r  f u t u r e  .pho tographs  

o f  t h e  quench l a y e r ;  we have  w r i t t e n  ' a  computer  program t o  

a n a l y z e  t h e  v e l o c i t y  f l u c t u a t i o n s  recor .ded p r e v i o u s l y ,  and we 

have  been  making t h e  combust ion bomb o p e r a t i o n a l  f o r  f i r i n g .  

Two d i f f e r e n t  t y p e s  o f  p h o t o g r a p h i c  t e s t s  have  been p l a n n e d  

f o r  t h e  f i r i n g  c o n d i t i o n s .  The f irst  . p r o v i d e s  i n s t a n t a n e o u s  

s c h l i e r e n  pho tographs  of  t h e  f u l l  bomb a t  v a r i o u s  t i m e . d e l a y s  

f ' o l lowing  t h e ' s p a r k  and t h e  second  w i l l  o b t a i n  l o c a l  magni- 

f i e d  s t r e a k - s c h l i e r e n  p h o t o s  of  t h e  f l ame  a s  i t  approaches  a 
.-.,- - quench s u r f a c e .  To p r e p a r e  t h e  bomb f o r  t h e s e  t e s t s ,  we have  

added a  p remix ing  chamber, plumbing and i n s t r u m e n t a t i o n  f o r  

p r e p a r i n g  t h e  combust i .ble  m i x t u r e ;  a  s p a r k  p l u g  w i t h  ex tended  

e l e c t r o d e s  t o  l o c a t e - t h e  s p a r k  gap r o u g h l y  a t  t h e  bomb s u r f a c e ;  

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

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

p r o v i d d  a  t i m i n g  mark on t h e  pho tograph  f o r  p r o p e r  p h a s i n g  w i t h  

o t h e r  measurements .  A d d i t i o n a l  m o d i f i c a t i o n s  a r e  b e i n g  incorpo-  

r a t e d  i n  t h e  e n t i r e  s e t u p  t o  i n s u r e  o p e r a t o r  s a f e t y  i n  t h e  e v e n t  

o f  a  m a l f u n c t i o n .  

The s c h l i e r e n  sys tem h a s  been e x t e n s i v e l y  m o d i f i e d  and i m -  

p roved  i n  t h e  l a s t  two months.  Black and w h i t e  s c h l i e r e n  p h o t o s  

of t h e  f low i n  t h e  bomb were  t a k e n  f i r s t ;  t y p i c a l  p h o t o s  a r e  

shown i n  F i g .  4 -  The k n l f e  edge  was t h e n  r e p l a c e d  w i t h  s e v e r a l  



' . 

t y p e s  of  c o l o r  g r i d s  u n t i l  a n  optimum q u a l i t y  c o l o r  s c h l i e r e n  

image o f  t h e  f l o w  p a t t e r n  i n  t h e  bomb was a c h i e v e d .  I t  was 

h o p e d . t h a t  a d d i t i o n a l  i n f o r m a t i o n  ' could  b e  g a i n e d  from c o l o r  

pho tographs ;  however,  i t  w a s c o n c l u d e d  t h a t  t h i s  was n o t  t h e  

c a s e .  The c o l o r  images had l e s s  r e s o l u t i o n  t h a n  t h e  v e r y  s h a r p  

b l a c k  and w h i t e  images;  t h i s  i s  due t o  t h e  s h a r p e r  l i g h t  c u t o f f  

p rov ided  by t h e  k n i f e  edge  as compared w i t h  t h e  f i n i t e  s i z e  

c o l o r  g r i d .  

M o d i f i c a t i o n s  t o  t h e  s c h l i e r e n  sys tem which a r e  n e c e s s a r y  

t o  s e t  h i g h l y  m a g n i f i e d  s t r e a k - s c h l i e r e n  images o f  t h e  quench- 

i n g  pro)cess  were a l s o  u n d e r t a k e n .  T h i s  i n v o l v e d  t e s t i n g  s e v e r a l  

combina t ions  o f  l e n s e s  

and l e n s  a p e r t u r e s :  : t o  s e t  a n  a c c e p t a b l e  image s i z e  of  

maximum b r i g h t n e s s ?  L i g h t  i n t e n s i t y  was a l s o  s i g n i f i c a n t l y  . I 

improved by r e p l a c i n g  t h e  a r c  s o u r c e  by a  l a s e r  and commercial  

beam expander .  . .. - -.  . .,. .. - . . 

A t  t h e  p r e s e n t  t i m e ,  s c h l i e r e n  p h o t o g r a p h s  o f  t h e  f l a m e .  

p r o p a g a t i n g  through:; .khe . . combust ion  bomb under  q u i e s c e n t  

i n ' i t i a l  c o n d i t i o n s  have been o b t a i n e d .  A series of six photo-  

g r a p h s  r e p r e s e n t i n g  d i f f e r e n t  t i m e s  i n  t h e  combust ion  p r o c e s s  

,is shown i n  F i g .  .5.  I f  t h e  proposed e x t e n s i o n  t o  t h i s  p r o j e c t  
--' ---- ! - 

1s funded,  t h i s  toechnique wi .11  be  a p p l i e d  t o  t h e  t u r b u l e n t  

.... . c o m b ~ ~ s t . i . o n  case .  
! 

.. . . .  . - .  . . . : I. . . .. . . . . . .  . . .. . 

, -- 



: Task I11 A ~ 1 , j r s i . s  
(The , U n i v e r s i t y '  o f  Michigan)  

An a n a l y s i s  h a s  been made by means of  which t h e  f i r s t  o r d e r  

approx imat ion  t o  t h e  s i z e  o f , t h e  quench l a y e r  on t h e  w a l l  o f  a  

combust ion chamber can  be  c a l c u l a t e d  under  c e r t a i n  c o n d i . t i o n s .  

Thus, t h e  c a s e  where a  t u r b u l e n t  swir l  v e l o c i t y  e x i s t s  h a s  been 

' cons ide red ,  w i t h  Reynolds number, based  on t h e  s w i r l  v e l o c i t y  a t  

t h e  chamber w a l l  and on a  l e n g t h .  of  r o u g h l y  t w i c e  t h e  c y l i n d , e r  
4 c i r c u m f e r e n c e ,  g r e a t e r  t h a n  10 . The w a l l  t e m p e r a t u r e  i s  t a k e n  

t o  be  c o n s t a n t ,  and i t  i s  assumed t h a t  an  i g n i t i o n  t e m p e r a t u r e  

can  be  d e f i n e d  f o r  t h e  f u e l  a i r  m i x t u r e  under  c o n s i d e r a t i o n .  

The a n a l y s i s  i n  which no d i f f u s i o n  o u t  of  t h e  quench l a y e r  i s  

c o n s i d e r e d  h a s  been  comple ted .  Computer s o l u t i o n s  have  been 

o b t a i n e d  showing t h e  v a r i a t i o n  o f  t h e  quench l a y e r  t h i c k n e s s  

w i t h  each of  t h e  p a r a m e t e r s  i n v o l v e d .  Comparison w i t h  a v a i l a b l e  

exper iments  i n d i c a t e s  t h a t  t h e  t r e n d s  shown by t h e  s o l u t i o n  a r e  

c o r b r e c t ,  b u t  t h a t  t h e  c a l c u l a t e d  magni tude  o f  t h e  quench l a y e r  

a p p e a r s  t o  be  t o o  l a r g e  by a  f a c t o r  of r o u g h l y  t h r e e .  T h e r e f o r e ,  

i t  h a s  been  d e c i d e d  t o  a s s e s s  t h e  e f f e c t s  o f  d i f f u s i o n  o u t  of 

t h e  quench l a y e r  a f t e r  t h e  o r i g i n a l  r e a c t i o n  h a s  c e a s e d .  

The problem f o r m u l a t i o n  when d i f f u s i o n  i s  c o n s i d e r e d  
___> -.-- 

r e d u c e s  t o  an  uns teady  d i f f u s i o n  f l o w .  Actua . l ly ,  t h e r e  a r e  two 

- . , .  - , , uns teady  p r o c e s s e s  talcin?; pl.a.ce. F i ' r s t ,  b e c a u s e  i n  an  e n g i n e  

c y l f n d e r  t h e  p r e s s u r e  and t e m p e r a t u r e  a r e  d e c r e a s i n g  a s  t h e  

p i s t o n  r e c e d e s ,  t h e  d i s t a n c e  from t h e  w a l l  t o  t h e  p o i n t  a t  

.which  t h e  t e m p e r a t u r e  r e a c h e s  t h e  i g n i t i o n  v a l u e  changes  w i t h  

t i m e .  I n  a d d i t i o n ,  t h e r e  15 d i f f u s i o n .  However, , t h e  c h a r a c -  

t e r i s t i c  tirne a s s o c i a t e d  w i t h  t h e .  change i n  t h e  t h i c k n e s s  of t h e  

l a y e r  under  ' c o n s i d e r a t i o n  i s  governed by t h e  RPM o f  t h e  e n g i n e  

and i s  l a r g e  compared w i t h  t h e  c h a r a c t e r i s t i c  t i m e  a s s o c t a t e d  

w i t h  t h e  d i f f u s i o n  p r o c e s s ,  t h e  l a t t e r  c h a r a c t e r i s t i c  t i m e  

b e i n g  governed by t h e  s i z e  o f  t h e  quench l a y e r .  Moreover,  i t  . 

i s  l a r g e  enough t h a t  u n s t e a d y  t e r m s  need n o t  b e  accoun ted  f o r  

i n  t h e  boundary l aye r*  a v & l y s i s ,  t o  t h e  o r d e r  r e t a i n e d . .  I n  

. ' a d d i t i o n ,  i t  i s  assumed t h a t  t h e  d e c r e a s e  i n  s w i r l  v e l o c i t y  i s  

n e g l i g i b l e  d u r i n g  t h e  t o t a l  t i m e  i n  q u e s t i o n .  Hence, t h e  

. . ,  problem i s  q u a s i - s t e a d y  i n s o f a r  - a s ,  t h e  t y p i c a l  boundary l a y e r  



c o n d i t i o n s  a r e  concerned ;  t h e s e  c h a r a c t e r i s t i c s  a r e .  c a l c u l a t e d  

a t  any t i m e  a s  though t h e  f l o w  was s t e a d y  a t  t h e  g i v e n  condi-  

t i o n s ,  w i t h  unchanged s w i r l  v e l o c i t y .  

. ' Two components,  bu.rned and unburned g a s e s ,  ' a r e  c o n s i d e r e d  
. . a t  t h i s  s t a g e  o f  t h e  a n a l y s i s .  It i s  assumed t h a t  t h e  l a m i n a r  

and t u r b u l e n t  ~ c h m i d - t  numbers a r e  u n i t y  and t h a t  t h e r m a l  d i f f u -  . 

s i o n  i s  n e g l i g i b l e .  The e q u a t i o n  e x p r e s s i n g  t h e  c o n s e r v a t i o n .  

of mass o f  t h e  unburned g a s  t h u s  r e d u c e s  t o  a  t y p i c a l  d i f f u s i o n  

e q u a t i o n  wi th .  a n  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t .  The boundary 

c o n d i t i o n s  a r e .  such  t h a t  a t  t h e  w a l l  t h e  mass f low i s  z e r o  and 

a t  t h e  p o i n t  w h e r e t h e  i g n i t i o n  t e m p e r a t u r e  i s  r e a c h e d  t h e  con- 

- - .  . . centrat . i .0 .n q f  .unburned g a s  i s  ze ro . ,  . . .. . .., 

An a n a l y t i c a l  s o l u t i o n  h a s  been o b t a i n e d  f o r .  t h e  d i f f u s i o n  

e q u a t i o n s  f o r  c o n d i t i o n s  o f  a  q u a s i - s t e a d y  t e m p e r a t u r e  p r o f i l e  

and f o r  t h e  c a s e  i n  which t h e  i g n i t i o n  t e m p e r a t u r e f  Tig ' i s  
.. . 

w i t h i n  t h e  l i n e a r  p o r t i o n  o f t h e  boundary  l a y e r .  The s o l u t i o n s  

show a  s i g n i f i c a n t  amount o f  burnup u n d e r  t y p i c a l  e n g i n e  

c o n d i t i o n s .  

Work i s  now underway.  t o  s e t  up a  n u m e r i c a l  s o l u t i o n  which 

w i l l  do away w i t h  t h e  r e s t r i c t i o n  on  T and w h i c h ' w i l l  p e r m i t  
. i g  ' 

. - l , - i n c l u s i o n  o f  a  f u e l  s o u r c e  a t  t h e  w a l l .  I f  f u n d i n g  o f  t h e  
p roposed  e x t e n s i o n  i s  approved ,  t h i s  w i l l  b e  a p p l i e d  t o  t h e  

'problem of burnup o f  hydrocarbons  r e l e a s e d  from a  w a l l  o i l  f i l m .  
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