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c o n s ~ a m  v o l u m e  c o m b u s t i o n  c h a m b e r  ~. used  to  m v e s i  g a t e  the l l a m e  k e r n e l  d e v e / o D m e m  

~ g a s o l i n e  a i r  m i x t u r e s  u n d e r  v a r i o u s  i g n i t i o n  sys{ems,  i g n m o n  e n e r g i e s  a n d  s p a r k  p l u g s  Fh ree  

k i n d s  o f  i g n m o n  ~>s{ems a re  d e s i g n e d  a n d  a s s e m b l e d ,  a n d  l h e  i g n i i i o n  ene rgy  ~s c o n t r o l l e d  b~ 

d~e v a r m n o n  o l  l he  d w e l l  tm~e. Se>ara t  k i n d s  or  s p a r k  p l u g s  a r e  a / s o  l e s / ed .  T h e  veloci~ o f  {Jam{ 

p r o p a g a n o n  ,. m e a s u r e d  by a l a s e r  de f l ec{ ion  m e , h o e ,  a n d  t he  c o m b u s t i o n  p r e s s u r e  ~s a n a l y z e ~  

by t i le  bear  r e l e a s e  ra~e a n d  t he  m a s s  f r a c l i o n  bu rn t .  T h e  resul t s  r e p r e s e m  t h a i  as  the ~ e n i n o n  

e n e r g  3 ~s i n c r e a s e d  b} e n l a r g i n g  e i t h e r  d w e l l  m ~ e  o r  s p a r k  p l u g  nap.  m e  hea l  r e l e a s e  ra~e m 

he mg~<~ } a c t i o n  bu r ro  a re  i n c r e a s e d .  T h e  e l e c i r o d e s  m a t e r i a l s  a n d  s h a p e s  i n i l n e n c e  the  f l a m e  

ke rne l  d e v e / o p m e m  by  c h a n g i n g  he  t rans tEr  c l l~c iency  o f  e /eclr~cal  e n e r g y  to  c h e n u c a l  ene~g 5 

F h e  d m m e t e r  o f  d e c ~ r o d e s  a t so  i n f l u e n c e s  the  h e a |  r e l e a s e  a~e a n d  the  b u r r o  m~s., ~rac~on.  
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L Introduction 

W~th d e c l i n i n g  u~  r e s e t ~ e s  ano  n c r e a s m ~  f'~m/ 

co~-< It ~s ~ m p e r a d v e  tha~ m o t o r  v~hic le  c n ~ m e s  

or~era~e wi th  i m p r o v e d  merm~ ethc~enc~ h . ,  

wM! k n o ~  t h a t  h i ~ n e r  e n g i n e  e m c m n c m  Lre 

o b t a i n e d  ~'w o p e r a t i n g  a t  a hi ~h c o m p r e s s i o n  r a ~ o  

and  r~y b u r m n g  l e a n  m i x t u r e s .  T h e  ~a~er ,s a w~ o~ 

henefi~ ~or r e d e e m  g t he  level  o f  exh .ms~ evmss~on:,. 

h~ o~der  n~ bnr~ lean  m i x t u r e s  e l~ecnveb  n ~s 

n e c e s s a r y  ~3 a c c e l e r a t e  c o m b u s { h m  a n d  corn ~cn- 

sa~c ~br ~he ~uwel b u r n i n g  ve/oc~;~ ~. w c  ~k 

m~xmres  b a r t l m r m o r e ,  bas~ o u r m n g  ~ a~s 

r e q u i r e d  m o rde r  ~o a v o M  tl~e onse~ ~ ~ n o < k i n e  

a~ h i g h  c o m p r e s s m n  r a / i o s  h ha s  c t e a r h  hecH 

d e m o n s t r a t e d  t h a t  acce /e ra{ed  b u r n i n g  ra~es : an  

be  a c h i e v e d  by  a d o p t i n g  h i g h  i g n m o n  ener~,m~, or  

~y o p t i m a /  d e s i g n s  o f  s p a r k  p l u g  

Du~ger  e~ al ~ 9 a  and  K r a v c h i k  er a/  ~995 

, l e s c r i b e d  l h e  ~gnl[~on process ,  m o d e l e d  ~he ~e~ 

v e | o p m e m  o~ I m t m l  f l a m e  k e r n e l  a n d  ~Hnma~ea 
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{ h e  e u e c ~  o f  s p a r k  : ) l u g  c o n f l g u r a t ~ o n m  D a m e E  

; r o d  S c i b o  ~ 9 9 6 9  n c  ~ o r m e d  e x o c r m ~ e n t a {  q m h e s  

w H h  s e v e r s  s p a ~ ~  p h ~ s  H'~ s p a r k  ~ s  

~fcoumd~u in{{ H a e  ~ o u ~  } ~ c a s u { c .  m e  m-. 

d u d e d  i m x m f e  {/}-~ 2 o g s [ a n [  v ~ f l o n  e c o m ~  

m ~ s ~ } ~ ,  c h a m b e r  a n d  ~s m~ot~ e n e r g y ,  a ~ } a ~ y z { n s  

~he b m n  m . ~ s s  f f a d h u  m ~  ~ ] a m e  d c v c / o p m e m  

/ e l o c ~ b  { h e y  . . . . .  q ~ a n d e d  ~he k m d ~  of" s n a r ~  

~fl tUz a m ~  v * s u a h z e o  ~ h e  l ] a m c  p ~ o p a g m m n  

} q j m - . , ~  , a /  > V >  u ~ e (  ~ p a n c a k e q  ~ e  c o n -  

;{an{ v o h m ~ e  ('OgglO{l%{It}H gHaH]I}e [0 H ] ~ ' e R H  Y a ~  

m c  .. m ' ~ b u s [ ~ o n  a n d  N O x  e m m s ~ m ~  c h a r a c t e r m H c ~  

. '~ ~ r o p a n e  a ~  a n d  h y d ~ o g c ~  a H  m ~ x ~ u r e s  um~e~ 

av~t~t~>~ c1~a~< S i f a t l H C a H o ~ ]  pkH[e{M' 

M o < ~  m [ n e s e  r e s e a r c h e s  a m d . z e o  m c  } m l i a l  

f ~ a m c  u e v e l o q m e m s  m a ~  m c h ~ d e  u~c c H e c ~  n~ 

m ~ x H . l r e  ~- ,~* o~- s t r a H { ~ e o  r m x { u r c  d~st1'~b*~H m 

F h e r e f b r e  i h c s e  e x p e r u n e m a l  c o n d m o ~  t o m a t o  

t h e  m r b u b n c c  c h e c k s  a n a  ~ s d m ~ c u n  l o  ~ { e n m ~  

c / e a r I ~ .  / }~e t n ~ ] u e n c x } s  off 1s ~vs[el]t  ct{ m 

Hon e n c f p  "t t h e  F lame d e v d o o m e Y  

|'b~m_ ~h*s s ~ u d y  a ~ t c m n ~ s  ~o ~ e m o v e  ~h( e ~ ] e d  ~ 

/ u r b u ~ c n c c  l a m e  I ,  u s m e  l h  c o n s ~ a m  v o l u m e  

c o m b u M ~ o l  c h a i n  be~" ( V , t ' r  > n e c d ] c a H v  , 

o~"oe~ ( o  r e d u c e  s e | o~{  a n d  ~,, m a k e  ~ . . . . .  

genous ~]ixlr th~ m x{Hf"e ~a~l~te{ ~ n r c c  

m m r  o's a H e [  1 b e  n H ~ H r e  {>; m < m < x e d  m ~ o  t h e  

c / ~ m n b c ~  

I n  a d d i i l n n  ~eve ra~  k i n d s  ~ umm{m - ,  ~ e m s  

a g d  s p a r ~  o m g ~  a r e  d e s / ~  ~e{ a n d  e v a h m ~ e {  [ ' he  

~.~d gcIc f i s { / c5  o f  flame D ~ o p a g a { ] o n  ~rc" ana~ l~ /c~  

o. ~he  ~ a s e r  ( / e { ] c c H o t  ~ ]e~hod  a~'r ) ~./}{ C { } H b  

mm~< " p r e s s u r e  F h e  h e a l  r d e a s e  r a t e  a m ~  ma~ , s  

[rac[lor] m}ln a ~ c  c a l c t d a t e ~ l  hx  q~c  m e a s u r e d  

DFt'SS~.IFC 

X. E x p e r i m e n t a |  S y s t e m s  a n d  

P r e e e d u f  e 

}~'~gU~'C , f C p C C ' S e [ H q  { S c ~ e l 1 ~ a ~ l c  d ~ y .  ~H~ , , F  

M~c c . ~ p e r m ] e m a i  ~, q~cn> m ~  ~,. 2 s h n w ~  d'~e 

{ { { l ~ l e ~ . ] s { t , ~ , ~  {~/t C C } f l X I ~ i t l [  " ~ ' l ( H ] ] &  g r  

| ' h e  a u  c o m p ~ e - ~ . . o ~  s u p p ~ e s  t h (  a u  ~o  ~he 

~ r e r m x c r ~  m~1 m ~  ~he/  i m e c d o n  w s [ e m  ~c~ u~ale,~ 

m e  a m o t m t  o f  ~ iec~e{~ u d  ~cco~-<n~b r,,  {no 

} r e d e t c r ' m m e d  d g  h~e{ r a ~ ( o  ~ h e  m d u d e d  ~,~ 

d*i4t*s{ 
% 

me~,m 

...... 90 

~j~ ] hCileq'tl;H~{ ~s l  F}Itl, ~?i COf]4Hib) ~O ~1~I]C '2 /Htl"  

~icm c h a i n [  

~ , , ~  D H ~ e O  %i I~SL ~hc  ~av~]c  w o f ~ a g a H o i /  

vei{}cu ul{ c o ~  b u ~ o r  p r e s s m e  a r e  m e a s u r e d  

F h e  ~c~ u u e d  d a ~ a  . . . .  - p R f i e d .  A 1 )  c o n v e ~ { c d  

. . . .  h e u  U ~  I~1 ~*;~a~ a c  t ~ l s I [ ~ � 9  s}  o D ~  ~h{: 

d w e l l  { m ~ e  a n d  { enmon ~ m x e  a r c  c 0 m r d b d  ,~, u~e  

s{ ~]tJ< { H ' Y H ~ I R  Co~]l{rO[Jd~ 

~A E x l ~ e r i m e ~ t a l  s~ s ~ e m s  

{7 V ( X  

ca~No 81~d , ,  ~ q ~ F ~ T e  h e  H~ ,ec~ed  / ~e~ [~ ~s g ~ g d c  

o f  b f 4 s s  t o  hea~  .... l ~ c k h  a n d  m M a H e d  4 0 0 W  a m  

N ~ 0 ~  h e a v e  . ~ b o d ~  n u d e  f ' h e  v o h m ~ e  o~ a< 
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4 n kx 9er imenta]  ceded *ffa~kemafe2:a/ 5t~edp on m~, Ef/},cL~ of" l~*~d~h~n E n e r e  ~, a n d  5 ~,xgem 9zz eke, tWHh~,-,.. 831 

fhe c o m b u s H o n  c h a m b e r  is m a d e  o f  d { r  

a / u m i n  and l h e  w i n d o w s  of b o t h  etdes a r e  m a ~ e  

o~ . .u;{H/ [o v tsuai tTe  {he l ] a m e  ~*t~ 2l Fhe 

e l e c t r o d e s  ga /  is l o c a t e d  a t  t h e  c e n l e r  ~t the  

chambe~  Ib r  ~he ~ake o f  c o n v e n i e m l y  m s p e c n n g  

~he d e v e l o p m e m  o/ i n i t i a l  f l ame  ke rne l  Fhe 

p r e s s  Ire a n d  l em r~era[ure o f  I ~: p r e m t x e r  an~l m e  

combusHor~  cn maber  is  m a i n t a i n e d  af 6 b a r  a n d  at  

~2{1 C res~)ecl~vel) 

2oL3 S p a r k  plugs 

S e v e r a l  d i f l e r e m  c o n f i g u r a u o n s  ~ s~)ark p~ugs 

a r e  also crop[o i l ed  Io at~a])ze the e l l e c l s  ol  t he  

d e c { r o d e  on  m e  l ] a m e  k e r n e l  f b r m a t / o n  and  de- 

veh~r~mem_ such  as  the  g a p  maler la l~  q~ame~er 

a n d  shal~e o f  {he elecir .~des.  T a b b  ~ ~ c p t e s e m s  ~he 

e~ o e r i m e m a / c o r ~ d i u o n s  ~ h i c h  a r e  k i n d s  o f  s p~a 

p l u g s  a n d  ~ g n m o n  s3s~ems~ v a r i a u o n s  ~,~ d~.eU 

~imes at td  a i r  d u e l  p in tos  

2,L2 lgn~{~o~ s y s l e m s  

Fhree  k i n d s  o f  }DI tnduc l~ve  D t s c h a r g e  

I g n i t i o n )  s y s i e m s  a re  d e m g n e d  a n d  m a n u f ' a c i u r e d  

O n e  o~ ~hem i ;  .., D I S  D i r ec l  lgn i~ ion  S~s tem.  ~. 

~vh~c~] ,~ ,~ c o n v e n t i o n a l  / g m u o n  s~s[em w i d e  ) 

use(1 m c o m m e r c t a /  ~;~rs a n d  h a s  iw o  s p a r k  

p l u g s  pe~ ~g m~on c o d  F h e  nex~ o n e  m n a m e ( l  

H E I  (H~gh  E n e r g y  / g n m o n  s ) s i e m  w h i c h  ,, 

m o d ~ h e d  l>om the  DIS  1o in |ensif> m e  }~nif ion 

e~ter~> H E t  has  I w o  s e a r k  p l u g s  e q m p p e d  wi th  

~,, . ~nm~,0~ c o i l s  i n m e a d  o f  o n e  g n m o n  c o l l  T h e  

~mrd one  -~ an  I D I S  K ] B T  b a s e d  I)~rec~ 

I ~ n i i i o n  S y s t e m  w h i c h  uses  an  I ( J B T  | n s u l a t e d  

( ; a t e  B~polar  T r a n s i s t o r  l o t  d r t v m g  u / c  i ~ n m o n  

cmt  ms~eae  ot u s i n g  B J ]  { B i p o l a r  J u n c t i o n  

| r a n s m ~ o r  whKJ~ ~s a d o p t e d  by mos t  c o n v m >  

l i o n a i  | ) J S ~  

I h e  I G B 1  / n s u J a m d  ( ;a~e  B i p , ~ a r  | ' r an s i s~ (  , 

-- Known :br rE{ g ~ n c m n g  p e r i o r r n a n c e  s.,aU 

on s~a~e loss  and  ~;wiichtng o s s  a nd  c a s e  o! 

d r i v i n g  b e c a u s e  n is  a v o h a g e  c o n t r o / k . d  d e v i c e  

c<m'tpare~* m he  BJT { M o h a n  et a l  1995 M o r e  

~oecn~c c~rcu{~ d i a g r a m s  o t  /he  i g m t i o n  s y s t e m s  

lensed n~ ih , s  s t u d y  a r e  r e p r e s e n t e d  in  the  r e s e a r c h  

r e s u l t  o f  S o n g  et a~ {9991. 

FaMe I ( ' o n d i l h m s  ~ff exnerm~emat les |s  

/gmt*on , v q e m  /)lS~ HF!  I -[)/S 

~}we}l m}e t 5 .  2 % 3.5 msec 

/ { i ce , rode  sap  s I~ 2.0rm~ 

b l e e ~ r o d e  mahnxa ~  uopr~ero mcke!  [ n m _ , i e n  

{:bcU'ode d~amc e~ 1.2 Z0~ 2.gram 

h [ e c ~ r o d e  q ~ a p e s  ,~ha~p. fJa{ 

|:bee[rod {auu U;A Id} 

! net ~,.aso/ine 

2.2A A i r f u e !  ra t i e  co~ tro |  

In  ~ d e l  i o  c o n t r o l  H~e t l }  ~oe] ~ u~: 

p r e m , x e r  ,s emp* ,wcd ,  and  lhe  a m ~ m m  o f  i ,uec{e~ 

g a s o l i n e  ts r e g u l m e d  a4~h m e  h ) l i o w m g  

equal/o~}s~ T h e  m a s s  o{ mcmc[ed  ~ r  ts cmcmate(~ 

w i l h  tdea l  gas  law ~s / k i l o  

/)I,* 

0.287>: Hr  T ( ~  

T h e  gas  c o n s t a n t  o f  ai i  1~,. is a s s m n < . . . * ~  < 

2 8 7 { J e k g  K} an{t m( v o l u r n e  o f  )~cmL~er ts 

265 A ~ 0 Sm:~ 

] h e  a m o u m  o~ m m c t e d  tkae~ is c a b m , ~ l e d  H-ore 

ine  d e f i n h i o n  ,, e q u i v a l e n c e  rado_ I ' -  :qu~ .0 

len{e  r a ~ o  is d e l m e a  us Ihe  a c i u a l  fuel n uu  

d i v i d e d  b} the  s i o i c h i o m e u ~ c  fuel ~H ~ai~o 

t12 tz~ 

6.g(Yl > ~0-" 

Fhus_ {he arno~m~ o/ g a s o l i n e  tk>r eac /  c~ ~va-  

l e n c e  r a H o  tS d e | e r m t n e d  k 

~H~,== ~ ;x< I'#';~,, ~- r~ 80% >" I 0  

/; x. 922.7 

7 4 a 7 .  

2~ E x p e r i m e n t a l  P r o c e d u r e  

Fhe  c u r r e m  m d  v o l t a g e  a re  m e a s u r e d  d-~om 

200 dm~_~s t\~r d~ e x p e r m m m a i  c o r t d m o r u ~  w.~~ 

clirre~ll p r o n e  T e k ~ r o m x  ~6303 and  v o h ~ , c  

p r o b e  F e k t r o n l ~  P601~ T h e  i g m ~ l o n  e/~er>,ies 

a r e  c a i c u l a l e d  wi~h t h e s e  ~ a l u e s  T h e  combus~uw~ 

p r e s s u r e  a n d  f rame p r o p a g a t i o n  a~e measme{~ 

s i m u h a n e o u s l >  a{ leas{ 30 r a m s  l b r  a f / c o u m t t o n s .  
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W i t h  a n  e l ec t r i ca l  sca le  O h a u s  Co.~ F P 2 0 0 S  

the  g a s o l i n e  is m e a s u r e d ,  a n d  b y  c o n t r o l l i n g  the  

i u j e c t o r  pulse~ the p r o p e r  q u a m i t ~  o f  g a s o l i n e  , .  

i n jec ted .  

2.2~ M e a s u r e m e n t  o f  f l a m e  p r o p a g a t i o n  

T h e  f l a m e  d e v e l o p m e n t  ve~ocit> is m e a s u r e d  b} 

t h e  l a se r  de f l e c t i on  med~od .  [;ig. 3 r e p r e s e m s  lhe  

s c h e m a t i c  o f  t he  e x p e r i m e m a |  a p p a r a t u s  

T h e  o m p m  la se r  b e a m  f r o m  the  H e - N e  mse~ 

(50roW.  632. 5 r am is d~vided  i n t o  t h r ee  paral te~ 

b e a m s  by b e a m  sp l i t t e rs ,  FBe sp l i t  b e a m s  t~ass 

t h r o u g h  the c o m b u s t i o n  c h a m b e r ,  a n d  are t h e n  

i m a g e d  o n t o  th ree  p h o t o d i o d e s  W h e n  ffm t lame 

i m e r s e c r s  ,, beam~ the  r e f l ac f ive  i n d e x  g r a d i e n t s  

p r e s e m  loca l ly  deflect  m e  b e a m s  o f f  l h e  p h o t o -  

d iode ,  w h i c h  i nd  icate  t he  a r r i v a l  t i m e  o f  t h e  f l a m e  

B e a m  sotiti 

....... ~ } ] ~  ill Combustion cham~er 
"~ laser beam 

._~ C deflected beam 
HeiNe laser 

Fi~o 3 

F~ame 

Conf ig~r t~ ion  o f  the  laser deflect ion meIhod 

B C 

8 S ~ 9 ~2 15 18 2{ 24 2 i  

~ rrr, ec} 

Fig. 4 Fil tered ou tpu t  s ignals  0 i  ptaot0diodes 
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a t  t h e  m e a s u r e m e n t  l o c a t i o n .  Fhe m e a s u r e m e n t  

p o s m o n s  are  b c a t e d  a~ 5 ram A p o m r ~ ,  lOmn~ 

( g ) .  a n d  20 ram t ~rom the  spar};  p l u g  g a p .  

r e s p e c t l v e w ,  as ~ h o w n  in Fig~ 3_ [ 'he  v e | o c i b  m 

l o c a t i o n  A r e p r e s e m s  the  i n i t i a |  f l a m e  g r o w t h  

high,re  4 s h o w s  an  e x a m p l e  oF the  t i l t e red  o u >  

p m  s,g~aals l ?om the p h o t o d i o d e s  {t ~s a s s u m e d  

tha t  the  hi~hes~ va lue  o f  e a c h  s i g n N  e x p r e s s e s  the  

a r r w a l  ~mm of  fl~e f l a m e  a~ each  m e a s u r e m e n ,  

t o t a l  i o n .  

2.2.3 M e a s u r e m e n t  o f  pres sure  d e v e i e p m e m  

Fhc  combus t ,o~n  p r e s s u r e  aT ~he ( ' C V C  s ex-  

c lus ive  o} ~ p r e s s u r e  r i s e  by m r b u J e n c e  f l a m e  d u e  to 

r e d u c 6 o n  o~ m ~ x m r e  f lov  a n d  h o m o g e n e o u s  

mix~ure  d i s t r i b u t i o n .  T h e r e f o r e  b c o m a m s  m o r e  

de f i n i t e  i n l o r m a t i o n  a b o u .  t he  i n f l u e n c e s  o f  i gni- 

t , on  sy s t ems  a n u  d~scha rged  er/ergy.  T h e  p r e s s u r e  

~, m e a s u r e d  wi th  a p i ezo  e~ectric t ype  p r e s su re  

s e n s o r  K i s d e r  6121 

A l t h o u g h  t he r e  ~Jre a lot ~ ~ p p r o a c n e s  tha t  

a n a | v z e  t h e  c o m b u s t i o n  p r e s s u r e ,  m th i s  r e s e a r c h  

t he  t~eat r e l e a se  r ~e  a n d  tl~e m a s s  tYact~on b u r r o  

are a d o p t e d .  F h e s e  ~wo m e l h o d s  a r e  b a s e d  on  tr~e 

rec~proca!  a s s u m p ~ m n  -t-he h e a t  r e l e a se  rate 

a s s u m e s  fl3al d ie  p~essure  v a r i a t i o n  ~b re l a t ed  ~o 

t h e  c h e m i c a l  e n e r g y  r e l ea sed  by c o m b u s t i o n  r a th  

er  fl 'mn lo t h e  b u r r o  raas5 o f  m i x t u r e  a n d  ~he m a s s  

f r ac t ion  b u r n l  a n a | y s i s  a s s u m e s  t h e  p r e s s u r e  w~r~~ 

ar~on is c lose ly  r e l a t ed  m ,he mass  o l  bu rn{  

mlx~ure  { Ftt lm~Oto el  a/ .  1995: H e y w o o d .  19b;g 

* H e a t  r e l e a s e  r a t e  dq @) A m e } o r  advant :Lge 

o f  t h e  h e a t ,  e l ea se  ra~e a p p r o a c h  is {he s imp~ic iW 

o f  t r e a t i n g  m e  c o m b u s t i o n  c h a m b e r  c o n r e m s  as a 

s i n g l e  zone .  a n n  ease  o f  c a l c u l a t i o n  w~d~ the  ~rs~ 

t aw  o f  t h e r m o d y n a m i c s  He3 w o o d .  t988:  S o n g  et 

al . .  2000  

Based  ~pon  m e  f i rs t  l a ~  ~ f  t h e r m o d y n a m i c s .  

th~s s t u d y  de r ives  t h e  h e a t  re~ease  r a t e  as  ~ol tows:  

&~ = c,,d T + &~ ......... 

~-rom the ideal gas law. 

p ' v T 

/4  

(5) 

S a b s t i m f i n g  t h e  f i l s t  t e r m  o n  fl~e r igh' t  s ide  o f  

E% (4) w i th  E q  ( 5 )  arid d i f f e r e n t i a t i n g  d i e  

r e a r r a n g e d  e q u a t i o n  w i th  r e spec t  to t ime  d i e  hea t  



An l.i\vper#nenga[ and Mathematical Study on the s oj'@nition Ene~g.y and System on the Flame~.. 8a3 

1 
em 

Fig, 5 

9:~ 0 ~  0,12 OA~ 

An example of heat reiease rate variation 

erased by dweii time Change 

(Condit ion ; 6 b i n  150'~C) 

~ e ~ e a s e  r a ~ e  i:-. o b t a i n e d  a s  ~ o H o w s .  

g ' 

= { 

Fhe caicul,~ ~o~? result., are ana[yzed b> ~wo 

parameters ,  hmax and hma~ r, h m a x  represems ihe 

va lue  of  ~?axinlunl heal re lease rage. apd  ]lmax~ is 

me m~e  pe r iod  t?om the smr~ of  ~gnmm? m the 

t ime tba t  [he ~laximum hea~ release rage occurs. 

F igure  "~ shows  an example  of  the alia/} sis o f  heag 

release 

- Burro m a s s  f rac t ion  File bur ro  mass ~rac~x~m 

i~ calcula ted from the meast~red pressure ~race 

based o~ the a s s u m p n o n  ~hat c o m b u s t i o n  p~cs- 

sure co r re sponds  m lhe fract on as s h o w n  m Fig 

o and c a l c u k t e d  by Eq. F m m m m  m a l _  

1995: Sony and  Sur~woo~ 2000 

/I~ g, . . . . . . . . . . . . . . . . . . . . . .  

The  flare e kernel d e v e t o p m e m  d u r a t i o m  ~0- ~: ~s 

defined a~ m e  ~m~e p e r m d  t?~ora ~he i g n m o n  m ~he 

~m'm a~ which IO'.~) burro mass ~racfion occurs  

and ~he f lame propagaTgon d u r a t m n  tlO 90 ~s 

also defined as ~he t ime  per ioa  d u m n g  which the 

b u r n t  mass ~)'ac~ion changes  from ~u io 9 o ' y ,  Fhe 

nomenclature_ ,.max ~ the  du ra I ion  ~rom ~he 

igrm on m the  t ime that  all the mgxmre in ~he 

c o m b u s t i o n  cbambe~ ~s burro 

Fig, 6 Defii~itior~ o f  bmiat mass t 'raetim and com.~ 

bustiun duration (~.0 ,0 t~0.4:~ and lm~x) and 

corresponding press~re transifion 

3o Experimental Results 

[r~ order  ~o represent  the expeeimentaI  results, 

this  s tudy adopts  d'/e velociiies (ve tocky a~ loca.o 

t ion  A,  B and  C ) ,  hea t  release r a t e  (hmax aged 

hmax ~), and mass  f rac t ion  barn~ (t0:~t0, t~o-~ and  

tmax)~ g h e  igg~ition energy is also measured  a{ 

each dr iv ing  cond i t ion .  

3A D w e l l  ~hne  

The  dwell  t ime means  t h a t  the  d u r a t % n  o f  he 

p r imary  circui t  of  the  igni t ion system is the 

electr ical ly on s ta te  a n d  stores ~gni~ion energy at  

ign i t ion  a co i l ( s )  a n d / o r  a capac i to r ( s}  

As the  d w e l l  ~ime is increased,  t h e  a 0 r e d  ign i -  

t ion energy )is a lso  increased umi l  it is saturated~ 

The  r e s u k  suggests  tha t  when  the  dwel t  t ime is 

extended ~l~om I 5msec to  315msec, ~he i g e h i o n  

energ ies  of  ~he DIS~ H E t ,  and  b~DIS a t  3msec 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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Fig. 7 

1 2ram #ap, 2~0mm d iamete r  sharp, tungsten electrode 
dwell t ..5msec - ~ . .  dwell 2~5msec ~ dweii 3~5msec 

D I S  H E ~  . . . . . . . . . . . . . . . . . . . . . .  _ J  L . . . . . . . . . . . . . . . . . . . . . . . . . .  t 

rime Imsec}  Time tm~ec~ 

Fffbc ts  o[" d w e l l  H m c  o n  ~ g m [ [ o n  e n e r g y  io1 threr ig/l/{tr 5VSll~n/s 

D i S  

T~m~ ~ m s e ~ }  

:;~He~ ~he ~ , n m o n  . c c u r s  i n c r e a s e s  by  a b o u t  6 5 F : ;  

(,O% a n d  1 1 3  ~ ~. r e s p e c t i v e l y .  

H o w e v e r  b i g  7 r d ] e c ~ s  ~ha{  t l  e D I S  a n d  l i H  

a r e  s a t u r a t e d  v~ne~l l h c  : lwe l l  ~Kne ~s ex  e n d e d  

i r o t  n d  3 r e s e t  W h e n  s a m r a H o n  o c c u r s  d e s p h e  

e x ~ e n d e d  d w e l l  m ~ e .  me ~o~a/ s t o r e d  o n e  ~'-3 ,, 

no~ b e  c h a r t e r e d  

F a b l e  2 < ;~p / a in s  @ e  i n f l u e n c e s  ~{ ~he d w e U  

~m~e o n  m e  c h a r a c t e r i s t i c s  o f  ~ l a m e  k e r n e l  d e v e l o  

< p r o e m  A~. ~t~e d w e l l  m n e  ~s e x t e n d e d  H ' o m  

l . > m s e c  H) A 5 m % ~  t h e  H~um~ [ l a m e  p~{ p a g a t i o n  

ve /oc i{}  w h i c h  , ,  m e a s u r e d  a m t  c a | c u l a I e d  a~ 

,~os i{ ion  A is i n c r e a s e d  by  a b o m  5 - - . 7 2 , .  a n d  t ,  

~s r e d u c e a  ~y  a b o m  7 - - - [  I%~ l o r  a l l  { m e e  ig  m i  - -  

s y s t e m s  H o w e v e r ,  h 0 ~ o  ~s n o r  a f f e c t e d  b y  d ~ e l /  

t i m e  t h i s  m e a n s  i h a ~  fl~e l g ~ l l t t o n  s ) s t e r n  an{~ 

~ g n m o n  eHe~g}  ~ c | d o m  exer~ {nfl~_~encc o n  H a m e  

p r o p a g a r m n  e x c e p ~  i n f f i a l  l l a m e  k e r n N  d e r e k  p~ 

m e n t o  T h e  nea~  r e l e a s e  ~a~e is  a ~ . o  :~l}Ec[ed r~, 

{~t~e/l "~ime. a s  s h ~ , ~ n  m F a b D  2. 

L2 Npark p l~g  gap  

F a b l e  ~ r e p r e s e n t s  t h e  e{~cc{s o r  f i le  - , na r~  plu~4 
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a b o m  ee  % h A e  fl ',e l D I S  rec< r d s  an i n c r e a s e  o 

a b o m  H}~>k F h e s e  n o ,  c a s e s  m ] g r u n i o n  e a e r g }  
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9 9 2  

1 a M e  3 a l s o  ex D l a i ~ s  @ e  {]am~- e r o w ~ h  v e l o c i  b 

mass ~ k-{io~ m ~ r m  a n d  I~ea] r e l e a s e  r a~e  a /  G -  

~, v W h e n  m e  g~ " ,-  mcr~*ased  h . o m  u . b m m  
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l h b ;  expe r ime~?{  is  d o n e  t o  r e s e a r c h  1he  eflbc~s 

~ :~c:~,rode m a [ e r n ~ [ s  m ig i i i l o l  e n e r g y  a n d  

c,, }unseen  v e l o c i l y  o f  {he l ] a m e  k e r n e  l -able 4 

~c- r e s e m s  {he  e p e r m ] e m a l  r e s u l l s .  / h e  m a t e r m l q  
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l l ] a t c F l a l  t / } ) e r a t c . ~  e l e c t r o , I s  c a s ~ e ~  H i e  c H r v  : r H  

{lens  {3 o e c o m e s  m g h e r  Z t e g / e r  e r  a l  ~,~• 

Wi, c~ l h e  c ~ r r e m  ~:rows, U?e d ~ s c h a r s  pm~s~. 

t r a n s { e r r e d  ~}om kqo~ n~ a n  m l a g e .  /x~, ~ , , . s e e  

~ k l e I / c e  o !  l h a l  ~1 r  ene{le ,  [ r a n s [ e r  e m c ~ e t / c  ~ 

m c r e a s e o  ~ r o m  5(}g; t~ 50~: Fh i s  a c c e l e r a t e s  t he  

f l a m e  p r o p a g a t i o n  v e l o c i t y ,  

3~ E l e c / r ~ d e  d i a m e t e r s  

I h e  h e a t  |o>.e~ t~ t h e  e h e c H o d e  v~ ) t h e  i ] a m e  

prepay-,  t t m a  v e / o c i  D w h i c h  ls a i}bc ted  b~ c~cc~ 

~ r o a e  m a / e r i a / s ,  e l e c t r o d e  d m m e ~ e L ,  m{ a~, n 

{/ ,h '~  e~ a~ / 9 9 7  K o  el t| | 9 9  

F a b l e  5 r e r ~ r e s c m s  m e  v a r m t i o n  o f  f l a m e  ,~ro 

p a g a ~ m n  wt~er~ f}~{ e i e c i r a d e  a ~  m e t e r s  :rye 
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[he  d ~ s c h a ~ g e d  e n e r g 5  a n d  l h ~ m e  D r o p u g m m n  w,- 

Ioc~3  a r c  m}~ a f f e c t e d  as  m u c n  as w h e n  m e  

0 a r a m e ~ e r s  s u c h  a,  d w e l l  ~ime, e / e c W o d {  v~ P n d  

m~Wrm]  a r c  v ~r/ed 

H o w e ~ m  h e r e  ~s a "mndenc; ,  m a ~  as  m e  : U a m e -  
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TaMe 6 Effects a t  etectrods shapes on flame kernel developmem at ~=:0 ,8  
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t~at 148 i.105 IO25 /.00I 529 68 3i 34 72 
DiS .......................................... } ................................................... ........................................................................................................................................................................................................................ - ....................................... ............................. .............................. 

sharp i [5s I 14~ 1.0.9 IS}a6 .,6,4 66 30 32 69 

i flat 26,? i. 172 /A)81 105 54,9 6 ~,  33 68 
u~:i i ....................................... q ............................................... ........................................................................................................................................................................................................................... 

h~lrp :~ ..*~{),~ 1.203 / 0 9  1 077 9 . 4  64 26 32~ 6~ 
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t e r o l  an  e lec t rode  is reduced  ~nc ~enuion  er /mgy 

,- increased  Fhis resul t  show~ tha i  aehen II?e 

elec~rooe d~ameler  ~s r educed  i}om 2.gram ~o 

1,2mm then ~he ign i t ion /energ :  is ra ised by at tain 

1/*-~147{, T h e  f l ame  ve/ocH) a~ oca/~on "~ acc~ 

e~eraies hv abou t  ~{); ~m b o I h  ig u d o ~  system. .  

and ~0 [O ~s r educed  by a b o m  7 '#  ~or the [ ) IS 

and 4 ,, ~k~r the  ~lEl 

3.5 K l e e t r e d e  s h a p e s  

~,; showr~ in tLa 8. the  e lec t rode  shal~e~ a~:. 

chang.ed R~ ies~ pu rpose ,  l h e  v a r t a m m  ~| lhe 

e lec t rode  s h a p e  affecis f lame p r o p a g a t m n  due  ~ 

the  cMmge el the  d i s c h a r g e  p h a s e  If  the  mm~ber 

o~ emme~] e lec t rons  t r a m  d~e e /e(~rode ,~ ~he 

s a m e  m e  sma l l e r  or  d~arpel d p  m h~ elec~iode 

mcrca,~ca i}~e densi ty  o1" m e  dlscha~geu ::urrenL 

ai~ich c n a n g e s  d ie  /gnmo~l  p h a s e  i>om glow ~o 

arc p h a s e  whk' lL m turn .  causes  t h e / ~  ne t  energ!  

~rans~e~ e t~ciency ( Pischm4c~ and  Heywooc,~ 

r e=2.0mm 

I ............... J 

Flat electrode 
Fig. 8 

k 
~\ \ \ / /  

~mm 

Sharp e~ectrode 
Shape o f  electrodes 

4. C e n e I u s i o n  

~\ c o n s I a n t  v o l u m e  c o m b u s l ~ o n  ; h a m b e r  Ix user 

. ,  m~esuga~e the  f l ame kernel  j o w t h  md ~lame 

p r o p a g n * o n  o f  i he  ~:asolme--a~r m , x m r e  ~lnder 

va r i ous  ~;zni{ion s, s~ems and spurn  a m e s  ,\ laser 

199r A~ . resu}~ the  p r o p a g a l i o n  ~,e/oc~Hes a~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

l oca t ion  ~ W/ti/ lhc D I S  and ~he }it~[ a re  u p i o p a g m l o n  ve tocuy ,  a n d  a pie~o e I e c l r o m c w p e  

creased ~ 3.5cm sou a n d  3 . | c m  se t  [}'om l . ]07  p re s su re  s e n s o r  ks used ~o eva iua le  lhe  combusdo[~  

m ~ec and  [ .172m/sec .  respeci ive]y  in the case o~ p r e s su r e  [he hea t  re lease raie  and  burn t  mas~-. 

| ~ 0  • T h e  heat release ra~e and he  ~ m m  ma..,~ {~'ac~ on  are  ca lcu la ted  t~'om ~he measm~ed pres 

[ r a c u o n  a lso  increase ,  a~ r ep fe semed  m Fable e stire dala.  
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T h e  m a j o r  f i n d i n g s  I t e m  ib is  r e s e a r c h  are as  

[b l lows :  

A s  t he  dwel l  t i m e  ~s i n c r e a s e d  f r o m  

/ , 5 m s e c  to  ~ .5msec  / h e  d i s c h a r g e d  e n e r g y  ix a l so  

i n c r e a s e d  hy  a h e m  4 0 ~ - 1 1 3  ~  Al l  i g n m o n  sys-  

tem., e w d u a t e d  m thi,~ r e s e a r c h  DIS .  H E l .  a n d  

I - D 1 S  a c c e l e r a t e  growd~ o f  t he  in i t ia l  f l a m e  

Kerne~ oy 5 .5~og_ lcm sec  f rom 1 . 0 8 / - -  I . t 4g  

m / s e e ,  a n d  r e d u c e  t he  m~tiat  f l a m e  g r o w t h  p e r i o d  

hy 2--o 3 m s e c  f r o m  2 8 ~ 3 2 m s e c  as  the  dwe l l  t i m e  is 

i nc reased .  H o w e v e r  t h e  [ l ame  p r o p a g a t i o n  p e r i o d  

,~ al~kcted by n e i t h e r  t h e  i g n m o n  s y s t e m  n o r  t he  

a ~ s c h a r g e d  e n e r g . .  T h e  d u r a t i o n  f rom ~gnHion ~o 

1he m a x i m u m  nea t  r e l e a se  r m e s  a re  s h o r * e n e d  by 

2-- 3 m s e c  ~ re in  ~he 66 ~ 68msec_ a n d  t h e  m a x i m u m  

h e a t  re~ease r a m  is r a i sed  by  f , 8 . - - 3 . 1 U  s e c / k g  

t?'om 5 5 ~ - 5 8 k J  s e e / k s  wi th  all  ~gn i t ion  s3s~ems. 

H o w e v e r .  w h e n  t he  dwe l l  n i n e  o f  t h e  D I S  a n d  

t-{E/ a re  i n c r e a s e d  m o r e  d m n  3msec .  the  s t o r e d  

i V n m o n  e n e r g y  ~s s a t u r a t e d ,  and  ~hus t he  ignition 

e n e r s  is no~ c h a n g e d .  

(2 W h e n  the  s p a r k  p l u g  g a p  ~s e x t e n d e d  ~rom 

O.g, m m  to  Z 0 m m _  the  d i s c h a r g e d  e n m g y  ~ i n -  

c r e a s e d  Dy 74~--1 ~ 0 ~  m t h e  d~ree ~ g n m o n  s2y~- 

terns.  %s t h e  gad  ~s e x t e n d e d .  ~he v o l u m e  o f  

p | a s m a  i~ a l so  i n c r e a s e d  a n d  to  s u s t a i n  d ie  

e x p a n d e d  p l a s m a  i n c r e a s e d  ~gn i don  e n e r g y  is 

r e q u i r e d .  T h e  in~ : ea sed  p I a s m a  can  e n l a r g e  d~e 

comac~  a rea  w~d~ u n b u r n e d  gas .  a n d  It s t i m u l a t e s  

~ne g r o w t h  o~ t h e  m~tial  ke rne l  As  a resuHs,  die 

hrs l  ~O ~ o f  bur ro  man.,  f f ac l ion  ~v r e d u c e d  b> 

a b o u t  {4~- 20~> 

3) T h e  ma te r i a l  o f  t he  ek>ctrode at'lec~s m e  

~gniHor~ e n e r g y  a n d  f l a m e  p r u p a g m i o n ,  w h i c h  is 

c lose ly  r e l a l ed  w~d~ iis m e l t i n g  t e m p e r a t u r e .  T h e  

,pa rk  p l u g  with a l o w e r  m e l t i n g  ~ e m p e r a m r e  

e l e c t r o d e  y i e lds  h i g h e r  ~ g n m o n  e n e r g y  a n d  h~gher  

uans fe~  etlScienc} T h e  s p a r k  p l u g  o f  c o p p e r  elec- 

t r o d e  d i s c h a r g e s  7 -- | 6 ~  m o r e  energ5 t h a n  t h a t  o f  

m e  t u n g s t e n  e l e c t r o d e  a n d  t he  in i t ia l  f l a m e  

g r o w t h  per~od ~, . . . . .  ~s a l so  d e c r e a s e d  by a b o u t  

4 - - ? ~  w~th t h e  DIS  a n d  d~e HE1 

t4 1"he d i a m e m r  o f  e l e c t r o d e  a l so  i n f l u e n c e s  

~he d i scha~  ned e n e r g y  a n d  g r o w t h  o f  f l a m e  ke~ nel. 

r s  ~he chame te r  is r e d u c e d  l ? o m  2 . S m m  ~o 1.2ram 

~he d i s c h a r g e d  e n e r g i e s  o f  d~e DIS  a n d  HI:H a re  

e l eva t ed  a b o u t  9,-~. 14~79. C o n s e q u e n t l y .  t h e  i n i n a l  

l l a m e  d e v e l o p m e m  ve[oc O i~ e n h a n c e d  a n d  the  

Hme  e l  m a x m m m  hea l  re lease  ra~e > a l so  

h a s t e n e d  [or bo~h DIS  a n d  H E |  

5 eks ~he e l e c t r o d e s  n p  ~:, s h a ~ p e n e &  d*e 

d i s c h a r g e d  e n e r g y  ,~ i n c r e a s e d ,  a n d  ~he c u r r e m  

d e n s h y  ~ ra , sed .  W h e n  t he  c u r r e n t  densit,~ ~s 

raised_ t he  t r a n s f e r  eff icienc} ~s i n c r e a s e d  so  t h a t  i{ 

he lp s  t h e  g r o w t h  o f  t h e  i n i l i a l  f l a m e  ke rne l .  W h e n  

q'mrr~ e l e c t r o d e s  a r e  used  file d i s c h a r g e d  eneL des  

o f  [ ) IS  a n d  H E I  ~u-c i n c r e a s e d  by  , o .  a n d  9~  

r e specn  re ly .  
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