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ABSTRACT

A  sim p lif ied  th re e -s te p  m o d el th a t  d e sc rib e s  the  ox idation , so o t 
fo rm ation  a n d  soo t co n su m p tio n  reactions h a s  b e e n  em p lo y ed  w ith  h ig h  
ac tiv a tio n  e n e rg y  a sy m p to tic s  to  s tu d y  so o t in c e p tio n  in  n o n p rem ix ed  
co u n te rf lo w  a n d  sp h e r ic a l flam es. E m p h asis  h a s  b e e n  m ad e  o n  the  
u n d e rs ta n d in g  o f the effects o f hyd rodynam ics a n d  tra n sp o rt o n  the soo t 
incep tion  p rocesses. T he  re su ltin g  schem e y ie lds th re e  d is tin c t reaction  
regions: (1 ) a  fuel oxidation  reg ion  w herein  the fuel a n d  oxidizer react to form  
p ro d u ct as w e ll as a rad ica l R, (e.g., H), (2) a so o t/p re c u rso r  form ation region  
w here the  rad ica l R reac ts  w ith  fuel to fo rm  " so o t/p re c u rso r"  S , and (3) a  
so o t/p re c u rso r  co nsum ption  reg ion  w here S reacts w ith  the oxidizer to form  
p ro d u c t. T h is k inetic schem e, a lthough  g rea tly  sim p lified , allow s for the 
coup ling  b e tw ee n  soot in cep tio n  a n d  flam e s tru c tu re  to  be  assessed. The 
an a ly sis  y ie ld s  the s o lu tio n  o f flam e te m p e ra tu re , flam e location , a n d  
s o o t/p re c u rso r  indices, S i  a n d  Sb, as functions of the  D am kohler num ber of 
the soo t fo rm atio n  reac tion , Da2 , and  the m ass flow  ra te  issu ed  from  the 
b u rn er for th e  spherical flam es. The so o t/p re c u rso r  in d ex  S i  indicates the 
a m o u n t of S a t  the b o u n d a ry  be tw een  the  reac tio n  reg io n  a n d  the in e rt 
tran sp o rt reg io n  a t the fuel side  for the counterflow  flam e, o r the  burner side 
for the spherica l flame. T he o ther index Sb  ind icates the  am o u n t of S a t the 
b o u n d a ry  b e tw een  the reac tio n  reg ion  an d  th e  in e rt tra n sp o rt region a t the 
oxidizer side  fo r the coun terflow  flame, or the am b ien t side  for the spherical 
flam e. T he flam e te m p e ra tu re  ind irec tly  in d ica te s  th e  to ta l am oun t of 
so o t/p re c u rso r  p ro d u c tio n  because as so o t/p re c u rso r  is fo rm ed  less h ea t is 
released.

Two lim iting  cases, the fu e l/a ir  flam e a n d  d ilu ted -fu e l/o x y g en  flam e, 
w ere s tu d ie d  for bo th  th e  coun terflow  a n d  sp h e rica l flam e configurations. 
The effects o f flam e stru c tu re , in itia l reactant concen tra tions, Lewis num bers 
of the rad ica l a n d  the so o t/p re c u rso r , as w ell as the  ra te s  of soo t form ation 
and  c o n su m p tio n  rea c tio n s  o n  th e  soo ting  b e h a v io r  w ere  investiga ted . 
R esults sh o w  th a t  the  d ilu te d -fu e l/o x y g e n  flam e p ro d u c e s  m uch  low er 
s o o t /p re c u rs o r  th an  its  f u e l /a i r  c o u n te rp a rt. In  a d d itio n , w hen  so o t 
c o n su m p tio n  reac tio n  is  n eg lig ib le , the  n e t  a m o u n t o f s o o t/p re c u rso r

v i i
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p ro d u ce d  increases w ith  increasing  Da2  a n d  decreasin g  rad ica l d iffu siv ity , 
w h ere  it is in d e p e n d e n t o f the  d iffu siv ity  o f so o t/p re c u rso r . O n  th e  o th er 
h a n d , w hen  so o t c o n su m p tio n  reaction  is  co n sid ered , there  ex ists a  critical 
D a2  above w h ich  s o o t/p re c u rso r  p ro d u c tio n  decreases w ith  in c reas in g  D « 2  

because of the  en h an ced  so o t/p re c u rso r  co n su m p tio n  reaction. In  ad d itio n , 
low er so o t/p re c u rso r  d iffu sio n  ra te  y ie ld s a  lo w er soo t p ro d u c tio n  a n d  a 
h ig h e r  flam e te m p e ra tu re  as a  re s u l t  o f  th e  h ig h e r  s o o t /p r e c u r s o r  
concentra tion  in  the so o t consum ption  reg ion .

The resu lts a lso show  th a t for the  spherica l flam e, increasing  the  m ass 
flow  rate  increases th e  flam e tem p era tu re  u n til  th e  h ea t loss to  th e  b u rn e r  
becom es negligible, a n d  th en  decreases the  flam e tem pera tu re  because  o f the 
enhanced  soo t fo rm atio n  reaction. The n e t  so o t am o u n t increases w ith  the 
m ass flow rate  w h en  th e  soot consum ption  reaction  is weak. I t decreases w ith  
stronger soo t c o n su m p tio n  reaction  for a n y  g iv en  m ass flow  ra te . T here is 
a lso a critical m ass flo w  ra te  a t w hich  the  so o t p ro d u c tio n  is the  h ig h es t for 
m odera te  soot consu m p tio n  rates. Because the  p ro d u c tio n  o f so o t/p re c u rso r  
is m ore d ifficu lt to occu r for the d ilu te d -fu e l/o x y g e n  flam e co m p ared  to the 
fu e l/a ir  flam e as ind ica ted  by  the m uch  low er so o t/p rec u rso r p ro d u c tio n , soot 
incep tion  can be red u c ed  or com plete ly  su p p re sse d  by  the  re d is tr ib u tio n  of 
in e rt gas from  the ox id izer side to the  fuel side , ev en  w hen  the  flow  d irection  
favors soot form ation . This suggests th a t flam e struc tu re  re p re se n te d  b y  the 
stoichiom etric m ix tu re  fraction  p lays a m ore  im p o rtan t role on  so o t incep tion  
in  d iffusion  flam es th a n  hydrodynam ics.

v i i i
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NOMENCLATURE

in tegration  constan ts 
Bj  pre-exponential factor of reaction Rj 

cp specific h ea t a t  co n stan t pressure
D{ m ass diffusion  coefficient of species i
Dcij D am kohler n um ber o f reaction Rj, defined  after Eqs. (2.7) an d  (3.8)
Ej activation  tem p era tu re  o f reaction Rj

F  fuel
I  function defined  in  Eq. (2.19)
k  flow velocity g rad ien t, also the stra in  ra te
m  m ass flow  ra te  from  th e  spherical p o ro u s  b u rn e r
Lei Lewis num ber of species i, defined as A /  (pD,cp)
O oxidizer
P  com bustion  p ro d u cts
q P'i h ea t of com bustion  p e r  u n it m ass o f fuel consum ed  in  the oxidation  

reaction
q $ 3  heat of com bustion  p e r  u n it m ass o f so o t/p re c u rso r  consum ed in  the

so o t/p rec u rso r  co nsum ption  reaction 
qs heat of com bustion  ra tio  p roportional to  <75 3 /  qpr\ ,  defined after Eq.

(2.7)
R  radical
S so o t/p recu rso r
Sg so o t/p recu rso r b reak -th rough  param eter defined  in  Eqs. (2.138) a n d

(3.136)
Sj so o t/p recu rso r index param eter defined  in  Eqs. (2.137) and  (3.135)
T tem p era tu re
T f  flam e tem p era tu re

T f rj  jth  o rder expansion  o f the  nond im ensional flam e tem pera tu re  T f  

\Ml m olecular w e igh t o f species i
x, r spatial coordinate
Xjr, rjr flam e position

Y; m ass fraction of species i
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a  activation energy  ratio  defined as E3  /  E2
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© j  jth  o rder expansion  o f tem pera tu re  in  the  so o t/p recu rso r fo rm ation

and  co n su m p tio n  regions 
A therm al co n d u c tiv ity
A j  R educed D am kohler num bers defined  in  Eqs. (2.28), (2.60), (3.28) and

(3.62)
vi stoichiom etric coefficient of species i a t  a  specified reaction
V(rj  stoichiom etric coefficient of species i a t  reaction Rj

Vp sto ichiom etric coefficient ratio  d efin ed  as Vp 2  /  Vpri
V q  stoichiom etric coefficient ratio  d e fin ed  as V q  3  /  v q  i

v  stoichiom etric coefficient ratio  d e fin ed  as Vp /  vq

v*  stoichiom etric coefficient ratio d efin ed  as (1 + v q ) / (1 + v p )

% stre tched coord inate  in  the ox idation  reg ion , defined as (x  — ity) /  e or
( r - r f ) / e  

p  gas density
<Pi,j j**1 o rder expansion  of species i in  the  oxidation  region
& itj  o rder expansion  of species i in  the  so o t/p rec u rso r fo rm ation  and

c o n su m p tio n  reg ions

Subscripts

F  fu e l
O oxid izer
R  radical
S  so o t/p re c u rso r
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Superscripts
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CHAPTER 1

INTRODUCTION

1.1 Overview

C om bustion  o f h y d ro ca rb o n  o r carbohydrate  fue ls  w ith  a ir u n d e r id ea l 

cond itions p roduces carbon  d iox ide  a n d  w ater w ith  th e  a m o u n t given b y  the  

sto ich iom etric  com position  of the  reactan t m ixture. A n  id ea l condition  refers 

to  th a t for w hich  the oxygen su p p ly  in  the m ix ture  is su ffic ien t to com pletely  

oxidize the carbon in  the fuel to  carbon  dioxide a n d  th e  h y d ro g en  to w ater. A t 

a n  idea l condition, the  chem ical eq u a tio n  th a t gov ern s the  overall reaction o f 

a carbohydrate  fuel in  a ir is g iven  by

C.rH yO z + [x + (y  /  4) -  (z  /  2 ) ] ( 0 2  + 3 .76N 2 )

- > x C 0 2 + ( y / 2 ) H 20  + 3.76[x + ( y / 4 ) - ( z / 2 ) ] N 2  - (1-1)

E quation  (1.1) can  be reduced  to  the  bu rn ing  of a h y d ro ca rb o n  fuel b y  tak ing  

z  = 0. R eaction u n d e r idea l cond itions yields the  h ig h e s t h e a t release, flam e 

tem p era tu re  an d  m ax im um  fuel econom y.

In  p ractical com bustion  dev ices such as in te rn a l com bustion  eng ines, 

gas tu rb ines, a n d  in d u stria l fu rnaces, the b u rn in g  co n d itio n s are usually  n o t  

ideal. In  regions w h ere  the m ix tu re  is locally rich  in  fuel, o ther u n d esired  

com ponen ts such  as carbon  m onox ide , hydrogen , re s id u a l hydrocarbons a n d  

soo t are  p ro d u ced  in  ad d itio n  to  carbon  d iox ide  a n d  w ater. For p rem ix ed  

flam es, m ean in g  those  w ith  th e  fu e l an d  o x id ize r a lre a d y  m ixed befo re  

e n te rin g  the reaction  reg ion , th e  genera tion  o f u n d e s ire d  p ro d u c ts  can  be  

m in im iz ed  to a  neg lig ib le  lev e l b y  b u rn in g  a t  fu e l le a n  conditions. F or

1
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n onp rem ix ed  flam es (d iffu sion  flam es), th e  fu e l a n d  oxid izer a re  o rig in a lly  

se p a ra te d  a n d  b ro u g h t  in to  the  reac tio n  re g io n  th ro u g h  c o n v ec tio n  a n d  

m olecu lar d iffusion . T hey  th en  are m ixed  a t  th e  m olecu lar level w ith in  the 

reaction  reg ion  a n d  c o n su m ed  to p ro d u ce  p ro d u c ts  and  heat. The reaction  

reg ion  for a  d iffu sion  flam e is located w h e re  th e  su p p ly  o f fuel a n d  oxid izer 

are sto ich iom etrically  p ro p o rtio n a l su ch  th a t  b o th  the  fuel a n d  o x id ize r are 

com p lete ly  co n su m ed  in  th e  reac tion -shee t lim it. H ere the  reac tio n -sh ee t 

lim it is the  cond ition  w h e n  the  reaction  ra te  is infin itely  fast co m p ared  to the 

ra te  o f d iffu sio n -co n v ec tio n  tra n sp o rt su c h  th a t  the  reac tio n  is d iffu s io n  

lim ited . T here is a  fu e l rich  reg ion  a t  the  fu e l side  of the  reac tio n  reg ion , 

even if the overall su p p ly  is fuel lean, in  w h ich  the  p roduction  of th e  above- 

m en tio n ed  u n d esirab le  com ponen ts is favo red . A m ong those com ponen ts , 

the p resence  o f so o t p a rtic le s  in tro d u ces s tro n g  im pacts o n  b o th  th e  fuel 

econom y a n d  o u r liv in g  env ironm ent.

Soot is genera lly  re fe rred  to as the  com bustion -genera ted  carbonaceous 

particu la te  th a t are  p ro d u c e d  from  gas-phase processes. The characteristics of 

soo t are  w ell d escribed  b y  Palm er a n d  C ullis (1965). In a soo t p a rtic le , the 

carbon  g roup  genera lly  contains app rox im ate ly  1% hydrogen  b y  w eigh t. O n 

an  a tom ic  basis  th is  co rre sp o n d s  to  a n  e m p iric a l fo rm ula  of C sH . Soot 

partic les a re  v e ry  fine  pa rtic les  w ith  d iam e te rs  less th an  2.5 m icrom eters. 

T hey a re  in d ica ted  b y  the  U n ited  S tates E n v iro n m en ta l P ro tec tion  A gency 

(US-EPA) as a  m ajo r co m p o n en t of P a rticu la te  M atter PM -2.5, th e  g enera l 

term  for solid  partic les o r liqu id  drop lets w ith  d iam eters of 2.5 m icrom eters or 

less in  air, a n d  is id en tified  as one of the  six  p rim a ry  po llu tan ts . T hese fine 

particles are  p ro d u ced  from  the com bustion  of hydrocarbon  an d  carbohydrate

2
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fuels  in  m o to r  veh ic les, p o w e r  g e n e ra to rs , a n d  in d u s t r ia l  b u rn e rs . 

T housands o f research  accom plishm en ts p u b lish ed  in  re p u ta b le  journals 

indicate th a t particu la te  m atters, especially  fine particles su ch  as soot, lead to 

serious h e a lth  p rob lem s (c./. A bram son , et al., 1991; A b ram so n , 1991; G reen 

1995; Barnes, 1994; M eyer, et al., 1999; Lahiri, et al., 2000; C han-Y eung, 2000; 

Lewis, et al., 1998; Holt, 1996; C unn ingham , et al., 1995). E xam ples of health  

issues in d u ced  b y  soot particles include: p rem ature  death , resp ira to ry  related 

hosp ita l a n d  em ergency room  v isits , agg ravated  a sth m a , acu te  resp ira to ry  

sym ptom s su ch  as aggravated  c o u g h in g  an d  d ifficu lt o r p a in fu l breath ing , 

w eak en ed  lu n g  fu n c tio n  th a t y ie ld s  sh o rtn ess  o f b re a th , a n d  chronic 

b ronchitis . R ealiz ing  the  h a z a rd  o f so o t partic les o n  h u m a n  health , the 

Federal A ir Q uality  S tandards w ere  u p d a te d  on  Ju ly  16, 1997, m ak ing  it the 

m ost s tr in g en t s tandards after the  1990 C lean A ir Act. T w o n ew  standards 

w ere a d d e d  to regulate the PM-2.5 m atters  w hich requ ire  the  con ten t of these 

m atters in  the  a tm osphere  be less th a n  65 j ig /m 3  o n  24 -hour average and  

15 ( i g / m 3  o n  a n n u a l average  basis. To fulfill th ese  s tr in g e n t s tan d ard s, 

em ission o f soo t from  com bustion  facilities needs to be  fu r th e r  reduced  and  

soot particles are  required to be oxid ized  before the com bustion  p ro d u c t can be 

released in to  the  atm osphere.

The p resence  of soot p a rticu la te  in  gas tu rb ines can  severe ly  affect the 

lifetim e of the  blades; soot pa rticu la te  in  diesel eng ines ab so rb  carcinogenic 

m aterials, th e reb y  posing a  healthy  h a za rd  (G lassm an, 1996). Soot form ation 

w ith in  c o m b u s tio n  devices a lso  red u c es  fuel econom y  a n d  com bustion  

efficiency d u e  to  incom plete  co m b u stio n . Less h e a t  is l ib e ra te d  from  

com bustion processes w hen soot is p roduced . N onetheless, particu la te  can be

3
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useful. In  m any  in d u s try  furnaces, the  p resence  o f soo t particu la te  enhances 

flam e rad ia tio n  a n d  th u s  increase ap p rec iab ly  th e  h e a t transfer rates. Soot 

a lso can be a raw  m a te ria l in  the chem ical in d u s try  w ith  a w ide  v a rie ty  o f  

applications such  as filler in  tires an d  toner fo r copiers an d  printers.

Because of th e  sign ificance  of so o t p a rtic le s , u n d e rs ta n d in g  o f th e  

n u c lea tio n  p rocess th a t  y ie ld s soo t p a rtic le s  is o f b o th  fu n d am e n ta l a n d  

p rac tica l im p o rta n c e . I t is  a fo rm id a b le  ch a llen g e  to  in v es tig a te  th e  

m echanism s responsib le  for soo t fo rm ation , s ta r tin g  from  the incep tion , a n d  

to  iden tify  m eans o f co n tro lling  these  m ech an ism s. The co n tro l o f so o t 

fo rm ation  in  d iffu sio n  flam es is of u tm o s t im p o rtan ce  because a  fu e l rich  

reg ion  th a t favors th e  fo rm ation  of so o t is p a r t  o f the flam e s tru c tu re  a n d  

canno t be avoided . T he objective of th is s tu d y  is, therefore, to s tu d y  the soo t 

form ation  processes in  d iffusion  flam es.

1.2 Literature Review

S ig n ifican t a d v a n c e s  in  th e  u n d e r s ta n d in g  o f the  m e c h a n ism s , 

p h e n o m e n o lo g y  a n d  c h em is try  o n  so o t fo rm a tio n  a n d  d e s tru c tio n  in  

co m b u stio n  sy s tem s h av e  been  m ad e  o v e r th e  p a s t few  decades. T he 

e n th u s ia s tic  a t te n t io n  rece ived  b y  re se a rc h e rs  a n d  en g in ee rs  o n  so o t 

p ro d u c tio n  re flec ts  th e  g re a t cha llenges e n c o u n te re d  by  sc ien tis ts  a n d  

com bustion  system  designers and  operators. A lth o u g h  trem endous p rog ress 

h as been  acco m p lish ed  in  u n d e rs ta n d in g  th e  fu n d am e n ta l ch em is try  a n d  

physics, m any  questions regard ing  the de ta ils  o f soo t form ation, g ro w th  a n d  

ox idation  rem ain  to  b e  addressed . C o m b u stio n  eng ineers are  challenged  to  

design  system s in  w h ich  soo t p roduction  is controllable.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

T heoretically , there are  th ree  classes o f m odel cu rren tly  availab le  for the 

p red ic tio n  o f  s o o t p ro d u c tio n  fro m  co m b u stio n  sy s tem s, v iz ., (i) p u re ly  

em pirical m o d e ls  th a t em p lo y  c o rre la tio n  o f ex p erim en ta l d a ta  to  p red ic t 

tendency  to w a rd s  soo t lo ad in g , (ii) sem i-em pirical fo rm u la tio n s  th a t solve 

the ra te  e q u a tio n s  for so o t fo rm a tio n  w ith  som e in p u t  fro m  experim ental 

data , a n d  (iii), m odels  th a t  e m p lo y  d e ta ile d  ch em istry  to  so lve  the ra te  

equations num erica lly . In  (iii) a  system  of e lem entary  reactions is adop ted  for 

the p red ic tion  o f the  concentra tions of all m ajor species in  a reactive m ixture. 

Subsequent to  th is  is the d e te rm in a tio n  o f the reaction  p a th s  th a t m arches 

from  fuel to  p o ly aro m a  tic hyd ro carb o n s (PAH), w hich  is the  so o t precursor, 

and  to  soo t. A lth o u g h  a ll th ese  m o d e ls  have d e m o n s tra te d  success in  

p red ic tin g  s o o t co n cen tra tio n , th e ir  ap p lica tio n s re q u ire  so m e degree  of 

correlation in  ra te  constan ts to m atch  experim ental m easu rem en ts . W hether 

this m an ip u la tio n  is consisten t w ith  the  u n d e rly in g  fu n d am e n ta l principles 

on  soo t fo rm a tio n  an d  d e s tru c tio n  is uncerta in . M oreover, th e  in teraction  

betw een the  flam e an d  its b ack g ro u n d  flow  field, w hich  y ie lds the effects of 

flam e s tru c tu re  a n d  d iffu sion  tra n s p o r t  o n  soo t fo rm atio n , h a s  n o t been  

studied .

1 .2 . 1  B ackg round  to  Soot F orm ation  a n d  O xidation

Soot is co m p o sed  m o stly  o f  carbon ; w ith  trac in g  a m o u n ts  of o ther 

elem ents su c h  a s  h y d ro g en  a n d  oxygen. I t is p ro d u c e d  d u r in g  the h ig h  

tem pera tu re  py ro ly sis  or com bustion  o f hydrocarbons a n d /o r  carbohydrates. 

The em iss io n  o f  so o t from  a c o m b u sto r o r m ore specifica lly , a  flam e, is 

de te rm ined  b y  th e  com petition  b e tw een  th e  soot fo rm atio n  a n d  oxidation  

reactions. A  com prehensive  m odel th a t s tud ies the soo t p rocess m u st include

5
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b o th  of these reactions.

As h y d ro carbons p y ro ly ze , low er m o lecu la r w e ig h t hydrocarbons, in  

particu la r acetylene, are p ro d u ce d  as the p rim a ry  products . These aliphatic  

hydrocarbons subsequen tly  com bine to form  th e  first arom atic species as the  

in itial step  lead ing  to  the p ro d u c tio n  of soot. T he arom atic species then  g row  

th ro u g h  the  ad d itio n  of o th e r arom atic  an d  sm alle r alkyl species to p roduce  

PA H . C o n tin u o u s g ro w th  o f  th e  PA H  e v e n tu a lly  leads to the  sm a lles t 

identifiable soot particles w ith  d iam eters of th e  o rd er of 1  nm  an d  m asses o f 

a ro u n d  1000 am u  (atom ic m ass u n it, 1 am u  eq u als  to 1.66 x 10- 2 4  gram ). The 

p ro d u c tio n  of soot particles in  a  flam e is in h eren tly  determ ined  by  chem ical 

kinetics. Low  m olecu lar w e ig h t gaseous h y d ro ca rb o n s  are converted  to  

essen tia lly  solid  carbon w ith in  ju s t a  few  m illiseconds. Chem ical reactions 

th a t govern  soot form ation  occur a t  nearly  a ll phases of soot processes from  

inception, surface grow th , ag ing , to surface oxidation.

For so o t p a rtic le  in ce p tio n  in  a liphatic  fue ls , the  coup ling  b e tw een  

chem istry  an d  tran sp o rt can  b e  sum m arized  a s  follow s. The process beg ins 

w ith  the essen tia l ch em is try  of fue l p y ro ly s is  a n d  is th en  fo llow ed  b y  

p recu rso r form ation . T h o u g h  there  exist v a rio u s  op in ions as to the  exact 

reaction  p a th  to soo t incep tion  (c.f., F renklach a n d  W ang, 1990; Calcote a n d  

Keil, 1990; Colket, 1995), i t  is generally  agreed th a t hydrogen  radicals (H) p lay  a 

critical ro le  in  th is process. For n o n p rem ix ed  flam es, the  availab ility  of H  

radicals in  the h ig h  tem pera tu re  region  w here  so o t is form ed is suppo rted  b y  

b o th  the chem ical a n d  tra n s p o r t  p rocesses. A s the  first s tep , h y d ro g en  

m olecules are p ro d u ce d  fro m  the  fuel p y ro ly sis  reaction. T hey th en  are  

d iffu sed  in to  the  ox id a tio n  re g io n  an d  c o n v e rted  to  H  rad icals th ro u g h

6
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reactions w ith  oxygen rad icals (O) and  hydroxy l radicals (OH) via

H 2  + 0 - » 0 H  + H  , (1.2)

H 2  + 0 H - > H 20  + H  . (1.3)

These new ly  form ed h y d ro g en  radicals su b seq u en tly  are d iffused  b ack  to  the 

fuel pyro lysis reg io n  w h e re  th ey  are  c o n su m ed  to  py ro lyze  th e  fu e l a n d  

converted back  to H 2  th ro u g h  H  abstraction reactions. The H  radicals are  also 

responsible for the g ro w th  o f PA H  by, for exam ple , the sequen tia l reactions 

(Frenklach, 1988) of hydrogen-abstraction  g iven  b y

A ryl-H  + H  —> A ryl + H 2  , (1.4)

and  addition  of acetylene to  the  ary l radical fo rm ed  given by

Aryl + C 2H 2  —» P roducts . (1.5)

Therefore, the H  rad ica ls a re  active in  m a n y  aspec ts of the  so o t in cep tio n  

process includ ing : fuel py ro ly sis , in itia l r in g  form ation , P A H  g ro w th , a n d  

ultim ate soot particle incep tion  an d  g row th  (Frenklach and  W ang, 1990).

This u n d e rs ta n d in g  su g g e s ts  th a t th e  c ritic a l s tep s le a d in g  to  the  

inception of soo t particles a re  the fo rm ation  o f H  radicals a t  the  flam e fro n t 

(oxidation  region) a n d  th e ir  su b seq u en t d iffu s io n  in to  th e  fuel p y ro ly sis  

region. A fter inception, so o t particles m ay  g ro w  b y  reaction w ith  o th e r  PA H  

o r o ther com ponen ts p ro d u c e d  from  fu e l p y ro ly sis . T hey  m ay  a lso  be 

oxidized th ro u g h  reaction  w ith  oxygen m olecu les o r hydroxyl rad icals. In  a 

diffusion flam e, ox idation  o f soo t can occur o n ly  u p o n  the  tran sp o rta tio n  of 

soot particles into the ox id izer side of the o x ida tion  region, w here  ox id izer is 

p resen t in  h ig h  co n cen tra tio n . Since th e  t ra n s p o r t  of rad ica ls  a n d  soo t 

particles d ep en d s strong ly  o n  the flam e s tru c tu re  for a d iffusion  flam e, the

7
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flame s tru c tu re  h as  a  strong  im pact on  the soo t p roduction .

To u n d e rs ta n d  how  the s tru c tu re  of a d iffu sion  flam e affects the so o t 

inception p ro cess , i t  is necessary, a t  the  s im p lest level, to  characterize  the 

follow ing: (1) the  fo rm ation  o f H  rad icals in  the  o x id a tio n  reg ion , (2) the  

transport of the  H  radicals into the fuel pyro lysis reg ion , a n d  (3) the reaction  

of H  rad icals w ith  the fuel or fuel-related species such  as the so o t precursors. 

A lth o u g h  th e  d e ta ile d  ch em is try  th a t  d e sc rib e s  th e  p ro d u c tio n  a n d  

destruction  o f H  radicals is very com plicated, i t  is less im p o rta n t com pared  to 

the effect o f  flam e s truc tu re  o n  the  soo t incep tio n  p ro cess . I t  is therefore  

assum ed th a t  the  reaction  of H  rad ical w ith  the  fuel characterizes the essential 

features o f  th e  so o t incep tion  p rocess. T his sim p lifica tio n  is justified  b y  

considering  th e  in itia l pyrolysis from  any  heav ier h y d ro ca rb o n /ca rb o h y d ra te  

fuel to  e th y le n e , a n d  th en  to acety lene. S ince the  h y d ro g e n  abstrac tion  

reactions a re  the  p rim ary  steps for the  pyro lysis of C 2 H 4 , a n d  the  p roduction  

as w ell as co n su m p tio n  reactions of C 2 H 3  can  be  considered  s tead y  state, the 

rate of C 2 H 2  p ro d u c tio n  is g iven  b y  d [ C 2 H i ] / d  t ~ [ C 2 H 4 ] [ H ] ,  w here  t 

represents tim e a n d  [A ] the m olar concen tra tion  of c o m p o n en t A .  G lassm an 

and co-w orkers (Gom ez et al., 1984; G om ez a n d  G lassm an, 1986) have show n  

that the ra te  o f th is C 2 H 4  pyrolysis is the  p rim a ry  reac tio n  th a t controls the  

tendency o f the  reaction  from  fuels to  soot. F rom  the h y d ro g e n  abstraction- 

acetylene a d d itio n  g row th  m echanism , acetylene is a n  essen tia l ing red ien t for 

initial a rom atic  rin g  form ation and  the su b seq u en t PA H  g row th . The g row th  

of PA H  is p ro p o rtio n a l to  the p ro d u c t of the  concen tra tions of H  and  C2 H 2 ,

i . e . ,d [ P A H ] /d t  ~ [H ]  [C 2H 2] (Frenklach, 1988).

A cety lene  a n d  PA H  can be o x id ized  th ro u g h  th e  a ttac k  by  oxygen

8
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m olecules a n d  hydroxy l rad ica ls . M odeling  o f O H  oxidation  o f soo t is less 

fu n d a m e n ta l th a n  th a t  o f  O 2  o x id a tio n , a lb e it  th e re  e x is t s ig n if ic a n t 

u n c e rta in tie s  su r ro u n d in g  th e  la tte r as  w e ll. A lth o u g h  th e  a c tu a l so o t 

ox idation  reaction  in  n o n p rem ix ed  flam es invo lve  O H , it is n o t essen tia l to 

consider the  O H  chem istry  because the reaction

H  + 0 2  -> O H  + O  (1.6)

dom inates the fo rm ation  o f O H  and  th is reac tion  forces the O H  d is trib u tio n  

to follow  th a t of O 2  in  th e  so o t ox idation  re g io n  w here  the  o x id a tio n  of 

acetylene a n d  PA H occurs.

1.2.2 Overview of Existing Soot Models

The success in  m o d e lin g  of soot p ro d u c tio n  requ ires, in  g en era l, an  

accurate account of b o th  th e  form ation  an d  ox ida tion  reactions. In  a d iffusion  

flam e, soo t p roduction  is inextricably  linked to  the  flam e structu re  th ro u g h  its 

im pact o n  the  flam e tem p era tu re . P red ica tion  of soo t concentration rem ains 

a m o n g s t th e  g rea te s t c h a lle n g es  to re sea rch e rs  invo lved  in  co m b u stio n  

science a n d  engineering . A dvances are  h a m p e re d  b y  uncerta in ties in  the  

fu n d am e n ta l rates of reac tio n s  such  as O 2  o x id a tio n  and  su rface  g ro w th . 

N evertheless, som e u se fu l p red ic tions reg a rd in g  so o t fo rm ation  have  been  

ob tained  from  relatively  c ru d e  m odels.

As m entioned  earlie r, th e re  are three classes of m odels available for the 

p red ica tio n  of soo t p ro d u c tio n . The first o n e  is b a sed  p u re ly  o n  em pirica l 

correlation. In  a p rem ixed  flam e, soot begins to  fo rm  a t a critical or th resho ld  

eq u iv a len ce  ra tio , 0 C, w h e re  the e q u iv a le n ce  ra tio  is d e fin e d  as th e  

fu e l /o x id iz e r  ra tio  d iv id e d  b y  the  s to ic h io m e tr ic  fu e l /o x id iz e r  ra tio
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( <{> = (F /  O) /  (F  /  O)st0i ). For a d iffu sion  flam e, the  on se t o f  so o t em ission is 

gauged  by  a so o tin g  heigh t, d e fin e d  as the  flam e h e ig h t a t  w h ich  soot is 

em itted. C alcote a n d  M anos (1983) p ro p o sed  the use  of a  th resh o ld  sooting 

index (TSI) as a  m eans o f abso rb ing  all system  an d  b u rn e r dependencies from  

m easurem ents of the  sooting ten d en cy  o f fuels. The TSI is defined  b y  these 

authors as

TSI = a-b<pc , (1.7)

w here  the  a p p a ra tu s  d e p e n d e n t co n s tan ts  a a n d  b w e re  d e te rm in e d  by  

calibration . T he TSI m eth o d  h a s  la te r  been  fu rth e r  d e v e lo p e d  b y  o ther 

researchers su c h  as Gill a n d  O lson  (1984) an d  O lson  et al. (1985). Gill and  

O lson (1984) a d o p te d  the TSI defin ition  o f Eq. (1.7) to p red ic t soot thresholds 

for fuel m ix tu re s  b y  u sin g  in d iv id u a l TSIs of each  c o m p o n e n t a n d  then  

combine them  to  the  m ixture TSI w as ob tained  th ro u g h  the  re la tion  of

( l.l) re /«« = IX y ( l . l )TS^  , (1 .8 )
/

w here X j  is th e  m ole fraction o f  species /. O lson et al. (1985) ex tended  the 

thresho ld  so o t index  to lam inar d iffusion  flam es for a  w id e  v a rie ty  of fuels. 

The TSI a p p ro ach  appeared  to be  usefu l in  assessing the soo ting  tendencies of 

various fuels a n d  sto ichiom etries b y  be ing  able to account fo r the variations 

in  the m e a su re d  sm oke p o in t h e ig h ts  to d iffe ren t a p p a ra tu s  a n d  flow  

configurations. O th e r researchers, such  as T akahashi a n d  G lassm an  (1984) 

and  H arris et al. (1986) used  a critical C /O  ratio  as the defined  onset o f sooting 

in  prem ixed flam es and  found  th a t the sooting  tendency of a  fuel is a  function 

of its flam e tem p era tu re , the C / H  ratio , an d  the n u m b er o f C  atom s, b u t n o t 

the struc tu re  o f the  fuel. The critical C /O  ratio is defined  as the  ratio  of the
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sto ich iom etric  oxygen  re q u ire m e n t to the ac tu a l ex p e rim e n ta l value a t  the 

sooting  lim it on  the  base th a t  th e  carbon an d  h y d ro g e n  a tom s in  the fuel are 

c o m p le te ly  c o n v e rte d  to  c a rb o n  m o n o x id e  a n d  h y d ro g e n  m o lecu la r, 

respec tive ly . T hese s im p le  an a ly ses  y ie ld ed  e x ce llen t co rre la tion  to  the 

experim en tal data.

The second category o f so o t m odeling  are the  sem i-em pirical m odels tha t 

a ttem p t to incorporate  aspec ts  of the  physics a n d  ch em is try  o f soot form ation 

p h e n o m e n a  in to  th e  e x p e r im e n ta l  d a ta . T h is  u s u a l ly  leads to th e  

d ev e lo p m en t of ra te  e q u a tio n s  fo r the  reactions y ie ld in g  the  p rod uction  of 

soot p recurso rs an d  soot p artic les b y  a sim ple descrip tio n  o f chem istry.

This second app roach  w as first adop ted  by  T esner a n d  co-w orkers (Tesner 

et al., 1971) w ho p re sen te d  a  m o d e l of soot fo rm atio n  th a t  h a s  been  w idely  

em p lo y ed  over th e  years . T hey  in te rp re ted  th e ir  m ea su re m e n ts  of soot 

fo rm ation  w ith in  an  ace ty len e-h y d ro g en  flam e in  te rm s  o f a sim ple kinetic 

m odel, th e n  p ro p o sed  a tw o -s te p  m echanism  th a t d e sc rib ed  the form ation  

ra te  o f so o t n uc le i a n d  th e  p a rtic le  n u m b er d e n s ity . T h is m odel w as 

subsequen tly  m odified  to m u ltip le -step  reactions to  describe  the  production  of 

carbon black.

H iro y asu  et al. (1983) la te r  p roposed  ano ther so o t m o d e l th a t considered 

the n e t so o t fo rm ation  ra te  to  be  the d ifference b e tw e e n  th e  ra tes of its 

fo rm ation  a n d  oxidation, g iv en  b y

dm$ /  d t  =(dmsf /  d t ) —(dmsc /  d t )  , (1.9)

w here  m s  is the to ta l m ass o f so o t particles, m s f  is th e  m ass of soot form ed, 

and  m sc is the m ass of so o t ox id ized . The fo rm atio n  o f soo t is assum ed to
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follow  a  firs t o rd e r  reaction  charac terized  b y  the concen tra tion  of fu e l vapo r

on the concen tra tions o f soot a n d  oxygen . A ccordingly , the soo t fo rm atio n  

and  oxidation  reactions w ere described  b y  the follow ing rate  equations:

w here rrifg is the  m ass o f fuel vapor, P is the  system  pressure , P o2 is the  partia l 

p re ssu re  o f o x y g en , R  is the  u n iv e rsa l gas c o n s tan t, a n d  T  is th e  gas 

tem pera tu re . T he v a lu es o f activa tion  energies w ere  g iven  by  the au th o rs  as 

£ s /=  1.25 x lO 4  k c a l/k m o l an d  Esc = 1 .4 x l0 4 kcal/km o l. Ay and  A c a re  the  p re

exponentia l constan ts  th a t can be d e te rm in ed  b y  m easu ring  the so o t con ten t 

in  the exhaust.

D elichatsios (1994) also developed  a  m odel th a t included  a scaling of soot 

fo rm atio n  w ith  flam e h e ig h t a n d  p re ssu re . H is m o d e l focused  o n  the  

evo lu tion  of soo t a lo n g  the  axis of a  lam inar d iffusion  flam e. The tran sp o rt 

of soot w as described b y

w here  Y s is the m ass fraction  of soo t, p  the  gas d en sity , u an d  ax ia l flow  

velocity, a n d  x  the  sp a tia l coordinate  in  the  axial d irection. The reaction  rate 

zug is a function  of the m ixture fraction, Z , tem pera tu re , T, an d  the in itia l fuel 

m ass fraction a t its source boundary , YpQ,  g iven by

w hile the  ox idation  o f so o t is con tro lled  b y  a second o rd e r reaction d ep en d in g

dmSf / d t  =  AfmfgP°-5 e x p ( - E s j r / R T )  , 

d m Sc/ d t=  A c ms (Po2 /  P)P18 e x p ( -  ESc /  R T )  ,

(1.10)

(1.11)

p u ( d Y s / d x )  = zvs  , (1.12)

(1.13)
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for Z > Z*, a n d  = 0 for Z  <  Z*, w h e re  A  is the p re-ex p o n en tia l factor. The 

m ixture fraction, Z , is defined as

z  = ( P - P o j o ) / ( P f .i - P o j o ) '  d -14)

w here the  variab le  P  is defined  as /3 =  Y p  / ( v p W p ) - Y o  / ( v q W q ) ,  w ith  W the 

m olecular w e ig h t a n d  v the sto ich iom etric  coefficient (W illiam s, 1985). The 

subscrip ts 1  a n d  0  refer to th e  b o u n d a rie s  w here the fu e l a n d  oxidizer are 

supplied , respectively. A t the fuel b o u n d ary , Y p = Y p \  a n d  Y q  = 0  such th a t 

ft  = (3p  i  an d  Z = 1. Similarly, a t  th e  ox id izer boundary , Y p  =  0 an d  Y q  =  Y q  q 

such th a t p = P o ,0 Z = 0 . T he v a lu es o f Y p ^  an d  Y q  q a re  controllable 

and  the boundaries m ay be infin itely  far aw ay from  the flam e.

The m odel w as bu ilt o n  th e  assu m p tio n  th a t so o t g ro w th  w as solely 

con tro lled  b y  the  ava ilab ility  o f  g aseo u s soot fo rm a tio n  species such as 

acetylene. The m axim um  soo t m ass fraction  w as a ssu m e d  to  locate at the 

flame tip  w here  Z = Z st in w hich  Z st is the  value of the m ix tu re  fraction at the 

sto ich iom etric  condition.

K ennedy  et al. (1990) a tte m p te d  to use on ly  a sing le  equation , nam ely 

the co n serv a tio n  of soot v o lu m e  frac tion , to p re d ic t so o t fo rm atio n  in  a 

circular, lam inar diffusion flam e, a n d  th en  apply  it to m o d e l soo t p roduction  

in  tu rb u len t d iffu sion  flam es. In  h is  m odel, m ix hare frac tio n  is the  p rim ary  

quan tity  th a t is calculated an d  o th e r  quantities, such  as tem p era tu re , density  

and  gas com position  are de te rm ined  as functions o f the m ix tu re  fraction. The 

soot vo lum e frac tion  is a function  o f th e  rates of nuc lea tion , surface grow th, 

an d  o x id a tio n  reactions th a t  a re  fu n c tio n s of the  m ix tu re  fraction . The 

conservation  eq u a tio n  for soo t vo lum e fraction, f y ,  is th u s
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+pw n + p w g -p w 0  / (1-15)

w here  ibn an d  wg a re  th e  ra tes of soo t fo rm atio n  v ia  nucleation  an d  surface 

grow th , zvq the rate  o f so o t oxidation, u the  ax ia l ve locity  com ponent, x  an d  r 

the  spatia l coord inates a lo n g  the  axial a n d  rad ia l d irec tions, u an d  v the  flow  

velocity  a long  the  x  a n d  r d irections, a n d  D s  th e  d iffu sion  coefficient o f the  

soot. In add ition , Vj- is th e  therm ophoretic  v e lo c ity  in  the rad ia l d irec tio n  

w ith  the expression g iv en  b y  Talbot et al. (1980) as

w h ere  v^ is the k inem atic  v iscosity  o f the  gas. T he soo t vo lum e frac tio n  

equation  is in teg ra ted  a lo n g  w ith  the o ther co n serv a tio n  equations th ro u g h  a 

d e ta iled  num erica l p ro c e d u re  to  ob tain  the  so o t con ten t. G ood ag reem en t 

w as ob tained  b e tw een  th is  m odel an d  the  m ea su re m e n ts  for tw o d iffe ren t 

ex p erim en ta l co n d itio n s. The success, h o w e v e r, w a s  lim ited  to  e th y len e  

flam es.

Said et al. (1997) subsequen tly  rem o v ed  th e  lim ita tion  by  p o s tu la tin g  

the  existence of a  hypo thetica l in term ediate species be tw een  the fuel and  soot. 

In  reality, th is hypo thetica l species could  be assoc ia ted  w ith  acetylene. A  tw o- 

equation  m odel th a t describes the soot fo rm ation  a n d  oxidation  processes w as 

ad o p ted  to p red ic t the so o t volum e fraction in  a lam in ar d iffusion flame. T he 

f ir s t  e q u a tio n  p ro v id e d  th e  ra te  o f fo rm a tio n  a n d  o x id a tio n  o f th e  

in term ediate  species, w h ile  the other y ie lded  the  p ro d u c tio n  rate  of soo t as a 

re s u l t  of th e  c o m p e ti t io n  b e tw een  th e  fo rm a t io n  of so o t fro m  th e  

in term ediate  species a n d  the  soot oxidation.

/• (1-16)
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M oss et al. (1988) also p ro p o se d  a  flam ele t a p p ro a c h  to  m odel soo t 

fo rm atio n  in  d iffu s io n  flam es. T he com ple te  tra n s p o r t  e q u a tio n s  w ere  

considered  in  th is  m odel. Two ad d itio n a l equations th a t g o v e rn  the balance 

of the n u m b e r d e n s ity  o f soot partic les, n,  a n d  the soo t v o lu m e  fraction, f y ,

given by

d ( n / N 0 ) / d t  = a ( Z ) - P ( Z ) ( n / N 0)2 , (1.17)

ps ( d f v / d t )  = Y(Z)n + S(Z)  , (1.18)

w ere in c lu d ed . In  these  equations, No is the  A vagadro 's n u m b e r and  p§ is 

the den sity  o f so o t taken  to be  1800 k g /m 3. The first te rm  in  the  righ t-hand  

side (RHS) o f Eq. (1.17) represents the increase in  the n u m b er o f soo t particles 

because o f p a rtic le  incep tion  a n d  the  seco n d  term  accoun ts fo r the  loss of 

particles as a re su lt o f coagulation. S im ilarly , the first te rm  in  th e  RHS of Eq. 

(1.18) rep re se n ts  the  increase of soo t v o lu m e  th rough  su rface  g row th , w hile 

the second te rm  describes the increase o f soo t volum e caused  b y  nucleation  of 

new  partic les. T he source term s ( o c , ( 3 , y , 8 ) w ere g iven  as fu n c tio n s  of the 

m ix tu re  f ra c tio n  a n d  te m p e ra tu re . T he  v a rio u s  c o n s ta n ts  in  th ese  

expressions w e re  de te rm ined  from  experim en ta l m easu rem en ts .

The im p a c t of soo t rad ia tion  on  the  flam e structure has a lso  been  stud ied  

by  u sing  a sem i-em pirica l soot fo rm ation  m odel. K aplan  et al. (1994) u sed  a 

ra the r com p le te  rad ia tio n  m odel in  th e ir  calculations of a lam in a r ethylene 

d iffu sion  flam e. T heir m odel a cc o u n te d  for a n d  in c lu d e d  th e  rad ia tiv e  

em ission o f C O 2 , H 2 O  an d  soot. E xperim ental data  w ere u se d  to  estim ate the 

ab so rp tio n  coeffic ien t of these species. In  their fo rm u la tio n , the  m odel of 

M oss et al. (1988) w as adop ted  su ch  th a t  Eqs. (1.17) a n d  (1.18) w ere  u sed  to
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describe the soo t vo lum e frac tion  and  the soot n u m b er density . O xidation  of 

so o t w as a ttr ib u te d  to  th e  reaction  w ith  O 2 . A  d e ta ile d  descrip tion  o f the 

conservation  of m ass, m o m en tum , energy  a n d  species n um ber densities has 

been  form ulated.

K ennedy  et al. (1996) m odeled  a soo ting  a n d  a  non-soo ting  c ircu lar 

lam inar jet flam e w ith  rad ia tio n . The govern ing  eq u atio n s in  the  b o u n d ary  

layer w ere so lved  w ith  the  a ssu m p tio n  of a  flow  w ith o u t axial p ressu re  

g rad ien t. The ra d ia tiv e  h e a t  loss in c lu d ed  in  th e  e n e rg y  c o n serv a tio n  

equation  is co n sid ered  to  be  caused  by  soo t em iss io n  in  an  op tically  th in  

flam e. R adiation from  o th er species w as neglected. The tran spo rt equations 

governing the m ass fraction  of the  N - 2  species for th is s tu d y  w ere g iven by

p u ^ - + p v ^  = - ~ { r p Y nVH} + M nw n , (1.19)

w ith  the {N — l ) th species be in g  the soot and  the IVth species being N 2 , w here  

V n is the d iffusion  velocity , Y n the m ass concen tra tion , M n the m olecu lar 

w eigh t and  wn the reac tio n  ra te , of species n. The explicit expression o f the 

equation  for the soo t m ass fraction, Y$, is

p u ^ + p v ~ ^  = ~ ' j ;:{rpYs Vs}+pS(Ys , T , Y c 2H.2, Y o 1,Y o H .N )  ,

(1.20)

w here the m ain  co m p o n en t of V$ is the therm ophoretic  velocity V j  g iven by

Eq. (1.16), an d  N  is the  to ta l num ber of species. T he source term  in  Eq. (1.20) 

includes the con tribu tions o f so o t nucleation {wnuc{), soot surface g row th  ( wg )

and  soot oxidation ( w q ) ,  th a t is,

S (Y s ,T ,Y c2H2>Yo2, Y o H 'N )  = wnucl+ ™g-™0  • (1-21)
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The soot m ay  be  oxid ized  to  CO b y  O 2  o r  O H  . The early  soo t fo rm ation  m odel 

b y  K ennedy et al. (1990) u sed  an  average n u m b er density  to ob ta in  a n  estim ate 

of the soo t aero so l surface area. This m ore  recen t s tu d y  by  K en n ed y  et al. 

(1996) fo llo w ed  the  ap p ro ach  o f F a irw e a th e r  et al. (1992) in  so lv in g  the 

equation  for th e  n u m b er density  of particles. The p rim ary  difference betw een  

the w orks by  K ennedy  et al. (1996) a n d  F a irw eather et al. (1992) is th a t the  rate 

of the soot surface g row th  used b y  K ennedy et al. (1996) w as d o u b led  from  that 

o f F a irw e a th e r  et al. (1992) to y ie ld  a n  a d e q u a te  re p re se n ta tio n  of the  

m easured  soot vo lum e fractions in  the flam e. K ennedy et al. (1996) observed  

fro m  th e ir  s tu d y  th a t  the  flam e s t ru c tu re  c o u ld  h av e  a s ig n if ic a n t 

consequence o n  the  form ation  of soo t in  a  d iffu sion  flame.

E xtensions th a t include deta iled  reac tio n  kinetics into a m o d e l for soot 

fo rm ation  an d  rad ia tio n  perm its the ex am in a tio n  o f concerns reg a rd in g  the 

im pact of the so o t processes on flam e chem istry  th a t cannot be a d d re ssed  by  

experim ental investiga tions alone.

The th ird  category  o f soot m odels a re  the  ones th a t em p lo y  de ta iled  

chem istry . T hese  m o d els  w ere  d e v e lo p e d  because  those  th a t  re ly  on  

em pirical in p u ts  to soo t nudea tion , g ro w th  a n d  oxidation  rates are  lim ited  to 

specific conditions an d  cannot be ex tended  to  conditions far from  those u nder 

w hich  the  ra tes  w ere  m easured . Such v a ria tio n s  include d iffe ren t fuels or 

d ifferent com bustion  pressures.

Early w o rk s  o n  the  developm en t o f th ese  types of so o t m o d e ls  w ere 

perfo rm ed  o ver the  las t few  decades a n d  fo cu sed  o n  the d escrip tio n  o f soot 

form ation  in  lam inar prem ixed flam es (F renklach  a n d  co-w orkers 1984, 1990,
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1994). The ch em is try  d e sc rib in g  th e  so o t fo rm a tio n  c a n  be  th o u g h t as 

consisting of fo u r m ajor processes: (1) in itial PA H  fo rm atio n , w h ich  includes 

the  fo rm ation  o f the f irs t a ro m a tic  r in g  in  a n  a lip h a tic  sy stem ; (2) PA H  

g ro w th , c o m p rise d  o f  re p lic a tin g - ty p e  g ro w th ; (3) p a r t ic le  n u c lea tio n , 

consisting  o f coalescence of P A H  in to  th ree -d im en sio n a l c lu s te rs; a n d  (4) 

partic le  g ro w th  by  coagu lation  a n d  surface reactions o f  th e  fo rm ing  clusters 

and  particles. Recently, L in d s ted t (1994) considered  a  d e ta ile d  chem istry th a t 

included  242 reaction  steps to m o d e l the  processes lea d in g  to  so o t form ation  

a n d  partic le  g ro w th  in  lam in a r n o n p rem ix ed  flam es. T he  reaction  step s 

include  a d e ta iled  gas phase  o x id a tio n  chem istry  as w e ll a s  som e sim plified  

s tep s  for the  d esc rip tio n  of so o t nu c lea tio n , su rface  g ro w th  and  p artic le  

agg lom eration  processes. The so o t nucleation  an d  su rface  g ro w th  reactions 

a re  connected  to  the gas p h a se  o x id a tio n  reactions b y  a ssu m in g  th a t the  

location  w h ere  soo t n u c lea tio n  a n d  g ro w th  occurs is ch a rac te rized  b y  the  

c o n cen tra tio n s o f benzene  a n d  ace ty lene . The re a c tio n  m echan ism s so 

developed  w e re  ap p lied  to  s tu d y  a  w id e  range o f e th y le n e  a n d  p ro p an e  

counterflow  d iffusion  flam es as w e ll as the  dependence  o f  so o t form ation on  

nucleation a n d  surface g row th  reactions.

L indsted t (1994) also co m p ared  the  pred ictions o f so o t p ro d u c tio n  from  

h is m odel a g a in s t experim en ta l d a ta  rep o rted  b y  V a n d a b u rg e r  et al. (1984) 

from  their coun terflow  d iffu s io n  flam e m easu rem en ts . T hese  experim ents 

p ro v id e d  m easu rem en ts  o f so o t v o lu m e  fraction , p a r t ic le  size  an d  so o t 

num ber density  across a w ide  ran g e  o f conditions. T he com parison  show ed  

good  agreem ent only for h ig h  so o tin g  flam es in  w h ich  p a rtic le  coagulation is 

rap id . The app lica tion  o f th is m o d e l is, therefore, lim ite d  as w ith  the o ther
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m odels.

In  a d d itio n  to  m odeling , ex p erim en ta l investiga tions h av e  also  b e en  

w idely  u n d e rta k e n  to s tu d y  the  influence o f  gas add itives a n d  p ressu re  o n  

soo t fo rm atio n  in  d iffu sion  flam es (A xelbaum  et al., 1988, 1990; H u ra  a n d  

G lassm an, 1988; D u  an d  A xelbaum , 1995; D u  et al., 1990, 1998). A m ong  the 

various possib le  gas ad d itiv e  effects, the  fo llow ing  th ree  categories are  the 

m ost im p o rtan t: (a) d i lu tio n  effect as a  r e s u l t  o f the  re d u c tio n  in  the  

concentra tions of the  reactive species a n d  th e reb y  th e ir collision frequencies; 

(b) therm al effect caused  b y  the  change of flam e tem pera tu re  as a consequence 

of the add ition ; an d  (c) chem ical effect in d u ce d  b y  the active partic ip a tio n  of 

add itives in  the chem ical reactions lead ing  to  soo t form ation an d  destruction . 

It is u n d e rs to o d  th a t the d ilu tio n  and  th erm al effects also indirectly  influence 

the chem ical reactivity .

R esults of D u  et al. (1990) d em o n s tra ted  th a t carbon  d iox ide  ad d itio n , 

either to  the fuel o r oxidizer, can  suppress th e  soo t form ation chem istry. The 

effect o f oxygen  ad d itio n , how ever, is m o re  com plicated . W hen  oxygen  is 

a d d ed  to the fuel side of a n  ethylene flam e, i t  leads to an  a b ru p t increase in  

the  so o t in ce p tio n , in d ic a tin g  th a t  th e  in c e p tio n  c h em is try  has  b e e n  

accelerated. The oxygen a d d itio n  to p ro p an e , on  the  other h an d , is in itia lly  

supp ress ive  an d  resu lts in  a significant red u c tio n  in  the  soot inception. The 

add ition  becom es p rom oting  as the  m olar frac tion  of oxygen approaches 40%. 

The effect of oxygen ad d itio n  to the oxid izer side  is a lm ost to tally  therm al for 

bo th  the  e thy lene an d  p ro p an e  flam es. E xperim en ts on  the in e rt ad d itio n  to 

fuel b y  A xelbaum  an d  Law  (1990) exhibited th a t the  effect of inert add ition  is a 

consequence of a red u c tio n  in  fuel concen tra tion  (dilu tion) an d  tem p era tu re
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(therm al), b o th  o f  w h ic h  decrease  th e  so o t concen tra tion . T he re la tive  

im portance of d ilu tio n  a n d  tem p era tu re  d e p en d s  on  the e x te n t o f  add ition . 

W hen a m o d era te  a m o u n t of in e rt is a d d e d , the  tem p era tu re  re d u c tio n  is 

typically  very  sm all so th a t the effect o f d ilu tio n  can be co n sid erab ly  g rea ter 

than  th a t of tem pera tu re . W ith a  large am o u n t o f inert a d d itio n , tem pera tu re  

effects m ay  d o m in a te  over those o f d ilu tio n  a lthough  in  a n  ab so lu te  scale, 

d ilu tion  effects co u ld  still be im portan t because of the low  fuel concentration . 

The in flu en ce  o f  p re s su re  o n  th e  so o tin g  lim it o f  d i lu te d  e th y le n e  

counterflow  flam es w as later investigated  b y  D u et al. (1998) w ith  p ressu re  

vary ing  betw een  1 to 2.5 atm . Their resu lts  show ed tha t the so o tin g  tendency 

is enhanced  w ith  increasing  pressure.

1.2.3 Sum m ary of the Modeling

M o d e lin g  o f  s o o t fo rm a tio n  in  c o m b u s tio n  s y s te m s  re q u ire s  

approx im ation  a t  v a rio u s  degrees of sim plification. The s im p le s t approach , 

taken  by  eng ineers in  th e  engine com m unity , is the em pirical co rre la tio n  of 

soot p ro d u ctio n  in to  a function  b ased  o n  eng ine  opera ting  cond itions. This 

m e th o d  is u se fu l o n ly  for co n d itio n s  close to those  u n d e r  w h ic h  the  

correlation  w as pe rfo rm ed . As to the  m ore  sophisticated  n u m erica l m ethods 

tha t solve the ra te  equations govern ing  the  form ation  of soo t nuc le i, particle 

g row th  an d  ox idation , as well, can  on ly  be  u sed  for cond itions u n d e r  w hich  

the o rig inal d a ta  w ere  m easured. Recently, a  surge of ad v an cem en t o n  soo t 

m odels fea tu rin g  v e ry  de ta iled  d e sc rip tio n  of the u n d e rly in g  physics  an d  

chem istry  w as accom plished  (F renklach  a n d  W ang, 1994; Y osh ihara  et al., 

1994; Kazakov, et al. , 1995; Balthasar, et al. ,1996).
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I t  is rem arkab le  to  n o te  th a t a ll th e  ab o v e  m en tio n ed  m odels h a v e  

d e m o n s tra te d  p o ten tia l for accurate  p re d ic a tio n  of so o t p ro d u c tio n  o v e r a 

w ide  range of conditions. A s to  the  effects o f flam e stru c tu re  on  the soo ting  

behavior, especially  for a d iffusion  flam e, a n d  w hether so o t p roduction  can  be 

red u c ed  or e lim ina ted  in  a d iffusion  flam e, the  u n d e rs tan d in g  is still a t  its 

in fancy . M any experim en ts have  b e e n  p e rfo rm ed  u s in g  coun terflow  a n d  

coflow  d iffusion  flam es to s tu d y  the charac teristics of so o t p ro d u ctio n  a n d  

sign ifican t advances have  b een  ach ieved . H ow ever, in te rp re ta tio n s o f the  

re su lts  differ. D u  a n d  A xelbaum  (1995) ex p erim en ta lly  an d  n u m erica lly  

investigated  the  effects o f flam e stru c tu re  o n  the  incep tion  o f soot p recu rso rs 

b y  v a ry in g  the  sto ich iom etric  m ix tu re  frac tio n  Z st th ro u g h  the v aria tio n  of 

in itia l fuel a n d /o r  ox id izer concen tra tions. T heir w o rk  dem o n stra ted  th a t  

soo t incep tion  for a n  e th y len e /o x y g en  co u n te rflo w  flam e can  be com plete ly  

su p p ressed , ev en  a t  low  s tra in  rates, b y  v a ry in g  the sto ichiom etric  m ix tu re  

frac tion  w hile  m ain ta in in g  the  sam e, h ig h  flam e tem pera tu re . The s tra in  

ra te  is defined  as the  g rad ien t o f the ax ia l flow  velocity. They found  th a t  as 

Z Sf is increased, the  flam e sh ifts tow ards the  fuel side a n d  the soot incep tion  

p ro c e ss  is re ta rd e d , a n d  e v e n tu a lly  c o m p le te ly  su p p re ss e d . In  a n  

e th y len e /o x y g en  coun terflow  flam e, no  lu m in o u s  soot is detected  for s tra in  

ra tes  g rea te r th a n  60 s- 1  w h e n  Z st is la rg e r  th a n  0.16. C om paring  to the  

e th y le n e /a ir  flam e w hose Z$t is 0.064 a n d  the  critical s tra in  rate above w h ich  

soo t p ro d u c tio n  is te rm ina ted  is 175 s_1, th e re  is a  significant im provem en t in  

the  red u c tio n  o f so o t from  co m b u stio n  dev ices. For th e  lam inar coflow  

e th y len e  flam e, so o t free flam e w as o b se rv e d  for Z st g rea te r th an  0.72 

regard less of the  flam e height. For low  v a lu es of Zst, th e  effect of Z st u p o n  

so o t incep tion  is p rim arily  th ro u g h  fu e l d ilu tio n . For la rg er values o f Z st>
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w here the oxygen concentration is significantly  increased, the  tran sp o rt of O H  

into  the fuel side  o f the  flam e has a d ram atic  influence o n  soo t inception.

Lin an d  F ae th  (1996) later s tu d ied  th e  effects of hyd rodynam ics on  soot 

fo rm ation  u s in g  th e  sim ila r co n d itio n s o f D u  a n d  A xelbaum  (1995), and  

ob tained  sim ilar resu lts . They a ttr ib u te d  the  d im in ishm en t of soo t inception 

to the change o f flow  properties, especially  the  velocity  com ponen t norm al to 

th e  reac tio n  reg io n s . T heir re su lts  su g g e s te d  th a t so o t fo rm a tio n  in  

nonprem ixed  flam es cou ld  be contro lled  b y  v a ry in g  the flow  velocity  norm al 

to the flam e. W h en  the  norm al co m p o n en t o f the  flow  velocity  n ear the 

flam e is d irec ted  to w a rd  the  oxidizer side  o f the  flam e, the  residence tim e of 

the reactan ts in  th e  fuel-rich reg ion  w h ere  so o t is p ro d u ced  is red u ced  such 

th a t a lesser a m o u n t of soo t particles is p ro d u ced . W hen these precursors and  

particles are tran sp o rted  into the fuel-lean  reg ion , they are m ore read ily  to be 

oxid ized  an d  th e  so o t p roduction  is red u ced . In  contrast, w h en  the  norm al 

com ponen t of th e  flow  is d irec ted  to w a rd  th e  fuel side  of the  flam e, the 

m otion  of soot p recu rso rs  and  particles to w a rd  the ox idation  reg ion  can  only 

be th ro u g h  d iffu sion  against convection a n d  is p rim arily  b locked, y ield ing  a 

longer residence tim e for soot fo rm ation  w ith in  the  fuel-rich  reg ion , and  a 

h igher soot p ro d u c tio n  th a t results in  g rea te r soo t em ission. This conclusion 

em phasized  the  im portance  of convection  u p o n  the  soo ting  processes w ith in  

d iffusion  flam es. L in a n d  Faeth (1996) also  ex tended  the ir experim en ts by  

testing  a  n u m b er o f o th e r h y d ro ca rb o n  fuels  in c lu d in g  acety lene  a n d  the 

results w ere qua lita tive ly  sim ilar.

Up to the  p re sen t, a ll the m odels d ev e lo p ed  have b een  su p p o rte d  by  

e x p e r im e n ta l o r  n u m e ric a l in v e s tig a t io n s . H o w e v e r , th e  p r im a ry
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m ech an ism  responsib le  fo r so o t in cep tio n  a n d  su p p re ss io n  h as  n o t b e en  

iden tified . Suppression  o f  so o t a n d  PA H  m ay  be accom plished  by  a d d in g  

in e rt gas to the fuel a n d  ox id izer such  th a t the flam e tem pera tu re  is red u ced  

an d  consequently , the  soo t ch em is try  is re ta rded . T em peratu re  reduction  is 

one m ean s of su p p re ss in g  so o t, b u t  the  red u c tio n  in  tem p era tu re  th a t is 

necessary  to  com pletely su p p re ss  so o t fo rm ation  w eakens the  flam es to the  

ex ten t th a t they  becom e u n stab le . The recogn ition  b y  D u  a n d  A xelbaum  

(1995) a n d  Lin and  Faeth  (1996) th a t there  ex ist cond itions in  w hich  so o t 

incep tion  can  be com pletely su p p re ssed  a t  very  h ig h  flam e tem pera tu res an d  

low  s tra in  ra tes in tro d u ces a  p ro m is in g  m e th o d  fo r the  con tro l of so o t 

incep tio n  processes w ith o u t sacrific ing  the  b u rn in g  in tensity . Identification  

of the effects that hydrodynam ics, tran sp o rt an d  flam e struc tu re  have o n  so o t 

fo rm atio n  in  nonp rem ixed  flam es is essen tia l in  u n d e rs ta n d in g  how  so o t 

p ro d u c tio n  can be suppressed  th ro u g h  varia tion  of the  m ixture fraction. This 

ta sk  can  be  ach ieved  b y  th eo re tic a l in v estig a tio n s em p lo y in g  s im p lified  

reaction  chem istry.
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1.3 Objectives

R ecognizing th e  significance of c o m b u stio n  g e n e ra te d  so o t o n  energy  

u tiliza tio n  a n d  e n v iro n m e n ta l p ro tec tio n , a s  w e ll as th e  im p o rta n c e  of 

h y d ro d y n am ics a n d  tra n s p o r t  on  the  fo rm a tio n  o f so o t p a rtic le s  w ith in  

nonprem ixed flam es, th e  objective of th is s tu d y  is to  iden tify  a n d  characterize  

the  p a ram ete rs  th a t  a ffec t the  soo t p ro d u c tio n  p rocess in  su c h  flam es. 

Theoretical ap p ro a ch e s  th a t  em ploy  ac tiv a tio n  en e rg y  a sy m p to tics  w ill be 

ad o p ted  to s tu d y  th e  effect o f various co n tro llin g  m echan ism s o n  th e  soo t 

inception process.

To facilitate th e  ana ly sis , the reaction  k in e tics  n eed s to  be  su ffic ien tly  

sim plified, yet still in c lu d es im portan t steps th a t  describe  the  in cep tio n  and  

oxidation  of soo t p re c u rso rs  such  th a t the  c o u p lin g  be tw een  so o t incep tion  

a n d  flam e s tru c tu re  can  b e  assessed. F o llow ing  the  u n d e rs ta n d in g  ga ined  

from  the lite ra tu re  d iscu ssed  earlier, a sim plified  th ree-step  m odel g iv en  by

Vp \ F  + Vo,i O  —> Vp î P  + Vp R  , (R l)

Vp 2 P + vr R ~ *  Vs S , (R2)

vs S + vO,3 O ~* VP,3 P / 0*3)

is adop ted . T hese reac tio n  steps respective ly  re p re se n t the  o x id a tio n , soo t 

precursor fo rm ation , a n d  so o t precursor co n su m p tio n  reactions. T his schem e 

yields three d is tin c t reac tion  zones. For the o x id a tio n  reaction  (reaction  R l), 

fuel (F) an d  oxid izer (O) are  consum ed in  an  o x id a tio n  reg ion  to  p ro d u ce  final 

p roducts P and  rad ica l R (e.g., H). P art of the  rad ica l p ro d u ced  is tran sp o rted  

tow ard  the fuel s id e  a n d  reacts w ith  th e  fuel (reaction  R2) to  p ro d u c e  the 

so o t/p rec u rso r  S in  a fo rm ation  region ad jacen t to  the  ox idation  reg ion . P art
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of the soo t p re c u rso r  subsequen tly  p e n e tra te s  th ro u g h  the  o x id a tio n  region, 

a n d  reacts w ith  the  ox id izer (reaction R3) in  a  consum ption  reg io n  adjacent to 

the  p rim ary  o x id a tio n  region, to  p ro d u ce  m o re  final p ro d u c ts . R ecognizing 

th a t the p ro d u c tio n  o f soo t is d ep en d en t o n  th e  presence o f so o t precursors, S 

w ill h e re fo rth  b e  the  rep resen ta tio n  o f so o t w ith o u t co n s id e rin g  th e  soot 

g row th  reaction .

The s tu d y  w ill include  the follow ing task s fo r tw o flam e geom etries, the 

counterflow  d iffu sio n  flam e and  the sp h erica l d iffusion  flam e stab ilized  by a 

spherical p o ro u s  bu rner.

1. F orm ulate  th e  conservation  e q u a tio n s  th a t  describe th e  o x id a tio n , soot 

fo rm ation  a n d  so o t consum ption  reac tions follow ing the  reaction  kinetics 

described above.

2 . Solve the  co n serv a tio n  equations b y  h ig h  activation  e n erg y  asym ptotics 

to y ield  analy tica l solutions of flam e tem p era tu re , flam e stan d o ff distance 

and  soo t concentra tion .

3. D evelop a  FO RTRAN code to p e rfo rm  num erica l calcu lations to  obtain 

va lues fo r th e  v a riab les  so lved  in  2 , a n d  o ther flam e resp o n ses  as 

functions o f  th e  con tro lling  p a ra m e te rs . D etailed  in fo rm a tio n  on  the 

flame responses a n d  controlling p a ram ete rs  w ill be iden tified  later.

4. Investigate th e  effect of hydrodynam ics, tran sp o rt a n d  flam e struc tu re  on 

the soo t in cep tio n  a n d  consum ption  p rocesses.

5. Identify  ap p roaches to suppress soot p ro d u c tio n  for d iffusion  flam es.
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CHAPTER 2

COUNTERFLOW DIFFUSION FLAMES

A counterflow  d iffusion  flam e is genera ted  b y  im p ing ing  a  fuel stream  

su p p lie d  from  x  —» — w h e re  x  is the  ax ia l sp a tia l coo rd ina te , w ith  a  

te m p e ra tu re  T ~ ao in to  a n  o x id ize r s tream  su p p lie d  fro m  x  —» °° w ith  a  

tem p era tu re  Too, sim ilar to th a t o f L inan (1974). This flam e configuration has 

b een  w id e ly  em ployed  in  com bustion  experim ents because  of its geom etric  

sim plicity . It allow s the  iso la tion  of m any  con tro lling  param eters  such  th a t 

the  effect o f each p a ra m ete r can  be assessed  in d iv id u a lly . In  theo re tica l 

s tu d ies , the  p rob lem  can  be fo rm u la ted  b ased  o n  co n serv a tio n  law s a n d  

analyzed  b o th  analytically  an d  num erically . C om parison  be tw een  theoretical 

an d  experim ental resu lts can  a lso  be  m ade to characterize  the  flam e behav io r 

u n d e r specified conditions.

2.1 Formulation

The three-step , sim plified  reaction  schem e in tro d u ced  in  C hap te r 1 a n d  

expressed  in  Eqs. (R l) — (R3) is ad o p ted  to describe the  chem istry  w ith  the rate  

o f each  o f these reactions fo llow ing  second -o rder A rrh en iu s  k inetics. To 

facilitate the  analysis, the p ro p ertie s  of the  gas in c lu d in g  the gas d en sity  p,  

th e rm a l c o n d u c tiv ity  A a n d  the  m ass d iffu s io n  coeffic ien t o f a ll th e  

co m p o n en ts , D/, are  considered  to be constants so th a t the  flow  field  is a n  

irro ta tio n a l po ten tia l flow. T his sim plification a llow s for decoup ling  of the  

co n tinu ity  an d  m om entum  equations from  the en erg y  a n d  species equations 

so th a t on ly  the la tte r need  b e  solved. The re su lt ag rees qualita tive ly  w ith  

th a t  o b ta in ed  from  the  an a ly sis  w h en  p ro p e rtie s  v a ry  w ith  tem p era tu re .
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Since only  q u a lita tiv e  behav io r is in te re s te d , th e  m ore  in v o lv e d  v ariab le - 

p ro p erty  app roach  does n o t possess ad d itio n a l scientific va lue  a n d  is avo ided . 

B ecause the  so o t fo rm a tio n  re a c t io n  (re a c tio n  R2) is o n ly  s lig h tly  

endotherm ic, it  is a ssu m ed  th a t th is reac tion  is therm ally  n eu tra l. M oreover, 

since the effects o f m ass d iffusion of th e  fuel a n d  oxid izer are  a lre ad y  w ell- 

know n, they w ill n o t be  considered in  th is  s tu d y . Thus the Lew is num bers of 

the fuel and  oxidizer, w here  the Lewis n u m b e r is defined as the ra tio  betw een  

the therm al an d  the  m ass diffusivities, a re  tak en  to be u n ity  for sim plic ity  in  

the analysis.

W ith the above assum ptions, the  conserva tion  equations a re  g iven  by

d T  d 
PUCP j x ~ d x d x

= vF/iW F qp^Ri p Y p
W p

p Y p
W Q

+ v s W s qSr3B3 p Y s
W S ,

exp ( - £ 1 / T )
V " w V s

\

e x p ( -£ 3 / T )  ,

dYp dp u —  -------
d x  dx

p D p
d Y F
d x

= - v FflW p B l

p Y p
y W Q j

p Y p  
W p d

- V p f2W p B 2
pYp
W F

P Y r
W r

P Y q

W p
exp (-E x  / T )

d Y p  d (  „  d Y 0  p u —7±L - — \ pD0 — ^
d x  dx\

= - v p i W 0 B1

(  p Y s

exp ( - E i / T )  

( p Y F Y p Y o \
d x

y

~ vP,3W P B3

W p  X  W p
exp (-E x  /  T )

W S
P Y p
W p

e x p (-E 3  / T )

(2.1)

(2.2)

(2.3)

d Y R d

p u H 7 - T x
PDr

* Y r ) _= vrW r Bi
d x  J

- vrWr B2[ ^ j

P Y p

W p .
P Y p
W p

exp ( - E x / T )

P Y r  
W r .

e x p (-E 2 / T ) (2.4)
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vsw sb 2 pX f Y  pX r ]
W p  J

e x p ( - E 2 / T )

- v s W s B3 e x p (—E3  / T )  , (2.5)
{ W s X W q )

w hich w ill b e  so lved  subject to  th e  b o u n d a ry  conditions: 

x  —» —00 : T  —> TUo , Y p  > Y p -0 0  f

Y q - * 0  , YR -> 0  , ¥ 5 —>0 ; (2 .6)

X — * o o

(2.7)

In Eqs. (2.1)-(2.5), th e  axial flow  velocity  is given b y  u = —k x ,  w here  k  is the

is th e  te m p e ra tu re , Yj is the  m ass  fraction  of species i, qpr 1 is the h e a t o f 

com bustion  p e r  u n it m ass of fu e l consum ed  in  the o x id a tio n  reaction, qs,3  is 

the h ea t of com bustion  per u n it m ass  o f so o t/p re c u rso r  consum ed  in the soo t 

co n su m p tio n  reaction , p is the  gas density , Cp is the  specific heat a t constan t 

p ressu re , k  is th e  therm al co n d u c tiv ity , D{ and  W* a re  th e  m ass d iffusiv ity  

and m olecu lar w e ig h t of species i, Bj a n d  Ey are the  p re-exponen tia l factor a n d  

activa tion  te m p e ra tu re  of reac tio n  Rj,  respectively , v{ is th e  sto ich iom etric  

coefficient o f species i and  vZ/y is th e  stoichiom etric coefficient of species i a t  

reaction Rj.

The nond im ensional q u an titie s  a re  defined as

flow velocity  g rad ie n t w hich  is a lso  the  stra in  rate. In  the  above equations T
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ys =ys / (  Vs™sT ) ^ / ( p k c p ) 'vFr2VVF

T  =
f a ,  1 /  cp ‘  9F,1 /  cj

D £ ! U i %  D „  = S .  , 0 = vt
1 fcWF 2 ArWp E2 Vq

-  _  VS W S *7S,3 o _ vO , 1 v S B 3 . * _ 1 + V>o
 --------------------------- ,  p    — , V   ~---  f

VF,2W F ^ F , l  vF,2 vR B2 1 + Vf

w here  Lez- is the  L ew is n u m b er of species i, Daj th e  D am kohler n u m b e r of 

reaction  Rj, a  and  (3 th e  activation energy  ra tio  a n d  D am kohler n u m b er ratio 

b e tw een  th e  s o o t /p re c u rs o r  co n su m p tio n  a n d  so o t/p re c u rso r  fo rm a tio n  

reactions, resp ec tiv e ly , a n d  v, v* som e sto ich iom etric  coeffic ien t ra tio s. 

A pp ly ing  these  q u an titie s  to  the conserva tion  equations a n d  the  b o u n d a ry  

conditions, w e  ob ta in  th e  follow ing nond im en tiona l equations :

— 2 *
x ^  + ? - F  = - D a 1Y F Y0 e x p ( - E 1 / f ) - i j s p D a z Ys Y0 exP( - a E 2 / t )  , 

d x  dx*
(2.8)

= Da1Y F Y0 exp<.-E1 / f ) + D a 2 Y FY R exp( .-E2 / f )  ,
d x  d x *

(2.9)

~ 2  -

d x  d x *

+ (/? / v)Da2 Ys Y0 e x p ( - a E 2 / f )  , (2.10)

^ + T ~ = - n » l ' * o  « P  ( - Ej /  f )dx  LeR d x

+(Da2 /  vF) Y p Y R e x p ( - E 2 / f )  , (2-11)
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d x  Les  d x
Da2 Yp  Y# e x p ( - E2 /  T)

+pDa2 Ys Y 0 e x p ( - a E 2 / T )  , (2.12)

and  b o u n d a ry  conditions:

x —> —°° : T —> T_x  , Y p —> Yp_,

Yq —>0 , Y^ —» 0 , Y g—>0 ; (2-13)

X —> 00 T  —* Too / Y p —>0 ,

Y o - * Y 0t 0 0  , Y r —>0 , Ys - ^ 0 (2.14)

2.2 Asymptotic Analysis

In the p re se n t analysis, h igh  ac tiva tion  energy reactions are  considered  

so th a t all th e  th ree  reactions a re  confined  to regions m u ch  th in n e r than  the 

charac teristic  tra n sp o rt  regions. M oreover, th e  ac tiva tion  en erg ies  of the  

so o t/p re c u rso r  fo rm ation  an d  c o n su m p tio n  reactions a re  a ssu m e d  to  be of 

the sam e o rd e r  a n d  m uch sm aller th a n  th a t of the ox idation  reaction . As a 

re su lt th e  s o o t/p re c u rs o r  fo rm atio n  a n d  co n su m p tio n  re g io n s  a re  m uch  

thicker in  ex ten t th an  the oxidation reg ion . The reaction reg ions are  located 

near w here  th e  m axim um  tem pera tu re  is initially  a tta ined . D esignating  the 

sm all p a ram ete rs  e  and  8  to be the  ra tio  o f the characteristic ox idation  region 

to d iffusion  reg ion , an d  so o t/p re c u rso r  fo rm ation  reg ion  to  d iffu sion  region 

length  scales, respectively, the so lu tions a re  expanded u s in g  £ a n d  8  as sm all 

param eters w ith  1  » 8  » £ since £ 1  » E2  is considered as a condition .
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2.2.1 Outer Solutions

In  the  chem ically in ert d iffu sion  regions th a t a re  reg u la ted  b y  th e  balance 

b e tw een  the  convection a n d  d iffusion  transport, so lv ing  th e  source free form  

of Eqs. (2.8)-(2.12) subject to  th e  boundary  conditions in  Eqs. (2.13) a n d  (2.14) 

y ields th e  ou ter so lu tions

T =T_oo +{[<*7 o + $ aT,l  + 0 ( 5 2)] + 0 (£ )} I (x )  / (2.15a)

r + = f eo+ { [ a f 0 + 5 f l^ 1 + 0 ( d 2 )] + 0 (e)}[A/2 n : - / ( x ) ]  , (2.15b)

Yp = Y f - o0 ~{[«F , 0  +  ^ flF,l + 0 ( 5 2 ) ]+ 0 (£ )} /(x )  , (2.16a)

Yp -  I[^f,o +  ^ flF/1  + 0 ( d 2 ) ]+ 0 (e )} [A/ 2 ^ - I ( x ) ]  , (2.16b)

Y o  = { [«5 ,0+ 5aO/i + O ( d 2 )] + O (e)}I(ic) , (2.17a)

^ o = ^ o ,= c -{ [« o ,0  + ^ a i + O ( 5 2 ) ]+ O (e )} [V 2 T - /(x ) ]  , (2.17b)

YJ~ ={[df0 +Sdfrl + O ( S 2 )] + O (e )} I ( ^L e i x )  , i = R , S  , (2.18a)

Y t  = {[<o + $ 4 , i + 0 ( S 2 )] + 0 ( e ) } [ ^ j 2 i c - I ( ^ x ) ]  , i = R, S //

(2.18b)

w here  a^j  are in teg ra tion  co n stan ts  to be determ ined . T he su persc rip ts  

an d  "+ " denote , respectively , so lu tions w ith in  the  fuel a n d  oxid izer sides of 

the reaction  regions, and

I ( ^ J L e i x ) = j ^ ' i e x p ( —t2 / 2 ) d t  . (2-19)
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2.2.2 Structure Equations in the Soot Formation Region

In the  0 (5 )  so o t/p re c u rso r  fo rm atio n  reg io n  th a t is located  in  th e  fuel

s id e  of a n d  a d ja c e n t to  the  o x id a tio n  re g io n , on ly  the  s o o t /p re c u rs o r

fo rm atio n  re a c tio n  (R2) is s ign ifican t a n d  o n ly  0 (5 )  v a ria tio n  o n  a ll the  
quan titie s is possib le . D efining the  s tre tc h ed  coord inate  as £ = ( x  — x ^ ) / S ,

-  2 *w here  5  = i y  0  /  E2  an d  £ < 0, and  ex p an d in g  the  various quantities as:

f ~  = [T fro - 5 0 f - 5 2 ©2 + 0 ( 5 3 ) ] + 0 ( e )  , (2.20)

Yr= s[< t> r , i+ $& r,2+o{sz ) ] + o (£ )  , i = f , o , r  , (2 .2 1 )

Ys  = < % ,0  + £ [ ^ s , l  + ^ ^ S ,2  + 0 ( 5 2 ) ] + 0 ( e )  , (2.22)

Eqs. (2.8)-(2.12) can  be expanded  an d  rea rranged . Collecting term s of the  sam e 

o rd er based  on  5, w e ob tain  the follow ing s tru c tu re  equations:

/  d £ 2 = A 2 <P~pr1 0R /1 e x p ( - 0 f ) (2.23)

d2&i _  d2<Ps ,o _  dz 0 F i  yF d 2<PRri
d £ 2 d ?  d ?  LeR d i 2

_ vF d20 R l  | 1  d2<Ps,l { -  d&s,0 _ Q

vqs
d ?

- d2<&o, 2  ( d20 2  , - d& l  
d ?  Xf d t

LeR d £ 2 Les d i f d£

=  0

d2<PF 2 _ d i 1 d20 Ri 2

[ d C2 d i  J Vp
d { 2 * d i  J =  0

(2.24)

(2-25)

(2.26)
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(2.2 7)

In  the above equations, f  ̂  0  is th e  lead ing  order flam e tem pera tu re  and  

A 2 = S 3Da2 ex p ( -  E2  /  fyr o ) (2.28)

is the red u ced  D am kohler n u m b er o f the so o t/p re c u rso r  fo rm ation  reaction. 

The s o o t/p re c u rso r  concentra tion  in  the  so o t/p re c u rso r  fo rm ation  region is 

considered a n  0 (1 ) quan tity  since th e  so o t/p recu rso r consum ption  reaction is 

considered  to  b e  slow er th an  the  so o t/p recu rso r fo rm ation  reaction. Because 

oxid izer leaks o n ly  in  O(e) a m o u n ts  th rough  the  ox id a tio n  reg ion  into this 

region, <Po,l =  0  is a  required  condition.

2.2.3 Matching of Solutions in the Outer and Soot Formation Regions

The req u ire d  boundary  cond itions to solve the  s tru c tu re  equations in  the 

soot fo rm atio n  reg ion  can  be o b ta in ed  from  m atch in g  the  so lu tions in  the 

soo t fo rm a tio n  reg io n  w ith  th e  o u te r  so lu tions fro m  th e  fuel side in  the  

com m on reg io n  betw een  these regions.

M atch ing  can  be perfo rm ed  b y  first su b s titu tin g  the  s tre tched  variable 

x  = xjr + S£  in to  th e  ou ter so lu tio n s , ex p and ing  th e  re su ltin g  eq u a tio n  in

term s of 8 ,  co llecting  the term s o f th e  sam e o rdering , a n d  then  equating  the 

transfo rm ed  o u te r  so lu tions w ith  th e  solutions in  the  soo t form ation  region 

in  the  lim it o f £ -»  -«> and  x  —» i f .  The procedure  w ill be  illustra ted  by  the

m atch in g  of th e  tem p era tu re  so lu tio n s  in  th e  fo llow ing . A pp ly ing  the
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stretched variable , Eq. (2.19) is first ex p an d ed  to

x ) x^  + S tJL^ e x p ( - L e f X f  /  2)£

- S 2[const +- Lef/2xf exp ( -L e ix f  /  2 ) £ 2  /  2] + 0 ( S 3) . (2.29)

N ext, su b s titu tin g  Eq. (2.29) into Eq. (2.15a), rea rran g in g  in  term s o f 6  a n d  

equating  the  resu lting  expression w ith  Eq. (2.20) as £  —> w e have

f ~  = [TL,*, + a f '0I{xjr)\ + Slaj^I(xjr)  + a j 0 e x p ( - x 2 /  2 )£]

+S2[const-k-aj i e x p ( - x 2 / 2 ) ^ - a j  0x j:exp(-x2 / 2) £ 2  /2 ]+ 0 (< 5 3)

= {[f/ i 0 - 5 © r - 5 2 e 2 + O ( 5 3 ) ] + O ( e ) |f ^ _  . (2.30)

By com paring  term s o f the  sam e o rder in  S, th e  follow ing resu lts are  obtained: 

T f r0 = f -vo  +  &T,01(Xf) o r aT,0 = ( T f , 0 I ( X f )  / (2.31)

&\ (C -°°) = ~aT,l I ( x f ) -  a j o  exp(—x 2 /  2)£ , (2.32)

{dG2  /  d O (^ -o o )  =  e x p ( - * f  /  2 ) ( -« r#i  +  « t ,o  * /  O  • (2-33)

O ther m a tch in g  co n d itio n s can  be  d e riv e d  th ro u g h  the sam e p rocess , 

y ield ing

«F, 0  = ^F,-oo /  I ( Xf )  /

^0 , 0  = *0 , 1  = *R, 0  =  0  '

® F , i (C -^ -° ° )  =  ~ « F ,lK , X f ) - a p tQe x p ( - x j / 2 )  £ , 

(d<Pp/ 2 / d £ ) $ - > - o o  = e x p ( - x |/2 ) ( - f lF , i+ « F ,0  i / O  /

( ̂  ̂ 0 ,2  /  ^ C)£-»-oo =  0 /

(2.34)

(2.35)

(2.36a)

(2.37)

(2.38)
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= '  (2.39)

(d&R 2 / d O ^ - o o  =  aR,i^LeR  exp ( - L e R x f / 2 )  , (2.40)

^S,o(C -> -°°) =  aS,01 * f )  / (2-41)

# S ,i(£  “ » -°°) =  aS,l  ̂ (V ^S * / ) + as,0 ̂ f ^ S  e x p ( - L e s Xf /  2 ) ^  , (2.42)

(d&s,2 /  d O ^ - o o = ^ ^ e x v ( - L e s x j / 2 ) ( a S '1 - a s toLes X f£ )  . (2.43)

E quation  (2.36a) also  im plies

(d<PF,1 / d f ) f ^ _ _ = - a F i0 e x p ( - * / / 2 )  • (2.36b)

In teg ra ting  th e  four expressions in  Eq. (2.24) tw ice an d  Eqs. (2.25)-(2.27) 

once subject to  th e  m atch ing  co n d itio n s in  Eqs. (2.32)-(2.33), a n d  (2.36)-(2.43), 

w e obtain

®S,0 = *S,01 ( * f )  / (2-44)

0 {  = - a T rlI ( x f ) - t i T 0e x p ( - X f  / 2 )  £  , (2.45)

< p F , i - ^ * p R , l = - a P ' 1I ( X f ) - - ^ a ] i ' 1I ( y [ L e ^ X f ) - a r t0e x p ( - x ? / 2 ) £  , 
LeR J LeR J

(2.46)

J L  # 5 j l  + J _ * s- ! = X j L a u H j n ; * / ) + Z ^ s . l  * c - )

exp(—Lee x? /  2 )
+**-° v i  * ' (2-47)

d&o ,2 v q s  *- d © 2  - 
^  + X/ 0 1

= «T,1 r " ( l )  ' (2-48)
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=  -apr 1 r - ( l )  -  Vp URrl r~(LeR) , (2.49)

d (Pp 2  _

- i t * * ' * *

1  d <Pc 2  —

=fls#1r-(L cs )-flFAr - ( i )  , (2.50)

w h ere

r _ (Le) = [exp(-L ex^/2)/V L e] + x/ Z(VIei/:) . (2.51)

2.2.4 Structure Equations in the Soot Consumption Region

In  the  0 (5 )  so o t/p re c u rso r  consum ption  reg ion  located  adjacent to  the

oxid izer s id e  of the ox ida tion  region , only the  so o t/p re c u rso r  consum ption

reaction (R3) is im portant. Because E2  and  E3  are of th e  sam e order, the sam e 
stre tched  coord inate  g = ( x  — x ^ ) /  6  is used  except th a t  £ > 0  in  this region.

The expansions of the various variables are:

f + = [ f f o - S 0 t - S z 0 ^ + O ( S 3)]+O(e)  , (2.52)

= +5<*£2 + 0 ( 5 2 ) ]+ 0 (£ )  , i = F , 0 , R  , (2.53)

* s  = * S , 0  + S[*s , i  + S * s , 2. + 0 ( 5 2 ) ]+ 0 (£ )  , (2.54)

w hich  are  sim ila r to Eqs. (2.20)-(2.22). Because on ly  a n  O(e)  am ount of the 

fuel leaks th ro u g h  the  o x id a tio n  region, <Ppri  = 0  is a  req u ired  condition .

S ubstitu ting  Eqs. (2.52)-(2.54) in to  Eqs. (2.8)-(2.12), ex p an d in g  and collecting 

the term s of the sam e o rd er in  5, w e obtain  the s truc tu re  equations:
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d 2 <t>Q X I  d ^ 2- =A3 <J>£0 <*’O,lexP ( -“ ©r ) , (2.55)

d2 0 l o d2 0 f a  d 2 0 0 tl d 2e t
d ( 2 d ( 2  qS d i 2  d ( 2

1  d2<t>h _ d<Plo)  . d 20 *

Les d ( 2
+  Xr - V  £ U o  ,

J dI?

d20F, 2 -
VF

1  d Z&R'2 -  d 0 £ t 1 

LeR d C2 '  d C
=  0

(2.56)

(2-57)

r d20 ^ ,2  . = < * * a i
 = 1- X f   

d £ 2 1 d £
(d2e$ _ d&Z

d ?
¥ Xr dC

=  0

d 2 0 t  2
------^ T 1 d20 s , z  , -  d&s,i  * d 0s ,o  

I*s  d i 2  f  d (  + i

(  d 2 0 ?
-  v '0 ,2

d ? xf

d £

d 0 p ,  i
d S

=  0

(2.58)

(2.59)

w h e re

A 3 = ( S 2 / v ) p D a 2 e x p ( - a E 2 / f f t0) (2.60)

is the  red u ced  D am k o h le r n u m b er o f th e  s o o t/p re c u rs o r  c o n su m p tio n

reaction .

2.2.5 Matching of Solutions in the Outer and Soot Consumption Regions

B oundary  cond itions re q u ire d  to so lve th e  s tru c tu re  equations in  soo t 

co n su m p tio n  reg ion  can  b e  ob ta ined  b y  m a tch in g  the  so lu tions in  th e  soo t 

c o n su m p tio n  reg ion  w ith  th e  o u te r so lu tio n s  in  th e  ox id izer side . T he 

p ro ced u re  is sim ilar to  th a t  described  in  section  2.2.3 and  illu stra ted  in  Eqs.
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(2.29) an d  (2.30) except tha t £  —»<*> in  th is  region. U pon  m atch ing , w e obtain

T f ,o =  ^oo -t-4 , 0  IcO)  o r 4 , 0  =  (T f ,o -  T'oo)/ f e d ) (2-61)

Q\ (£ —> °°) = - 4 , 1  fc (l)  ~  4 ,0  exp(— /  2 ) £  , (2.62)

(d& 2  /  d Q ^ o o  =  e x p ( - x f  /  2 )(4 ,i  -  4 , 0  xf  Q  , (2.63)

«0 ,0 = ^ 0 , ~ / I C(D , (2.64)

4 ,  0  =  4 ,1  = 4 , 0  = 0  , (2.65)

~^ M) = - ab , i i c O ) +ab ,o exp ( ~ x f  f  2 )C (2 .6 6 a)

(d <Por 2  /  d O ^ o o  = exp ( - i f  /  2 )(«o,l ~  aO,0  0 (2-67)

(^  < 4 ,2  / d O ^  = 0  , (2 .6 8 )

®R, 1  (C °°) =  4 ,1  fc  ( ^ R  ) / (2-69)

( d & £ '2 / d £ ) ^ „ = - a £ fl^ jU ! f[exp(-LeR x j / 2 )  , (2.70)

<4 , 0  ~ > °°)=  4 ,o  tt*S ) / (2.71)

® s,i(C  -> °°) = 4 ,1  rC 0 * s) -  4 , 0  exp (— Les x j  /  2) £  , (2.72)

( d & s r2  / d£)g_+oo = -JU s exp ( - Les i j  / 2 ) (~ 4 ,i  + 4 ,0 ^ S * / C ) . (2.73)

Equation (2 .6 6 a) also im plies

( d < P o , l / d 0 ^ o 0 =ao,OexP ( - X f  / 2 ) ’ (2 .6 6 b)

In teg ra tin g  the  four expressions in  Eq. (2.56) tw ice a n d  Eqs. (2.57)-(2.59) 

once sub ject to  th e  m atch ing  cond itions in  Eqs. (2.62)-(2.63) a n d  (2.66)-(2.73)

yields
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<*>5,0 = aS , 0 I c ( Les )  / (2.74)

&R, 1 = flR,l *C ( LeR ) / (2.75)

= (flT ,i-^ s«o ,i)^ c(1)+ ( ^ s flo ,o -« r ,o )exp (-^ /2 )C  ,
(2-76)

Lec 0 , 1  = - lC 0 * s) + vflo,i^c (1 )

vqs

- [ 4 ,0  exp(-Les  i f / 2 ) /  + v a j  ,0 exp ( - . ^  /  2 )] f  , (2.77)

= vFai_t r* (L eR ) , (2.78)F, 2 -  
-VF

LeR d f

d<P,0 ,2  -+  X 0 O,1

d<&F, 2 1  ^ S , 2  -
-  V

d«Z>,0,2 / v O,l

= - 4 , i r * ( Les ) ~  * '« o , i r * '( i )  ,

w h ere

Ic (Le) = ^ 2 n - l ( J U x f )
J t

r * ( L e )  = e x p ( - L e x f  /  T) I ^ lL e -X f? Ic (Le)  .

2.2.6 S truc tu re  E quations in  the  O xidation R egion

(2.79)

(2.80)

(2-81)

(2.82)

In  th e  O (e) o x id a tio n  reg io n , on ly  th e  o x id a tio n  reac tio n  (R l) is 

sign ifican t. The p ro p e r  s tre tch ed  coord ina te  is d e fin ed  as £ = { x - X f )  /  e
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w here e  = T j  /  E^, a n d  the  expansions of th e  variables are

f=ff -£[e1+8e2+o{81)]+o{£1) ,

^  =  e [ f c , l  +  M - ,2 + 0 ( 5 2 )] +  0 ( £ 2 ) , i = P ' 0  ,

=[^0R,O + 0 (S 2)] + e[<f>R,l + 8 <Pr ,2 + 0(52)] + 0(£2) ,

Vs = [ ^ s ,o  +  £ 0 s ,o  + O (5 2)] +  e[0 s i  +  -t-0 (£ 2 ) ] + 0 ( e 2 ) ,

(2.83)

(2.84)

(2.85)

(2.86)

w here

f /  =  T>,0 - S f / , i + O ( « 2) . (2.87)

Substitu ting  Eqs. (2.83)-(2.86) in to  Eqs. (2.8)-(2.12), expand ing  an d  collecting 

term s of the sam e o rd er in  e, w e ob tain

d z Ys o  / d ? = d * < p Rto / d ^ = d ^ s ,0 / d ^ = 0  ,2 _ ^ 2 (2.88)

d ( 0 F,1 ~&l) _ d  ( 0 F,1  ~ 0 0 , 1 ) _ d2
d ? d ? d ?

<t>F, 1 +
&R, 1
Le

d Z <t>S,l . r .  -  ^ S/0 _ n 
—_ _o +L^sxf —~ — — u /

d ? dS
(2.89)

d ( 0 F,2  -  dl )  d  ( 0 f /2  - 0 0 ,2 ) _ 
d £ 2  rf£ 2  d £ 2

rf2 ^S,2  , r - -  d $S,0 _  — o (■ Lee X  f — — —  —
d £ 2 b f  d£

<t>F, 2 +

0

$R,21  , „ d<(>R 0
LeR

+ xT d$

(2.90)

A struc tu re  eq u atio n  sim ilar to  th a t o f L inan  (1974) can also be derived , 

b u t it w ill n o t be  p resen ted  because it is n o t  of d irect relevance to  this study.
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2.2.7 M a tc h in g  o f  S o lu t io n s  in  th e  O x id a tio n , S o o t F o rm a tio n , a n d  

C o n su m p tio n  R eg ions

The requ ired  b o u n d a ry  cond itions to solve Eqs. (2.88)-(2.90) are  d e riv ed  

fro m  m atch in g  th e  so lu tio n s  in  th e  o x ida tion  reg io n  w ith  th o se  in  th e  

s o o t/p re c u rso r  fo rm atio n  a n d  co nsum ption  reg ions as £ —» ±°° a n d  £ —> 0 . 

M atch ing  can  be  perfo rm ed  b y  first le tting  £ = (e  /  S )£ ,  su b s titu tin g  in to  th e  

so lu tio n s  in  th e  s o o t /p r e c u r s o r  fo rm a tio n  a n d  c o n su m p tio n  re g io n s , 

ex p an d in g  the  resu ltin g  expressions for p roper o rd erin g , an d  equating  w ith  

the  so lu tions in  the  ox idation  region. Follow ing th is p rocedu re , any  variab le , 

A(£),  in  th e  s o o t /p r e c u r s o r  fo rm a tio n  o r c o n su m p tio n  reg io n  can  b e  

expended  as

4 ( 0  =  [4 0( O  +  & M 0 + <52/ s2(0 + O (< 5 3)]+ O (£ )

= U M i  = 0 ) + 0 ( e  /  5 ) ]+ S I M Z = 0 ) + <M\  /  d 0 ( =o(eS /  0 + 0 (e /  £ )2] 

+S 2 [4 2( f  = 0 ) + (<M2  /  dO f=o(e« /  0 + 0 ( £  /  S)2]+ 0 ( « 3)l + O(e)

= l A o d  = 0) + SAt ( (  = 0) + 0 ( 5 2)]

+e{const + [(d4! / d ( ) ( =o + S(dd2 /d O f= o  + 0 (S 2 ) ] { )+ 0 (£2) .
(2.91)

T ak in g  th e  m a tc h in g  o f th e  te m p e ra tu re  so lu tio n  as a n  exam ple , b y  

substitu ting  Eq. (2.91) into Eqs. (2.20) an d  (2.52), w e have

f ± = [Tf  0 -  S e f  -  8 2Q% +  0(<53)] + O(e)

= [ f f / o - S 0 t ( Z  = O)+O(S2)]

+ e { c o n s t - [ ( d 0 f  / d O ^ o  + S { d & % / d f y =0 +  0 (S2 )]<*}+0 (£2)

= {[f/,o -  <5t/,l + 0 ( 8 2)] -  £[% + 662 + 0 ( 5 2)]+ O(£2) } ^ ±00 . (2.92)
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Subsequent su b s titu tio n  o f Eq. (2.45) w ith  £  = 0 into Eq. (2.92) yields.

T/ , 1  = ® T (f = 0) =  ( (  =  0) = , (2.93)

(d 0 ; / d f ) ^ ±„ = ( d © f / d O f =o - ) = 1 .2  . (2.94)

A pplication of th e  sam e m atch ing  p rocedu re  to  o ther variab les th en  gives

* F , M  =  0 )  =  0  , (2.95)

* O ,i(C  =  0) =  0 , (2.96)

aT , l I ( X f )  =  ( aT , l -  V'^SflO ,l)^ c (1) / (2.97)

VS, o ( ^ ^ - 00) =  « S ,0 ^ ( V ^ i / )  , (2.98a)

VS/o ( ^ - ^ « )  =  4 , o J c ( ^ s )  , (2.98b)

^ - M ) =  aR , l ^ ^ ^ L e R X f )  +  aFfl ( L e R / V p ) l ( X f )  , (2.99a)

0r,O ( 4  —> ° ° )  =  aR , l I c (  Lz r  ) , (2.99b)

$ S , o ( € ^ - M ) =  aS A H f i e s X f ) - L e S a F , l I ( X f )  / (2.100a)

0S,O (<5 ~ * 00) = aS,l^C ( )  + v Le$ aO , \  (1) / (2.100b)

(d<f,i r j / d ^ ) ^ ± e o = ( d 0 f ; j / d O ^ o  , i =  F , 0 , R , S  , /  = 1, 2 . (2.101)

E quations (2.44), (2.46), (2.47) a n d  (2.74)—(2.77) h av e  b e e n  u se d  in  the 

derivation  of Eqs. (2.97)-(2.100).

In te g ra tin g  th e  th re e  exp ression s in  Eq. (2.88) tw ice  a n d  th e  four 

expressions in  each  o f Eqs. (2.89) an d  (2.90) once subject to  Eqs. (2.94), (2.98)- 

(2 .1 0 1 ) w e obtain
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^S,0 =  ®S, 0 = <*>S,0 r (2.102)

Vp[ aR ,l lC ( ^ R ) ~ aR , l I ( ^ LeR * / ) ]  = apf l LeR I ( x / ) , (2.103)

Les  [ aprlI{xf ) + v « $ ,iIC (1)] =  * s ,lI i ^ X f ) - a t t l Ic (Les ) , (2.104)

( d V l i / d f y -  0  = ( d 0 l 1 / d O ^ o  , (2-105)

(d& p  i  / d £ )£ -0 +(d& i / d£)g=0 + a f  0 e x p ( - X f  / 2 )  =  0 , (2.106)

{ d 0 p A / d O ^ o  H d*P£,1 / d O z = o = 0  , (2.107)

LeR { d 0 R X I  d & ^ + { d 0 R X f  d $ ) ^  = 0  , (2.108)

(d0pr2/dC);=o- ( d 0 l 2/ d O ^ o  ={d&2 / d O ^ o  ~ide$/d£)z=o  /

(2.109)

( d  0 p t2  f  d O ^ = o ~ ( d 0 p t2 /  d £ ) g =0 = ( d 0 Q , 2  /  d £ ) £ =o - ( d 0 Q r 2 /  d £ ) f = o  /
(2.110) 

LeR[(d<Pp 2 /  d£)z=o-(d0F,2 /  dC)̂ =o]

= ( d 0 l 2 /dZ)s=o-{d0R/2/dOs=o , (2-11D

( d 0 s f2 / d O ^  o = ( d 0 l 2 / d O s =o • (2 -1 1 2 )

2.2.8 C o m p le tio n  of the  A nalysis

To co m p le te  the  analy sis , Eqs. (2.46), (2.47), (2.76) an d  (2.77) are
d ifferen tia ted  w ith  respect to £ to y ield

^ ( ^ F , l - ^ ^ R , l )  = -«F,0 ex p ( - i /  / 2 )  , (2-113)at, t.eR
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Vp d & R

LeR d£
x 1  d<Ps  i  _ exp(-Les x f  /  2 )

" + n ; - d t - as'0 j n ;  '
(2.114)

(2.115)

~  =  ~ [flS,0 exp(-Les x f  /  2 ) / ^ * 4 " + va£ / 0 e x p ( - i |  /  2 )] .

(2.116)

A pplication of Eqs (2.34), (2.107), (2.108) to Eq. (2.113) then  gives

( i 0 F ,a / d f ) f=o =  - y F,_ „ e x p ( - i E | / 2 ) / [ ( l + v F ) f ( i / )] , (2.117)

(2.118)

N ext, substitu tion  of the  E qs (2.31), (2.61), (2.64), (2.106), (2.117) and  (2.118) in to  

Eq. (2.115) and  rea rrang ing  term s, one obtains

Tf , 0 - f - o o  _ l - v q s Y f ,-°° c.-  4>,°°
I(xf ) f e d )  1+Vp I(xf ) HSIC ( 1)

(2.119)

M oreover, by  co m bin ing  Eqs. (2.44), (2.74), (2.102), (2.105), (2.114), (2.116)—

(2.118), w e fu rther have

4 ,0  = V
|l£S

2  K
I ( j L e s x f ) v * Y f - oo Y q ,o

l{x f ) IC( 1 )
exp [(Leg — l ) x f /  2]

(2.120)

v * y F -oo r Q/,  

! ( * , )  Z ed ).
exp[(Les - l ) ^ / / 2 ] .

(2.121)

E quations (2.119) an d  (2.121) determ ine the lead in g  o rd er flam e tem pera tu re ,
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Tf  q, a n d  so o t/p re c u rso r  concen tra tion  in  the ox idation  reg ion , Ys,0 / term s 

of the  flam e s h e e t location, Xf,  respectively . F inally , su b s titu tio n  o f Eqs. 

(2.48)-(2.50) a n d  (2.78)-(2.80) in to  Eqs. (2.109)-(2.112) a n d  rearrange p rov ide  

two a d d itio n a l re la tions

v q s  - 1  _
aT i h---- '-̂ -z— aF i

1,1 l + v p
r-(l) = - ( a f  ,1 -  vqs

r - ( L e R) + a Z ^ ^ ( U r )] , (2 .1 2 2 )
1 +  V p

v[ v  * a f  -  a g . i r + d ) ]  = [a f ,1r - ( I e s ) + a f ,1r + (Les )]

- v d - v ^ ^ ^ r - f L e R t  +  af^r-CLCR)] . (2.123)

2.2.9 Rescale o f the Structure Equations for Numerical Computations

The tw o  s tru c tu re  equations, Eq. (2.23) in the  soo t fo rm ation  region and  

Eq. (2.55) in  th e  so o t co n su m p tio n  reg ion , need  to  b e  so lved  num erically . 

Equation (2.23) w ith  @f and  <&Rri  g iven  respectively b y  Eqs. (2.45) and (2.46) is

to be  in te g ra te d  subject to the  fo u r b o u n d a ry  co n d itio n s specified  in  Eqs. 

(2.36a, b), (2.95) a n d  (2.117). Sim ilarly, Eq. (2.55) w ith  &i g iven  by  Eq. (2.76)

and  o g iv e n  b y  Eq. (2.74) a n d  (2.120) can be so lved  sub ject to the  fou r

boundary  cond itions in  Eqs. (2.66a, b), Eq. (2.96) and  Eq. (2.118).

T he n u m e ric a l p ro ced u re  c a n  b e  s im p lified  b y  a  tran sfo rm a tio n  of 

variables. T he  tran sfo rm atio n  o f  Eq. (2.23) is p e rfo rm ed  b y  defin ing  the  

rescaled v ariab le  a n d  param eter as:

1 = [Yf,-oo /  I (x f ) ]exp ( -x j  /  2 )£  , (2.124)
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A2  —  Dd2 LeR
( f  2

Tf .  o

V /

'  I(xf ) " 2  

* F,—
exp-

TfrO
(2.125)

Substitution of Eqs. (2.124) an d  (2.125) into Eqs. (2.45) and  (2.46) gives 

© f = - « f  ,1 K^/,0 ~  ̂ -oo) /  ^ '

^ R ,i = -  f(V ^ R  * /)]  + (LeR /  vF)(4>F /1  +  77) .

(2.126)

(2.127)

Subsequent sub stitu tio n  of Eqs. (2.124)-(2.127) in to  Eqs. (2.23), (2.36a, b), (2.95) 

an d  (2.117) th en  y ie ld s  the  transform ed eq u a tio n  a n d  b o u n d a ry  cond itions,

given by

d2 <Pptl /  dr)2 = A 2 <Pf , i U r / l b l l j i - I ( j L e ^ X f ) ]  /  LeR + ( 0 F 4  +  rf) /  i>F }

x  exp{ [(Ty 0  ~ T-oe) /  y f, - oo] *71 , (2.128)

® F,l(»7 =  0) =  0 ,

( d & p 1 /  d r j ) ^  = - 1 / ( 1 + vF ) ,

(2.129a)

(2.129b)

^ F, l ( T? ~ ^ _00) = _ 7 1 '
(2.130a)

( d 0 FA/d77 )n_,_oo= - l  .

Similarly, Eq. (2.55) can be transform ed b y  defin ing  

77 = {y0  oo/ [ V 2 7 r - f ( x /) ] } e x p ( - x ^ /2 )  £  ,

A 3 = pD a2( T ^ Q /  E2)2^Les /  2/r I(-jLe^Xf)[^f27C -  )]

x {v * y F / l { * f ) - Y o . o o / b l 2 ^ - l { x f )\)

x expjaJflT ,!^/) -  ̂ 2 /  T/,0] + ~ *)*/ /  2} ,

(2.130b)

(2.131)

(2.132)
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w hich  can  firs t b e  substitu ted  in to  Eq. (2.76) to  give

® l = As * (* 0 ,1  ~  *?) - a T 1 I(xjr) +  [(Tf ' Q -  Too) /  Y (2.133)

a n d  then su b s titu ted  into Eq. (2.55), (2.68a, b), (2.96), and  (2.118) a long  w ith  Eqs. 

(2.74), (2.120) a n d  (2.133) to yield

2.2.10 S um m ary  o f the  A nalytical R esu lts

The ana ly sis  is now  com plete a n d  th e  m ain  resu lt is su m m arized  in  the

fo llow ing  tex t. F irst, Eq. (2.134) is num erica lly  in te g ra te d  sub ject to four

b o u n d a ry  co n d itio n s  in  Eqs. (2.135a, b) a n d  (2.136a, b). N ex t, Eq. (2.128) is

num erically  in teg ra ted  subject to  fo u r b o u n d a ry  conditions in  Eqs. (2.129a, b)

a n d  (2.130a, b). Since there are  fo u r b o u n d a ry  cond itions fo r b o th  of these

second o rd e r  d ifferen tia l equations, fo u r add itional b o u n d a ry  conditions can

be  used  to  d e te rm in e  four o th e r u n k n o w n s . These fo u r co n d itio n s , a long

w ith  Eqs. (2.97), (2.103), (2.104), (2.122) an d  (2.123) are  u se d  to  determ ine  the 

flam e sh ee t lo ca tio n , Xf, an d  the  e ig h t u n d e te rm in e d  c o n s tan ts  a f j ,  a p lf

aO, 1 / aR,l an d  as,l- W ith th e  d e te rm in a tio n  of xy, Og Q c an  b e  de te rm ined

^O,l(^7 =  0 ) =  0 (2.135a)

(2.136a)

{ d & o  1 /  d T l ) ^ ^  = 1  . (2.136b)
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from  Eqs. (2.44), (2.102) a n d  (2.120) w hile  the  flam e tem p era tu re  T f  can  be 

de te rm ined  from  Eqs. (2.87), (2.93) and  (2.119).

T he m ax im um  s o o t /p re c u rs o r  co n cen tra tio n , w h ic h  is loca ted  a t the  

b o u n d a ry  betw een  th e  s o o t/p re c u rso r  fo rm ation  reg io n  a n d  the  in e rt reg ion  

a t the  fuel side of th e  reaction  regions, can  be ob ta ined  from  Eq. (2.18a) as

Y s (x f ) = (ast0 +  . (2.137)

A  so o t/p re c u rso r  in d ica to r Si  w ill be u sed  to express th is quan tity . Sim ilarly, 

the so o t/p re c u rso r  co n cen tra tio n  a t the  b o u n d a ry  b e tw een  the so o t/p rec u rso r  

co n su m p tio n  reg ion  a n d  th e  in e rt reg ion  a t  the  o x id ize r side  of the  reaction  

reg ions is given by  Eq. (2.18b) as

V's (*f) = (4 , 0  +  < * 4 ,iK c ( ^ s ) + -  , (2-138)

w h ic h  rep re sen ts  th e  a m o u n t  of so o t/p re c u rs o r  th a t  b reaks th ro u g h  th e  

re a c tio n  zones in to  th e  o x id iz e r  side . The a m o u n t  o f s o o t/p re c u rs o r  

b reak th rough  w ill be  exp ressed  b y  a  soo t b reak -th rough  param eter Sb •

In  the  lim it of ex trem ely  slow  so o t/p re c u rso r  co nsum ption  reaction, its 

ra te  is considered  a n  o rd e r  o f m ag n itu d e  s lo w er th a n  th e  s o o t/p re c u rso r  

fo rm ation  reaction so  th a t  (3 = 0 (5 ). For this case Eq. (2.134) can be  in teg rated  

subject to  Eqs. (2.135a, b) to  y ield

* O A = { y r , ~ ~ l ^ c - K x f ) ] / l Y o ^ a + v F )I( ,x f )]}t, . (2.139)

S ubsequent application  o f Eqs. (2.136a, b) into Eq. (2.139) resu lts in  4 , 1  = 0

K x f ) = j 2 ^ Y Ft_00 / [ Y F,_ „  + (1 +  v>F ) r 0 /~ ]  (2.140)

for th e  d e te rm in a tio n  o f  th e  flam e sh ee t loca tion . T his in  tu rn  can  be
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substitu ted  in to  Eq. (2.119) to p rov ide  th e  so lu tion  of Tf  Q, given by

T f ,o =f-oo +rF,— (t00 - f _  + f 0 ,=o)/[^F,-oo + ( 1 +  VF ) ? o ,o o ]  • (2 -1 4 1 )

E quation  (2.128) still needs to be  n u m erica lly  in tegrated  subject to  the  four 

b o u n d a ry  cond itions in  Eqs. (2.129a, b) a n d  (2.130a, b), w ith  tw o  add itiona l 

conditions ap p lied  to  determ ine &t ,1' aF ,l ' aR,l ^ d  j  a long w ith  Eqs. (2.97),

(2.103), (2.104), (2.122) an d  (2.123).

I t  sh o u ld  b e  m en tio n ed  th a t  a lth o u g h  the  p resen t an a ly sis  can  be 

com pleted  w ith o u t requiring  know ledge of flam e extinction state, the  analysis 

is b ased  on the existence of a d iffusion  flam e. Thus the resu lt of th is  analysis 

is applicable on ly  to a counterflow  d iffusion  flam e in L inan 's (1974) d iffusion  

flam e regim e a n d  for conditions su ffic ien tly  far aw ay  from  th e  ex tinction  

lim it. E x p erim en ts  h av e  sh o w n  th a t  so o t an d  PA H  fluo rescence  are  

com plete ly  su p p re sse d  a t  strain  rates fa r  less than  co rrespond ing  extinction 

stra in  rates (D u et al., 1988).
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2.3 Results and Discussions

To ex p lo re  th e  characteristics o f flam e response , n u m erica l calculations 

w e re  p e r f o r m e d  u s in g  T - o o  = Too = 300 K, q p r1 = 1 0 1 4 0  c a l / g m ,  

cjs,3  -  13500 c a l/g m , cp = 0.273 c a l/g m .K , Wp = 28 g m /m o l, W o  = 32 g m /m o l, 

W r = 1 g m /m o l, W s = 36 g m /m o l, vp,i = 1, vp,2  = 0.05, v o ,i = 2.9, vo ,3  = 0.25, 

v r  = 0.4, vs = 0.05, an d  E2  = 12590K, co rresponding  to  a n  activation  energy  of 

25 k c a l/m o l. T hese va lues a p p ro x im a te  th e  b u rn in g  o f e th y le n e /o x y g e n  

flames. Tw o lim iting  cases u s in g  a ir  as the oxid izer flow  w ill be s tu d ied  as 

show n schem atically  in  Fig 2.1. T he first case considers a  p u re  fu e l/a ir  flam e 

so tha t Y f -o o  = 1  an d  Yo,«  = 0.233 (Fig. 2 .1 (a)) w hile for the second case, all the 

inert gas in  the  a ir is extracted a n d  d iverted  to the fuel s tream  (Fig. 2.1(b)). For 

the d ilu te d -fu e l/o x y g e n  case, Yo,°o =  1  and  the value o f Yp-ao  varies be tw een  

0.08143 a n d  0.08784 depend ing  o n  the  rate  o f the so o t/p re c u rso r  consum ption  

reaction. T his is because w h e n  th e  ra te  of the  so o t/p re c u rso r  consum ption  

reaction v a rie s , the  oxygen u se d  to  consum e the so o t/p re c u rso r  is different, 

w hich  re su lts  in  a d ifferen t a m o u n t o f inert gas to  be  d iv e rted  to the  fuel 

stream . T he so lu tion  contains fo u r  param eters a, (i, LeR a n d  Les, w hich  w ill 

be s tu d ied  system atically.

In  th is  s tu d y , the ox idation  reaction  is considered  sufficiently  fast so  th a t

it belongs to  L ihan 's d iffusion flam e regim e (1974). By tak ing  the  radical R  to

be an  O(S) q u an tity , the s o o t/p re c u rso r  form ation reac tio n  is sufficiently fast

and  is also in  L inan 's d iffu sion  flam e regim e. T hus th e  D am kohler num ber

of th e  s o o t/p re c u rs o r  fo rm a tio n  reaction , D a 2 , c an n o t b e  very  sm all. In  

add ition , th e  flam e sheet location , xy, is independen t o f th e  ra tes of these tw o

reac tio n s . H o w ev e r, it  v a r ie s  w ith  th e  ra te  o f  th e  s o o t /p re c u r s o r
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O xidation Zone

oxidizerFuel
Soot/Precursor 
C onsum ption  Zone

Soot/Precursor . 
Form ation Zone

Stagnation Plane

O xidation Zone

Soot/Precursor 
C onsum ption  Zone

Soot/Precursor^ 
Form ation Zone

Stagnation Plane %-f X

Figure 2.1(a) Schematic diagram of the flame structure for 
fuel/air flame in the counterflow diffusion  
flame configuration
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O xidation  Zone
Soot/Precursor 
Form ation Zone

Soot/Precursor 
Consum ption Zone

oxidizerFuel

Stagnation Plane

O xidation  Zone

Soot/Precursor 
Form ation Zone

Soot/Precursor 
Consum ption Zone

X f  S tagnation Plane X

Figure 2.1(b) Schematic diagram of the flame structure for 
diluted-fuel/oxygen flame in the counterflow 
diffusion flame configuration
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consum ption, reaction , w h ich  w ill be  d iscussed  later. T he  so o t/p re c u rso r  

consum ption  reaction  belongs to  L ilian 's prem ixed flam e regim e.

For the  fu e l /a i r  flam e, a ll th ree  reaction  reg ions a re  located  o n  the 

ox id izer side  o f the  s ta g n a tio n  p lan e  d u e  to the  low  in itia l oxid izer m ass 

frac tion  c o m p ared  to  th a t o f th e  fuel. Thus, as se en  in  Fig. 2.1(a), the  

tem p era tu re  g rad ie n t a t  th e  fu e l/o x id iz e r  side o f the  o x id a tio n  reg ion  is 

sm a lle r /s te e p e r  an d  hence th e  so o t/p re c u rso r  fo rm atio n  reg io n  is th icker 

th a n  the c o n su m p tio n  reg io n  d u e  to  a b ro ad er h ig h  te m p e ra tu re  region. 

C o n se q u e n tly , th e  s o o t /p r e c u r s o r  fo rm atio n  re a c tio n  is  fav o red  over 

consum ption  reaction because o f the  larger residence tim e.

The so o t/p re c u rso r  in d ica to r Si, w hich is the m ax im um  m ass fraction of 

th e  so o t/p re c u rso r , is sh o w n  in  Fig. 2.2 versus the  D am k o h le r num ber of 

so o t/p re c u rso r  form ation, Daz, for selected values of /? a n d  a  = LeR = Les = 1- 

U n ity  Lewis n u m b ers  a re  u se d  as reference values fo r co m p ariso n  in  o u r 

d iscussion, a lth o u g h  they  m ay  n o t be  physically realistic. The corresponding 

flam e tem pera tu re , Ty, a n d  flam e sheet location, xjr, a re  p lo tte d  in  Figs. 2.3

a n d  2.4. The curve for f$ = O(S) in  these figures rep resen ts th e  lim iting case of 

ex trem ely  s lo w  so o t/p re c u rs o r  o x id a tio n  reaction. A lth o u g h  D a2  can be 

v a ried  by chang ing  the p re-exponen tia l factor B and  the s tra in  rate  k, it  m ore 

n a tu ra lly  exp resses th e  e ffec t o f k,  because B is a  p ro p e r ty  and  thus is 

p rescribed  w ith  the  specifica tion  of reactants. The n u m erica l com putations 

show  that for realistic values o f fi, the  results are  ind is tingu ishab le  from  the 

case w here  j3 = O(S) , w h ich  sh o w s th a t the  s o o t/p re c u rs o r  consum ption  

reaction  is re la tive ly  w eak  fo r fu e l /a i r  flam es. This is co n sis ten t w ith  the
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analysis a n d  d iscussion  in d ica tin g  th a t the so o t/p re c u rso r  form ation  reaction  

is favored.

W hen  Daz  is increased fro m  a  relatively  sm all va lue , th e  rate of bo th  the  

so o t/p re c u rso r  fo rm ation  a n d  co n su m p tio n  reactions is increased  because o f 

the increased  residence tim e. T his leads to  a  h igher a m o u n t o f so o t/p recu rso r 

w ith in  th e  sy s te m  sin ce  th e  fo rm a tio n  re a c tio n  is  fa s te r  th a n  th e  

consum ption  reaction. H ow ever, a  h igher am ount o f so o t/p re c u rso r  y ields a 

low er f lam e  te m p e ra tu re  b e c a u se  th e  chem ical e n e rg y  s to re d  in  th e  

so o t/p re c u rs o r  is n o t re leased  as th e rm al energy. T he decrease  in  flam e 

tem p era tu re  th e n  slow s d o w n  th e  fo rm ation  an d  c o n su m p tio n  reactions so 

th a t the  ra te  o f increase  in  s o o t/p re c u rs o r  w ith  in c re as in g  D a 2  a c tu a lly  

decreases. T he above d iscussion  is su p p o rted  by Fig. 2.3, w hich  show s th a t 

the flam e te m p e ra tu re  d ecreases  w ith  increasing  Daz  (ind ica ting  a h ig h er 

am oun t of s o o t/p re c u rso r  w ith  la rg er Daz) and  the tem p era tu re  decrease is 

slow er for h ig h e r Daz (ind ica ting  a  slow er so o t/p rec u rso r  increase rate). For 

extrem ely  sm a ll va lues of Daz,  th e  value of S/ becom es negative , w h ich  is 

physica lly  u n rea lis tic  a n d  h e n ce  th e  analysis is n o t  app licab le . This is 

consistent w ith  o u r  earlier s ta te m e n t o n  the  lim itation o f Daz-

It is sh o w n  in  Fig. 2.2 th a t w h e n  Daz  is increased, Si  increases, a tta in s a 

m ax im u m , a n d  th en  d e c rea se s . T h is b e h av io r se em s to  v io la te  o u r  

ex p ec ta tio n  th a t  the  a m o u n t o f s o o t/p re c u rs o r  s h o u ld  increase  w ith  

increasing  D a z  because th e  s o o t/p re c u rs o r  co n su m p tio n  reaction  is slow er 

than  the  fo rm a tio n  reaction. H ow ever, recognizing th a t th e  quan tity  p lo tted  

in Fig. 2.2 is th e  m axim um  so o t/p re c u rso r  fraction an d  n o t the  total am oun t, 

the observed  behav io r can  be  u n d e rs to o d  in  the fo llow ing w ay. W hen Daz  is
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increased , i.e., th e  s tra in  rate  k  is d ec rea sed , tem p era tu re  g ra d ie n t o n  bo th  

s ides of th e  reac tio n  reg io n  is sm a lle r  a n d  th e  h ig h  te m p e ra tu re  reg io n  is 

ex ten d ed  su ch  th a t th e  s o o t/p re c u rs o r  fo rm atio n  a n d  c o n su m p tio n  regions 

a re  b ro ad en ed  in  ex ten t. The increase  in  th e  size o f these  reac tio n  regions 

yields a la rger residence  tim e for b o th  the  so o t/p rec u rso r  fo rm atio n  a n d  the 

co n su m p tio n  reac tio n s so th a t th e  a m o u n t  o f so o t/p re c u rso r  increases, as 

d esc rib ed  in  th e  p re v io u s  p a ra g ra p h , a n d  th e  m ax im um  s o o t/p re c u rs o r  

fraction , Sj, a lso  increases. In  a d d itio n , th e  b ro ad er rea c tio n  reg ions and  

w eaker g rad ien ts p ro v id e  a  w ider reg io n  to  contain  the so o t/p re c u rso r , w hich 

tends to decrease  th e  m ax im um  so o t/p re c u rs o r  fraction. For va lues o f Da2 

low er th a n  the  critical va lue  tha t y ie ld s  th e  m axim um  Sj, the  ra te  o f increase 

in  so o t/p re c u rso r  is  h ig h , as ex h ib ited  b y  th e  h ig h  te m p e ra tu re  g rad ien t 

sh o w n  in  Fig. 2.3, so  th e  effect o f  th e  increase  in  s o o t /p re c u rs o r  m ass 

dom inates over the  effect of reaction reg io n  broadening , an d  Sj  increases w ith  

in c reas in g  D a 2. A fte r th e  m ax im u m  S i  is passed , the ra te  o f  increase  in 

so o t/p re c u rs o r  is re la tiv e ly  s lo w  (see  F ig. 2.3), a n d  th e  rea c tio n  reg ion  

b ro ad en in g  effect becom es d o m in a tin g  a n d  leads to the  decrease  o f Si  w ith  

increasing Da2.

Indeed , by  le tting  Les = 1 an d  fo rm ing  an  appropria te  c o u p lin g  function,

i t  can be sh o w n  th a t the  in teg ration  o f  the  so o t/p rec u rso r m ass frac tion  over

th e  so o t/p re c u rso r  fo rm ation  reg ion  decreases m onotonically  w ith  decreasing 

Da2. This suggests th a t  t f  is a m ore  a p p ro p ria te  indicator o f so o t/p re c u rso r

fo rm ation  an d  th a t th e  increase in  Ty w ith  decreasing Da2 is a n  ind icato r of 

so o t/p re c u rso r  suppression .

As n o te d  p rev io u s ly , the e ffect o f /? o n  the  sy stem  is neg lig ib le  for
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realistic  values o f  p . N onetheless, resu lts for tw o  ex trem ely  la rg e  va lues,

P = 100 and  500, are  show n in  Figs. 2.2-2A  to dem onstra te  trends w h e n  there

is a stronger so o t/p rec u rso r  consum ption  reaction. For large values of P , S i 

decreases w hile the  flam e tem pera tu re , Ty, increases com pared  w ith  sm all p.

T hus, b y  increasing  /J, m ore  so o t/p re c u rso r  is o x id ized  and  m o re  h e a t is

genera ted  th ro u g h  the  consum ption  reaction. C onsequently , the  a m o u n t of

so o t/p recu rso r is decreased a n d  the flame tem pera tu re  is increased. F rom  Fig. 

2.3 it is seen  th a t for P = 500, th ere  exists a critical v a lu e  of Da2  a t w h ich  T f

a tta in s its m in im um  value. For values of Da 2  h igher th a n  this critical value, 

the  flam e tem pera tu re  increases w ith  increasing Dci2 , w h ich  indicates th a t the 

s o o t/p re c u rs o r  co n su m p tio n  reaction  is fa s te r  th a n  the  s o o t/p re c u rs o r  

fo rm ation  reaction so th a t the  to ta l am ount of so o t/p re c u rso r  decreases w ith  

increasing  Da 2 - For the sam e reason  a turn ing  p o in t exists for P = 100, b u t a t a 

m uch  larger D a2 * These resu lts  obviously v io la te  o u r  orig inal assu m p tio n  

a n d  sh o u ld  be d iscarded . This effect exists on ly  because  the v a lu es  o f P 

em ployed  to reveal this are unrealistically  high.

F igure 2.4 show s th a t the  flam e sheet location, ity, is positive, m ean ing

th a t the  flam e is located on  the  oxidizer side of the  stagnation  p lane , w h ich  is 

consisten t w ith  o u r  earlier d iscussion . Since xy does n o t change w ith  the

rates of either oxidation  or so o t/p recu rso r form ation  reactions, it is a  constant

w hen  p  = 0 (5 ), i.e., w hen  the  so o t/p rec u rso r co nsum ption  reaction  is slow .

For non-zero  values of P, the  consum ption  reaction  is faster w ith  increasing

D«2 - This y ields a  h igher ox id izer consum ption  ra te  in  the so o t/p re c u rso r  

consum ption  reg ion  and  hence  xy m oves to w ard  the  oxidizer side for a  new

stoichiom etric position , so th a t xy increases w ith  Da2 - For a larger va lue  of p,
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th e  s o o t/p re c u rso r  co n su m p tio n  reac tio n  is s tronger, le a d in g  to  a  g rea ter

ox id izer consu m p tio n  ra te  in  the  so o t/p re c u rso r  co n su m p tio n  reg ion  an d  a

larger Xjr.

The effect o f d iffu sion  tran sp o rt o f the  radical, R, o n  th e  so o t/p re c u rso r

con cen tra tio n  is sh o w n  in  Figs. 2.5 a n d  2.6 b y  p lo ttin g , respec tive ly , the  

so o t/p re c u rso r  index, Si, an d  flam e tem pera tu re , f  f ,  v e rsu s  Daz  for selected

values of Leu w ith  Les = 1, and  fi = 0 (5 ). Recognizing th a t th e  flam e behavior 

is qualita tive ly  sim ila r to  tha t w ith  non-zero  /?, the special case  o f /J = 0 (5 )  is 

se lec ted  for sim plic ity  in  num erical com putations. Since th e  rad ica l R (e.g., 

H) is generally  lig h t in  w eight, its d iffusion  ra te  is h ig h e r th a n  th a t o f the 

b ack g ro u n d  gas a n d  hence  Ler  < 1 . F igure 2.5 show s th a t  fo r L c r < 1, the 

value  of Si is low er fo r sm aller va lues of Dci2 , ind icating  th a t th e  am oun t of 

so o t/p re c u rso r  is low er. This resu lt, h o w ev er, is n o t co n c lu siv e  since the  

tren d  reverses itself fo r larger values o f Daz- N onetheless, Fig. 2.6 show s th a t 

f  jr increases m o n o ton ica lly  w ith  d ecreasin g  LeR, w h ich  in d ica te s  th a t the

to ta l am oun t o f so o t/p rec u rso r  decreases w ith  decreasing LeR fo r a ll values of 

Daz- This is because  th e  rad ical d iffuses faster for a  sm a lle r  LeRf w h ich  

ren d e rs  a sh o rte r residence  tim e fo r the  so o t/p re c u rso r  fo rm a tio n  reaction  

a n d  h en ce  less  s o o t /p r e c u r s o r  p ro d u c tio n . A lth o u g h  th e  ra d ic a l 

concen tra tion  is h ig h e r for a low er LeR, w h ic h  e n h an c es  s o o t/p re c u rs o r  

p ro d u c tio n , the  su p p re ss io n  of s o o t/p re c u rs o r  fo rm a tio n  c au se d  by  the  

red u c ed  residence tim e  o u tw eig h ed  the  p ro m o tio n  in d u c e d  b y  th e  h igher 

concen tra tion .
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Figure 2.7 show s the  d iffusion  effect o f  the  so o t/p recu rso r b y  p lo ttin g  S/ 

versus Daz  fo r se lected  values o f Les w h en  LeR = 1 , and  (5 = 0 (5 ). The values 

of Les a re tak en  to  be greater th an  u n ity  because the so o t/p rec u rso r  is heavier 

than  the  b ack g ro u n d  gas and  as a  re su lt its diffusion velocity  is sm aller. The 

m axim um  v a lu e  o f Les is chosen to  be  10 because this is su fficien t to  exhibit 

the full im pact o f Les. The value o f Si  increases w ith  increasing  Les, w hich  is 

expected because the diffusive tran sp o rt of so o t/p recu rso r is slow er for higher 

Les. As a re s u lt  m ore  so o t/p re c u rso r  accum ulates w ith in  th e  fo rm ation  

region. C o n seq u en tly , the s o o t/p re c u rs o r  concen tra tion  is lo w e r in  the 

co n su m p tio n  reg io n . Since th e  c o n su m p tio n  reaction  is v e ry  w eak  for 

realistic v a lu es  o f /J, an d  th e  fo rm a tio n  reaction  does n o t d e p e n d  o n  the 

tra n sp o rt of so o t/p re c u rso r , th e  flam e tem p era tu re  a n d  to ta l a m o u n t of 

s o o t/p re c u rs o r  a re  in d e p e n d e n t o f L e s • H ow ever, it  is expec ted  th a t for 

su fficien tly  la rg e  v a lu es  of (5, a  la rg er Les  w ill y ield  a la rg e r a m o u n t of 

s o o t/p re c u rso r  a n d  a  low er flam e tem p era tu re  because the  co n su m p tio n  

reaction is w eaker d u e  to a low er so o t/p rec u rso r  concentration.

The effect o f the  activation  energy  ratio , a,  is expected to  y ie ld  a  higher 

am ount of so o t/p re c u rso r  and  a  low er flam e tem perature  for h ig h er a  values 

because the so o t/p re c u rso r  consum ption  reaction  is less likely to  occur. This 

case w ill no t b e  d iscussed  further.

For the  fu e l /a i r  flam e considered  th u s  far, the flam e is s itu a ted  on  the 

oxidizer side  o f the  stagnation  p lane , an d  the  direction of convection  is from 

the ox id izer s id e  to  the  fuel side . T he so o t/p re c u rso r  p ro d u c e d  in  the 

form ation  reg io n  w ill be convected  to w a rd  the  fuel side an d  a p p e a r  am ong 

the  c o m b u s tio n  p ro d u c ts . T h u s, i t  h a s  b e en  re le v an t to  d isc u ss  the
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so o t/p re c u rso r  con ten t in  term s of S/. The quan tity , Sg , w hich  rep resen ts the  

am o u n t of so o t/p re c u rso r  th a t en ters the  chem ically  inert tran sp o rt reg io n  of 

the  oxid izer side b y  b reak in g  th ro u g h  b o th  the  oxidation and  so o t/p re c u rso r  

consum ption  reg ions, h as n o t been  considered .

The effect o f s to ich iom etric  m ix tu re  frac tio n  on  th e  s o o t/p re c u rs o r  

con ten t is now  ev a lu a ted  b y  red is tribu ting  the  in ert gas w ith o u t chang ing  the 

to ta l en thalpy . C onsidering  the ex trem e lim it th a t all inert gas in  the  a ir  flow  

is d iverted  in to  the  fuel stream  so th a t Y o ,«  =  b  the  flam e m igrates to  th e  fuel 

s ide  of the  s ta g n a tio n  p lan e  because o f th e  low  in itial fuel m ass frac tion  as 

com pared  to the in itia l oxidizer m ass frac tion  (Fig 2.1(b)). In Figs. 2.8 a n d  2.9 

the  so o t/p re c u rso r  index , Si, and  flam e tem p era tu re , t f ,  are p lo tted  ve rsu s

Da 2  for selected va lu es of (3 w ith  the  co n d itio n s th a t a  -  LeR = Les = 1- The

v aria tio n  of the  flam e sh ee t location w ith  f3 is qualitatively  sim ilar to  th a t in

Fig. 2.4 for the  fu e l /a ir  flam e so th is re su lt w ill n o t be  show n. Just as in  Figs.

2.2 a n d  2.3, Figs. 2.8 a n d  2.9 show  a n  in itia l increase in  S / w ith  Da  2 , the

existence of an  S j m axim um , a low er a m o u n t o f so o t/p re c u rso r  a n d  h ig h er 

flam e tem p era tu re  for a  h igher /?, as w ell as the  existence of a Ty m in im u m

for non-zero va lues o f ft w hen  Da 2  is sufficiently  large. H ow ever, the  values 

of D « 2  are  m uch  larger, Sj m uch  sm aller, a n d  (3 m uch  sm aller than  those  for 

th e  fu e l /a i r  flam e. A lso, S i  is q u ite  sen sitiv e  to  f3 v a r i a t i o n s .  T hese  

o b se rv a tio n s  in d ic a te  th a t  th e  s o o t /p r e c u r s o r  fo rm a tio n  re a c tio n  is 

sign ifican tly  slow er w h ile  the  so o t/p re c u rso r  consum ption  reaction  is m uch  

fa s te r  fo r th is  case . W hile  s o o t/p re c u rs o r  co n su m p tio n  reac tio n s h ave  

v irtu a lly  no  effect o n  so o t/p re c u rso r  fo rm atio n  in  the fu e l /a ir  flam e, they  

p lay  a significant ro le  in  th is d ilu ted -fu e l/o x y g en  flame.
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T hus, fo r  a  g iv e n  fuel a n d  a g iv e n  s tra in  r a te  th e  a m o u n t  of 

s o o t/p re c u rs o r  p ro d u c e d  can b e  su b s ta n tia l ly  less fo r lo w  in itia l fuel 

co ncen tra tions, w h ic h  is in  ag reem en t w i th  th e  ex p erim en ts  o f  D u  and 

A xelbaum  (1995). F u rtherm ore , reco g n iz in g  th a t the co n su m p tio n  reaction 

for the so o t/p re c u rso r  is n o t d ep en d en t o n  the  p a re n t fuel, it  is seen  th a t for a 

given s tra in  ra te , a  m u c h  higher ra te  for th e  form ation  reaction  is n eed ed  to 

p roduce  so o t/p re c u rso r  a t sm aller in itia l fu e l concentration.

Since, for th is  case, th e  flam e is located  a t  the  fuel side  o f th e  stagnation  

plane, convec tion  d riv es  the  flu id  from  th e  so o t/p re c u rso r  fo rm atio n  region 

tow ard  the o x id ize r side . This m eans th a t th e  so o t/p rec u rso r  p ro d u c e d  m ust 

first pass th ro u g h  th e  consum ption  reg ion  before  en tering  the  in e r t  reg ion  at 

the  o x id iz e r s id e  to  a p p e a r  as p a r t  o f  th e  fina l p ro d u c ts . T h u s the 

so o t/p rec u rso r b reak th ro u g h , Sg, is a p p ro p ria te  to describe the  so o t/p rec u rso r 

conten t in  the  p ro d u c ts  an d  this is p lo tte d  in  Fig. 2.10. C o m p arin g  Figs. 2.8 

an d  2.10, the  v a lu e  o f S b is seen to  be low er th a n  S/. This is because  p a r t  of 

th e  s o o t /p r e c u r s o r  is ox id ized  w h e n  p a s s in g  th ro u g h  th e  c o n su m p tio n  

region. N o n e th e less , th e  conclusions d ra w n  above, are  the  sam e  as to  the 

effect o f in itia l fu e l concentration.

The above resu lts  m ay  be explained  b y  the  follow ing. Since the  flam e is 

located a t the  fu e l side  o f the stagnation  p lan e , the  tem p era tu re  g rad ie n t in 

the fuel side o f th e  ox idation  region  is m u ch  steeper th an  th a t o f th e  oxidizer 

side (See Fig. 2.1(b)). T he so o t/p rec u rso r  fo rm ation  region, w h ic h  is located 

o n  the fuel s id e  o f th e  ox idation  reg ion , is th e n  m uch  n a rro w e r  th a n  the 

s o o t/p re c u rs o r  c o n su m p tio n  reg io n  lo ca te d  o n  the  o x id iz e r s id e  o f the 

oxidation reg ion . T herefore, the residence tim e for so o t/p re c u rso r  form ation
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is m uch sh o rte r th a n  th a t for so o t/p re c u rso r  consum ption . T he e n d  re su lt is 

th a t m uch  h ig h e r v a lu es  of Da 2  a re  n e e d e d  to  activate th e  s o o t/p re c u rs o r  

form ation reaction , a n d  the  so o t/p re c u rso r  concentration is m u ch  low er.
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CHAPTER 3

SPHERICAL DIFFUSION FLAMES SUPPORTED BY A POROUS 
BURNER WITH FUEL SUPPLIED FROM THE BURNER

It is reco g n ized  from  C h a p te r 2 th a t  for the co u n te rflo w  flam e, the flow 

d irec tion  in  th e  reaction  reg ions is reversed  w h e n  the  in e rt gas is d iverted  

from  th e  o x id iz e r  side  to th e  fu e l s ide . For th is  flam e, th e  effect o f 

h y d ro d y n am ics  canno t be se p a ra ted  from  d iffusion  a n d  flam e structu re , and  

the re la tiv e  im p o rtan ce  am o n g  th ese  m echan ism s is n o t clear. To gain  a 

be tter u n d e rs ta n d in g  of the im p ac t of each  ind iv idua l p rocess, it  is necessary 

th a t e ac h  o f  th e se  p ro cesses  c a n  b e  in d e p e n d e n tly  v a r ie d . A  flam e 

co n fig u ra tio n  th a t  m ain ta in s th e  sam e flow  d irec tio n  b efo re  a n d  after the 

inert gas red is tr ib u tio n  so th a t th e  effect of h yd rodynam ics can  be isolated is 

then  so u g h t for.

3.1 Formulation

The p ro b le m  o f in te res t in  th is  chap ter is th e re fo re  a  d iffusion  flam e 

bu rn ing  a t  s te a d y  state an d  stab ilized  b y  a spherical p o ro u s  b u rn er. A  stream  

of gaseous fu e l w ith  a specified  tem p era tu re  T& is in jec ted  from  the b u rner 

into a q u ie sce n t ox id izing  e n v iro n m en t a t a tem p era tu re  o f Too. A  flam e is 

e stab lish ed  b e tw e e n  the  fuel a n d  ox id izer reg ions. T he p o ro u s  b u rn e r is 

assum ed  to  b e  idea l in n a tu re  so  th a t a  uniform  flow  is su p p lie d  a t its ou ter 

surface. T he  reaction  is considered  in  a  m icrogravity  en v iro n m en t so th a t the 

flow field  a n d  the  flam e c o n fig u ra tio n  are spherica l sym m etric . The sam e 

th ree -step  re a c tio n  schem e, Eqs. (R1)-(R3), in tro d u c e d  in  C h a p te r  1 an d  

considered in  C hap te r 2, is a d o p te d  for th is  analysis.
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W ith the above assum ptions, the conservation  equations are  g iven b y  

d(r2pu) /  dr =  0 , (3.1)

dT  1 d fpuc.
p dr r2 dr

2  - d Tr z A
dr

p u

p u

p u

p u

f  PXs
v S W s 9s , 3 B3|

dYp 1  d
dr r2 dr

^ 2  i-, d Y p ^  r p D t - f

\ W s

= -  vF i  W F B1

Y p I o "  
A  w 0

p Y p \ r

W cV rv F /
pV o  

'  E

exp I - El

exp

d Y Q 1  d
dr r2 dr

“  vO,3 W q B3 p y s
v ^ s ;

d Y R 1  d
dr r2 dr

-  vr W rBx

"p y Q
l ^ O y

exp |

“  vr W rB2
p Y p

y W p j

\
\ r

P ^F
W F

p Y p
W 0 exP I - y

P ^R
W R

exp | - y -

d Y s 1  d
dr r2 dr

= vs Ws B2

-  ^S®3 p y s
w s

p y F
W F

p r o
W o

pX r
y W R J

exp E l  
\  T

exp | ~ y

(3-2)

(3.3)

(3.4)

(3-5)

(3.6)

In teg ra ting  Eq. (3.1) y ie lds r2pu  = const, w here  u is the  flow  velocity  in  the 

rad ia l d irection, an d  r is th e  spatial coo rd ina te  in  th e  rad ia l direction. The
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»y
m ass flow  ra te , m  =  &7zr pu, w h ich  is con tro llab le , is th en  a  co n stan t. Eqs. 

(3.2)-(3.6) w ill b e  so lved  subject to the fo llow ing boundary  conditions:

r = rb : T  ~ T b , m Y F - ± J t r b p D F( d Y F /  dr)  = mF ,

m Y j  — 4:rcrbp D i ( d Y j / d r )  = 0 , i = 0 , R , S  ; (3.7)

r  —> ° °  : T  —> ^  ,  Y q  —> Y q  x  ,

Y* 0 , i = F , R , S  , (3.8)

w here  rfr is th e  o u te r  rad ius of the  b u rn e r  a n d  m p is the  fuel flow  ra te  from

the burner. O th e r notations u sed  have a lready  been defined in  C h ap te r 2 and 

w ill not be repeated .

D efining th e  add itiona l nond im ensional quantities for th is sy stem  as

Da1 =r — ■ m  =
cp m

Da2 =

rb ' 4 KrbX

P f rb cp vF Vr B2

  m F
m e  = — — 

m
P f rb cp *0,1^1

AW,

AW ,

and  app ly ing  th e  nond im ensional q u an titie s  as defined  in  C h ap te r 2 except 

for x, Dai, ^ a2 to  Eqs. (3.2)-(3.8), w e  h av e  the  fo llow ing n o n d im en sio n a l 

conservation  equations:

=2 m d f d
d f dr

r - 2 d f '  

vr ^
= D a i Y f  Y q  exp

f

+pqs Da2 Ys Y 0 exp - a (3.9)
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r2
m

r 2
m

r 2
m

-2 m

d Y p 1  d
d f LeF d f {

d Y 0 1  d
d f Le0  d f

d Y R 1  d
d f LeR d f {

d Y s 1  d r
d f U s d f {

-2 d Y p '  
T d f = - D a i Y p Y o exP r A '

Tv L J

% 2 Y o '
V d f  J

£
V

r - 2 d Y R '
d f  j

=  -D a i  Yp Yq  exp

- a —f
T

r k '
V f j

= Dai Y p Y 0 exp M l '
TV *- )

Vp
-Da2 Y p Y R exp

- 2  d Y s  N 
d r  ,

=Da2Y p Y R exp 

- p D a 2Y s Y 0 exp

'

'  e2 "- a - f  
K T

w ith  the  bo u n d ary  conditions:

f = i :  f = n  ,

^ r - r - $ -  =  0 / i = 0 , R , S  ;Lcf dr

—> 00 : T —» , Y q —̂ Y q /00 , Yj —>0 , i — F, t
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(3.13)

(3.14) 
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3.2 Asymptotic Analysis

The analysis fo llow s the  sam e h igh activation  energy  reactions a n d  their 

relations as those in  C h a p te r 2. The so lu tion , h ow ever, assum es a  d ifferen t 

functional expression  because of the difference in  th e  flow  geometry.

3.2.1 O uter S o lu tions

In  the chem ically  in e rt o u te r  regions, the  p ro cess  is contro lled  by  the 

balance b e tw een  th e  d iffu s io n  an d  convection  tra n sp o rt. D esignating  the  

solutions in  the  fuel a n d  oxid izer sides o f the reaction  region  by  superscrip ts 

and  "+", respectively , a n d  solving the source free fo rm  of Eqs. (3.9)-(3.13) 

subject to the b o u n d a ry  conditions in Eqs. (3.14) an d  (3.15), we obtain th e  ou ter 

so lu tions:

T~ = f b +{[dTfo + SciTri + 0 ( S z )] + 0 ( e ) } [ e x p ( -  m / r ) - e x p ( — m)] ,
(3.16a)

T+ = f oo+{[a fr0+ S a f i + O ( d z )] + O ( e ) } [ l - e x p ( - m / f ) ]  , (3.16b)

Yp = fnF -{ [a p ro + S a p i + 0 ( S 2 )] + 0 ( e ) } e x p ( - L e F m / f )  , (3.17a)

Yp = {[aptQ i + 0 ( 5 2 )] + 0 ( e ) } [ l - e x p ( —Lepm / f ) ]  , (3.17b)

^ 5  = {[adtQ + S a o fi + 0 ( LS z ) ] + 0 ( e ) } e x p ( - L e o r h / r )  / (3.18a)

* o  =V 'o ,=o-{[«o,o+ ^ « o /i+ 0 (< 52 )] + 0 ( e ) } [ l - e x p ( - L e 0 m / f ) ]  ,
(3.18b)

n  = {[«fr + 8<h .\  + 0 ( 8 2 )] + 0 ( £ )} e x p (-L e i i h / r )  , i = S , R  , (3.19a)

Y? ={[a}'o + S a i 1 + 0 ( d 2 ) ] + 0 ( e ) } [ l - e x p ( - L e i m / r ) ]  , i = S , R  ,
(3.19b)
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w here a^j  a re  in teg ra tion  constants to  b e  de te rm ined  later.

3.2.2 Structure Equations in the Soot Formation Region

In  the  0 ( 5 )  so o t/p re c u rso r  fo rm ation  reg ion  located in  th e  fuel side  of, 

and  ad jacen t to , th e  ox idation  reg ion , o n ly  th e  so o t/p re c u rso r  fo rm ation  

reaction (R2) is sign ifican t and  only  0 ( 5 )  varia tions on  all th e  quan tities are

possible. In  th is  reg ion , the stretched coo rd ina te  is defined  as C = ( r - f f ) / 5
~ 2  -

w ith  £ < 0, w h ere  the  sm all param eter is g iven  by  5  = TjrQ /  Ej- M oreover, the 

variables are  ex p an d ed  in  terms of 5  as

S ubstitu ting  Eqs. (3.20)-(3.22) into Eqs. (3.9)-(3.13), expanding, th en  collecting 

term s of the  sam e  o rd er in  5, w e obtain  th e  follow ing structu re  equations:

f- = (ff'0-se{-5zQ5+o(S3)]+o(£) ,

Y r = [ S 0 ^ 1 -hS2 0 ^ 2 + O (S 3)] + O ( e )  , i = Ff O , R  , 

Ys = t G*s,o +  ̂  <^s,i+ ®s , 2  + 0 ( 5 3 )] + 0 (e ) (3.22)

(3.21)

(3.20)

(3.23)

d2®s ,o =  d20 {  1 dz <PF1 v F d2<PRfl
d£2 d£2 LeF d £ 2 LeR d $ 2

(3.25)
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f  A f  - , 2 * -  a2 ^ -  \
m d&F,  1 r. d <PRf 1 1  d <pf 2 Vp d <Pr,2 

U p  d £ 2 LeR d £ z

—2rf
1 d & p  i  _  yF d <PR1 ̂  

hep d C  LeR dZ
=  0 (3.26)

d<PFr i , d 0 s , l f?
1 d 2<Pp 2 1 d 2 *&S' 2 V d 2 0 Q 2

d Z d Z 7 •u

1 Les  d £ 2

----1

TS0

1

-2  f/
1  d<ppfl 1  d 0 St i m 1 d * s ,o

hep d Z Les dZ j f Leg d Z
(3.27)

In the above T ^ q is the  le a d in g  o rd er flam e te m p e ra tu re  to  be determ ined , 

and

A 2 = 8 3 hepDa2 ex p ( ~ E 2 / f f to)  (3.28)

is the red u ced  D am kohler n u m b e r for the so o t/p re c u rso r  fo rm ation  reaction. 

The s o o t/p re c u rs o r  c o n ce n tra tio n  is considered  a n  0 (1 )  q u a n tity  since the  

s o o t/p re c u rs o r  fo rm a tio n  a n d  co n su m p tio n  reac tio n s  can  h av e  d iffe ren t 

rates. Because only  an  O (e) ox id izer leaks th ro u g h  th e  ox id a tio n  region into 

this region, the  condition  o f  <Pq ,l  = 0  is required.

3.2.3 M a tch in g  o f S o lu tio n s  in  th e  O u te r a n d  Soot F o rm atio n  R egions

The re q u ire d  b o u n d a ry  cond itions to  so lve Eqs. (3.23)-(3.27) can  be 

ob tained  fro m  m atch ing  th e  so lu tions of the  soo t fo rm a tio n  reg ion  w ith  the 

ou ter so lu tio n s of the fu e l s id e  region. M atching can  b e  perfo rm ed  by  first 

su b s ti tu tin g  th e  s tre tc h e d  v a riab le , r = f f  + 8Z,  n̂ to  o u te r  so lu tio n ,

ex p an d in g  th e  resu ltin g  e q u a tio n  in  term s of 8, co llec ting  the  term s of the 

sam e o rd e r in  8, and  th en  eq u a tin g  the  resu lting  expression  w ith  the solution
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in  th e  so o t fo rm a tio n  reg io n  in  th e  l im it  o f £ —»-«> an d  f  —» iy. T his

p ro ced u re  can  be illu s tra te d  by  m atch ing  o f th e  fuel concentration so lu tion . 

A pp ly ing  th e  stre tched  variable, (1 /  r)  a n d  exp (—Lem  /  r) are first expanded  to

f  rf ( l + 8 £ / r f ) ff
1- S - 2 - + S 2

7
' + 0(83) (3.29)

f L e in ) e x p   — I =  exp-
Leih

7
i - s S + s 2 

7

U )

j f j
0 { 83 )

exp- Lem  « LeihC 
? + S  -2 1  - 8 - ^ - - h + 0 ( 8 2 )
7  7 . 7  J.

exp Lem exp s Lem £
- 2 1 - S - £ -  + 0 ( S 2 )

{  7  J . 7 7  J.

= exp
r  \

Lein

7
i + s k ^ £ . s 2 L e ^

r f

Lem

~ * r .
Y + 0 ( 5 3 ) . (3.30)

S ubstitu ting  Eq. (3.30) in to  Eq. (3.17a), rea rran g in g  in  term s of 8, an d  eq u a tin g  

the resu lting  equation  w ith  Eq. (3.21) for i = F y ield

Yp = mp — {[aprQ + Sap i + 0 ( 8 2 )] + 0 ( e ) } e x p ( - L e p i n / r)

= inp — {[^f,o + dflF,i + 0 (d 2 )]4-0(e)}

xexp
r \

Lem

7
1 + s ^ i - s 2 ^ -

~rf ff
2 -

Leih

~ V .
£ + 0 (S 3 )
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= mF -  aF0  exp
f  T Lepm

v 7  J

- 8 _ _ LeF m „
a F ,l  ■*" aF,0 15— *

7  .
exp

a Fr l £ '
gF,0

7

_ \
LeF m

~i r
c-2— +const 
2

Le p m  — exp
7

r  \
Lepm

V 7  y

r
Lepm

v 7  y

+ 0 ( £ 3 ) + 0 ( e)  

= {[5<Pp 1 +  52 0 p  2 + 0 ( 5 3 )] +  0(£)}^_>_0 (3.31)

By co m p arin g  te rm s o f the  sa m e  o rd e r  in  8  , th e  fo llo w in g  m atch ing  

conditions a re  obtained:

m p - a p  0 e x p ( —L e p m / r f )  = 0 o r aF Q = mFexp(LeF m /  i f )  , (3.32) 

<Z>P l ( £  —> -°° )  =  - a F i e x p ( - L e F i n / r f ) - m F(LeF in / r j ) %  , (3.33a)

(d<PF,2 f  = — aFr ie x p
Lepm

v 7  y

mF

7

2  LeF m

7  .

Lepm

~ T
(3.34)

(d<PF 1 /dO c-> -oo  = - m p ( L e p i h / r j )

Equation (3.33a) also im plies

(3.33b)

O ther conditions can  be derived fo llow ing  the sam e process, g iven  by

aT ,0  = ( f / / 0 - ^ ) / [ e x p ( - m / i y ) - e x p ( - m ) ]  , (3.35)

aO, 0 = aO, 1 =  a R ,0  =  0 / (3.36)

f  \  \«M Wf
C , (3.37)

“ f  \ “ y \
( £ —»-oo) = - a T 1 exp m -  exp(-m ) _ in 

~  aT ,0  T2 ~ exP
m

< 7 , 7 < rf  j
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d £
aT,0

« T , 1 ~ 2 - 2 .
7 .

m
^2 exP
7

m

{d<Po,2 / d O t ; - > - « = 0  ,

^ R , i ^ ^ -00) = ^ , i exP ( - Le« 7” / F/ )  /

{d<pRt 2 / d O ^ - o e  = aR A (LeR m / r f ) e x p ( - L e R m / ? f )  ,

& s ,o (C ^> -00) = as ,o exP ( - Les m / f f )  ,

*5,1 ( G - * - ° o) = [as,i-i-‘*S,0 (Les m / r f ) Q e x p ( - L e s m / r f )

r d * S £  
d {T

£->-<=

/7~*5,1 —
Les m

7 /

Lee m 
— exp

7

Leg w

~ 7 T .

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

. (3.44)

In teg ra ting  the  fo u r expressions in  Eq. (3.24) tw ice and  Eqs. (3.25)-(3.27) 

once sub ject to  th e  m a tc h in g  cond itions g iv e n  b y  Eqs. (3.33), (3.34) a n d  

(3.37)-(3.44), w e ob tain

^ s ,  0  = as, o exp { - L e s m / f f ) (3.45)

(  \
0 1  = - a Tr i exp

m — e x p (-m )
< 7 >

Tf , 0 ~ Tb e x p ( - m / r y )
f j  / i n  e x p ( - m / i f )  — e x p ( —ih)

(3.46)

1 -  1 a F 1——  -  vp — = — — exp
Lep LeR Lep

-  a R  l  - v ^ e x p

L r -  NLepm  

LeR m

' i r .

mp m (3.47)

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

as o m
+-Jrr-exP

7

r TLegm

__Fr
c  ,

d 0 o ,2 m , . “T,0
f

m exp
r  _ \  

m

J Leo dC \  * >2 « T 4 + f f
V 7J I  7j

1  d&P'i  yF d<PR1  
LeF dC, LeR d £

trip m trip
-2 ~  ^2
7  7

Vp d<& R ,l  1 d<Ps , l  = <*S,0 
LeR d £  Les d £  f j

m
-2 exP

r ,  Les m

\ 7 y

^ - m ( 0 F i  -  vF <PR i) -  r f
7

1 d<PF2 Vp d 0 Rr 2
LeF dC LeR d £

c -

m(vF<PR i  + 0 g  i ) - f f Vp d ® R , 2  1 d 0 g  2 ___ V d*pQ  2
LeR d £  Leg d £  Leo d £

= aS/0(2ih /  f f )exp ( -L e s m /  ?y)£

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

In the above, Eqs. (3.50) an d  (3.51) a re  ob tained  b y  d iffe ren tia tin g  Eqs. (3.47) 

and  (3.48) w ith  respect to £.

3.2.4 Structure Equations in the Soot Consumption Region

In  the  0 ( 8 )  so o t/p re c u rso r  co n su m p tio n  region lo ca ted  in  the  oxidizer 

side  of, a n d  a d jacen t to , th e  o x id a tio n  reg ion , on ly  th e  so o t/p re c u rs o r  

co n su m p tio n  reac tio n  (R3) is im p o rtan t. Because E2  an d  £ 3  a re  o f the sam e 

o rder, the  sam e  stre tched  coord ina te , £  = ( r  — f f ) /  S,  is u se d , b u t  w ith  £ > 0 .
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As in C hap ter 2, the  expansions of the various variables are: 

f + = [ f f , Q - S 0 t - S 2 e Z + O ( 8 3 )]+ O (e)  ,

Y t  = [ 8 0 t 1 + 8 2 0?;2+ O (S3 )]+O(£) , i = F ,O f R  , 

V s = [ ^ s , 0 + ^ ^ s : i  +  5 2 ^ s : 2 + O (^ 3 ) ]+ O (e )

(3.54)

(3.55)

(3.56)

Since on ly  an  O (e) fu e l leakage th rough  th e  o x id a tio n  reg io n  is allow ed, 

0 p  i  = 0 is a  re q u ire d  co n d itio n . S u b s titu tin g  Eqs. (3 .54)-(3.56) in to

Eqs. (3.9)-(3.13), ex p an d in g  an d  collecting term s of the  sam e o rd e r  in  8, we 

obtain  the  follow ing stru c tu re  equations:

d2 0 S , 1 / d £ 2 = A 3 <p£'O0 £ i le x p ( - a e t )  , (3.57)

d2 0 l o d2 0 t A d2 e t  qS v d2 0p , i  
' 2  " 2  d i 2 Le0  d £ zd ? d ?

v d 2 <*>5 , 1  1  d2 <Plt ' f  m 2  ] d 0 s ,  o
d i 2 Les d i 2 J [ r f  t f U s ) d £

=  0

f  1 d2 0 p  2 _  Vp d2 0jj  2 ̂  
Lep d £ 2 LeR d £ 2

+  Vp
m 2 
r f  r /LeR

d 0 t  i
d £

0

(3.58)

(3.59)

- J d2 e j  2
/ l d i 2 Leo d { 2

—m
d i  qS d (

■2 r7 d 0 i  q s v d 0 Q '  i
d(; Le0  AS

=  0 (3.60)
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r f
V d2&o,2 1  dz& s 2 1  d 2 4> £ 2

+ m ’d ^ k -d ® o ,i"
Le0  d £ z Les d £ z d £ 2 dC dC _

+2 ff

A.V d ^ , i 1 d * s , i
- 2 C

m 1

Lcq dC Les d £ / / Leg
d O j o 0 , (3.61)

w here

A 3  = S z  Le0  (0  /  v)Da2 e x p (-  a E 2 /  T f f0) (3.62)

is the re d u c e d  D am koh le r n u m b e r o f th e  s o o t /p re c u r s o r  c o n su m p tio n

reaction.

3.2.5 Matching of Solutions in the Outer and Soot Consumption Regions

M atch ing  of the  solutions in  the  soo t consum ption  reg ion  w ith  the  ou ter 

so lu tions in  th e  ox id izer side is p e rfo rm ed  b y  an  a p p ro a c h  sim ilar to th a t 

described in  Section 3.2.3 and  illustrated  in  Eqs. (3.29)-(3.31) except that 

The process y ie lds the solutions of lead ing  o rd er constants,

t f f o = ( r / , o - t * , ) / [ l - e x p ( - m / r y ) ]  ,

flO,0  = ^ 0 , ~ / [ l - e x p ( - L e 0 m /r y ) ]  ,

aF,0 = a F,l = a R,0  = 0  /

and  the b o u n d a ry  conditions required  to solve Eqs. (3.57)-(3.61),

(3.63)

(3.64)

(3.65)

* 0 , 1  ° ° ) - ~aO, 1 1 - e x p
Lep m 

v ~rf  j

+ Lep m  + « o ,o -T 5 — exp 
rf

@l (£  00) = -« T ,1  [1 —exp (~ rn /  f f )] +[«T,0 ( »  /  r f  )e x p ( - m /  ry )]£

Lep rii

~rf  )
(3.66a)

(3.67)
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(d 0 2  /  ={aT, i - (aT ,0  /  /  r f ) K K m  /  r f ) e x p ( - m  /  r f )  ,

(d <Pp,2 /  d 0 ^ ~  =  0  '

r
ao,  1

aO, 0

7

Lep in

7  .

Lenin— exp
7

r  r „ a Le0 m

\ 7

(d &R, 2 ^ d 0 ^ o o  =-OR'1(LeR i h / r f ) e x p ( - L e R m / r f )  ,

^ S /o ( C ^ 00) = « s ,o [ l - exP ( - LeS » « /r /r)] ,

®s,l =«s,l1 1  -  exP ( -  U s m / f f D

- a s ro(Les ™ / r f ) e x p ( - L e s m / r f ) £  ,

aS ,l
„+ f  
aS, 0

7
l*S™

7  .

Lee in — exp
7

f  r - XLes m

7

Equation (3.66a) also im plies

/  * 0  =^0 , 0  { L e p m / f }  )exp { - L e Q m / r f )

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3-74)

(3.75)

(3.66b)

In teg ra ting  the four expressions in  Eq. (3.58) tw ice a n d  Eqs. (3.59)-(3.61) 

once subject to the above m atch ing  conditions, Eqs. (3.66)-(3.75), w e have

^ s ,o  =  fls,o [1 —e x p ( -  Le$ m / t f ) ]  , (3.76)

^ R , l =  flR,l t 1  — exp (— i n /  Tf)\  , (3.77)
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TfJO-T . h  v y o .

V-

exp(m  /  ry ) - 1  exp {Leom l r / ) - \

1 - e x p

£  , (3.78)

< 4 ,1 4 ,1  _ 4 ,1  ^
f \

L e o m aS, 1
Le0 Leg Le0

X CaD
I 7  J Leg

/• \  
Les m

-t-
m

¥
vY,o,=

exp(Le0 m / r y ) - l  

1  rf <pp 2  vF rf 2  + -  m
TTe ^ T - i r R - j r ^ v^

+ 4 , 0  exp
^ r -  > Lesm

7

C r ^  Le^m

7

7  J

C , (3.79)

(3.80)

rf &i _  </g v rf <4 , 1  _  m 
~ d $ ~ ~ L e o  ~ f }

Tf ,  0 ~ T° 4  v y 0 ,c
e x p ( m / r y ) - l  exp(Le0  m / r y ) - l

, (3.81)

v  d & o ,  l i  < * 4 ,i m vY0 /0 0

0 a. «/> Leg rf£

IfMû 
1 >*'' 
I

exp (Le0 i n / f f ) + 4 , 0  exp
f  rLegm

v 7  .
(3.82)

r / [ ( r f e £  / r f 0 - ( 4  v / Le0 ) ( r f /  rf 0 ] - m(©!+ - qs  v < 4 ,l)

+(2 m /  ry)[4 /0  exp(-m  /  fy) -  4 ,o4 vexp(-Le0 m /  Fy)]£

=  m (4 ,i “  4 , l 4  v) , (3-83)

[(v /  Le0  )(d <4,2 /  d 0  -  (1 /  Leg )(rf /  rf 0  -  d  /  Lep )(rf <4,2 /  rf 01

+(2m /  ry ) [ < 0  exp(-Les m /  ry) + 4 ,0 ^exp(-Leo m /  ry)]£

=  fw[(4,l + 4 ,1  V) -  ( 4 ,1  -  v < 4 ,i) l • (3.84)

In  the above, Eqs. (3.81) and  (3.82) are  ob ta ined  b y  d ifferen tiating  Eqs. (3.78)
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and  (3.79) w ith  respect to  £. These equations w ill be  u se d  la te r in  the analysis.

3.2.6 E xpansions in  the  O x id a tio n  R egion

In  the  O (e) ox idation  reg ion , the  dom ina ting  reac tio n  is the oxidation 

reaction (R l). T he p ro p er s tre tch ed  coordinate  in  th is  reg io n  is r  =  ry-+ e£,

w here e - T 2 /  E^, an d  the variables are  expanded as:

f  = f f - £ { [ 9 1 + 8 d 2 + 0 ( 8 2) ] + 0 ( e / 8 ) } + 0 ( £ 2) , (3.85)

Yi = e{[<l>ifi  + S(t>it2 + 0 ( S 2 ) ] + 0 ( e / S ) } - b 0 ( £ 2 ) , i = F , 0  , (3.86)

r R =[S<t>Rr0+ O ( S 2 ) + O ( e / 8 )]

+ £[<l>R,1 +8<l>Rf2 + 0 ( 8 2 ) + 0 ( £ / 8 ) ] + 0 ( £ 2 ) , (3.87)

r s = [Ys,o + ^0s, 0  + 0 ( 8 2 ) + 0 ( e /  5)]

^ [0 s ,i ^$s ,2  ~*~0(.82 ) + 0 ( e  /  5 ) ]+ 0 (£ 2 ) , (3.88)

w here

f /  = f / , o - 5 f / ,1 + 0 ( 5 2) . (3.89)

Substitu ting  Eqs. (3.85)-(3.88) in to  Eqs. (3.9)-(3.13), e x p an d in g  an d  collecting 

term s of the  sam e o rder in  £, w e obtain

^ L 0 = ^ 0  = ^ M  = 0  (3.90,

d2 e1  1  d2 dF/L^  l  d2 Q p i  1  d2 <t>or l = 1  d 2 <t>Fil | 1  d2 0 R /1

d £ 2  Lep d £ 2 Lep d£;2 Le0  d%2 Lep d £ 2 LeR d%2

= rf  J f h -  = 0 , (3.91)
Les d £ 2 v Les
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LeF d € 2 Le0  d |2 Les  d |2 f f U S ff
(3.92)

A n ad d itio n a l equation  th a t carries the  reaction  term  can also be derived , b u t 

it w ill n o t be  p resen ted  because it is n o t o f in te res t to this study .

3.2.7 Matching of Solutions in the Oxidation, Soot Formation and Soot 

Consumption Regions

The requ ired  b o u n d a ry  conditions to  solve Eqs. (3.90)-(3.92) are  derived  

from  m a tc h in g  th e  so lu tio n s  in  th e  o x id a tio n  reg ion  w ith  th o se  in  th e  

so o t/p re c u rso r  fo rm ation  a n d  co n su m p tio n  regions as £ —> ±°° a n d  » 0 . 

M atch ing  can  be  p e rfo rm ed  fo llow ing  th e  sam e p ro ced u re  in tro d u c e d  in  

Section 2.2.7 so  the  deta ils w ill n o t be rep ea ted . Taking the fuel concentra tion  

as an  exam ple, by  substitu ting  Eq. (2.91) in to  Eqs. (3.21) and  (3.55) w ith  i -  F, w e 

have:

Yp  = [ <5 &pfi  + S 2 <&pr2 + 0 ( 5 ^ ) ]  + 0 ( £ )

=  [5d>f,1( f  = 0 ) + O ( 5 2 )]

+ e{const+ [(d< *> ?,!/d f)f=o +  5 ( d 0 ? , 2 /< if)f= o  + 0 ( S 2 )]gl  

+  0 ( £ 2 ) +  0 ( £ / 5 )

= £{[0F1 + 5 0 F2 + O (52 ) ] + O ( e / 5 ) | + O ( e 2)L , (3.93)' ' If—»—oo
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V f  = [ 5 2 4>f ,2 + 0 ( 5 3 ) ) + 0 ( « )

= 0(52) + £[const + 5(1J<l>f<2/‘if)f=of+0(52) + 0(£/5)]+0(£2)

= £{[0F , 1  + « # , 2 + O (5 2 )I +  O ( £ / 5 ) )  + O (e 2 )| . (3.94)! -̂>o

C om paring  term s o f the sam e o rder in  e, Eqs. (3.93) and  (3.94) p rov ide

*F, i ( £  = 0 ) = 0 ,

(d<t>F, j  / d € ) § _ > ± o e = ( d & p tj  / d £ ) g - Q  ,  7 =  1 ,2

(3.95)

(3.96)

A pplication  o f th e  sam e m atch ing  p ro ced u re  to o ther variab les th en  gives:

* O ,i(£  =  ° )  =  0 '

aT, 1 1  — exp " « 0 , l
Leo

1  —exp
/• \  

Le0 m

v 7 y

=  flT,l [exp(-m  /  iy) -  exp(-m )]

v 7

^ s ,o ( ^ - ^ - 00) =  « s ,o e x p (- l 'es " * / 7 ) /

i >S , o ( l ^ 00) =  flS/o [ l - e x p ( - L e s w i /7 ) ]  ,

0 r ,o (£  “ > _ 0 0 ) - aR,iexP
LeR in

7 .
flF l^ R  + - *1 K exp
VpLep

r \
Lep in

\ rf

0 R , o ( ^ ^ oo) = flR,l[1 - e x p ( - LeR ;" / 7 ) ]  /

^S/o ( ^ - ^ - ° ° )  =  «S/iex p
Les m

7 J

—  Lee 
- « M —  exp

7 -ALep m

v 7

(3.97)

T /,i =  0 i  (C =  0) = 6 ^ ( £  = 0) =  - a T ;l[ e x p ( - m /r y :) - e x p ( -m ) ]  , (3.98)

(3.99)

(3.100a)

(3.100b)

(3.101a)

(3.101b)

(3.102a)
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i  ^  r+ -

V 7  J L e o 7
(3.102b)

( d e , / d f ) f _t±„ = ( d 6 f / d S ) (m0 , j  = 1 ,2  , (3.103)

( d t i'j / d e ) { ^ b . = ( d * f ' j / i Q (m0 , i = O, R, S; j  = 1 ,2  . (3.104)

E quations (3.45)-(3.48) a n d  (3.76)-(3.79) have b e e n  u sed  in  the  derivation  of 

Eqs. (3.98H3.102).

In te g ra tin g  th e  th ree  exp ressions in  Eq. (3.90) tw ice a n d  the  four 

ex p ress io n s in  each  o f Eqs. (3.91) a n d  (3.92) o nce  subject to  Eqs. (3.96), 

(3.100)-(3.104) yields

^s,o  = ^S , o = *s,o  / (3.105)

aF,lL£R
vpLep

exp
Lep m

= aR, 1 1 -e x p
r Le^

7
_  a R , i  e x p

r _ \  Lep m

~i r
(3.106)

aF,lLes
Lep

exp
Lep m

=  aS, l  exP

<*0,1 vLes
Leo

(  T - ^Les m

1 -e x p
f  ~ ^Le0  m

7

7
~ as, 1

V j  J  

1 -e x p
Le^rh

~j r .
(3.107)

(3.108)

{ d O ?  / d £ ) £ =0+LeF 1(d4>F/i/d C )c = o  = - a T>0( m / f f ) e x p ( - m / r f )-  / z l -

(3.109)

Lep 1( d 0 p  i  / d£)g=0 +Leo  1(d ^ o ,l /^ C )^ = o  — 0- 1 / V A + (3.110)
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-1 , (3.111)

( d 0 i i d C ) c = o - ( d e Z / d £ ) s =o

= Lep~1\(d<&F'2 / d£)£=Q-(dQ>P'2 / d £ )g =0] ,

U lr 1[(d0F 'Z / d O ^ o  ~ ( d 0 l 2 / d £ ) s =0]

= Le0 ~l [(d<Por2 / d£)g=0-(d4>o,2 / d%)£=o]

Lep-Hid^p^/dO^O-(d4>l2/d£)z=o]

= -LeR~1[(d4>R2 / d£)£=o ~(d4*R'2 f  ̂ C)^=ol

(d 4 >s /2 / d O ^ = o  = ( d 4 > s r2 / d C)̂ =o

3.2.8 C o m p le tio n  o f th e  A nalysis

(3.112)

(3.113)

(3.114)

(3.115)

F inally , su b s titu tin g  Eqs. (3.35), (3.50), (3.51), (3.81), a n d  (3.82) in to  Eqs.

(3.108)-(3.111) and  rearrang ing , w e obtain

Tf ,0~Tb f , 0  a (1 - q s  v )m p i s  vYq ,c
l - e x p [ m ( r y 1 - l ) ]  e x p ( m / r y ) - l  1+  vF exp(Le0  m / f f ) - l  '

(3.116)

Y S, 0 =  V v*mp y 0 ,o
e x p ( L e 0 m / f j r ) - l

1 - e x p
L g g /w

v 7

Lep 1( d 0 F 1 / d O ^ = 0  = - m m F / [ r f (  1+  vF )] 

Lee,-1 (d4>£fl /  d £ )£ =0 = mmp / [ r f ( l + v F )]

(3.117)

(3.118)

(3.119)

E quations (3.116) a n d  (3.117) are  the ones th a t d e te rm in e  the  lead ing  o rd e r  

flam e tem p era tu re , f y  q, a n d  so o t/p re c u rso r  co n cen tra tio n  in  the  ox id a tio n
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region, Ys,0' i*1 term s of flam e sheet location, ry. The so lu tion  o f Yg q in  tu rn  

can  be a p p lie d  to  de te rm ine  flg,0 th ro u g h  Eqs. (3.45), (3.76) a n d  (3.105). In  

add ition , su b s titu tio n  o f Eqs. (3.49), (3.52)-(3.53) a n d  (3.80), (3.83)-(3.84) into 

Eqs. (3.112)-(3.115) an d  rearranging  ren d e r

(H -v F ) [ a f j l e x p ( - m ) + a f i l - ^ s vii$/1] = v F ( l - f l S v)flJil , (3.120)

i>a S , i+ f l J , i+ ( v * - l ) v a J ,1 = 0 . (3.121)

3.2.9 Rescale o f  th e  S tructure E q u atio n s fo r N um erical C o m p u ta tio n s

The tw o  s tru c tu re  equations, Eq. (3.23) in  the  soot fo rm ation  reg ion  and  

Eq. (3.57) in  th e  so o t co nsum ption  reg ion , n e ed  to be so lved  num erically . 

E quation (3.23) w ith  0 f  and  i  respectively  g iven  by  Eqs. (3.46) a n d  (3.47) is

to  be in te g ra te d  sub ject to the  fo u r b o u n d a ry  cond itions spec ified  in  Eqs. 

(3.33a, b), (3.95) a n d  (3.118). Sim ilarly, Eq. (3.57) w ith  0 ^  g iven  b y  Eq. (3.78), 

a n d  <2>s o g iv en  b y  Eqs. (3.105) a n d  (3.117) can  be  so lved  sub ject to  the four 

boundary  cond itions in  Eqs. (3.66a, b), Eq. (3.97) a n d  Eq. (3.119).

The n u m e ric a l p ro ced u re  can  b e  s im p lified  by  a tra n s fo rm a tio n  of 

variables. T he  tran sfo rm a tio n  of Eq. (3.23) is pe rfo rm ed  b y  d e fin in g  the 

rescaled variab le  a n d  param eter

r\ = (LeF m F m / r j ) £  , (3.122)

\ 2 =  (Da2  U R /  v f ) ( T / 20  /  E2f l ? f  /  (Lep mF m)]2

xex p {« r #1[ e x p ( - m / r y ) - e x p ( - m ) ] - E 2 / f / , o l  (3.123)

Substituting Eqs. (3.122) and (3.123) in to  Eqs. (3.46) and  (3.47), w e ob ta in
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<9i =  - a T/1 [exp(-m  /  f f )  -  exp(-m )] 

Tf ,0~ Tb  exp { - m / f f ) (3.124)
Lep mp e x p (—m /  ry ) - e x p ( —m)

^ R ,l= « R ,l[ 1~ exP ( ~ LeR "i /F / ) l  + [LeR / ( ' >f: l£ F )](^ F ,l  + r7) • (3*125)

Subsequent substitu tion  of Eqs. (3.122)-(3.125) into Eqs. (3.23), (3.33a, b), (3.95) 

and  (3.118) then  y ields th e  transfo rm ed  equation  a n d  b o u n d ary  cond itions, 

given b y

<Pp i  -  _
, 2  = A Z ^ F ,l  dTy-

xexp

vp
- n r * *

1—exp
r \

Leptn

7
+ 0 p fl + Tl

T f , o ~ f b e x p ( - m / f f )
Lep mp e x p ( - m / r y ) - e x p ( - m )

(  TLeR m •%
f  T ~ >LeR m

flR/lex p ~ aR, 1 1 -e x p >I  7  J I  7  J

&F, i ( r? =  ° )  =  °  /

( d 0 p i / d 7 7 ) ^ _ o  = - 1 / ( 1 + vp) ,

LeR

{d<t>pt l /  d T ] ) ^ ^  =  - 1  .

Sim ilarly, Eq. (3.57) can  be  transform ed b y  defin ing 

77 = {Y0/= o ^ o (7« / ?:/ ) / [ exP ( Le0 7w / F/ ) - 1]}C /

(3.126)

(3.127a)

(3.127b)

-n ,

(3.128a)

(3.128b)

(3.129)
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- PDa2 +
3 ~ Z e ^ T  s '°

1—exp
r  ^

Les m

v 7 Sm

~ 2
e x p C L g p m /fy )- !  ^ / /0

Y0tOOm / r f E l

x ex p aT , 1 a exp
v 7 .

—e x p (-m ) E2-  a - ~
o

(3.130)

and  substitu ting  in to  Eqs. (3.78) a n d  (3.99) to yield

(  -  ^

© II 1 * exp Ttl
- e x p  ( - m )

< 7 ,

-  * 4>g,i 
I s V - r T -  

oLe,

f f ' 0 - f "  exp(Le0 m / f f ) - l  y 

Y0 ,ooLe0  e x p ( m /r / ) - l  Le0
(3.131)

As the la s t s tep , Eq. (3.105), (3.117), (3.129)-(3.131) are  su b s titu te d  into Eqs. 

(3.57), (3.66a, b), (3.97), and  (3.119), w hich  results in

(d2 /  rf772) = A3 * 6 , i e x p ( - a q s  ^ * 0 ,1  /  ^ o )

x ex p - a
f f ' 0 - f «  exp(Le0 m / r f ) - l  ^  y 
Y 0oo Le0  e x p ( m / r f ) - l  Le0

n

*o,i(^7 =  0) = 0 ,

(3.132)

(3.133a)

( r f * O , l / d77)Tj=0 = ( mf / [Y o ,0o ( l + v F )]}[exp(Le0 m / r y r ) - l ]  , (3.133b)

* 6 , l ( n - > ~ )  = -a6 ,l [ l - e x p ( - L e 0 ^ / 7 ) ] + r 7 ,

( r f * o , l / r f  T7)rj->oo= l •

(3.134a)

(3.134b)
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3.2.10 Summary of the Analytical Results

The analysis is n o w  com pleted  a n d  th e  p rim ary  resu lt is su m m arize d  as 

follows. For any  specified  state, Eq. (3.132) can  first be  in teg ra ted  num erically  

subject to the  four b o u n d a ry  cond itions g iven  b y  (3.133a, b) a n d  (3.134a, b). It 

is then  follow ed b y  th e  num erical in teg ra tio n  o f Eq. (3.126) sub ject to  the  four 

b o u n d ary  cond itions g iven  by  Eqs. (3.127a, b) an d  (3.128a, b). S ince on ly  tw o 

b o u n d a ry  cond itions are  req u ired  to  so lve  each  of these  tw o  seco n d  o rd er 

d ifferential equations, there are  fou r ex tra  conditions. These fo u r conditions, 

a lo n g  w ith  Eqs. (3.99), (3.106), (3.107), (3.120) and  (3.121) a re  a p p lie d  to 

d e te rm in e  th e  flam e  sh ee t lo c a tio n , ry, a n d  th e  e ig h t  u n d e te rm in e d

constants, ap lf  d p i ,  o q i , a ^ i  an d  By app ly ing  these resu lts , can  be

d e te rm in e d  from  Eqs. (3.45), (3.76), (3.105) an d  (3.117) w h ile  th e  flam e 

tem pera tu re , Tf ,  can be  determ ined from  Eqs. (3.89), (3.98) an d  (3.116).

T he s o o t /p r e c u r s o r  c o n c e n tra tio n  a t  the  b o u n d a ry  b e tw e e n  the 

so o t/p re c u rso r  fo rm ation  reg ion  a n d  the  in e rt region a t the  fu e l s id e  of the 

reaction regions can  be  obtained from  Eq. (3.19a) as

Y s ( r f )  = (asro + S a s tl) e x p ( - L e s m / r f ) + . . .  . (3.135)

This q uan tity  is rep resen ted  by  a  s o o t/p re c u rso r  indicator, S/. S im ilarly , the 

s o o t/p re c u rso r  concen tra tion  a t  the  b o u n d a ry  betw een  the  so o t/p re c u rs o r  

consum ption  reg io n  a n d  the in e rt reg io n  a t  the  oxidizer side  o f th e  reaction  

regions, w h ich  rep resen ts  the  a m o u n t o f so o t/p rec u rso r  th a t b rea k s  th ro u g h  

the  reaction zones in to  the oxidizer side , is g iven  by  Eq. (3.19b) as

^ ( X f ) = ( d ^ f0 + S a ^ i ) [ l - e x p ( - L e s m /r f ) ] + . . .  • (3.136)
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This quan tity  is expressed  b y  a  so o t/p recu rso r b reak -th ro u g h  param eter, Sb-

In  th e  lim itin g  case  o f ex trem ely  slow  s o o t/p re c u rs o r  consum ption  

reaction , th e  ra te  o f th e  co n su m p tio n  reac tion  is co n sid ered  an  o rd e r of 

m agn itude  slow er th an  th a t  of the  so o t/p re c u rso r  fo rm ation  reaction so tha t 

/3 = O(S). For th is case Eq. (3.132) can  be in teg rated  subject to  Eqs. (3.133a, b) to

yield

^ 0 , l= { ^ F / [ ^ 0 ,o o ( l + v F )]}[exp(Le o m / r / ) - l ] r 7 (3.137)

S ubsequent app lica tion  o f Eqs. (3.134a, b) in to  Eq. (3.137) results in  a$ , \  = 0

and

r f  = Le0 m / ln [ l  + Y0 ,oo(l+ vF) / m F] (3.138)

such th a t the  flam e loca tion  is explicitly  d e te rm in ed . T his in  tu rn  can  be 

substitu ted  in to  Eq. (3.116) to  p rov ide  the so lu tio n  o f T f  Q. Equation (3.126)

still need  to be  solved num erica lly  subject to  the fo u r b o u n d a ry  conditions in  

Eqs. (3.127a, b) an d  (3.128a, b), w ith  tw o o f w hich  ap p lied  to  determ ine aF 

af l ,  4 (i  a n d  fls,i together w ith  Eqs. (3.99), (3.106), (3.107), (3.120) and  (3.121).

S im ilar to  the  d iscu ss io n  in  C hap ter 2, it is n o te d  th a t a lthough  the 

p resen t analysis  can  b e  co m p le ted  w ith o u t re q u ir in g  know ledge of flam e 

extinction, the  analysis is b ased  o n  the assum ed existence of a diffusion flame. 

The analysis is applicable on ly  for a diffusion flam e in  L ilian 's (1974) diffusion 

flam e regim e a n d  sufficiently  far aw ay from  the ex tinction  limit.
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3.3 Results and Discussions

To ex h ib it th e  charac teristics  o f v a rio u s  flam e responses, n u m erica l 

calculations are  p e rfo rm ed  b y  adop ting  th e  sam e physically  based  th e rm o 

chem ical d a ta  used  in  C hap te r 2, so th a t the  resu lts obtained in  these chap ters 

can be com pared  w ith  one another. A n  a d d itio n a l p roperty  req u ired  in  the  

s tu d y  of the  spherical d iffusion  flame, n am ely  the  therm al conductiv ity  o f the 

gas, is g iven  b y  X = 6.28 x  10-5 c a l/c m -K  s. The spherical p o rous b u rn e r  is 

considered  to be a 1 /4  inch  b u rner such  th a t = 3.175 mm. This is the  size 

used  in  the  experim ents perform ed and  to  be  perfo rm ed  by  ou r collaborators 

a t W ashing ton  U niversity , St. Louis an d  N A SA  G lenn  Center. The fuel flow  

rate is taken  to be 1.51 m g /s ,  w hich is also th e  value used in  the  experim ents, 

except w hen  the effect o f m ass flow rate is d iscussed . The s tu d y  w ill cover the 

tw o lim itin g  cases d isc u sse d  in  C h a p te r 2 a n d  the effects o f th e  sam e 

param eters w ill be add ressed . The differences betw een  the tw o lim iting  cases 

are show n  schem atically in  Fig. 3.1.

For the  fu e l/a ir  flam e show n in Fig. 3.1 (a), p u re  fuel is su p p lie d  from  

the b u rn e r  a n d  issu ed  in to  the  air. T he reac tio n  regions for th is  flam e, 

in c lu d in g  the  o x id a tio n  reg ion , the  so o t fo rm atio n  reg ion  a n d  th e  soo t 

consum ption  region, a re  located  relatively  far aw ay  from  the b u rn e r  d u e  to 

the rela tively  low  in itia l oxid izer concen tra tion  com pared  to th a t o f th e  fuel. 

As to  the  d ilu ted -fu e l/o x y g en  flame show n  in  Fig. 3.1 (b), the  inert g a s  in  the 

air is ex tracted  an d  d iv e rted  into the fuel s tream  w hile m ain tain ing  th e  sam e 

fuel flow  rate  so th a t th e  m ass flow rate issued  from  the bu rner is significantly  

increased. This in e rt gas red istribu tion  y ie ld s a  reduction  of th e  in itia l fuel 

c o n c e n tra tio n  a n d  a n  in crease  in  th e  in it ia l  o x id ize r c o n c e n tra tio n .
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Figure 3.1(a) Schematic diagram of the flame structure for 
fuel/air flame in the spherical diffusion flame 
stabilized by a spherical porous burner 
with the fuel supplied from the burner
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Reaction Zone
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Figure 3.1(b) Schematic diagram of the flame structure for 
diluted-fuel/oxygen flame in the spherical 
diffusion flame stabilized by a spherical porous 
burner with the fuel supplied from the burner
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C onsequently  th e  reaction  regions a re  m uch  closer to th e  b u rn e r  d u e  to  the 

low  in itia l fu e l co n cen tra tio n  as co m p a red  to th a t o f the  ox id izer. The 

varia tion  in  th e  m ass flow  rate  resu lts  in  a  h igher tem p era tu re  g rad ien t for 

the  fu e l/a ir  flam e near the  b u rner exit so th a t the resu lting  h e a t transfer from  

the flame to  the  b u rn e r is h igher. Since the  b u rn er is considered  to  be cooled, 

its tem p era tu re  is a  co n stan t a n d  a ll the  h e a t tran sfe rred  to  th e  b u rn e r is 

rem oved b y  the  coolant. It is then  expected th a t the fu e l/a ir  flam e possesses a 

low er flam e te m p e ra tu re . M o reo v er, th e  tem p era tu re  g ra d ie n t  for the 

d ilu te d -fu e l/o x y g e n  flam e is m uch  s teep e r n ear the  b o u n d a ry  be tw een  the 

reaction reg ions an d  the  tran sp o rt reg ion  a t  the  fuel side, a n d  m eanw hile  is 

fla tter n e a r  th e  b o u n d a ry  b e tw een  th e  reaction  reg ions a n d  th e  tran sp o rt 

region a t the  ox id izer side, as show n in  Fig. 3.1.

Because b o th  the  soo t fo rm atio n  a n d  consum ption  reac tions are  high 

ac tiva tion  e n e rg y  reactions, th ey  o ccu r on ly  a t h ig h  te m p era tu re s . The 

tem pera tu re  d is tr ib u tio n  d iscussed  in  the  p rev ious p a rag rap h  y ie lds a  thicker 

so o t/p re c u rso r  fo rm ation  reg ion  a n d  a  th in n e r so o t/p re c u rso r  consum ption  

region for the  fu e l /a ir  flame. As a  re su lt the  p roduction  of so o t/p re c u rso r  is 

favored. O n  th e  o th e r  h and , the  lo w er flam e tem p era tu re  fo r th is  flam e 

yields a s lo w er so o t/p re c u rso r  p ro d u c tio n . Since th e re  a re  tw o  opposing  

m echanism s, n am e ly  th e  residence tim e (thickness of the  reac tio n  regions) 

an d  the reac tio n  ra te  (flam e tem pera tu re), com pete for dom inance , it is not 

clear how  the  in e rt red is tribu tion  affects so o t/p recu rso r p ro d u c tio n  a priori.

For the  fu e l /a i r  flam e, w e have  Yp,0 = 1/ Yo,«> = 0.233, a n d  m = 1.6485. 

Figure 3.2 p resen ts  th e  varia tion  of so o t/p rec u rso r  ind icator, Si, as a function 

of the  D am k o h le r n u m b er of th e  so o t/p re c u rso r  fo rm ation  reaction , Da 2/
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fo r selected va lues o f  (3 a n d  a  = LeR = Les = 1. A s in  C hap ter 2, u n ity  L ew is 

nu m b ers  a re  u sed  a s  reference va lues to  facilita te  th e  d iscussion  of resu lts . 

T he co rresp o n d in g  flam e tem p era tu re , f f ,  a n d  the  flam e sheet location , f f ,

are  p resen ted  in  Figs. 3.3 a n d  3.4, respectively. The cu rv e  for (3 = 0(5)  in  these  

figu res rep re sen ts  th e  lim itin g  case of a n  e x tre m e ly  slow  so o t/p re c u rs o r  

ox idation  reaction. F o r th e  problem  analyzed  in  th is chapter, the  v a ria tio n  of 

Da 2  is caused  so le ly  b y  th e  varia tion  o f the  p re-exponen tia l factor B, o r  the  

reaction  rate.

It is show n  in  Fig. 3.2 th a t b y  increasing  Daz  from  a n  initial sm all va lue , 

S i  first increases, a tta in s  a  m axim um  value , a n d  th e n  decreases. A lth o u g h  

th is  behav io r is s im ila r to  th a t of the  co u n te rflo w  flam e, the in te rp re ta tio n  is 

d ifferen t because th e  v a ria tio n  of D«2 is caused  b y  th e  change of reaction  rate , 

n o t stra in  rate. T here  a re  tw o  opposing  p rocesses responsib le  for the v a lu e  of 

S i  w hen  the rate  o f th e  so o t form ation  reaction  increases. First, it  is n a tu ra l to 

expect th a t m ore so o t/p re c u rso r  is p ro d u ced  w h e n  D«2 is increased, th u s  Si  is 

h ig h e r since the  p ro d u c tio n  ra te  is increased . H ow ever, such  an  increase  

leads to a h ig h er c o n su m p tio n  of the  rad ical in  the  so o t form ation  reg ion  an d  

a red u c tio n  in  th e  ra d ic a l concen tra tion  a t th e  b o u n d a ry  be tw een  the  so o t 

fo rm ation  reg ion  a n d  th e  fuel side tran sp o rt reg ion . This leads to  a  reduc tion  

in  the  s o o t/p re c u rso r  p ro d u c tio n  a t th is  location . For values o f D a 2  low er 

th an  the  critical v a lu e  th a t yields the  m ax im um  Si, th e  radical concen tra tion  

is so h igh  th a t the  red u c tio n  of reactan t concen tra tion  is less im portan t. The 

so o t/p re c u rso r  p ro d u c tio n  is th en  d o m in a te d  b y  th e  reaction  ra te , a n d  Si  

increases w ith  increasing  Daz- A fter the  m ax im um  Si  is reached, the  reaction  

ra te  is su ffic ien tly  h ig h  so  th a t th e  ra te  o f so o t/p re c u rs o r  fo rm a tio n  is
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contro lled  b y  the  ava ilab ility  o f th e  radical, a n d  S / decreases w ith  increasing  

Da2 - This exp lanation  is a lso  app licab le  to  the  co u n te rflo w  flam e w h e n  the  

varia tion  o f Dai  is d u e  to  th e  change of reaction  ra te  in s tead  of the  stra in  rate. 

W ith the increase of P, th e  so o t consum ption  reaction  occurs a t a n  accelerated 

rate  such  th a t S[ decreases. For extrem ely sm all va lues o f  Dai, the  value o f Sj 

becom es negative , w h ich  is  physica lly  un rea listic  a n d  hence the  analysis is 

n o t applicable. This is co n sis ten t w ith  ou r earlier s ta te m e n t on the  lim ita tion  

of Da2.

B ecause S j  on ly  re p re se n ts  th e  concen tra tion  o f so o t/p re c u rso r  a t  the  

b o u n d a ry  b e tw een  th e  s o o t  fo rm ation  reg ion  a n d  th e  fuel s id e  tra n s p o rt 

region, it is m islead ing  to  co n sid er it as the  in d ic a to r to  quan tify  the  to ta l 

so o t/p re c u rso r  p ro d u ced  fro m  th e  flame. As d iscu ssed  in  C hapter 2, a  m ore  

in s tru m e n ta l p a ra m e te r  to  re p re se n t the  to ta l a m o u n t  of so o t/p re c u rs o r  

p ro d u ced  is the flam e tem p era tu re . W hen D ai is increased , the  ra te  of b o th  

the so o t/p re c u rso r  fo rm a tio n  an d  consum ption  reac tions are  increased. For 

the lim iting  case of P = 0 (5 ) , th e  consum ption  reac tio n  is extrem ely w eak  so 

th a t a h ig h e r am o u n t of s o o t/p re c u rso r  is p ro d u ced . Existence of a la rg e r 

am o u n t of so o t/p re c u rso r  th e n  y ields a low er flam e tem p era tu re  because  a 

h igher p o rtio n  of chem ical e n e rg y  stored  in  the  so o t/p re c u rso r  is n o t released  

to therm al energy. The d ec rea se  in  flam e tem p era tu re  th e n  slow s d o w n  the  

s o o t /p re c u rs o r  fo rm a tio n  re a c tio n  so th a t  th e  ra te  o f increase  in  th e  

form ation  o f so o t/p re c u rso r  w ith  D ai is reduced. This resu lt is su p p o rted  by  

Fig. 3.3, w h ich  show s th a t  th e  flam e tem p era tu re  decreases w ith  increasing  

Da2, ind icating  a h igher so o t/p re c u rso r  p ro d u ctio n  w ith  a  larger Da2, a n d  the  

ra te  of tem p era tu re  d ecrea se  is slow er for h ig h e r  D a2, ind icating  a slow er
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increase in  th e  so o t/p rec u rso r p roduction .

F igures 3.2 a n d  3.3 also show  the effect o f P, w hich rep resen ts  the  rate of 

the  s o o t /p r e c u r s o r  co n su m p tio n  rea c tio n , o n  the  o v e ra ll p ro d u c tio n  o f 

so o t/p recu rso r. For sm all values of Daz, the  effect of P is insignificant because 

of the low  rea c tio n  rates. For h ig h er v a lu es  of D«2/ a  la rg e r  a m o u n t of 

so o t/p rec u rso r  is p ro d u ced  and  the effect of so o t/p recu rso r consum ption  rate 

em erges. T h a t is, b y  increasing P for a  fixed Dd2 , m ore  so o t/p re c u rso r  is 

ox id ized  a n d  m o re  h e a t is g en e ra ted  th ro u g h  th is c o n su m p tio n  reaction. 

C onsequen tly  th e  concentration  of so o t/p re c u rso r  is decreased  as show n in  

Fig. 3.2, m ean w h ile  the  flame tem p era tu re  is increased as sh o w n  in  Fig. 3.3. 

W hen D a 2  is su ffic ien tly  high, the  s o o t/p re c u rso r  fo rm ation  reaction  rate  

increases on ly  s ligh tly  w ith  Da2  as show n  in  the P = 0 (5 ) cu rve  a n d  discussed 

in  the p rev ious parag raph . For this case, a n  increase of Daz resu lts  in  a higher 

increase in  th e  ra te  o f so o t/p recu rso r consum ption  than  th a t o f the  form ation 

such tha t the  to ta l so o t/p recu rso r p ro d u c tio n  actually  decreases a n d  the flame 

tem pera tu re  increases. Indeed  Fig. 3.3 dem onstra tes th a t fo r p  = 0.05, there 

exists a  critical va lue  of Da2  above w hich  f  y increases w ith  Da2 . For p  = 0.025,

such a tu rn in g  p o in t also exists, b u t a t  a  m u ch  larger Da 2  v a lu e  beyond  the 

region p lo tted  in  th is figure.

Figure 3.4 d isp lays the  flame sheet location  ry as a function  of D«2- This 

figure show s th a t ry is independent of Da 2  w h en  P is 0 (5), a n d  increases w ith  

D a z  for n o n - z e r o  v a lu es of p.  ry a lso  increases w ith  P fo r a  g iven  Daz-

Because th e  ra d ic a l is considered  a n  0 (5 )  q u a n tity , th e  s o o t/p re c u rs o r  

fo rm ation  reac tio n  consum es on ly  an  0 (5 )  am oun t of the  fu e l a n d  causes a 

neg lig ib le  sh if t  in  ry. For n o n - z e r o  v a lu e s  of P, th e  s o o t /p r e c u r s o r

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

c o n su m p tio n  re a c tio n  y ie ld s  a n  0 (1 )  o x id a tio n  o f s o o t/p re c u rs o r  a n d  

accom panies th is w ith  a n  0 (1 )  consum ption  o f th e  ox id izer. The loss of 

oxidizer su p p ly  in  th e  p r im a ry  oxidation  reg ion  th ro u g h  th e  so o t/p rec u rso r  

oxidation reaction  th e n  forces the  flam e to  m ove to w a rd s  th e  oxidizer side to 

seek  a n ew  sto ich io m etric  balance. For la rg e r  v a lu e s  o f P o r Da  2 , the  

s o o t/p re c u rs o r  c o n su m p tio n  reaction  is s tro n g e r  a n d  m ore  o x id ize r is 

consum ed so th a t ry is larger.

For the  flam e s tu d ie s  in  th is  chap ter, th e  flow  d irec tio n  is from  the 

b u rn e r to the  am b ien t su c h  th a t the convection is from  th e  fuel side  to  the 

oxidizer side. T hus th e  so o t/p re c u rso r  p ro d u ced  in  th e  fo rm ation  reg ion  is 

d riven  b y  the  b u lk  flow  to  th e  soo t co nsum ption  reg io n  before  en te ring  the 

am bient and  appearing  as p a r t  of the com bustion  p ro d u cts . This suggests th a t 

the s o o t /p re c u rs o r  b re a k - th ro u g h  p a ra m e te r , Sg, w h ic h  rep re sen ts  the  

am o u n t o f s o o t /p re c u r s o r  th a t  b reaks th ro u g h  th e  o x id a tio n  a n d  soo t 

consum ption  reg ions a n d  en te rs  the tran sp o rt reg io n  a t the  oxidizer side, is 

m ore a p p ro p ria te  in  d e sc rib in g  the  s o o t/p re c u rs o r  co n cen tra tio n  in  the  

p ro d u c ts , o r the  b u lk  so o t/p re c u rs o r  p ro d u c tio n . T he v a ria tio n  o f Sg 

corresponding  to Figs. 3.2—3.4 is then  p lo tted  versus Da2  in  Fig. 3.5.

It is observed from  Fig. 3.5 tha t for the  case o f a n  extrem ely slow  soo t 

consum ption  reaction, P  = 0 (5 ), Sg increases w ith  increasing  D«2 an d  the  rate 

of Sg g row th  decreases w ith  D«2- This agrees w ith  the  earlie r observation  on  

the to tal am oun t of so o t p roduction , the  flam e tem p era tu re  reduction  an d  the 

a p p lic a tio n  o f th e  f la m e  te m p e ra tu re  to  q u a n tify  th e  s o o t/p re c u rs o r  

p roduction . W hen th e  ra te  o f the  so o t/p re c u rso r  co n su m p tio n  reaction  is 

higher, Sg decreases w ith  increasing  p. For p  = 0.05, there  exists a  critical Daz
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a t w h ich  Sb a tta in s  its m ax im um . T hese results also are  in  ag reem en t w ith  

our earlie r d iscussion  o n  Fig. 3.3. W hen  Daz  o r P is sufficiently  large, Sg is 

red u ced  to  z e ro  so th a t  th e  p ro d u c tio n  o f s o o t/p re c u rso r  is com plete ly  

su p p re ssed  because  of the  s tro n g  so o t/p re c u rso r  c o n su m p tio n  reaction, as 

show n in  Fig. 3.5 for p  = 0.05.

The e ffec t o f d iffusion  tra n s p o r t  o n  so o t/p rec u rso r  p ro d u c tio n  w ill be 

d isc u sse d  b y  v a ry in g  th e  L ew is  n u m b e r  of e ith e r th e  ra d ic a l o r th e  

s o o t /p r e c u r s o r  w h ile  k e e p in g  th e  o th e r  u n ity . T he flam e  resp o n se  

co rrespond ing  to  the change in  rad ical diffusion, LeR, is first p resen ted  in  Figs. 

3 .6-3.8 b y  p lo tt in g  Si f S b a n d  f y  v e rsu s  Da 2  w ith  a  = Les —1, P = 0 ( 8 ) .

R ecogn izing  th a t  the im pact o f  LeR o n  th e  flam e b eh av io r is qualita tive ly  

sim ila r fo r a ll va lues o f p  s in c e  th e  rad ica l does n o t p a rtic ip a te  in  the  

so o t/p re c u rso r  consum ption  reaction , th e  special case of P = 0 (8 )  is selected 

for s im p lic ity  in  num erica l c o m p u ta tio n s . Since th e  ra d ic a l (e.g., H) is 

g en e ra lly  l ig h t  in  w eigh t, i ts  d iffu s io n  ra te  is h ig h e r th a n  th a t of the  

b ack g ro u n d  gas so th a t on ly  th e  LeR < 1 case is considered . These figures 

sh o w  th a t  th e  so o tin g  b e h a v io r  re sp o n d in g  to the  v a r ia tio n  of LeR  is  

q u a lita tiv e ly  sim ila r to  th a t  o f  th e  coun te rflow  flam e. T h a t is, the  to ta l 

am o u n t o f so o t p roduced  decreases w ith  decreasing LeR b ecause  the radical 

passes th ro u g h  the soot fo rm ation  reg io n  into the inert reg ion  a t a  faster rate 

an d  th is  re d u c e s  the res id en ce  tim e  th a t  needed  for th e  s o o t/p re c u rso r  

fo rm ation  reac tio n  to occur. A  m o re  deta iled  d iscussion  h a s  a lready  been  

p resen ted  in  C hap ter 2 an d  w ill n o t  be  repeated.

This d iscussion  is fo llow ed b y  th e  effect of so o t/p rec u rso r  diffusion, Les. 

The re su lts  a re  p resen ted  in  Figs. 3.9-3.11 follow ing the  sam e  sequence as
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Figs. 3.6-3.8 w ith  a  = LeR = 1 an d  f} — 0 (5 ).  The values of Les are  selected to be 

larger th an  u n ity  because the so o t/p re c u rso r  is heavier th an  the background  

gas an d  hence  its d iffusion  velocity is slow er. Sim ilar to  C hap te r 2, one  can 

conclude  fro m  Fig. 3.9 th a t th e  c o n ce n tra tio n  of s o o t/p re c u rs o r  in  the 

form ation reg io n  increases w ith  increasing  Les because m ore  so o t/p re c u rso r  

is accu m u la ted  in  th is  region d u e  to  its red u ced  d iffusion  rate. H ow ever, 

since th e  so o t c o n su m p tio n  reac tio n  is neg lig ib le  for /? = 0 ( 5 )  a n d  the 

d iffusion  o f so o t/p re c u rso r  does n o t affect the  soot fo rm ation  reaction , the 

to ta l a m o u n t o f  so o t/p re c u rso r  p ro d u c e d  is in d ep e n d en t o f Les.  This is 

evidenced b y  th e  sam e flame tem pera tu re  for all Le$ in  Fig. 3.11. The h igher 

so o t/p re c u rso r  concen tra tion  in  the  so o t fo rm ation  region for h ig h e r values 

of Les also lead s  to  a  h igher Sg  as sh o w n  in  Fig. 3.10. U nlike th e  earlier 

discussion, the  va ria tion  of Sg d ue  to th e  change o f Les does n o t rep re sen t the 

va ria tio n  o f to ta l  so o t p ro d u ctio n . I t  o n ly  show s th e  re d is tr ib u tio n  of 

so o t/p rec u rso r th ro u g h  the change of its d iffusion rate.

T he b e h a v io r  is qua lita tive ly  d iffe re n t w h en  the  so o t co n su m p tio n  

reaction is n o t negligible. To s tu d y  the  difference, a representative exam ple is 

p resen ted  in  Fig. 3.12 w hich show s th e  flam e tem perature , fy ,  v e rsu s Da2  for

/3 = 0.025 a n d  a  = LeR = 1. This figure exhibits a  h igher flam e tem p era tu re  for 

larger Les b ecause  the  soot concen tra tion  in  the  soot consum ption  reg ion  is 

higher. In  ad d itio n , the  slow er so o t/p re c u rso r  d iffusion p ro v id es  a  longer 

residence  tim e  fo r th e  co nsum ption  reaction . These factors a llo w  m ore 

s o o t/p re c u rs o r  to  be  consum ed  th ro u g h  the  co n su m p tio n  re a c tio n  an d  

consequently  m ore  h ea t is released. T hus the flam e tem pera tu re  is increased 

and  the overall soo t p roduction  is reduced .
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U p to  th e  p resen t, all th e  d iscussions in  th is c h ap te r w e re  based  on  the

varia tion  o f Dd 2 , w h ich  is the  ra te  of th e  soo t fo rm ation  reaction . Physically,

Da2  is fixed  w h e n  a  specific fu e l/o x id iz e r  system  is a d o p te d  in  experim ents.

To be tter u n d e rs ta n d  the soo ting  b eh av io r, i t  is m ore in s tru m e n ta l to s tu d y

the  effect o f m ass flow  rate from  th e  b u rn er. In th is reg a rd , a  represen tative

case is p re se n te d  in  Figs. 3.13-3.16. T hese figures sh o w , respectively , the 

flam e tem p era tu re , fy ,  flam e location , fy, so o t/p re c u rso r  ind icato r, Sj, and

s o o t/p re c u rso r  b reak th ro u g h  p a ra m e te r , S b, versus the  b u rn e r  flow  rate, m, 

fo r a  = LeR = Les  = 1 and  Daz = 0.1. In  th e  inert reg ion  a t th e  fuel side of the 

reaction  reg io n s , d iffusion  of heat, th e  rad ical an d  th e  s o o t/p re c u rso r  from  

the  reaction  reg ions tow ard  the  b u rn e r  m u st occur ag a in st convection. Thus 

w hen  the  b u rn e r  flow  rate m  is increased , the heat tran sfe r from  the  flam e to 

the  b u rn er is d ecreased  due to  a s tro n g e r o u tw ard  flow . Such reduced  heat 

transfer y ields a  low er heat loss to the coo lan t and  a  h ig h er flam e tem perature  

as show n in  Fig. 3.13. The increase o f m  a lso  forces th e  reaction  regions to 

m ove o u t to w a rd  th e  am bient, as sh o w n  in  Fig. 3.14, b ecause  there  is m ore 

fuel to be  co n su m ed  and  a n ew  sto ichiom etric  location  w ith  h igher oxidizer

supp ly  is necessary . For sm all va lues o f m, an  increase of m yields a greater 

decrease in  the  h ea t loss such th a t f f  increases m ore rap id ly . The increase in  

f y  slow s d o w n  w ith  continuous increase  in  m for th e  reac tio n  regions are

farther aw ay  from  the  surface an d  the  reduction  in  the  h e a t loss to  the b u rner 

is less significant.

R e tu rn in g  to  th e  so o t/p re c u rso r  fo rm ation , Fig. 3.15 show s th a t by  

co n tinuously  in creas in g  m from  a  sm a ll value, S / f irs t increases, a tta in s a 

m axim um , a n d  th en  decreases, sim ilar to  th a t of Fig. 3.2. T his suggests th a t
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the effect of in o n  th e  sooting behav io r m ay  be qualitatively s im ila r to  tha t of

Daz. The behav io r o f Sg show n in  Fig. 3.16 further su p p o rts  th e  expectation.

The cause of th e  soo ting  behavior, how ever, is d ifferent b e tw ee n  these tw o

cases. There a re  som e com petitive processes tha t arise by  th e  v a ria tio n  of in.

First, w ith  the  increase of m, the  flam e tem pera tu re  increases so  th a t the rate

of th e  s o o t/p re c u rs o r  fo rm ation  rea c tio n  is enhanced  a n d  m o re  soot is

produced. This y ields a h igher Sj a n d  a  h igher total am oun t of so o t/p recu rso r

p ro d u c tio n . A s n o te d  in  C h a p te r  2, S j does n o t  re p re s e n t  th e  to ta l 

so o t/p re c u rso r  p roduction . Second, since the  flame location , ry, increases

a lm ost linearly  w ith  increasing m a n d  the  surface area  of th e  flam e varies 

w ith  r j ,  the  m ass flux a t the  reac tio n  reg ions, (pu)y = m /  (4 ^ fy ), decreases

w ith  increasing  m  an d  the soot fo rm ation  reg ion  is b roadened  w h ile  the soot 

consum ption  reg io n  is narrow ed . Both the  reduction  o f m ass flux  and  the 

m o d ifica tio n  o f  rea c tio n  reg io n s  le a d  to  the  in crease  in  th e  rad ica l 

concen tra tion  a n d  the residence tim e  for th e  soot fo rm ation  reaction  such 

tha t b o th  Si  a n d  th e  to ta l a m o u n t o f so o t/p re c u rso r  p ro d u c tio n  is further 

enhanced. A ccom panying the increase of the  residence tim e, how ever, is the 

reduction of fue l supp ly  per u n it a rea  o f the  flame, w hich renders  a low er fuel 

co n cen tra tio n  in  th e  soo t fo rm a tio n  reg io n  and  a lo w er s o o t/p re c u rso r  

form ation ra te  an d  a low er Sf. Finally , the reduction in  the  m ass flux favors 

the diffusion  o f the  radical th rough  the  soot form ation reg ion  so th a t the total 

s o o t/p re c u rso r  fo rm ation  is d ecreased . This behav io r is s im ila r  to the  

decrease in  LeR as  discussed earlier.

For low  b u rn e r  flow  rates, the  increase of reaction rates co rrespond ing  to 

the increase of m is m ore significant as evidenced by  th e  large increase in the
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flam e tem p era tu re  a n d  a  m oderate  increase in  th e  flam e location, as show n  

in Figs. 3.13 a n d  3.14. C onsequently  Si  increases w ith  m. W ith  co n tin u ed  

increase in  in, the im p a c t of the reaction rates decays a n d  th e  decrease in  m ass 

flux in  th e  re a c tio n  reg io n s  dom ina tes. A s  m e n tio n e d  in  the  p rev io u s  

paragraph , a lth o u g h  th e  decrease of m ass flux increases residence tim e, w hich  

in tu rn  enhances so o t form ation, the  red u c tio n  o f fue l su p p ly  p e r u n it flam e 

area is m ore  s ig n ifican t such  th a t S i  d ec reases . T he to ta l so o t/p re c u rso r  

p roduction  for the P  =  0 (8 ) case, nonetheless, increases m onotonically  w ith  in 

as exh ib ited  b y  Sg in  Fig. 3.16. This is reaso n ab le  to  expect since b o th  the  

increase in  th e  ra te  o f so o t fo rm atio n  re a c tio n  a n d  th e  increase  in  th e  

residence tim e favo r th e  overall p roduction  o f  so o t/p re c u rso r . The varia tion  

of P sh o w n  in  F igs. 3.15 a n d  3.16 ag a in  ex h ib its  a  lo w er Si  an d  n e t soo t 

p ro d u c tio n  for a h ig h e r  P as in Figs. 3.2 a n d  3.5, w h ich  has been  d iscussed  

earlier. The d e p en d en ce  of the flam e te m p e ra tu re  a n d  flam e location on  p, 

a lth o u g h  c o n s is te n t  w ith  those  sh o w n  in  F igs . 3.3 a n d  3.4, is n o t 

d is tingu ishab le  in  F igs. 3.13 and  3.14 because  th e  changes are insign ifican t 

com pared to those cau sed  by  the varia tion  of m .

E x ten d in g  fro m  th e  above u n d e rs ta n d in g , w e  m ay  su spec t th a t for 

sufficiently large v a lu e s  of m, w hen  the  h e a t tran sfe r to  the  bu rner becom es 

negligible, the  flam e tem pera tu re  for the P = 0 (8 ) flam e m ay  decrease instead  

of increase w ith  increasing  m. The reason  is th a t  th e  overall soot p ro d u ctio n  

is h igher for a g rea te r m. For non-zero P flam es, th e  flam e tem pera tu re  m ay  

increase again  after it is d ro p p ed  by  con tinuously  increasing  m, or continue to 

increase w ith o u t a  d ro p  if P is sufficiently  la rg e , u n til th e  adiabatic lim it is 

reached  b e ca u se  o f  th e  ex tra  h e a t p ro d u c e d  fro m  th e  so o t/p re c u rs o r
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co n su m p tio n  reaction . This w ill be  confirm ed  later in  th e  d iscu ssio n  on  Fig.

3.21.

T he v a r ia tio n  o f the  a c tiv a tio n  en erg y  ra tio , a ,  is to  y ie ld  a  h igher 

am o u n t o f so o t/p re c u rso r  a n d  a  low er flam e tem pera tu re  fo r a  h ig h e r a  and  

w ill n o t b e  e lab o ra ted  as in  C h ap te r 2.

T he e ffec t o f  s to ich io m etric  m ix tu re  frac tion  o n  th e  p ro d u c tio n  of 

s o o t/p re c u rs o r  is n o w  ex am in ed  b y  red is tr ib u tin g  the  in e r t  gas from  the  

oxid izer s id e  to  th e  fuel s tream . In  th e  extrem e lim it w h e re  all th e  inert gas 

in  the a ir  flow  is d iverted  in to  th e  fu e l stream , one h as Y o ,»  = 1 w ith  Y f,o 

v a ry in g  b e tw e e n  0.08143 a n d  0.08784 as in  C h ap te r 2. T h is  re su lts  in  m 

vary ing  b e tw een  18.53 and  17.19 m g /s ,  o r  m  vary ing  b e tw een  20.19 a n d  18.73, 

w h en  th e  fu e l flo w  rate  is m a in ta in e d  as 1.51 m g /s .  C a lc u la tio n s  w ere 

perfo rm ed  u s in g  th e  sam e q u an titie s  u se d  in  C hapter 2, a  =  LeR = Les = b  and  

the  resu lts  o f S j, Ty, fy, a n d  S b w e re  p lo tted  versus D a 2  in  Figs- 3.17-3.20.

Sim ilar to th e  behav io r rep o rted  in  C h ap te r 2, Figs. 3.17-3.20 a n d  3.2-3.5 show  

th a t th e  b e h av io r  o f these tw o  cases are  qualitatively  sim ilar. H ow ever, Fig. 

3.17 sh o w s th a t th e  values o f S i  a re  m u ch  sm aller, w hile  D a 2  fo r observable 

so o t/p re c u rso r  p ro d u ctio n  are  m u c h  larger for the  d ilu te d -fu e l/o x y g e n  flame. 

This in d ica tes  th a t  it  is m u ch  m o re  d ifficu lt to p roduce  s o o t/p re c u rso r  w hen  

the  inert g as  is d iv erted  to the  fu e l s tream , w hich  agrees w ith  the  conclusion 

d raw n  in  C h a p te r  2 for coun terflow  diffusion  flames. The d ifference betw een 

the  tw o cases, nonetheless, is n o t  as g rea t as the  tw o  co u n te rflo w  flam e cases 

because th e re  is no  inversion of th e  flow  direction. In  ad d itio n , Figs. 3.18 and  

3.19 sh o w  th a t  the  flam e te m p e ra tu re  is h igher and  the flam e is m u ch  closer 

to  the b u rn e r  fo r the  d ilu te d -fu e l/o x y g e n  flam e, in  ag reem en t w ith  a n  earlier
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d iscu ssio n  on  Fig. 3.2. A lth o u g h  S / is sm aller, Fig. 3.20 sh o w s h ig h er 

m axim um  values o f S b for the d ilu ted -fu e l/o x y g en  flam e co m pared  to tha t of 

the  fu e l/a ir  flam e. This w ill be d iscussed  in  the  next parag raph .

The differences in  the flam e b eh av io r as a resu lt o f in e rt red is tribu tion  

can  be explained  b y  the  follow ing. W hen  the  inert is su p p lied  w ith  the  fuel, 

th e  in itial fuel concen tra tion  is low  a n d  the  initial ox id izer concen tra tion  is 

h ig h  so th a t  th e  flam e m o v es c lo se r  to  the  b u rn e r  to  se e k  a new  

sto ich iom etric  lo ca tio n  (Figs. 3.4 a n d  3.19). The in e rt re d is tr ib u tio n  also 

resu lts  in  a large m ass flow  ra te  fro m  the burner, w h ich  red u ces  the  heat 

transfer from  the flam e to the  b u rn e r an d  raises the flam e tem p era tu re  (Figs. 

3.3 and  3.18). The h igher b u rn er flow  rate  an d  sm aller flam e stan d o ff distance 

th en  yield  a m uch  h igher m ass flux n e a r  the flame so th a t the th ickness of the 

s o o t /p r e c u r s o r  fo rm a tio n  re g io n  is  re d u c e d  a n d  th e  s o o t /p r e c u r s o r  

consum ption  reg io n  is b ro ad en ed  w ith  respect to the  fu e l /a i r  flam e. The 

red u ced  residence tim e in  the  so o t/p re c u rso r  form ation  reg io n  inh ib its the 

so o t/p re c u rso r  fo rm ation  reaction  so  th a t m uch  h ig h er v a lu e s  o f  Daz  are 

requ ired  to p ro d u ce  so o t/p recu rso r a n d  the to tal am oun t of so o t p ro d u ced  is 

low er. A lth o u g h  th e  h igher flam e tem p era tu re  favors the  p ro d u c tio n  of 

so o t/p re c u rso r , th e  effect of res idence  tim e dom inates the  p ro cess  for the 

increase in  the  flam e tem p era tu re  is m o d era te  as can  be c o n c lu d ed  from  

com paring  Figs. 3.3 an d  3.18. The app rox im ate ly  12 tim e increase  in  the 

b u rn e r  flow  ra te  a n d  50 % decrease  in  the  flam e ra d iu s  fo r th e  d ilu ted - 

fue l/oxygen  flam e y ield  a m ass flux approxim ately  40 tim es larger th an  tha t of 

th e  fu e l /a i r  flam e  a n d  a s ig n if ic a n t red u c tio n  in  th e  re s id e n c e  tim e. 

A lth o u g h  Si  is sm aller, the s tronger convection  subsequen tly  b rin g s  a large
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frac tion  o f  s o o t /p r e c u r s o r  to  the  c o n su m p tio n  reg io n  to  y ie ld  a  h ig h  

m axim um  v a lu e  o f Sg. I t  shou ld  be  no ted , h o w ev er, th a t the  values o f Sg 

show n in  Fig. 3.20 m a y  n o t b e  obtainable since ex trem ely  h ig h  values o f Da 2  

are req u ired . For th e  sam e range of Da 2. as th a t  fo r the fu e l/a ir  flam e, the  

d ilu ted -fu e l/o x y g en  flam e is prim arily  soo t free. A s in  C hapter 2, the red u ced  

va lues o f S j a n d  Sg in d ic a te  th a t in e r t  re d is tr ib u tio n  (increase  in  th e  

sto ich iom etric  m ix tu re  frac tion) is a n  e ffec tive  ap p ro ach  to  red u c e  so o t 

p ro d u c tio n  from  n o n -p rem ix ed  com bustion  system s.

Figures 3.17-3.20 also exhibit th a t the  so o tin g  behavior respond ing  to  the  

so o t/p re c u rso r  c o n su m p tio n  reaction ra te , fi, is sim ilar to th a t of the  fu e l /a ir  

flame. T hat is, a  s tro n g e r so o t/p rec u rso r co n su m p tio n  reaction yields a low er 

net so o t/p re c u rso r  p ro d u c tio n , a  h igher flam e tem p era tu re  and  a larger flam e 

s ta n d o ff d is ta n c e . T h is effect, h o w e v e r, is  s tro n g e r  fo r th e  d i lu te d -  

fu e l/o x y g en  flam e in  th a t a  sm aller increase o f P resu lts  in  a g rea ter v a ria tio n  

in  th e  flam e  re sp o n se . T his behav io r is a t t r ib u te d  to the  h ig h e r flam e 

tem p era tu re  a n d  b ro a d e n e d  so o t/p re c u rso r  c o n su m p tio n  reac tion  reg ion . 

The h ig h er flam e te m p e ra tu re  streng thens th e  so o t/p re c u rso r  c o n su m p tio n  

reaction w h ile  th e  th ic k e r consum ption  reg io n  p ro v id es  a  longer residence  

tim e for th e  c o n su m p tio n  reaction  to occur. B oth  are  acting  in  fav o r o f 

reducing  the  p ro d u c tio n  o f soo t/p recu rso r.

As in  Figs. 3.13—3.16, th e  effect of b u rn e r flo w  ra te  on  fy , /y , Sj, a n d  Sb

for the  d i lu te d - fu e l /o x y g e n  flam e is p re s e n te d  in  Figs. 3.21-3.24, w ith  

a  = LeR = Les  = 1 a n d  D a 2  = 100. I t is o b se rv ed  th a t the  flam e re sp o n se  

co rresp o n d in g  to  th e  v a ria tio n  of m is q u a lita tiv e ly  sim ilar to  th a t  o f  th e  

fu e l/a ir  flam e. M oreover, Fig. 3.21 show s th a t th e  flam e tem pera tu re  fo r th e
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ft = 0(5)  flam e decreases w ith  increasing m  w h en  m is sufficiently large. For 

non-zero fi flam es, the  flam e tem perature  increase again  after it is d ro p p ed  by  

co n tin u o u sly  in c reas in g  m. These confirm  th e  e a rlie r  susp ic ion  o n  th e  

discussion o f Figs. 3.13-3.16.

Finally, com paring  the  fu e l/a ir  and  the d ilu ted -fu e l/o x y g en  flam es w ith  

the sam e fuel c o n su m p tio n  ra te , it  is found  th a t  the  fu e l/a ir  flam e h as  a 

low er flam e tem p era tu re  because  of its low  m ass flow  rate. M ore h e a t is 

tran sfe rred  to  the  b u rn e r  a n d  carried  aw ay  b y  th e  coo lan t as a  resu lt o f its 

w eak convective  tran sp o rt. R ecognizing th a t b o th  the  soot fo rm ation  a n d  

o x id a tio n  p ro ce sse s  a re  h ig h ly  te m p e ra tu re  se n s itiv e , a n d  th a t  th e  

experim ents to  be perfo rm ed  b y  our collaborators in  m icrogravity  are  w ith o u t 

coolants, a  com parison  b e tw een  these flam es w ith  the  sam e ad iabatic  flam e 

tem pera tu re  is im p o rtan t to  th e  success of this investigation . To achieve th is 

goal, a d d itio n a l calcu lations th a t adop ted  Tf, = 802 K  w ere  perform ed for the  

fu e l/a ir  flam e such  th a t b o th  of the flam es have th e  sam e flame tem pera tu re . 

Results o f S b versus Da 2  for th is elevated T\, flam e is show n  in Fig. 3.25. A lso 

show n in  Fig. 3.25 is th e  so lu tion  for the  orig inal flam e w ith  Tf, = 300 K fo r 

com parison . This figure  exhib its th a t a  h igher a m o u n t of soot is p ro d u ce d  

w h en  Tb, a n d  hence  th e  flam e tem p era tu re  is increased . T herefo re  th e  

d ifference in  so o t p ro d u c tio n  betw een  the  tw o  lim itin g  flam es is fu r th e r  

am plified  w h en  b o th  hav e  th e  sam e flam e tem pera tu re . This resu lt fu rth er 

su p p o rts  th e  conclusion  th a t  significant red u c tio n  can  be  obtained  b y  in e rt 

re d is tr ib u tio n , w h ic h  a g re e s  w ith  th e  e x p e rim e n ts  p e rfo rm ed  b y  o u r  

collaborators a t W ash ing ton  U niversity, St. Louis a n d  NASA G lenn R esearch 

C enter.
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CHAPTER 4

SPHERICAL DIFFUSION FLAMES SUPPORTED BY A POROUS 
BURNER WITH OXIDIZER SUPPLIED FROM THE BURNER

T he s tu d y  rep o rted  in  C hap te r 3 rev ea ls  th a t  m odification  o f th e  flam e 

s tru c tu re , rep re se n te d  b y  th e  v a ria tio n  o f sto ich iom etric  m ix tu re  fra c tio n  

th ro u g h  inert red is tribu tion , h as a p ro fo u n d  effect on  the soo ting  b eh av io r of 

a  d iffusion  flam e w ith o u t th e  change in  th e  flow  direction. F orm ation  o f  soo t 

p recu rso r, a n d  co n seq u en tly  soo t p a rtic les , is sign ifican tly  red u c ed  b y  th e  

red is tribu tion  of in e rt gas from  the ox id izer s id e  to  the  fuel stream . O n e  m ay  

c ritic ize , h o w ev er, th a t  su c h  an  e ffo rt d o e s  n o t  in tro d u ce  a  p ro m is in g  

advan tage  because the  so o t/p re c u rso r  p ro d u c e d  in  the  soot fo rm ation  reg io n  

is convected  to  the  so o t consum ption  reg io n  a n d  b e  largely  co n su m ed  ev en  

for the  fu e l /a i r  flam e th a t p roduces th e  la rg e s t q u an tity  of soo t p rec u rso r . 

O nly  a trac ing  am o u n t o f so o t breaks th ro u g h  th e  consum ption  reg io n  a n d  

a p p ea rs  in  the  final p ro d u c ts . R ecogn izing  th a t  in  p rac tica l c o m b u s tio n  

devices, the  flow  direction  can  be tow ard  the  fuel side, a  flow field th a t favors 

soo t fo rm ation , i.e., from  th e  ox id izer to  th e  fu e l d irec tion , n e ed s  to  be  

c o n sid ered . This ta sk  w h ic h  fu lly  c h a ra c te r iz e s  the  re levance  o f flam e  

s tru c tu re  on  th e  so o tin g  b e h av io r  a n d  e x h ib its  the  b e n e f it  o f in e r t  

red is tribu tion , can  be ach ieved  by  issu in g  a n  ox id izer flow  from  th e  b u rn e r  

in to  a qu iescen t fuel env ironm ent.

4.1 Formulation

F ollow ing  th e  above descrip tions, th e  p ro b lem  to be a n a ly ze d  in  th is  

c h ap te r is a d iffu sion  flam e b u rn in g  a t  s te a d y  sta te  and  s ta b iliz e d  b y  a
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spherical po rous b u rn e r  as in  C h ap te r 3. A  gaseous oxidizer flow  o f m ass flow 

rate  m = 4:7ir2pu  is issu ed  from  th e  b u rn e r  a t  a  tem pera tu re  TV I t  is  know n 

from  C hap te r 3 th a t  m  is a  constan t a t  an y  r in  the  w hole dom ain  o f interest. 

The qu iescen t am b ien t a t a  tem p era tu re  o f Too is filled w ith  fuel gas w ith  an 

initial m ass fraction  Yptoo. The flam e is s itu a ted  betw een th e  fuel a n d  oxidizer 

a t w here the  sto ichiom etric is located. A d op ting  the  sam e assum ptions taken 

in  C hap ter 3, w e  consider the  p o ro u s  b u rn e r to  be perfect so  th a t a  uniform  

flow is su p p lied  a t  its ou ter surface, a n d  b o th  th e  flow field an d  the  flam e are 

spherica l sym m etric . The sam e th ree -s tep  reaction  schem e g iv en  b y  Eqs. 

(R1)-(R3) is ag a in  u sed  to describe th e  chem istry.

F o llow ing  th e  above d iscu ss io n , i t  is u n d e rs to o d  th a t b o th  the  flow 

geom etry  a n d  th e  p rob lem  d e fin itio n  a re  the  sam e as those  of C h a p te r 3. 

Therefore, th e  e q u a tio n s  govern ing  th e  conservation  o f en erg y  a n d  species 

c o n cen tra tio n  a re  Eqs. (3.2)-(3.6). I t is th e n  expected  th a t  p a r t  o f the 

expressions can  be  depicted  from  C h ap te r 3.

The b o u n d a ry  co n d itio n s , h o w e v e r , a re  d iffe ren t b e c a u se  o f the 

inversion of the  flow  direction. The ap p ro p ria te  boundary  cond itions for this 

problem  are

r = rb : T  = Tb , m Y Q -4 :X r b p D 0 ( d Y 0  /  dr)  = mQ ,

m Y i - A x r b p D j i d Y i  / d r )  = 0 , i = F , R , S  ; (4.1)

r _>oo ; T ^ > T X , Yp  -> Y Ffao , Yi  —>0 , i = Of R , S  , (4.2)

w here  m o  = m Y o , 0 is the in itia l m ass flow  ra te  o f the ox id izer issu ed  from  

the bu rner. A ll o th e r  no tations a re  th e  sam e as those a d o p te d  in  C h ap te r 3 

and  w ill n o t be repeated .
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A d o p tin g  the nond im ensional quan tities in tro d u ced  in  C hapters 2 an d  3, 

then  defin ing  a  nond im ensional oxidizer flow  ra te  p a ra m ete r as

_  m0  vF, iW F 
°  m v0 , lW 0

w e nondim ensionalize  Eqs. (3.2)-(3.6) to Eqs. (3.9)—(3.13), a n d  Eqs. (4.1)-(4.2) to

r = 1 f  = f b , m Y 0  -  T~  dJ p - = m m 0  ,
Le0  d r

rh Y i—^ - ^ -  = 0 , i = F , R , S  ; (4.3)
Le,- dr

r —» oo : t->f„ ,  Y p  —> Y p  a  ,  ? , - - > ( )  ,  i = Of R ,S  . (4.4)

4.2 Asymptotic Analysis

In  the  fo llow ing  analysis, the sam e h igh  ac tiv a tio n  en erg y  asym ptotics 

adop ted  in  C hap ter 2 a n d  3 w ill be applied.

4.2.1 O u te r S o lu tions

In  the  chem ically  in e rt ou ter reg ions, the  p rocess is contro lled  b y  the  

balance b e tw e e n  the  d iffu sion  and  convection  tra n sp o rt. D esignating  the 

solutions in  th e  ox id izer an d  fuel sides of the reaction  reg ions by  superscrip ts 

an d  "+ ", respectively , an d  solving the  source free expression  of Eqs. (3.9)— 

(3.13) sub ject to  the b o u n d a ry  conditions in  Eqs. (4.3) a n d  (4.4), w e obtain  the 

o u ter so lu tions:

f~ =fb +{[«? 0  + S a j  i + 0 ( 5 2 )] + 0 ( £ ) } [ e x p ( - m / r ) - exp ( - m ) ]  ,
(4.5a)
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T + = f oo-h { [4 /0 + ^ T , l  + O (5 2 )] +  O ( £ ) } [ l - e x p ( - m / r ) ]  , (4.5b)

Yp = {[ap0 + S a p r l + O ( S z ) ] + O ( e ) } e x p ( - L e F m / f )  , (4.6a)

Y t = Y FrOO-{[a $ r0 + S 4 r l+ O ( S 2 ) ] + O ( e ) } [ l - e x p ( - L e F m / r ) ]  , (4.6b)

y<5 =rno -{ [ a o , 0 + S a d , l + O ( 8 2 ) ]+ O (£ )} e x p ( -L e o m / r )  , (4.7a)

Y £ = { [ a Z ' 0 + S a b r l+ O ( 5 2 ) ] + O ( £ ) } [ l - e x p ( - L e o n i / f ) ]  , (4.7b)

VT = {[arro + Safri + 0 ( S 2 ) ] + 0 ( £ ) } e x p ( - L e i m / f )  , i = S , R  , (4.8a)

Y ?  = {[a? '0  + Sa?;1 + O ( d 2 )] + O ( £ ) } [ l - e x p ( - L e i m / r ) ]  , i  = S , R  , (4.8b) 

w here  a*y are in teg ra tion  constants to  be  determ ined  from  the analysis.

4.2.2 Structure Equations in the Soot Formation Region

In  the  0 (5 )  so o t/p re c u rso r  fo rm atio n  region  located  in  the  fu e l side  of, 

a n d  ad jacen t to , the  o x id a tio n  reg io n , on ly  the  so o t/p re c u rso r  fo rm atio n  

reaction  (R2) is s ign ifican t an d  o n ly  0 (5 )  varia tions on  all the  q u an titie s  are

possible. In  th is reg ion , the  s tre tch ed  coord inate  is defined  as £  =  ( r  — f j r ) /  S
2 —

w ith  £ > 0 ,  w h ere  th e  sm all p a ra m e te r  is g iven  b y  8  = T^ Q /  E2 , a n d  the

ex p an sio n  of the  v a riab le s  a re  Eqs. (3.54)-(3.56). As in  C h a p te r  3, the  

s o o t/p re c u rs o r  co n cen tra tio n  is c o n s id e re d  a n  0 (1 )  q u a n tity  b ecau se  the 

s o o t/p re c u rso r  fo rm atio n  an d  c o n su m p tio n  reactions have  d iffe re n t rates, 

an d  0 0  i  = 0 because on ly  an  O (e) o x id ize r leakage th ro u g h  th e  o x id a tio n

region in to  th is reg ion  possible.

S u b s titu tin g  Eqs. (3.54)-(3.56) in to  Eqs. (3.9)-(3.13), e x p a n d in g , th en
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co llec ting  te rm s o f the  sam e o rd e r  in  S, w e ob ta in  th e  fo llow ing stru c tu re

equations:

d (
Y ~  = A 2  &F,1  &R, 1 exP ( -  ) /

d2<Pjo _  d 2 0 j  _  1 d2  &pr\  vp d2<pR i
dtr2 d C2 U p d £ 2 dt; 2

f - d&s,  0 [ Vp  d 2  ( 1 d2 0 l A
di; 7 [ .U R  d £ 2  U s  d £ 2  J

rf

m

( d 2 0 j  cjs  V d 1 0 ^ 2

d ( 2  Lea  d ( 2
_ U _ 2 ? / ) ^ L  =  0

=  0

d S

f  d * t  1 -  d & R iA t r? 1 d 2 <pp 2 Vp d2  &R, 2

I  « ^  J 7 [ l * F  d i 2 U r d ?  J
—2 ff

+ ^1 d&p i  yF d & p i
U p  d £  U R  dt;

=  0

(4.9)

(4.10)

(4.11)

(4.12)

m d & F ,  l  , d * t  i r?
1 d2 0 pt 2 1  d2 <Ps, 2 V d2 0 Q 2

_ dt; d t; 7 U p  dt; 2 u $ dt; 2 u 0  dt; 2

- I f f 1 d 0 p i 1 d & s , l - 2  C
m 1 d<pS, o _ ft

U p dt; u s di; Tf U s dt;
(4.13)

w h ere  th e  re d u c e d  D am k o h le r n u m b e r of the  s o o t/p re c u rs o r  fo rm atio n  

reaction, A i ,  is g iven by  Eq. (3.28).

4.2.3 M a tch in g  o f S o lu tions in  the  O u te r  an d  Soot F o rm ation  Regions

The b o u n d a ry  cond itions to  so lve  Eqs. (4.9)-(4.13) n e e d  to be d eriv ed  

from  m a tc h in g  th e  so lu tions in  th is  reg ion  w ith  th e  o u te r  so lu tions in  the
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fuel side. M atch ing  can  be  perfo rm ed  b y  th e  sam e p rocedu re  d escribed  in  

Section 3.2.3 excep t th a t  the  m atching  conditions ob tained  are  for th e  lim it of

£  —» oo.

T ak ing  th e  m a tc h in g  o f the  fuel concen tra tion  as an  illu s tra tio n , by  

su b stitu tin g  Eq. (3.30) in to  Eq. (4.6b), rearrang ing  in  term s of 8 , a n d  eq u atin g  

th e  resu lting  eq u atio n  w ith  Eq. (3.55) for i = F, w e  obtain

Y t  = Y Foo-{ [a p ' 0 + 8 apr l+ 0 ( 5 z )] + 0 ( e ) } [ l - e x p ( - L e Fm / r ) ]

= Y f ,oo - { [ 4 , 0 + <̂ 4 , i+ C )(£2)]+0(£)}

1 - e x p

= Y F,oo ~ 4 , 0

f  r ^  Lem

. 7  ,

l - e x p

1+8 LerftC -oLeih  o
'f 73

f  \
^ L e m £ -  + 0 ( S 3 ) ■

I  7  J 2

r \
Lepm 

~

- 8

+8 '

aF, 1 1 - e x p
f  r ~ A Lep m +. Lep in - 4 , 0 — exp

7

f  t Lep m

\ 7

4 , i  C-
n+ r
aF, 0

7

Lep m

7  .

<T2—— + const 
2

Lep m
t ^ 2 ~ exP 

7

Lep m

7

+0(<S3 ) + 0 ( e )

= {[8 0 l 1 + 82 0 l 2 + O ( 83)] + O(e)}^ (4.14)

By com paring  term s of the  sam e order in  8 , w e have the  fo llow ing m atch ing  

cond itions:

YF/00 - 4,0 [1" exp ( -  Lep m /  rf )] = 0

or apr0 = Y p fOO/ [ l - e x p ( L e p m / f f ) ] (4.15)
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®F,l ( f  > °°) =  -« F , 1 t1—exp ( - ■ ”1 /  7 )]

+ apt0 (LeF m / r f ) e x p ( - L e F m / r f ) l ; ,

( d * f , 2 /<*£)<;-> »  = «F,i
aF,0

7

LeF m

~ 7 r .

Lep in
exP

7

LeFm

~ * r

(4.16a)

• (4.17)

E quation (4.16a) a lso  im plies

( d t f p ^ /d C ) ^ - * -  = 4 f0 (LeF m / r f ) e x p ( - L e F m / r f ) (4.16b)

A pply ing  th e  sam e procedure, the  m atch ing  conditions fo r o th er variables are

given by

« T , 0  = ( T / , 0 - ^ o o ) / [ l - e x p ( - m / r y ) ]

flO,0 =  aO ,l — aR,0 =  0 ,

0 1  ► o °) _  - a F i 1 -e x p
r   ̂

m

v ff j

+ m 
+ aT,032_exP

7

/■
m

7 .

d e l
aT, 1

aT,0

7

f  \ /  \
_ m m m
2 -  — C r^2 exP ------

I  7 j r/ I  7 J

( d ^ , 2 / d 0 ^ o o = 0  ,

^ R , l ( C - ^ ~ )  = « R ,l [ l- e x p ( -L e R m /ry ) ]  ,

(dtf>R/2 / dC)f->«o = aR,i(LeR m / r f  ) e x p ( - LeR m / f f )

^ S ,o (C -» 00) = « S ,o [ l-e x p (-L e s m /ry ) ]  ,

<^S,i ( C 00) =  * s ,i[ l“  exP ('" U S ™ /  7 ) ]

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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-  ast0 (Les m /  r f ) £ ] e x p ( - L e s  m / f f )

aS , l
aS,0

7

Leg m

~ i r .

Lee m  
—ft— exP

7

f  T ~ ^Les m

7

In teg ra tin g  the  fo u r  expressions in  Eq. (4.10) tw ice an d  Eqs. (4.11)- 

once sub ject to the  above  m atch ing  conditions, w e  ob tain

^ S , 0 = 4 , o [ l - exP ( - L e s m / f f ) ]  ,

&l  ~  ~ aT,l 1 — exp
r \  

m

7 .

( f f , 0  - t ^ m / r j  
e x p ( m / f f ) - l c  ,

0 F,1 -  ® R ,  1 a F,l----------- y p ---------= ----------
Lep Lep Lep

1 —exp
f  T Lepm

K 7  j

1 -e x p r L e p m N

7

, r F . - ( m / r j )  
exp (Lepm /  fjr)

-  & R , 1 4»S,1 _  -  a R , 1Vp —------ 1--------- =  Vp——Vp H---- =  Vp ,
LeR Les Lep

aS , 0 m
-T 2 — exP

1 —exp
f Leo m

7

Lesm_

7

_+«s,i
Les

1 -e x p
P A

Lesm

~ * r

r d Q $
d t

VS v
L^o

0 ,2 m Z7+ I f lT ' 0«r,l+ -=r- 2 — —

. 7 .
exp

y "\ 
m

7

1 d&$ml y F d&p, i _  Y Foo( m / r f )
Lep d £  Lep dt; exp (Lepm /  iy) — 1

vp 1  4 , 0 *
Lep dt; Les  dt; f f

y \
Les m

7

144

(4.26)

(4.27) 

(4.13)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

= -m(dp i  + vF + 2ap Q(m /  rf )exp(-LeFm / r f ) £  , (4.35)

m(vp<P

= m ( v p or i  + « 5  i) -< 7 5  0 (2/h /  fjr)exp(—Les m /  r f ) £  . (4.36)

In  the above, Eqs. (4.33) and  (4.34) are  ob tained  by  d ifferen tiating  Eqs. (4.30) 

and  (4.31) w ith  respect to £.

4.2.4 S tructu re  E quations in  the  Soot C o n su m p tio n  R egion

In the  0 (5 )  so o t/p re c u rso r  co n su m p tio n  reg ion  located in  th e  ox id izer 

side  of, an d  ad jacen t to , the  o x id a tio n  reg ion , on ly  th e  s o o t/p re c u rs o r  

consum ption  reaction  (R3) is im portan t. In  th is  region, the  sam e stre tched  

coordinate, ^  = (r  — i y ) /  S ,  is used , b u t  w ith  £ < 0 , an d  the  ex p an sio n  of the

variables are Eqs. (3.20)-(3.22) w ith  0 p ti  = 0.

S u b s titu tin g  E qs. (3.20)-(3.22) in to  Eqs. (3.9)—(3.13), e x p a n d in g  an d  

collecting term s of the  sam e o rd er in  5, w e ob tain  the fo llow ing  s tru c tu re

equations:

d l  # 0 , 1  / d £ Z = A 3  0 SrO 0 O, i exp ( -  a  0 1 ) , (4.37)
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d2 ®s,0 _  &R. l  _  d2 01 qs v d* &Q,l* 2 ^ - 2 ~ - /2 rft-

d ? d ?  d ?  Le0  d ?

V  d2 0Q.1 1
f

m
's

2 d&s, 0
(L e o  dt; 2  Les dt; 2  J & f /L e s  J d£

r j  d 2 <Ppr2 _  V p  d2  4>r 2 ̂
LeF d £ 2  LeR d ?

(  j2 = r. j2  rf,~ _

+  Vp
m
r /  7 ^ r

d®R,  i
0

72
^ @ 2  _  Qs V d 4*0,2 
d ?  Le0  d ?

- m f d & i  _ 4— qc v -------—
<f£

+2 r/
r _ ^ ^

rf0 j  q sV d & Q 'i
d $  Leo d t

=  0

0 , (4.38)

(4.39)

(4.40)

r f
v d 2 & o , 2 1  d 2 <p£ , 2 1  d2 0 p 2 «L tfl d & s . i ~ d 0 Or 1

Lea  d ?

1

in n. N>
1

Lep d ? d £ d t

+2 rf
V d& o , i 1 d&s,  1 in 1

Le0 d £ Les J f Le s
d 0 S,0

0 (4.41)

w here the  red u c ed  D am kohler n u m b er of th e  s o o t/p re c u rs o r  consum ption  

reaction, A3 , is g iven  by  Eq. (3.62).

4.2.5 M atch ing  o f S o lu tions in  th e  O u te r and  Soot C o n su m p tio n  R egions

M atching  of th e  so lu tions in  the  soo t consum ption  reg io n  w ith  the ou ter 

so lu tions in  th e  ox id izer s id e  is pe rfo rm ed  by  a n  a p p ro a c h  sim ilar to th a t 

described in  Section 3.2.3 a n d  illu stra ted  in  Eqs. (3.29), (3.30) an d  (4.14), w ith  

£ —» — 00. The process y ields th e  so lu tions of leading  o rd e r  constants,

aT,Q = ( f f >o - f b ) / [ e x p ( - T h / f f ) - e x p ( ~ m ) ]  , (4.42)
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aO,0 = m 0 e x p ( L e 0 m / r j r ) ]  , (4.43)

aF, 0 =  aF, 1 =  aR,0 =  0  / (4.44)

and  the  b o u n d a ry  cond itions required  to  so lve Eqs. (4.37)-(4.41), g iven  b y

®0 , 1 ( £ -°°) = “ «0 , l exP(-LeO m / f f ) - ( L e 0 rhm0  / r f ) £

0 f  (£  - « )  =  - a f rl [ex p ( —in /  fy ) - e x p ( - m ) ]

- O f  0 ( m / r ^ ) e x p ( - m / i y ) ] £  /

m
aT, 1

-  r
aT,0

7
2 - r r ~

7 .
exp m

7

( d 0 F,2 / r fO f_ -o o = O

(4.45a)

(4.46)

(4.47)

(4.48)

r d<P0 2 ^

\ C-*-°

a°,o 
“ 0 ,1  ~

Lep m

7  .

Lep in 
— exp

7

r  _ A Lep m

\ 7

<pR,l(£^>-°°) = aR'1 e x p ( - L e R m / r f )  ,

(d * r , 2  / d 0^->-oo = «R ,i(LeR ih / r f ) e x p ( - L e R m / rf ) ,

<*>S,0  ( C -> -°° )  = fls,0 11 - exP ( - l* s  ™ /  7 )1  /

( C ~> -°°)  = [«s,l +  «S,o(L«S ™ /  7 ) C ]e x p (-  Les i h / r f )]

-  (
r d&s,  2 ^ 

dC
£ -► -=

-  «S,0
f ls i  — I—5,1 2 -

Le$ m

~ TF / .

Lee m
exP

7

/  A
Lesm

\ 7

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

E quation  (4.45a) also im plies
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(d€>0 ,i  / d O ^ ~ -  ~~(Le 0 m m 0  / f j ) (4.45b)

In teg ra tin g  th e  four expressions in  Eq. (4.38) tw ice a n d  Eqs. (4.39)-(4.41) 

once subject to  th e  above m atch ing  conditions, w e have

# s ,0  =  «S, 0  exp ( -  Les m /  rf ) 

# R , l  =  aR, l  exp ( -  LeR m /  r^r)

O f  -  *s = ao, i  | j ^ e x p

(4.55)

(4.56)

f  \
Le0  m

~ aT, 1 exp
r  \  

m — exp(-m )
{  7  J < 7  >

m

¥
Tf , 0 ~ Tb

l - e x p l m i f f 1- ! ) ]
qs v m 0

~ # 0  1  # S  1 S q i  Vv —H-L — _£-L = — exp
Le0  Leg Lep

L e p m

m

7

vm 0  + f lj  0 exp

Les
exp

y ■\
Les m

v 7  /
/• \  

Lesm

7
C ,

1 d&F,  2 Vp d&R, 2 ___

Lep di: l*R
- flR,1

d e i qs V d & o t1 rh
-

di; Lep dC
~  i

1 -e :

AV d ® b ,  1 1 d®s,  1 Ttl
Lep d $ Les 1

1i

7

Tf ,o ~ T b

f  r L e^m

" V "

- / - - I qs v m 0

v m Q + «s ,0  exP
Lesm

v  7  y

f /[ (d  0 2 / d O - ( q s v /  Le0  )(d # 5 , 2  / *  0 1 ~ " W  ~ 4s ^ # 0 ,1 )

(4.57)

(4.58)

(4-59)

(4.60)

(4.61)

=  (2m/ry)[fl7* 0 e x p (m / iy ) - ^ S ^ mo ]C - 7” aT ,lexP(-?” ) ' (4-62)
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f f u v  /  L e o M ^ 5 ,2 /  d 0 - ( l /

= (2m /  rf )[asto exp (-Lesrh I  f f )  +  vm0 K  “  ”i(&s,l “  v® 5,l)
(4.63)

In  the  above, Eqs. (4.60) a n d  (4.61) are ob ta ined  b y  d ifferentiating  Eqs. (4.57) 

a n d  (4.58) w ith  respect to  £. These equations w ill be  u sed  later in  the analysis.

4.2.6 Expansions in the Oxidation Region

In  the O(e) o x id a tio n  reg ion , the d o m in a tin g  reaction  is th e  o x id a tio n  

reaction  (R l). The p ro p e r  s tre tch ed  co o rd in a te  in  th is reg ion  is ? = ?/ + £%, 

w here  e = T 2  /  E\, The expansions of the variab les a re  Eqs. (3.85)-(3.89), a n d

the  conservation  equations are  Eqs. (3.90)-(3.92).

4.2.7 Matching of Solutions in the Oxidation, Soot Formation and Soot 

Consumption Regions

The b o u n d ary  cond itions requ ired  to  in teg ra te  Eqs. (3.90)-(3.92) n e ed  to  

b e  d e te rm in ed  from  m a tch in g  th e  so lu tions in  th e  ox idation  reg io n  w ith  

th o se  in  the  so o t/p re c u rso r  fo rm ation  a n d  co n su m p tio n  regions as 4  —00

an d  £ -» 0. M atching  is p e rfo rm ed  follow ing th e  sam e procedure in tro d u ced  

in  Section 2.2.7 an d  w ill n o t  be  repeated . T ak in g  the m atch ing  o f fue l 

concen tra tion  as an  exam ple , b y  substitu ting  Eq. (2.91) into Eqs. (3.21) a n d

(3.55) w ith  i = F, w e have:

Yp = [ 5 2 <Pl2 + 0 ( 8 3 )] + 0 ( e )

= 0 ( 5 2 ) + £[const + S(d<Pf'2 / d O s = o €  + 0 ( S 2 ) + 0 ( e / S ) ] + 0 ( E 2 )

= e{[<t>pfi  + 6<(>pf2 + 0 ( S 2 )] + 0 ( £ /  S ) } + 0 ( £ 2 ) \^^^  . (4.64)
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y f  = [ s < p f j + « 2 <pf-2 + o ( 5 3 ) ] + o ( £ )

=  [ « * ? , l ( C  =  0 )+ O (« 2 )]

+e{const + l(‘i'l>i,i/d{)s=o+S(d<t>ti2/<l£)c=o+0(S2m )  

+ 0 (£ 2 ) + 0 ( £ / S )

= e ( t« F ,i  +  5 0 Fi2 + O (5 2 ) J + O ( « /5 ) ) + O ( £ 2 )| (4.65)

C om paring  te rm s of the  sam e o rd er in  e  b e tw een  Eqs. (4.64) a n d  (4.65), we

obtain

* f ,i ( C = o ) = o ,

( d<Pf rj  / ^ £ ) £ - > ± ° o  =  ( d & f ' j  / d £ ) g =0 , j  =  1 , 2  .

(4.66)

(4.67)

A pplication of th e  sam e m atching  p ro ced u re  to other variables th e n  gives:

* 5 ,  i ( £  =  0 ) =  0  ,

^ / , i  = 0 r ( C  = O) =  0 1+ (C = O) = - 4 /1 [ l - e x p ( - m / f / )] ,

flr , i exp -  exp(-m )
V 7 ,

= flT,l [1 —exp(-m  /  ry)] ,

-  h  v  _ f lo ig _ exp L e p m

’ 7  .

^S,o(£ - °°)=  aS, 0  exP (— Lts i h / r f )  ,

Vs. o ( l ^ 00) = «s,o[1 - e x p ( - L e s » « / f:/ ) ]  / 

0R/o ( ? ^ - oo) = flR,lexP ( - L«K":i/ 7 )  '

(4.68)

(4.69)

(4.70)

(4.71a)

(4.71b)

(4.72a)
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0 R ,o (£  —»°°) = aR ,l 1 - e x p
f  T L e ^m

7 y

aF A ^ R
VpLep

1  —exp
r  \

Lepm

7

0 s,o (4  -»  - ° ° ) = «s,i exp
Lepm

~ * r .

_ vLec 
“° ' 1 - L ^ eXp

A "N
L e o  m

v 7  y

0 S ,o ( ^ -» oo)=flS/l 1 - e x p Legm 4 , i Les
Lep

1  —exp
f  _Lep m

7

( d d j / d ^ ±oo=(d0f /dO^=0 , 7 = 1 ,2  ,

(4.72b)

(4.73a)

(4.73b)

(4.74)

{d(f>irj / d ^ ) ^ ±oo={d<pfrj / d 0 ^  o , i = Of R , S  , /  = 1 ,2  . (4.75)

E qu atio n s (4.28)-(4.31) a n d  (4.55)-(4.58) w ere  a p p lied  in  the  de riva tion  of 

Eqs. (4.69)-(4.73).

In te g ra tin g  the  th ree  ex p re ss io n s  in  Eq. (3.90) tw ice  a n d  the  four 

exp ressions in  each of Eqs. (3.91) a n d  (3.92) once sub ject to Eqs. (4.67) and  

(4.71)-(4.75) results in

Y S,0 ~  ^ S ,0 =  * S ,0  ' (4.76)

a F ,lL e R
VpLep

1  —exp
f

Lepm

7
-  a R, 1CXP

/  _ NL e^m

7
— aR ,l 1  —exp

r  ^
Le% m

7
.77)

Lei
1 - e x p

r ^
Lepm

\

_+■ 
= aS, 1

y7

1  —exp

+  - e x p
Le0

Leo ™

r \
Leg in

7

7

—as,i exP
f  j L es m

(4.78)
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(d<t>s,1 / d O ( =a= (d< l‘i i / d / ; ) ; = o  . W-79)

( d e f  /  d O f=o + ̂ f " 1  ( ‘l&F.i /  <*Of=o =  - a f  ,0  ( »  /  ? /  ) e x p ( -  m /  f^) ,
(4.80)

LeF- 1 (d<l>f,1 / 1i f ) f=o + ^ o ‘ 1 (d<l>5i l / d f ) f * o = 0  , (4.81)

LeF- 1( d 0 l 1 / d O ( =o+LeR~l ( ‘i4>R, lS ‘i O s= o = O  . (4-82>

( d 6 >f / d O f = 0  ~ ( d 0 t /d O f= o

= LeF- 1[(d<l>f,2 / i l f ) f!!o-(d<(>f,2 / d f ) f=o] - (483)

LeF_1[(d4>Fj2 /  dOf=o - ( d & p  2 / ^Of=oi

= Lc0-1[(d<*>5-2 /df)c«o -(d<l>5,2 /dOf=ol - f4-84)

Lep~1[(dd>F>2 / dOf=o - ( d & p :2 / dOf=ol

= -LeR- 1 [ (d 0 R <2 /  dO f= o '  ( d ® R 2  /  dO f= o 1 . (4.85)

( d 0 J >2/ d O f = o = ( ‘*4>s , 2 / ‘if ) f= o  • <4-86>

4.2.8 C om pletion  o f the  A nalysis

The analysis w ill be  finalized  b y  su b s titu tin g  Eqs. (4.18), (4.33), (4.34), 

(4.60) and  (4.61) into Eqs. (4.79)-(4.82) a n d  rearranging, w e obtain

f f , Q - f b ' f f ' Q - f g Q

l - e x p [m ( ry  - 1 )] e x p ( m / f y ) - l

_  (1—2s_£)----------- -----------------+■ qs v fno  , (4.87)
1  ■+■ Vp exp (Lep m / r ^ )  — l
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LeF x { d 0 Frl/ d ^ ) ^ Q= [ Y p ^ { i h / r j ) / { l +  vF )]/[exp(LeFm / r f ) - l ]  ,
(4.89)

Leo~x {d& 0 ' \ f  d £ )£=Q = - [ Y Frao(m /  r f )  /  (1+ vF)] /  [exp(LeFfh /  f f )  - I ]  .
(4.90)

Equations (4.87) a n d  (4.88) are the ones th a t determ ine the lead in g  o rder flame 

tem pera tu re , f f rq, a n d  so o t/p rec u rso r  concen tra tion  in  the  ox id a tio n  region, 

Y5  0 , in term s o f  flam e sheet location, iy . The so lu tion  of Y^q can  then  be 

app lied  to d e te rm in e  «s , 0  th ro u g h  Eqs. (4.28), (4.55) and  (4.76). In  addition, 

substitu tion  of Eqs. (4.32), (4.35)-(4.36) a n d  (4.59), (4.62)-(4.63) in to  Eqs. (4.83)- 

(4.86) and rea rran g in g  results in

( l + v F )[flf/1 e x p ( -m )  + fl^ 1 ] = ( l - ^ s V ')(«f,i+v>f « r /i)  , (4.91)

v[aFf 1  v * -A r, i(  v * -1 )] - d £ fl = 0 . (4.92)

4.2.9 Rescale o f  th e  S tructu re  E quations fo r N um erical C o m p u ta tio n s

The tw o rem a in in g  differential equations, Eq. (4.9) in  the  so o t form ation 

reg ion  an d  Eq. (4.37) in  the  soo t c o n su m p tio n  region, n e e d  to  be solved 

num erically . E q u a tio n  (4.9) w ith  © 1  a n d  <pRri  respectively  g iven  b y  Eqs.

(4.29) an d  (4.30) is to  be num erica lly  in te g ra te d  sub ject to  the  b o u n d a ry  

conditions g iv en  b y  Eqs. (4.16a, b), (4.66) a n d  (4.89). Sim ilarly, Eq. (4.37) w ith 

&l g iven b y  Eq. (4.57), and  &s ,0  g iv e n  b y  Eqs. (4.76) a n d  (4.88) can  be

num erically so lved  subject to the b o u n d a ry  conditions described  by  Eqs. (4.45a, 

b), (4.68) an d  (4.90).
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T he n u m erica l p ro c e d u re  can  b e  fa c ilita te d  b y  a  tran sfo rm a tio n  o f 

va riab les . T he tra n s fo rm a tio n  of Eq. (4.9) is p e rfo rm e d  by  d e fin in g  th e  

rescaled  variable an d  p a ra m e te r

Ti = {YFoo(LeF m / f f ) / [ e x p ( L e Fm / f j r ) - l ] } C  , (4.93)

A 2  = (Da2 LeR /  vF) ( f  *0 / E2 )3 {[exp(LeF t h / f f ) - 1 ] / [YFoo(LeF in / rf)]}z .  / z2yii2

xexp{aF i t l  —exp(—m /  rj r)]  — E 2  / T / q } .

Substitu ting  these tran sfo rm ations into Eqs. (4.29) a n d  (4.30), w e obtain

(4.94)

e t aT ,i  [1 -  ex p ( -m  / r f ) ]

Tf fQ Tqq e x p ( - L e F m / f y ) - l  

LeF Y F,oo e x p ( m / r f ) - l

& R ,! = ^ R , i e x p ( - L e R m / r ^ ) + [ L e R / ( v F LeF ) ] ( 0 F#1 -  7 7 )

(4.95)

(4.96)

Subsequen t substitu tion  o f Eqs. (4.93)-(4.96) into Eqs. (4.9), (4.16a, b), (4.66) a n d

(4.89) then  y ie lds the  tran sfo rm e d  equation  a n d  b o u n d a ry  conditions, g iven  

by

d2 <P$ 1 .  . v F L e F _
l exP +  ® F,  l - 7 7

xexp-

*f,i(»7  = 0 ) « 0  ,

f f 'O -  T o o  e x p ( -  L eF m  /  f jr) — 1

L e F Y F/00 e x p ( m / f y r ) - l

( d ^ / d i y ^ ^ l / d + v p )  ,

(4.97)

(4.98a)

(4.98b)
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flR,l 1 —exp ^ LeRni

7
~aR,iexp

r  ^
LeR m

7  J
+  *7 ,

(4.99a) 

(4.99b)

Sim ilarly, the  sy stem  described by  Eqs. (4.37), (4.45a, b), (4.68) a n d  (4.90) 

can  be transfo rm ed  b y  defining

T] = { le 0 m m 0  / r f ) £  , (4.100)

-  P D« 2  —

A 3 = z ^ i as-°exp

(  TLes m

....
..i

1 2

exp
r  ^ >ccE2

{  7  J m m p  £ 2 o

' / _
— /  _ N —

xexp< q (  aT j exp m - e x p ( - m )
\ _ < 7 ,

L e p m

~ i r .
(4.101)

substitu ting  into Eqs. (4.57) and  (4.70) to give

exp
 ̂ \  

m

v 7 ,

l

— exp(—m) v
Lcq

^ o , i +flo , i exP
f  r - A Leptn

7

Leo

( t / to ~ T b) / m Q
■qs v

1  -  exp[m (fy1 — 1 )] 

and  app ly ing  these expressions to the equation  system  to yield 

(d2 <Ppr l / d i i z ) = A 3 <l>0 'l

( f f , 0 - f b) / m o

(4.102)

xexp a
Leo l - e x p lm f r /1- ! ) ] ‘feV'

a q s v  __

<Pp,l(Tl = 0 ) = 0  ,

► , (4.103)

(4.104a)

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

( d # o , l / drl)ri=o = -{  / [ w 0 ( l +  vF )] } / [ e x p ( L e F m / f f ) - l ]  , (4.104b)

^ 0 ,1  ( r* -»-«>) = - « o , l exP ( _  LeO r h / f f ) - T i  , (4.105a)

( r f ^ 5 /1 /d r7 ) r?̂ _ 00= - l  . (4.105b)

4.2.10 S u m m ary  of the A naly tical R esu lts

The analysis is com pleted  a t  th is  stage an d  the re su lt is sum m arized  as

follow s. For an y  specified  co n d itio n s , Eq. (4.103) c a n  first be in teg ra ted

num erica lly  subject to the four b o u n d a ry  conditions g iv en  b y  (4.104a, b) and

(4.105a, b). T he p rocedure  is fo llo w ed  by the num erica l in teg ra tion  o f Eq.

(4.97) su b jec t to  the four b o u n d a ry  conditions g iven  b y  Eqs. (4.98a, b) and

(4.99a, b). Because only tw o b o u n d a ry  conditions are req u ired  to solve each of

these  tw o  seco n d  o rd er d iffe ren tia l equations, th e re  are  fo u r ad d itio n a l

cond itions. T hese four extra co n d itio n s are then  a p p lied  to determ ine  the 

flam e sh e e t location, fjr, and  th e  e ig h t un d e te rm in ed  constan ts , cij i, ap x,

aO,if aR,l ds,\ w hen coupled w ith  Eqs. (4.70), (4.77), (4.78), (4.91) and (4.92). 

By a p p ly in g  these  results, 0 $ 0  c an  finally  be  d e te rm in ed  from  Eqs. (4.28),

(4.55), (4.76) a n d  (4.88) w hile  th e  flam e tem pera tu re , Tf ,  can  be determ ined

from  Eqs. (3.89), (4.69) and  (4.87).

T h e  s o o t /p r e c u r s o r  c o n c e n tra tio n  a t th e  b o u n d a ry  b e tw een  the  

so o t/p re c u rso r  consum ption  reg io n  a n d  the inert reg ion  a t the  oxidizer side 

of the  reaction  regions can be ob ta ined  from  Eq. (4.8a) as

y s ( f f )  = (asi0 +Sasri ) e x p ( - L e s m / r f )+... (4.106)
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This q u an tity  is re p re se n te d  by  a  so o t/p re c u rso r  ind ica to r, S[. A ccordingly , 

the so o t/p re c u rso r  concen tra tion  a t the b o u n d a ry  b e tw een  the so o t/p rec u rso r  

form ation  reg ion  a n d  th e  in e rt region a t the  fu e l s id e  o f the reaction regions, 

w hich  represen ts the  a m o u n t of so o t/p rec u rso r  th a t  exists in  the com bustion  

p roducts, is g iven by  Eq. (4.8b) as

y s ( r f ) = ( a s /0 -i-Sa^rl) [ l - e x p ( - L e s n i / f f ) ] + . . .  . (4.107)

This q u an tity  is exp ressed  b y  a  soot index p a ram ete r S b to have the  no ta tion  

consistent w ith  th a t o f  C h ap te r 3.

In  the  lim itin g  case  o f ex trem ely  slow  s o o t/p re c u rs o r  c o n su m p tio n  

reaction , the  c o n su m p tio n  reaction  is c o n s id e re d  a n  o rd er of m ag n itu d e  

slow er than  the  so o t/p re c u rso r  form ation reaction  so  th a t /J = 0 (5 ). For this 

case, Eq. (4.103) can  be in teg ra ted  subject to Eqs. (4.104a, b) to yield

0 O,l = -{(^F ,< x> /™ b)/(1+ vF) / [ exp( LeF m / r f ) - l ] } T j  . (4.108)

S ubsequen t a p p lica tio n  o f Eqs. (4.105a, b) in to  Eq. (4.108) th en  resu lts  in

oq i  = 0  and

rf  = LeFm /  ln [l + (Y FrOB /  mQ) /  (1 + vF)] (4.109)

such th a t the flam e lo ca tio n  is analytically  d e te rm in ed . E quation  (4.109) in 

tu rn  can  be su b s titu ted  in to  Eq. (4.87) to yield  th e  so lu tio n  of f  ̂ q. E quation

(4.97) s till n eed  to  b e  so lv ed  num erica lly  su b jec t to  the  fo u r b o u n d a ry  

cond itions in  Eqs. (4.98a, b) an d  (4.99a, b), w ith  tw o  of w hich  ap p lied  to 

de te rm ine  a j ti,  flp(1, a n d  a s i  together w ith  Eqs. (4.70), (4.77), (4.78), (4.91)

and  (4.92).
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As m en tio n ed  in  C hapters 2 a n d  3, th e  analysis is applicable only  for a 

d iffusion  flam e in  L inan 's (1974) d iffu sion  flam e regim e an d  sufficiently far 

aw ay from  th e  extinction limit.
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4.3 Results and Discussions

The num erica l c a lcu la tio n s to  com plete  the  s tu d y  a re  p e rfo rm ed  b y  

a d o p tin g  the  sam e th erm o -ch em ica l d a ta  a d o p te d  in  C h a p te r  3. A s in  

C hapters 2 an d  3, the  s tu d y  w ill cover tw o lim iting cases, nam ely  the  a ir / fuel 

flam e a n d  the  o x y g e n /d ilu te d - fu e l  flam e. T he d ifferences in  th e  flam e 

structu re  betw een the  tw o  lim iting  cases are show n schem atically in  Fig. 4.1.

For th e  a ir / fu e l  flam e sh o w n  in  Fig. 4.1 (a), a ir is su p p lied  from  the 

b u rner a n d  flows in to  the  qu iescen t am bien t filled w ith  fuel gas. The reaction 

regions, inc lud ing  the  o x id a tio n  reg ion , the soo t fo rm ation  reg ion  a n d  the 

soot consum ption  region , a re  rela tively  close to the  b u rn e r  because o f the  low  

in itial ox id izer concen tra tion  as co m pared  to th a t of th e  fuel. In  the  o ther 

lim it, n am ely  the o x y g e n /d ilu te d -fu e l flam e show n  in  Fig. 4.1 (b), the  inert 

gas is separa ted  from  the  a ir an d  supp lied  w ith  the fuel so  th a t only  the  p u re  

oxygen is issued  from  th e  b u rn er. The fuel consum ption  ra te  an d  th e  overall 

sto ich iom etry  are m ain ta in ed  for b o th  of these cases to  en su re  th a t the  to ta l 

en tha lpy  is unchanged. A s in  C hap ter 3, the fuel consum ption  ra te  is kep t a t 

1.51 m g /s ,  except w hen  th e  effect of m ass flow rate is add ressed , such  th a t the 

m ass flow  rate  for the o x y g e n /d ilu te d -fu e l flam e is low er. The red istribu tion  

of in e rt gas yields a  red u c tio n  in  the  in itial fuel concentra tion  and  a n  increase 

in the  in itia l oxidizer con cen tra tion  su ch  th a t the reaction  regions are  m uch  

farther aw ay  from  the b u rn e r . I t  also  renders a lo w e r/h ig h e r  tem p era tu re  

g rad ien t near the b o u n d a ry  b e tw een  the  reaction regions a n d  the in e rt region 

a t the  o x id iz e r/fu e l side. M oreover, the  tem pera tu re  g rad ie n t a t th e  b u rn er 

exit is increased  as a  re su lt of reduced  m ass flow  rate, a n d  consequently  the 

h ea t loss to  the b u rn e r  is en h an ced  a n d  the flam e tem p era tu re  is reduced .
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Figure 4.1(a) Schematic diagram of the flame structure for 
air/fuel flame in the spherical diffusion flame 
stabilized by a spherical porous burner 
with the oxidizer supplied from the burner
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Figure 4.1(b) Schematic diagram of the flame structure for 
oxygen/diluted-fuel flame in the spherical 
diffusion flame stabilized by a spherical porous 
burner with the oxidizer supplied from the burner
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As is know n , b o th  the  so o t fo rm ation  and  co nsum ption  reactions occur 

o n ly  a t h ig h  te m p e ra tu re s  b e c a u se  o f th e ir  h ig h  a c tiv a tio n  energ ies. 

A cco rd in g  to  th e  te m p e ra tu re  d is tr ib u tio n  d isc u sse d  in  th e  p rev io u s  

p a ra g rap h , fo rm a tio n  o f s o o t/p re c u rs o r  is favored  fo r th e  a i r / f u e l  flame 

because of its th icker fo rm ation  reg ion  and  th inner c o n su m p tio n  region. Its 

h igher flam e tem p era tu re  fu r th e r  enhances the s o o t/p re c u rs o r  p roduction  

rate . Both the  res idence  tim e (th ickness of the reac tio n  reg ions) a n d  the 

reaction ra te  (flam e tem pera tu re) p ro m o te  the  overall so o t p ro d u ctio n . It is 

then  expected th a t in e rt red is trib u tio n  has a p ro found  effect o n  the  reduction 

o f soot p recu rso rs  a n d  partic les p ro d u ce d  from  a d iffu sio n  flam e w ith  the 

flow  direction to w ard s the fuel side.

For the  a i r / f u e l  flam e, w e h av e  Y f,<» = 1 , Y o ,o = 0.233 a n d  m vary ing  

betw een 20.46 a n d  22.22 m g /s  (22.33 < in < 24.26). Because th e  flow  direction 

is from  the  b u rn e r  to  the am bien t, th a t is, from  the ox id izer to  the  fuel side 

for the p rob lem  s tu d ied  in  th is  chap ter, the  so o t/p re c u rso r  p ro d u ced  in  the 

form ation  reg ion  can  only  be tran sfe rred  to the consum ption  reg ion  th rough  

d iffusion  ag a in st convection. I t  is th en  expected th a t the  so o t consum ption  

reaction is less im p o rtan t an d  th e  so o t indicator p a ram ete r S i  is very  small. 

F or th is  p ro b lem , th e  so o t in d ex  p a ra m ete r, Sg,  w h ic h  re p re se n ts  the 

concentra tion  o f so o t p recu rso r a t  the  bo u n d ary  be tw een  th e  so o t form ation 

reg ion  a n d  the  fuel side  in e rt reg ion , is m ore re lev an t in  q u an tify in g  the 

overall soo t p ro d u ctio n . R esults o f calculations o n  the  v a lu e s  o f Si  and  Sg 

versus the  D am kohler num ber o f the  so o t/p recu rso r fo rm ation  reaction, Da2 , 

for selected va lues o f p  a n d  a  = Leg = Les = 1 are show n  in  Figs. 4.2 an d  4.3.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.comReproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

GO

I D

QQ
V i

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fi
gu

re
 

4.3
 

V
ar

ia
tio

n 
of 

Sg 
wi

th 
Da

i 
f°

r t
he

 
ai

r/f
ue

l 
fla

m
e 

w
ith

 
a 

= 
Le

g 
= 

Le
§ 

= 
1 

an
d 

se
le

ct
ed

 
va

lu
es

 
of



www.manaraa.com

As in  p rev ious chapters, u n ity  Lew is num bers are u se d  as reference values to  

facilitate the  discussion. The cu rve  for P = 0 (5 ) in  the  figures represents th e  

lim iting  case of an  extrem ely slow  so o t/p recu rso r ox idation  reaction. For th is  

system , the  va ria tion  o f D a z  is caused  solely  b y  th e  varia tion  o f th e  p re 

exponen tia l factor B, o r the  reaction  rate. As expected, Fig. 4.2 show s th a t Sj is 

neglig ib ly  sm all com paring  to  Sg an d  will no t be p resen ted  for the rest of th is  

chapter.

It is show n in Fig. 4.3 th a t b y  increasing Daz from  a sm all value, Sg first 

increases, a ttains a  m axim um , a n d  then  decreases, s im ila r to  the behavior of 

Si  p re sen ted  in  Fig. 3.2. This behav io r does n o t ag ree  w ith  the expectation  

th a t S b shou ld  increase m onoton ically  w ith  Daz because m ore so o t/p rec u rso r  

is p ro d u ced  b y  increasing the  ra te  of soot form ation  reaction  and  the d irec tion  

of convection  is to w ard  the  fu e l side. The reason  for th e  d isagreem ent is 

again  th a t Sg only rep resen ts the  concentration a t th e  bo u n d ary  betw een  the  

so o t fo rm atio n  reg ion  a n d  th e  fuel side tra n s p o rt reg ion . The n e t so o t 

p ro d u c tio n  is know n to increase  m onotonically  w ith  soo t form ation reaction  

rate  u n til Daz is sufficiently large  an d  all the rad icals are  consum ed in  a  th in  

reg ion  n ex t to  the d o w n stream  b o u n d a ry  of the o x id a tio n  region. A t th is  

reaction  sheet lim it, the overa ll so o t p roduction  reaches its m axim um  va lue  

asym ptotically . W ith the increase of p, the soot consum ption  reaction occurs 

and  Sg decreases. In ad d itio n  to  the above u n d ers tand ing , Fig. 4.3 also show s 

th a t the  soot consum ption  reaction  is d istinguishable on ly  for extrem ely large 

v a lu e s  of P, w h ich  fu r th e r  su p p o r ts  o u r  e x p e c ta tio n  th a t th e  s o o t  

consum ption  reaction is less im portan t.

To be tter u n d ers tan d  th e  non-m onotonic behav io r show n in Fig. 4.3, th e
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com posite  so lu tio n  o f th e  soot co n cen tra tio n  in  the  soo t fo rm atio n  reg ion  

a n d  the fuel s id e  in e r t reg ion , Yg, is p lo tte d  v e rsu s the  sp a tia l coo rd ina te  

a long the  rad ia l d irec tio n  in  Fig. 4.4 w ith  a  =LeR = Les = 1 a n d  fi = 0 (5 ). The 

p lo t is p resen ted  b y  u s in g  the inner coo rd ina te  £  such  th a t the  varia tion  can 

be  observed m ore  clearly . Four values o f  Daz,  Daz  = 0.068, 0.109, 0.275, an d  

2.49 are selected to  inc lude  both  the  ascend ing  a n d  descending  branches o f Sg 

in  Fig. 4.3. I t  is v e ry  clearly  sh o w n  in  Fig. 4.4 th a t for a  low  D a z ,  e-g- 

D a z  = 0.068, th e  so o t fo rm ation  reac tio n  is w eak  an d  the  v a lu e  o f Yg is 

relatively sm all. For th is case, the consum ption  of the  radical p roduced  in  the 

oxidation region  is slow  an d  a larger a m o u n t o f rad ical en ters th e  inert region 

in  the fuel s id e  w ith o u t  be ing  c o n v e rte d  to  so o t p rec u rso r. T he so o t 

form ation  reaction  occurs in  the w hole fo rm atio n  reg ion  a n d  the  p eak  o f Yg 

is located  re la tiv e ly  a w a y  from  th e  o x id a tio n  reg io n  (la rg er £). W ith  an  

increase in  Daz, so o t p recu rso r is p ro d u ced  an d  th e  radical is consum ed  a t a 

h igher ra te  su ch  th a t  th e  am o u n t of so o t/p re c u rs o r  an d  Yg a re  increased . 

The peak  o f Yg a lso  assum es a h igher v a lu e  a n d  shifts to w a rd  the  ox idation  

region  because o f th e  faster radical d ep le tio n  rate. W hen the soo t form ation  

reaction is sufficiently  strong , as rep resen ted  b y  th e  Daz = 2.49 curve, m ost of 

the radical is reac ted  in  a narrow  region  n e a r  the  ox idation  reg ion  such  th a t 

the  peak  of Yg is h ig h  a n d  a t a low  £. T he soo t fo rm ation  reaction  ceases in 

the  rest of the  fo rm atio n  region a lthough  th e  tem pera tu re  is still h igh. The 

value  of Yg th en  d ro p s  faster due  to  the  h ig h er d iffusion  ra te  caused  b y  the 

h igher concen tra tion  g rad ien t, and  resu lts in  a  low er Yg a t sufficiently  large 

values of £. The cu rves show n  in  Fig. 4.3 rep resen ts  a snap  sh o t o f Yg a t a £ 

large enough  to  b e  considered  as the  o u te r  b o u n d a ry  of the  soo t fo rm ation  

region.
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As is realized , th e  m ore  in strum en ta l p a ra m ete r to rep resen t the  overall 

so o t/p recu rso r p ro d u c tio n  is the  flam e tem p era tu re , Ty. As show n in Fig. 4.5, 

for the lim iting  case o f 0  = O(S), f  f  decreases m onotonically  w ith  increasing

Da2 , an d  reaches a n  asym pto tic  value for large va lues of Daz- This show s tha t 

th e  n e t so o t/p re c u rso r  p ro d u c tio n  increases m ono ton ica lly  w ith  increasing  

Dao, a n d  reaches a  m ax im u m  value  w h e n  a ll th e  rad ical is consum ed , as 

discussed earlier in  th is  chap ter and  the  p rev ious tw o  chapters. For non-zero  

values of 0, there is a  critical Daz a t w hich  f f  a tta in s  its m in im um  value , f  y

increases w ith  increasing  Daz from  this critical v a lu e  because of the add itional 

h ea t release th ro u g h  th e  so o t consum ption  reaction . M oreover, the critical 

Da2  decreases w ith  increas ing  0. This is consisten t w ith  the observation  in 

C hapter 3. I t sh o u ld  be  rem inded , how ever, th a t for the flam es stud ied  in  this 

chap ter, the soo t co n su m p tio n  reaction is n o t im p o rtan t. The un reasonab ly  

large values o f 0  a d o p te d  in  Figs. 4.3 an d  4.5 is fo r scientific discussion only.

To com plete th e  s tu d y , the  flam e sheet location  ry is presented  in Fig. 4.6 

as a function o f Daz- A lth o u g h  the qualitative behav io r exhibited in  Fig. 4.6 is 

the  sam e as th a t of Fig. 3.4, the  reason for su ch  behav io r is d ifferent fo r non

zero  0  flam es. F rom  C h ap te r 3, it is u n d e rs to o d  th a t for the fu e l/a ir  flam e, 

th e  s o o t /p re c u r s o r  c o n su m p tio n  rea c tio n  y ie ld s  a n  0 (1 ) o x id a tio n  of 

so o t/p recu rso r and  consum es an  0(1) of the  ox id izer w hen  0  is no t zero. The 

reduction  of the o x id ize r su p p ly  then  forces th e  flam e to  m ove to w ard s  the 

oxid izer side (am bient). For the  a ir /fu e l  flam e, th e  loss of oxidizer su p p ly  

caused  b y  the  so o t/p re c u rso r  consum ption  reaction  requires extra su p p ly  of 

ox id izer to m a in ta in  th e  specified  fuel co n su m p tio n  rate . C onsequen tly  a 

h igher m ass flow  ra te  m u st be  issued  from  th e  b u rn e r , w hich  resu lts  in  a
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larger Fy. The effect o f m ass flow  rate , a n d  the  ou tw ard  sh ift o f  Fy, is stronger 

w ith  increasing P, w h ich  is expected.

As in  C h a p te rs  2 a n d  3, th e  effects of d iffusion tra n sp o rt o f the  radical 

an d  so o t/p re c u rso r  w ill be  addressed  b y  vary ing  one Lew is n u m b er a t a  time 

an d  the resu lts  a re  p resen ted  in  Figs. 4.7 a n d  4.8 by  p lo ttin g  f  f  versus Daz-

C om paring Fig. 4.7 a n d  4.8 w ith  Figs. 3.8 a n d  3.11, it is fo u n d  th a t the  effects of 

LeR and  Les fo r th e  a ir / fu e l  flam e a re  qualita tively  s im ila r to  those of the 

fu e l /a ir  flam e. I t  is, how ever, n o te d  from  Fig. 4.8 th a t  L es  h as  only a 

secondary  im p a c t o n  th e  flam e resp o n se . A  m agn ified  scale  show ing  a 

n arro w  reg io n  o f  Ty is necessary  to  ex h ib it the d ifference  in  th e  so lu tion

in troduced  b y  Les- A s is know n from  C h ap te r 3, the  so lu tio n  of the  P = 0(8 )  

flam es is in d e p e n d e n t o f Les b ecause  o f the  neglig ib le  so o t consum ption  

reaction. For th e  a ir / fu e l  flam e, the so o t consum ption  reaction  is w eak  even 

fo r no n -zero  v a lu e s  o f P, w h ic h  is a  consequence  o f th e  u n fav o rab le  

convection d irec tio n  d iscussed  earlier, such  th a t the effect o f P is insignificant.

Follow ing th e  sam e sequence as in  C hap ter 3, the  flam e response  to the

varia tion  o f the  b u rn e r  flow  ra te  a lso  n eed s be d iscussed  fo r it is the m ore

realistic con tro llab le  variable in  experim en ta l studies. A n  exam ple  show ing

th e  p h y sica l b e h a v io r  is sh o w n  in  F igs. 4.9-4.11 b y  p lo tt in g  th e  flam e 

tem pera tu re , Ty, flam e location, fy , a n d  so o t/p recu rso r index , Sb, versus the

burner flow  ra te , m , respectively , for a  = LeR = Les = 1 a n d  Daz = 2.0. These 

figures sh o w  th a t  th e  behavior o f Ty is sim ilar to tha t p resen ted  in  Figs. 3.13

(if the range of m  is extended) an d  3.21, a n d  the  behavior of Fy is qualitatively

sim ilar to th a t p re sen te d  in  Figs. 3.13 a n d  3.22. In  add ition , the  behav io r of Sg 

co rrespond ing  to  th e  varia tion  in  m  is qualitatively  sim ilar to  th a t of Daz- All
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of th ese  agree w ith  those  in  C h a p te r  3. A lthough  Fig. 4.10 exhib its a  w eak  

dependence  of Fy o n  [3 w h e n  m  is la rge , in  that fy decreases w ith  increasing  (3

b ecau se  m ore  ox y g en  is c o n su m e d  fro m  the s o o t/p re c u rs o r  c o n su m p tio n  

reaction , such  v a ria tio n  is in d is tin g u ish ab le  for reaso n ab le  values o f (3. The 

s im ila r d ep en d en ce , m e a n in g  th a t  fy increases w ith  increas ing  f3, c a n  be

observed  in  Figs. 3.14 an d  3.22 if th e  va lues of f3 a re  sufficiently  large.

T he s tu d y  is c o n tin u e d  w ith  th e  flam e re sp o n se  a n d  soo ting  b eh av io r

co rre sp o n d in g  to  th e  v a ria tio n  of sto ich iom etric  m ix tu re  fraction. A s in  the

p rev io u s  chapters, th is ta sk  is p e rfo rm ed  by  exam in ing  the  lim iting  case th a t

all the  in e r t is su p p lied  w ith  the  fu e l gas in  the am b ien t an d  the p u re  oxygen

is fro m  th e  b u rn e r w h ile  m a in ta in in g  th e  sam e sto ich iom etric  re la tion . In

th is lim it, w e ag a in  hav e  Y O ,0 = 1 a n d  Y f /00 v a ry in g  b e tw een  0.08143 an d

0.08784. M oreover, b y  m ain ta in in g  th e  fuel consum ption  rate  o f 1.51 m g /s ,  m

varies be tw een  4.77 a n d  5.18 m g /s  (5.20 < m < 5.65). S am ple calculations w ere

p e rfo rm ed  using  a  = LeR =  Les = 1/ a n d  the  resu lts a re  p resen ted  b y  p lo ttin g  

S b , f f ,  a n d  Fy versu s D a i  in  Figs. 4.12-4.14. Based o n  th e  experience g a ined

from  p rev io u s  c h ap te rs , i t  is ex p ec ted  th a t the  q u a lita tiv e  beh av io r o f the  

o x y g e n /d ilu te d -fu e l  flam e is s im ila r  to  th a t of th e  a ir / fu e l  flam e. The 

com parison  betw een  Figs. 4.12-4.14 a n d  4.3, 4.5—4.6 su p p o rts  this expectation. 

A lth o u g h  the p eak  o f S b for the (3 =  0 (5 )  flam e is n o t show n  o n  Fig. 4.12, it 

exists a t a  higher Dai.

Q uan tita tive ly , Figs. 4.12 an d  4.3 show  th a t fo r th e  o x y g e n /d ilu te d -fu e l 

flam e, th e  value of Sg is m u ch  sm alle r a n d  the v a lu e  o f D ai to y ield  th e  p e ak  

value  o f Sg is m uch  h igher. This im p lies  that it  is  m o re  difficult to  p ro d u ce  

so o t/p re c u rso r  a n d  th e  a m o u n t o f so o t/p re c u rso r  p ro d u c tio n  is m u ch  low er.
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Figures 4.5—4.6 a n d  4.13-4.14 th en  sh o w  th a t the o x y g en /d ilu ted -fu e l flam e is 

located  fu r th e r  aw ay  from  th e  b u rn e r  a n d  has a lo w er flam e tem pera tu re . 

The d ifferences in  the  flam e location a n d  flam e tem p era tu re  betw een  the tw o 

lim iting  flam es is relatively easy  to u n d ers tan d . W hen  th e  inert gas appears 

w ith  the  fuel, p u re  oxygen is issued  from  the burner a n d  the  m ass flow rate  is 

significantly  reduced . This raises the  h e a t loss from  th e  gas to the burner such 

that th e  flam e tem pera tu re  is low er. T he low  in itia l fuel concentration  an d  

high  ox y g en  concentration  as a  resu lt o f in e rt red is tribu tion  is responsible for 

the o u tw a rd  sh ift o f the flame.

A s to  th e  reduction  of soo t p ro d u c tio n  for the o x y g en /d ilu ted -fu e l flame, 

it is u n d e rs to o d  th a t the decrease of th e  m ass flow ra te  (reduced  to 23.3 % of 

the a i r / f u e l  flam e) and  the increase o f the  flam e stan d o ff d istance (increased 

to 256 % o f a i r / f u e l  flame) resu lts in  a  m u ch  low er m ass flux (3.55 % of the 

a ir /fu e l  flam e) n e a r  the reaction  regions. C onsequently , the  thickness of the 

s o o t /p r e c u r s o r  fo rm a tio n  re g io n  is re d u c e d  a n d  th e  s o o t /p re c u rs o r  

c o n su m p tio n  reg io n  is b ro ad en ed . T he red u c tio n  in  th e  m ass flux also 

prom otes th e  d iffusion  of so o t/p re c u rso r  in to  the so o t consum ption  region so 

tha t th e  so o t consum ption  reaction  is m u ch  m ore effective. This is supported  

by the la rg e r  d ifference p roduced  by  sm aller values o f /J sh o w n  in  Figs. 4 .12- 

4.14. T h e  re d u c e d  residence tim e in  th e  so o t/p re c u rso r  fo rm ation  reg ion  

su p p re sses  th e  so o t/p re c u rso r  fo rm atio n  reaction, w h ile  the  enhanced  soot 

c o n su m p tio n  rea c tio n  consum es m o re  so o t/p re c u rs o r , so th a t the  to ta l 

a m o u n t o f  s o o t p ro d u c e d  is lo w er. In  a d d itio n , th e  red u c ed  flam e 

tem p era tu re  fu rth e r  re tards the  p ro d u c tio n  of so o t/p re c u rso r  and  low er the  

am oun t o f  so o t form ation.
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U nlike th e  case  in  C hap ter 3 for w h ich  the  in e rt red is trib u tio n  causes a 

large d ifference in  th e  flam e tem p era tu re , the  in e r t  re d is tr ib u tio n  fo r the  

a ir /fu e l  flam e in tro d u ces  on ly  a sligh t d ifference in  the flam e tem pera tu re . 

For the b u rn in g  o f  e thy lene , each m ole of e thy lene reacts w ith  th ree  m oles of 

oxygen. By k eep in g  th e  ethylene co nsum ption  ra te  a t 1.51 m g /s ,  th e  m ass 

flow  rate  from  th e  b u rn e r  is m uch h igher com pared  to th a t o f th e  fu e l/a ir  

flam e s tud ied  in  C h a p te r 3 even for the o x ygen /d ilu ted -fue l flam e. Because a 

h igher b u rn er flow  ra te  m eans a  low er h ea t transfer rate to th e  b u rn e r , there 

is only an  in sig n ifican t increase in  the  h e a t loss to  the b u rn e r  th ro u g h  the 

in e rt red is tribu tion . The num erical calcu lation  show s th a t th e  b u rn e r  needs 

to be raised  on ly  to  317.15 K for the  o x y g e n /d ilu te d -fu e l flam e to  keep  the 

sam e flam e tem p era tu re  as the a ir /fu e l flam e w ith  the b u rn er tem p era tu re  of 

300 K. The neg lig ib le  change in  the  flam e tem p era tu re  caused  b y  th e  inert 

red is trib u tio n  m akes th e  separa te  com parison  of soo ting  b eh av io r b e tw een  

the  two lim iting  flam es w ith  the sam e flam e tem pera tu re  unnecessary .

F inally , th e  e ffe c t o f b u rn e r  flow  ra te  o n  the  re s p o n se  o f the  

o x y g en /d ilu ted -fu e l flam e is p resen ted  in  Figs. 4.15-4.17 b y  p lo ttin g  Tf , rf ,

an d  S b v e rsu s m  w ith  a  = L cr = Les = 1 a n d  D a2  — 2.0. These figu res show  

th a t the flam e resp o n se  is qualitatively  sim ilar to th a t o f the  f u e l /a i r  flam e 

p resen ted  in  Figs. 4.9—4.11, consistent w ith  the  d iscussion  in  C h a p te r  3, and  

w ill no t be fu rth e r elaborated . The non-m onotonic behavior observed  in  Fig. 

4.9 can be seen  in  Fig. 4.15 w hen  the range o f m is extended.
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CHAPTERS

CONCLUDING REMARKS

In  th is s tu d y , th e  fo rm ation  a n d  c o n su m p tio n  of so o t/p re c u rs o r  in  a 

d iffusion  flam e is an a ly zed  by  ac tiv a tio n  en erg y  asym ptotics. T w o m o d el 

flam es, nam ely , th e  coun terflow  flam e a n d  the spherical flam e stab ilized  by  a 

spherica l p o ro u s  b u rn e r , are  in v es tig a ted . S im plified  th ree -s tep  chem ical 

kinetics is a d o p te d  to  describe the  ox ida tion , so o t/p re c u rso r  fo rm a tio n  an d  

so o t/p re c u rso r  co n su m p tio n  reactions. F lam e responses to  the  reaction  rates 

a n d  tran sp o rt p rocesses a re  obtained . T w o lim iting  cases, the  fu e l /a i r  flam e 

a n d  the d ilu te d -fu e l/o x y g e n  flam e, a re  co n sid ered  for b o th  o f th e  flam e 

geom etries to  u n d e rs ta n d  the effects o f  hyd rodynam ics a n d  flam e s tru c tu re  

o n  soo t in c e p tio n  in  d iffu sio n  flam es. A lth o u g h  the  e v o lu tio n  o f so o t 

p recu rso rs  to  so o t p a rtic le s  is n o t in c lu d e d  in  th is s tu d y , th e  re su lts  a re  

applicable based  o n  th e  un d ers tan d in g  th a t  the  p roduction  of soo t partic les is 

dependen t o n  the  availab ility  of soot p recurso rs.

The re su lts  sh o w  th a t  in  th e  l im it  of neg lig ib le  so o t c o n su m p tio n  

reaction, the a m o u n t o f so o t/p re c u rso r  p ro d u c tio n  increases, b u t  th e  ra te  of 

increase slow s d o w n , w ith  the so o t fo rm atio n  reaction  rate , Dai- W hen  the 

so o t fo rm ation  a n d  c o n su m p tio n  reac tio n s  a re  com parab le, th e re  ex is ts  a 

critical D ai a t w h ic h  th e  soo t p ro d u c tio n  is the  highest. For v a lu es o f D ai  

h igher than  th is critical value, so o t/p re c u rso r  p roduction  decreases because of 

the  enhanced  so o t co n su m p tio n  reaction . The critical D a 2  d ecreases  w ith  

s tro n g e r so o t c o n su m p tio n  reaction . A s to th e  m olecu lar d iffu s io n , the  

s o o t /p re c u rs o r  p ro d u c tio n  red u ces  w i th  fa s te r  rad ica l d iffu s io n . The
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diffusion  ra te  o f  so o t/p re c u rso r  do es n o t affect th e  so o t p ro d u c tio n  if the soot 

c o n su m p tio n  re a c tio n  is n e g lig ib le . O th e rw ise , s lo w e r  so o t/p re c u rs o r  

d iffusion  y ie ld s  less soo t g en era tio n  because th e  res id en ce  tim e  allow ed for 

the  soo t c o n su m p tio n  reaction is longer.

The effect o f  sto ichiom etric m ix tu re  fraction, Z Sf, is  s tu d ie d  b y  extracting 

the in e rt gas fro m  th e  oxid izer m ix tu re  to the  fuel. T he  in e r t red istribu tion  

shifts the  flam e location  closer to  th e  oxid izer side  w h e n  th e  in e rt is supp lied  

w ith  th e  o x id iz e r  (a  sm a lle r Z st )• For th e  re p re s e n ta tiv e  calcu lations 

perfo rm ed  in  th is  s tu d y , Zst = 0.064 for the  e th y le n e /a ir  flam e a n d  0.78 for the 

d ilu te d -e th y le n e /o x y g e n  flam e. I t  is fo u n d  th a t  th e  so o t co n su m p tio n  

reaction is m u c h  m ore  d o m in an t fo r the  d ilu te d -fu e l/o x y g e n  flam e th an  the 

fu e l/a ir  flam e. A s a  resu lt, th e  so o t p ro d u c tio n  is re d u c e d  an d , in  certain  

cases, com plete ly  suppressed  b y  red istribu tion  of in e rt from  the a ir to the fuel.

The in e rt red is trib u tio n  varies the  tw o p rim ary  m ech an ism s th a t control 

the  fo rm atio n  o f  so o t p recursors: th e  flam e s tru c tu re  a n d  th e  flow  velocity 

(hydrodynam ics) in  the  reaction  reg ions. A m ong a ll th e  flam es s tu d ied  in 

th is in v estig a tio n , th e  inert red is tr ib u tio n  in troduces th e  s tro n g est reduction  

in  the p ro d u c tio n  of so o t/p rec u rso r  for the  coun terflow  flam e. In  the fu e l/a ir  

counterflow  flam e, th e  d irection  o f convection is from  th e  ox id izer side to the 

fuel s ide  a n d  th e  so o t fo rm atio n  reg io n  is m u ch  b ro a d e r  th a n  the  soo t 

consum ption  reg ion . Both of these  favor the  p ro d u c tio n  o f so o t/p recu rso r. 

These cond itions are  reversed  for th e  d ilu te d -fu e l/o x y g e n  flam e, i.e., the flow 

is from  th e  fu e l s id e  to the  o x id ize r side  an d  th e  so o t fo rm atio n  reg ion  is 

m uch  th in n e r  th a n  the  soo t c o n su m p tio n  reg ion , w h ic h  re ta rd s  the  soo t 

fo rm ation  rea c tio n  a n d  p rom o tes th e  soo t co n su m p tio n  reac tio n  so tha t the
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p r o d u c t i o n  o f  s o o t  i s  s u p p r e s s e d .

Because the effects o f flam e structure and  convection are inseparab le  for 

the coun terflow  flam e, th e  spherical flam e stab ilized  by  a p o rous b u rn e r  is 

s tu d ied . For the sp h e rica l flam e, the  convection  is a llow ed to  v a ry  e ither 

from  th e  fuel to the ox id izer side by issuing a  fuel flow  from  the b u rn e r in to  a 

qu iescen t oxidizing m ix tu re  o r from  the oxidizer to  the  fuel side by  su p p ly in g  

an  ox id izer flow from  th e  b u rn e r into a  fuel am bien t. The flam e s tru c tu re  

also can  be independen tly  controlled by  supp ly ing  inert either w ith  oxygen or 

fuel. T he flexibility in  v a ry in g  the flow  d irec tion  an d  the flam e s tru c tu re  

in d e p e n d e n tly  allow s fo r  the  investiga tion  o f th e  four lim itin g  cases as 

repo rted  in  C hapters 3 a n d  4.

For the  fu e l/a ir  flam e a n d  the d ilu te -fu e l/o x y g e n  flam e p re se n te d  in  

C h ap te r 3, the flow  d irec tio n  is from  th e  fuel s id e  to the ox id izer. The 

so o t/p re c u rs o r  p ro d u c e d  from  the so o t fo rm a tio n  reg ion  n eed s to  p ass 

th ro u g h  the  soot co n su m p tio n  region before en te rin g  the inert reg ion . The 

flow d irec tion  is reversed  for the a ir /fu e l flam e a n d  the o x y g en /d ilu ted -fu e l 

flam e p resen ted  in  C h ap te r 4. For these flam es, th e  so o t/p recu rso r p ro d u ced  

in the  so o t form ation reg io n  is convected aw ay  from  the soot co n su m p tio n  

reg ion  a n d  d irectly  in to  the  inert region. T herefore , the h y d ro d y n am ics  

favors p roduction  of so o t/p re c u rso r  for the  a ir /fu e l  an d  o x y g en /d ilu ted -fu e l 

flam es, a n d  co n su m p tio n  of so o t/p re c u rso r  fo r th e  fu e l/a ir  a n d  d ilu te d - 

fu e l/o x y g e n  flam es. S oo t co nsum ption  reaction  is n o t effective for soo t 

p ro d u ctio n  in  the a ir / fu e l  an d  the oxygen /d ilu ted -fuel flames because of their 

unfavorab le  flow direction .
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The flam e s tru c tu re  that varies w ith  the  in e rt red is trib u tio n  th en  show s 

th a t the d ilu ted -fu e l/o x y g en  flam e an d  th e  o x y g en /d ilu ted -fu e l flam e possess 

a  m uch th in n e r  so o t fo rm ation  reg ion  a n d  th icker soot c o n su m p tio n  region  

com pared  to  th e  fu e l /a i r  flam e a n d  th e  a ir / fu e l  flame. This ind icates th a t 

soot p ro d u c tio n  is favo red  for the  fu e l /a ir  an d  the  a ir /fu e l flam es.

Taking th e  spherica l fu e l/a ir  flam e as th e  reference flam e, w h ich  is sooty 

as indicated  b y  the  va lue  of soo t index  Sb, th e  sooting b ehav io r of the  o ther 

three lim iting  spherica l flam es can  be assessed  by  com paring  th em  to it. For 

the range of Da-2 th a t y ields a sooty  fu e l /a ir  flam e, Sg is practically  zero for the 

d ilu te d -fu e l/o x y g e n  flam e. N on-zero  Sb  can  be observed on ly  w hen  Daz is 

extrem ely large. This im plies th a t the d ilu ted -fu e l/o x y g en  flam e is prim arily  

soo t free. M oreover, the  value o f Sg fo r  th e  a ir /fu e l flam e is m u ch  larger 

th an  th a t o f fu e l /a i r  flam e, ind icating  th a t  the  a ir /fu e l flam e is sootier th an  

the  fu e l /a ir  flam e. Finally, s im ila r to  th e  d ilu te d -fu e l/o x y g e n  flam e, the  

o x y g en /d ilu ted -fu e l flam e show s neg lig ib ly  sm all Sb and  is an o th e r soot free 

flam e.

A ccord ing  to  th e  above d iscussions, th e  soo ting  b e h av io r of the fo u r 

lim iting  flam es a n d  th e ir  re la tio n sh ip s  to  the  flam e s tru c tu re  an d  flow  

d irection a re  sh o w n  in  Table 5.1. I t is clear from  Table 5.1 th a t the  a ir /fu e l 

flam e is soo ty  because  the  flame s tru c tu re  favors soot fo rm ation  a n d  the flow  

d irec tio n  su p p re ss e s  so o t co n su m p tio n . O n  the  c o n tra ry , th e  d ilu te d - 

fu e l/o x y g e n  flam e is soo t free for th e  flam e s tru c tu re  su p p re sse s  so o t 

fo rm ation  a n d  the  flow  direction p ro m o tes  so o t consum ption . The sooting  

behav io r o f th e  fu e l /a i r  flam e a n d  th e  o x y g e n /d ilu te d -fu e l flam e is no t as 

clear because th e  effects of flam e s tru c tu re  a n d  flow  d irec tio n  oppose  each
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other. For the  fu e l/a ir  flam e, the  flam e struc tu re  favo rs so o t form ation  w h ile  

the flow  d irec tio n  favors so o t consum ption . As to  th e  o x y g e n /d ilu te d -fu e l 

flame, the  flam e s tru c tu re  suppresses soot fo rm ation  w h ile  the  flow  d irec tion  

restrains soo t consum ption .

Table 5.1 Effects o f flam e structu re  an d  flow  d irec tion  o n  the soo ting  

behav io r o f the  spherical flam es

F lam es Flam e S tructure Flow D irec tion S oo ting

B eh av io r

F u e l/a ir Favors soot 
fo rm a tio n

Prom otes so o t 
c o n su m p tio n

Sooty

D ilu ted -F u e l/
O xygen

R etards soot 
fo rm a tio n

Prom otes soo t 
c o n su m p tio n

Soot Free

A ir /F u e l Favors soot 
fo rm a tio n

R estra in s  
soo t co n su m p tio n

Sooty

O xygen/
D ilu ted -F ue l

R etards soot 
fo rm a tio n

R estra in s  
soo t co n su m p tio n

Soot Free

The resu lts of th is s tu d y , show ing  th a t the fu e l /a i r  flam e is sooty  a n d  the  

o x y g e n /d ilu te d -fu e l flam e is n o t, suggest th a t the  so o t incep tion  p rocess is 

p r im a rily  c o n tro lle d  b y  th e  flam e s tru c tu re , in  a g re e m e n t w ith  th e  

ex p e rim en ta l s tu d y  o f  D u  a n d  A xelbaum  (1995). R ecent e x p e rim e n ts  

perform ed b y  ou r co llabora to rs a t NASA G lenn  R esearch  C enter (S underland  

et al.r 2001) u sing  the  2.2 sec d ro p  tow er show  th a t th e  fu e l/a ir  and  a ir / fu e l  

flam es are  in d eed  so o ty  w hile  the  d ilu te d -fu e l/o x y g e n  a n d  o x y g e n /d ilu te d -  

fuel flam es are  soo t free. T his fu rther su p p o rts  th e  fin d in g  of the p re se n t 

s tudy . T he flow  d ire c tio n  (h yd rodynam ics), a lth o u g h  im p o rta n t in  th e  

oxidation of soot p recu rso rs o r particles, is secondary  in  soot inception.
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Finally , b ecause  th e  so o t form ation  reaction  is re ta rd ed  w h ile  the  soot 

co nsum ption  reac tio n  is p ro m o ted  w h en  the  in e rt gas is su p p lie d  w ith  the 

fuel, in e rt re d is tr ib u tio n  is a n  effective techn ique  to  reduce  o r  com plete ly  

suppress soot p ro d u c tio n  in  nonprem ixed com bustion  system s.
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