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SUH~!ARY 

I n c r e a s e d  i n t e r e s t  i n  a l t e r n a t i v e  f u e l s  u s e  i n  g a s  t u r b i n e s  h a s  p r o m p t e d  q u e s t i o n s  r e l a t e d  
to the impact of fuel property variability on the combustion process. Reduced hydrogen 
co~ent is characteristic of syncrudes that have been identified as probable alternate 
fuel sources. An interrel~ted analytical and'experimental program is being conducted is 
~hich che~ieEi ~nd aerodynamic interactions are being investigated in 9rder to provide a 
~eohnolc~y h~se to aid in dealing with problems of burning alternative fuels. One element 
of th~s effort i~ devoted to characterizing the kinetics of the oxidation of alternative 
fuels. This paper is concerned princip~lly with the problem of net soot generatlon which 
is ~g~r~vated b~ the reduced hydrogen content. The kinetics of the process is being modeled 
u~inE ~he quzsiglobzl Concept while experimental data is being developed prlmKrily frhm a 
laboratory jet s~irred comhustor. Results are presented showing ~hat soot emissions can 
b~ chlr~;c~rlzed in terms of major species and thE% soot oxidatio~ must be included in ~he 
pred!c~ion of n~t sect generation. In addition, the techniques heinz emP!oy~d~or "coupling 
the che~ic~l an~ aerodynamic processes are outlined. 

Ih~EODUCTION 

U~til r,~cently the development of gas turbine combustors as well as the developmen~ of 
combustion chambers for most other applications has been based largely upon empirical 
~ethods. ~hile reliable systems have been produced by this approach the cos~ is becoming 
prohibl:ive. Furthermore, time constraints for the ~evelopmen~ of ne~ systems by ~his 
approach are no~ necessarily compatible wi~h meeting near ~erm requirements for cleaner 
burnin~ ant mare efficient systems. Not only do the near term needs blunt purely empirlcal 
apNrcaches but we are in a c~iticzl period where the development of mew technology bases 
must be inltia~ed and sustained to meet the lone term requirements dictated by the in- 
crezein~!y chan£ing fuel availability picture. Although economics and supply are primarily 
responsible for this recen~ in~eres~ in ne~ fuel sources, projections of oval!able wor!d- 
wide Fetroleum resources also indicate ~he necessity for seeking ~on-petrole~m based fuels. 

Fuel variability has not been a factor commonly accounted for in empirically based design 
procedures. Because of the uncertainty in future fuels as well as the need to use less 
ccn~e~%ion~l petroleum based fuels, ~he requirement ro develop fuel flexible systems is 
well established. The design Of fuel flexible combustors that burn cleanly a~d'ef~iclemtlF 
requires a more precise understanding of the mechanisms ~hat control flame structure than 
has been need@d in the p~st. 

The practice! goal in unders~zndinz the combustion process is to relate ~he parameters in 
the co=tr~l of the designer to ~he performance of the system. By performance we incl~de 
in a E~nera! so=so combustion efficiency and emissions characteris~$cs. " 

I~ thi~ p~per emphasis is given %0 the effects of fuel properties on combustion bp~ the 
re!ati~nshlp between ~be fuel and the aerodynamics of ~he E~sturblne combustion process 
is also addressed. 

FUF.L EFFZCTS ON GAS TURBI~ CO~BUSTIO~ 

Fu~l character!sties which are mos~ likely ~o affect ~he design of future gas turbines are 
fuel hydrogen content, viscosity, v~Iztility, nitrogen content and Zherm~Istability, 

Ref. 1. 

Th~ impacts of reduced fuel hydrogen c o n t e n t  are associated wi~h increased r~%es of c~rhon 
p~rticle fol-ma~ie~. Increased levels of c~rbon particle concentrations fo~med is fuel 
rich re,ions of the primzry zone lead to hi~her l~ner tempe.raZures and hisher ~moke'emissions. 
Reduced v~l&~i!ity Lnd increased viscosity affect drople~ llfe ~i~s and a~omiz:zion, 
res~ective!y. ~ol~tillry affects ~he r a t e  a t  which liqui~ fuel l ~ r o d u c e d  into tb3 
cc~bus~cr cam v~porizs. Since im=orZ=nthe~t release p~ocesses dO not occur um~il ~=s phase 
reacuions ta/<e place~ a reduction of vol&~ilit~ reduces Zhe rlme ~v~ilable for'ch~---~ic~l 
rsac:±o~ ~i~hin ~he co, bustles s-jstem. In the aircraft engine this "C:~ ~as'~It in d~fflculty 
in groun~ ~r aiti~ude ignition capability, reduced ccmbuszor m~=~illty, incra~me-~ ~Is~i~n~ 
of c~r~cn m~ucxlde (CO) an~ hyflr=c~Tbons(RC), ~nd ~he assoc!n~d Io~3in c~bus~Imu effic- 
iency. Eoreover, c a r b o n  particle formation is aided by the fozmaziom and m:inten~nce Of  
fuel-rlch pockets in the hot combustion zone, Ref. 2. Low volatility allows ~ieh p?cket s to 
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persist because of the reduced vaporization rate. Again, increased soot can cause 
additional radlat:ve loading to combustor liners. 

The d e s i r e d  f o r m a t i o n  o f  e f i n e l y  d i s p e r s e d  sp ray  o f  s m a l l  f u e l  d r o p l e t s  Is  a d v e r s e l y  
a f f e c t e d  by v i s c o s i t y .  C o n s e q u e n t l y ,  the s h o r t e n e d  t ime  f o r  gas phase combust ion  r e s e t i o n l  
and p r o l o n g i n g  o f  f u e l - r i c h  p o c k e t s  e x p e r i e n c e d  w i t h  3ow v o l a t i l i t y  can a l s o  occu r  w i t h  
i n c r e a s e d  v £ s c o s i t y .  I g n i t i o n ,  s t a b i l i t y ,  e m i s s i o n s ,  and smoke p rob lems a l s o  i n c r e a s e  f o r  
higher viscosity f u e l s .  

~ncreased ~uel bound nitrogen levels can lead to increased NO emissions. Indications a r e  
that bound nitrogen conversion to NO can be minimized In fue~ rich combustion, Ref. 3. 
~ p p a r e n ~ l y .  ~h ls  w i l l  occu r  i f  s u f f i ~ l e n ~  ~lme under  f u e l  r i c h  c o n d i t i o n s  Is  a l l o w e d  f o r  
d±rect conversion of the bound nitrogen to N 2. Problems of fuel stability are aggravated 
with increased bound nitrogen and undersible levels of carbon deposit buildup in fuel 
~anage~enz systems and on combuslor components can occur. 

W h i l e  o u r  i n v e s t i g a t i o n s  a r e  a d d r e s s i n g  a l l  o f  t h e s e  f u e l  r e l a t e d  p r o b l e m s  i t  h a s  become 
a p p a r e n t  t h a t  t o  c h a r a c t e r i z e  n e t  s o o t  g e n e r a t i o n  r e q u i r e s  a b r o a d e r  d e s c r i p t i o n  o f  t h e  
kinetics o~ pyrolysis and p a r t i a l  o x i d a t i o n .  

While both carbon formation and carbon consumption processes occur in continuous combustion 
systems, the latter are very much slower. The optimum approach for preventln| hardwsre 
distress nnd avoiding serious environmental consequences Is to develop technology to avoid 
carbo~ ~ormntion wh!le satisfying other system requirements (efficiency, gaseous emissions, 
hardware reliability, etc.). 

N~ SOOT GENERATION 

The predominance o f  f u n d a m e n t a l  r e s e a r c h  a c t i v i t y  has i n v o l v e d  l a m i n a r  p remlxed  f l ames .  
S ; r e e t  and Thomas' work  pub l i shed  i n  1955 I s  e x t r e m e l y  t h o r o u g h  i n  e x p e r i m e n t a l  d e t a i l  
and b r e a d t h  o f  h y d r o c a r b o n s  examined,  Ref .  4; i t  has become the  c l a s s i c a l  paper  In  the  
f i e l d .  O the r  p u b ! i c a t ! o n s  a re  Re fe rences  5-16.  These i n v e s t i g a t i o n s  have u n i v e r s a l l y  
con~±rmed t h a t  soo t  f o r m a t i o n  £s a k l n e t l c a l l y  c o n t r o l l e d  p r o c e s s .  £ q u t l l b r l u m  c a l c u l a t i o n s  
i n d i c a t e  t h a t  soo t  s h o u l d  no t  be present  at  f u e l - a i r  m i x t u r e  c o n d i t i o n s  where the  oxygen-  
t o - c a r b o n  a tomic  r a t i o  (O/C) I s  g r e a t e r  than one.  That  i s ,  t he  g e n e r a l  chemlca l  e q u a t i o n  

* ~ o 2 - * c o  + CxHy H 2 

s h o u l d  d e t l n e  a s o o t  f o r m a t i o n  t h r e s h o l d .  A l l  e x p e r i m e n t a l  r e s u l t s  h a v e  sho~m s o o t  f o r m a t i o n  
a t  O/C s u b s t a n t i a l l y  £n e x c e s s  o f  u n i t y .  

A n o t h e r  v e r y  i m p o r t a n t  p r e m l x e d  f l a m e  e x p e r i m e n t  conduc ted  a t  t h e  B r l t l s h  R a t i o n a l  Gas 
T u r b i n e  £ s t ~ b l l s h m e n $  (NGTE) a t t e m p t e d  t o  e v a l u a t e  t h e  e f f e c t  o f  p r e s s u r e  on s o o t  f o r m a t i o n ,  
R e f .  11.  A l l  p r e v i o u s l y  m e n t i o n e d  work w i t h  p r e m i s e d  f l a m e s  c o n c e r n e d  a t m o s p h e r i c  o r  
s u b - a t m o s p h e r i c  c o n d i t i o n s .  The combust ion  system employed t ook  s p e c i a l  p r e c a u t i o n s  t o  a v o i d  
~ l a s h l n g  s a c k  t o  u p s ~ r e z m  l o c a t i o n s ,  an a d d i t i o n a l  o i f f i c u l t y  a s s o c i a t e d  wlth  the  h l | h  
p r e s s u r e  o p e r a t i o n .  In  a d d i t i o n  t o  s o o t i n g  l i m i t s ,  t h e  amoun t  o f  s o o t  f o rmed  was d e t e r m i n e d  
and e x p r e s s e d  a s  a * ' s ees  f o r m a t i o n  r a t i o "  ( t h e  p e r c e n t  o f  f u e l  c a r b o n  e v i d e n t  a s  s o o t ) .  
The  t ~ d e x  o f  t h e  s o o t  q u a n l t y  was found  t o  i n c r e a s e  w l t h  t h e  c u b e  o f  p r e s s u r e .  Very  u s e -  
~u l  p l o t s  o f  p r e s s u r e  v e r s u s  e q u i v a l e n c e  r a t i o  f o r  v a r i o u s  v a l u e s  o f  s o o t  f o r m a t i o n  r a t i o  
w e r e  p e r s e n t e d .  E x a m p l e s  a r e  shown in  F i g u r e  1 f o r  c y c l o h e x a n e ,  c y c l o b e x e n e ,  and b e n z e n e .  
Gas phase s p e c i e s  were a l s o  d e t e r m i n e d  d u r i n g  t h i s  t e s t l n f  and I t  was conc luded  thQt  EIO 
and C 0 2 , ( o x y g e n a t e d  compounds no t  p r e d i c t e d  by e q u i l i b r i u m  f o r  the  system (CxH . • ~ O~ * 
xCO ~ ..2 ) a r e  fo rmed  i n  s u b s t a n t i a l  q u a n t i t i e s  and d e p l e t e  t h e  s y s t e m  of  ox~¢en  p r r o r  
t o  c o n s u m p t i o n  of  a l l  f u e l .  

Soo¢ f o r m a t i o n  in  l a m i n a r  d i f f u s i o n  f l a m e s  h a s  a l s o  b e e n  s t u d i e d ,  n e l l .  1 7 - 2 0 .  The d i r e c t  
u ~ l Z l t y  o~ t h i s  i n f o r m a t i o n  f o r  t h e  g a s  t u r b i n e  c o m b u s t i o n  a p p l i c a t i o n  h a s  b e e n  q u e s t i o n e d ,  
a s  t h e  m l x t n ¢  r a t e s  and  c h a r a c t e r i s t i c  ~imes f o r  c h e m i c a l  r e a c t i o n  a r e  v e r y  much d i f f e r e n t  
t h a n  t h o s e  i n  t h e  t y p t c a l ' c o m b u s t o r .  S h i r m e r ,  R s f .  21 ,  h a s  d i s c u s s e d  t h e  s i K n l f l c l a ¢  
d ~ f f e r e n c e s  b e t w e e n  such e x p e r i m e n t s  and t h e  a c t u a l  c o m b u s t i o n  p r o c e s s .  He l s  p n r t t c u l c r l y  
c r l t i o a ~  o f  t h e  u s e  o f  t h e  smoke p o i n t  t e n t  am an  i n d e x  o f  f u e l  t e n d e n c y  t o  foam cmrbon 
p a r t i c u l a t e s .  T u r b u l e n t  d i f f u s i o n  f l a m e  r e s u l t s  wou ld  a p p e a r  t o  be more  a p p l i c a b l e ,  ~ e f .  
22 .  ~ r l t h ¢ ,  Ref .  20.  h a s  e x a m i n e d  s o o t  f o r m a t i o n  I n a  d i f f u s i o n  f l a m e  b u r n e y  and h a s  
p u b l i s h e d  r e s u l t s  o f  s o o t  measured when t he  f u e l  s i d e  o f  t h e  f l ame  28 s u p p l e m e n t e d  w I t h  
oxygen a~ c o n c e n t r a t i o n s  wel~ be low O/C = 1. S u r p r i s i n g l y ,  I t  was f o u n d  t h a t  t he  a d d i t i o n  
o f  o x y g e n  I n c r e a s e s  s o o t  f o r m a t i o n  up ~o an o p t i m a l  r a t e  a t  w h i c h  t h e  I n f l u e n c e  a b r u p t l y  
r e v e r s e s  and s o o t  s u p p r e s s i o n  i s  a c c o m p l i s h e d  s t  h l ~ h e r  02 c o n c e n t r a t i o n s .  

~ r l t h ~ ' s  work  l n v o l v i n ¢  l o o t  f o r m a t i o n  In  t h e  ~ e t  s t i r r e d  r e a o $ o r ,  R e f s .  23 ,  24 ,  i s  p e r h a p s  
o f  most l n t e r e s ~  t o  t h i s  d i s c u s s i o n  - -  i t  i s  a combus t ion  p r o c s s s  s i m i l a r  t o  t h a t  a t  which 
s o o t  f o r m s  i n  ~be p r l m a r y  z o n e  o f  an a c t u a l  c o n t i n u o u s  c o m b u s ~ l o n  s y s t e m .  £8 I s  t h e  p r e -  
v i o u s l y  m e n ¢ l o n e d  s t u d i e s .  I t  was d e t e r m i n e d  t h a t  s o o t  f o r m s  a t  O/C • I b u t  t h e  s t r o n |  
b a c k m l x I n ¢  o f  ~he 3 s t  s t i r r e d  r e a c t o r  d i d  a f f o r d  some b r o a d e n l n l  o f  t h e  s o o t - f r e e  O/C 
r a t i o .  In  a d d i t i o n  ¢o t h e  e s t a b l i s h m e n t  o f  n o o t l n K  l J J a l t s ,  a s  d e t e r m i n e d  by t h e  c o l o r  
o f  t h e  f lmme ( l u m i n o u s  y e l l o e  v e r s u s  b l u e ) ,  W r i g h t  d e t e r m i n e d  t h e  c o n c e n t r a t t o n ~  o f  s o o t  
f o rmed  f o r  some l i m i t e d  c o n d i t i o n s  o f  O/C b e l o w  ¢he  s o o t  l i m i t .  No a n a l y s i s  s t  t h i s  
" y i e l d "  d a t a  ¢o d e t e r m i n e  s e e s  f o r m a t i o n  k i n e t i c s  was u n d e r t a J ~ e n  b u t  1¢ t o  r s c o l ~ n I s e d  tha t  
more  s u c h  d a t a  m i g h t  p r o v i d e  t h e  b a s i s  f o r  ~ l o b a l  c a r b o n  f o ~ m a t i u n  o h o m l e a l  m o d e l .  

~ODZL3 OF SO0? FORMATION 

~ a n y  s t u d i e s  on s o o t  f o r m a t i o n  h a v e  been  c s r r l e d  o u t .  b u t  f e w  3mad t o  q u a n t i t a t i v e  
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predictions of soot production, and.there is little egreement ~s to the details of the 
mechzn&sn, Nevertheless, there seems to be general agreement that the overall soot formation 
re,orlon is triggered by hydrocarbon pyrolysis and involves subsequent soot nuclei formation, 
soot particle formation, and particle growth and coagulation. A model that treats these 
in some detail has been considered by Jensen, Re~. 25. Application of the model to a methane 
f!m~e ha~; led to qualitative agreement with experimental observations. Although this 
approach respresents an attempt t o  deal with the problem at a mechanistic level the un- 
cerzalnty of intermediate species, reactions and rates requires lon~ term development to pro- 
v!de quantitative predictions. Tesner, et el., Eel. 26, have proposed a model in which soot 
formation is characterized by three rate equations. The feature of the model is that Ell 
the co~plex elenentary steps associated with pyrolysis, nuclei formation and soot formation 
~re ~rouped into three subglobal steps which are characterized by three separate equatloss. 
The ~cdel !ncludes ~ first order (with respect to hydrocarbon concentration) pyrolysis rate, 
a chain ~ranching and chain termination rate, and ~ soot formation rate: 

Pyrolysis: No = 1013 No e -170,000/RT 1 

Nuclei Formation dn ~ =  N O + ( f - g ) n  -goNn 2 

Soot Formation &~ d-~ = Ca - b~)n 3 

Values of the kinetic parameters (f, g, go, a, b) for acetylene and toluene Ere available, 
so that the model can be evaluated throuE~ comparison with experimental data. Comparisons 
with date developed in this investigation are presented later in Zhls paper. Grooves, e~ 
el., Her. 27, developed a model using diesel engine data obtained under high pressures. 
The model consists of a single global Arrhenius type equatlon: 

3 -40,000/RT d.~S . 4.68 x 105 PHC ¢ue 
dt 

Wh~r~ P._ and # are the local partial pressure of the unburnt hydrocarbon and the local 
equlva_ence ratio, respectively. This type of one-step model lumps all intermediate re- 
aetlons associated with nuclei formation and soot formation into one rate equation, and 
:he application of the model requires knowledge o~ the local hydrocarbon concentration 
and the unhurnt e~uiva!ence ratio. 

Attempts to correlate data developed is this investigation with Greeve's model, Equation 
4, ~re pre~ented is this paper. 

Th~ Greeve~ and Teaser models represent the essential state-of-the-art of practical soot 
pre~ictlcn methods. However, the process requires information on certain intermediates 
:ha~ mu~t be ass'~e~ in order zo implement these models in a strictly predictive mode. This 
information includes, for example0 ~he local hydrocarbon and oxygen concentrations as well 
a s  the ze~perature. In addition, net soot generation requires not only conslderation of 
soot formation but its oxidation as well. These factors are included in the current model 

QUASIGLOBAL MODEL 

The essential feat%u-e of the @~asiglobal concept is the couplin~ of a set of subElobal 
ste~s tca see of detailed ste~s for those reaction chains for which sufficien~ information 
to accurately describe their kinetics and mechanisms exists. The basic quas!Elobal model 
is described in Ref. 28. In addition to h~ving demonstrated the ability of the qu:s!glob~l 
~del to predic~ ex,;~rimenz~l observations It has been sho~n tO be ideally structured to 
account for ~he varla~ion in fuel ~ y p e ,  i.e. aliphatlcvs, cyclic, etc. Of particul~T 
interest here is the current work on fuel rich systems for which %his basic model Is bclm~ 
e~tende~. The ne~ ~Ddel includes the followin~ addlrion~l.subElobal finite r = t e  r~ctlon 
steps given belo~ in skeleton for-m: 

Pyrolysis: CnHmE~ ÷ M * CxHy + M + BN (S~ third body) $ 

P~.Ttlal Oxidation: OnE m ÷ 02 * CO + H 2 6 

C x Hy+ 02 - CO + H 2 7 

SOOt ~oYaatio=: CnHm ~ C(s ) + H 2 8 

CxHy * C(s ) + H 2 9 

SOC~ Oxidation: Ccs) ÷ 02 * CO + CO 2 10 

~n~re B~ r~resents th~ bound nitrogen. Reactions 5 through 10 are coupled' to detai~d 
m3:hanis~s des=rlbi~ th~ raze a t  whlch'H-. CO and BH ale converted ~o H~O, CO_ ~ud 
The rate cons~amts 2or the sub~!obal step''are expressed in modified Arr~hniusZ2ol-a ~" 
the rate of production (or consumpzlon) is given by expression of th~ type: 

C1 " A T n C~ exp (- E/HT) i! 

~her~ t he  constants A, a, b, c and E are determined through controlled e:reer~ments. The 
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r e a c t i o n s  and r a s e s  a s s o c i a t e d  w i t h  t h e  d e t a i l e d  s t e p s  a r e  b a s e d  upon a v • l l a b l e  l i t e r a t u r e  

v~ lues .  
The q u a s l g l o b a l  model has been used s u c e s s f u l l y  f o r  h igh energy fue lS ,  •uch •s  s h e l l d y n e -  

and ~ !_methy lcyc lopen t~d iene  as w e l l  as f o r  c o n v e n t i o n a l  f u e l s  such •e propane and 
JP-~ypes.  The v e r s a t i l i t y  of  t h i s  approach has been demonst ra ted  by compsr lsJons w i t h  
exner~mentaZ ly  de te rmined  co~bust ion  c h a r a c t e r i s t i c s  I n c l u d i n g  i g n i t i o n  de lay  t imes f o r  
bo~h long chRin ~nd c y c l i c  t ype  hydrocarbons  r e a c t i n g  In a i r .  For example,  F igure  2 shows 
some typical results of such a comparison between predlctlons and data obtained from a 
sleady f!o~v reactor: Figures 3, 4, 5, and 6 show comparisons of predictions wlth current 
data obtslned £n a reactor described later. Figures 3 and 4 compare data with predictions for 

and CO concentrat£ons. The agreemen~ between the predictions and the data Is very good. 
~ partlcuZar ±nterest are ~be CO and hydrocarbon concentratiOnS since they both relate 
to efficiency and emissions, whlle the hydrocarbon concentratlon relates to soot formation. 
F~gure 5 shows the CO concentration comparison where d•ta for three fuel types is given; 
• paraf!n (!sooc~ane), an aromatic (toluene), snd an olefln (ethylene). While there are 
measureable differences amongst the fuel types the prediction for the CO concentration le 
reasonable, noting that t h e  concentration l e v e l s  are in percent. What is significant tO 
no~e ~s the minimum in CO at equivalence ratios between .4 end .6 depending on the fuel. 
Th£s  m=nimum !s reproduced by the prediction end Is associated wlth the approach to blow- 
out • t ~he low equivalence ratios where low temperatures (reduced reaction rates) enhance 
incomplete combustion, while at the higher equivalence ratios reaction rases Increase 
since temperature ts increasing, end although the system is out of equilibrium, the 
tendency toward equilibrium is consistent with the water gas shift reaction tending t o  
!ncreRse C0 ( :nd  }!20). The a b i l i t y  o f  the q u a s t g l o b a l  model t o  p r e d i c t  t h i s  t ype  o f  d e t a i l  
i s  r e l e v • n t  to  ~he d e t e r m i n a t i o n  of  "opt imum" o p e r a t i n g  c o n d i t i o n s  and t o  s c a l i n g  t o  o t h e r  
operR~ing cond t~ ions .  Of equa l  impor tance  to  the CO c o n c e n t r a t t o ~  Is  t he  f u e l  c o n v e r s i o n  
and F l g u r e  6 shows  the h y d r o c a r b o n  c o n c e n t r a t i o n  a s  m e a s u r e d  and  c o m p a r e d  w i t h  p r e d i c t i o n s .  
The c o ~ . p a r t s o n  i s  f a v o r a b l e  c o n s i d e r i n g  t h e  low c o n c e n t r a t i o n  l e v e l s  o f  f u e l  e x i s t i n g  l ~  
t h e  s y s t e m  u n d e r  t h e  p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n s .  The r a p i d  r i s e  I n  t h e  h y d r o c a r b o n  
c o n c e n t r a t i o n  c o r r e s p o n d s  t o  t h e  a p p r o a c h  t o  b low o u t  and i s  c o n s i s t e n t  w i t h  t h e  t n c r e a n e  
in  CO p r e v i o u s l y  c i t e d .  

The  e x a m p l e s  c i t e d  a b o v e  were  u s e d  t o  i l l u s t r a t e  some o f  t h e  f e a t u r e m  o f  t h e  q u s s t g l o b a l  
m o d e l .  For  t h e  p r e d i c t i o n  o f  n e t  s o o t  g e n e r a t i o n  a d d i t i o n a l  i n f o r m a t i o n  r e l a t e d  t o  
r e • c t l o n s  8 ,  9 end  !0  I s  r e q u i r e d .  The s o o t  mode l  i s  c o n s t r u c t e d  i n  t e r m s  o f  two c r e p e  
r e f ! e c ~ l n g  t h e  d e p e n d e n c e  o f  n e t  s o o t  g e n e r a t i o n  on t h e  s i m u l t a n e o u s  f o r m a t i o n  and  o x i d a t i o n  
o f  soo~ p a r t i c l e s .  The s o o t  f o r m a t i o n  r a t e  i s  a s s u m e d  t o  be  • f u n c t i o n  o f  t h e  h y d r o c a r b o n  
c o n c e n t r a t i o n ,  t h e  o x y g e n  c o n c e n t r a t i o n  and  t h e  t e m p e r a t u r e ,  v t z .  
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w h e r e  A, b ,  e and  Z e r e  c o n s t a n t s .  The  o x i d • t t o n  s t e p  i s  b a s e d  upon d a t a  I n v o l v i n g  t h e  
c o n s u m p t i o n  o f  moot ( a n d  c a r b o n )  p a r t i c l e s  i n  o x i d i z i n g  e n v i r o n m e n t s ,  f r o m ,  f o r  e x a m p l e  
~he work o f  L ee ,  T h r t n g  and  Beer~ R e f .  29 ,  and  t h e  work o f  ~ a g l e  and  S t r t c k l a n d - C o n s t n b l e  
R e d s .  30 and  31.  F o r  t h e  L e e ,  T h r l n g  and  Bee r  mode l  abe  r a t e  o f  c o n s u m p t i o n  p e r  m a l t  s u r f a c e  

a r e a  i s  g i v e n  by 
'" - 1.085 x 104 p02 13 
RC(s ) -~ exp  ( - ~ - ~  ), 

w h e r e  P~ l s  t h e  p a r t i a l  p r e s s u r e  o f  o x y g e n  In  abe  m i x t u r e .  R e a c t i o n s  12 and  15 a r e  
c o m b i n e ~ 2  t o  y i e l d  ~he n e :  r a t e  o f  s o o t  p r o d u c t i o n  a s  • f u n c t i o n  o f  b y d r o c n r b o n  and  o x y g e n  
c o n c e n t r a t i o n s  a n d  t e m p e r a t u r e .  The  c o n s t a n t s  A, a ,  b ,  • and  ~ h a v e  b e e n  d e t e r m i n e d  ~rom 
e x p e r i m e n t a l  d a : a  and  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  n e t  s o o t  p r o d u c t i o n  I s  ~ r n  s i g n a l l y  
d e p e n d e n ~  upon  ~he  h y d r o c a r b o n  c o n c e n t r a t i o n s  t h a t  on t h e  t e m p e r a t u r e .  I t  i s  a l s o  
t m p o r ~ a n ~  t c .  n o ~ e ,  a s  w i l l  be  d i s c u s s e d  l a t e r ,  t h a t  a s  much an  2 0 - 2 5  p e r c e n t  o f  abe  s o o t  
f o r m e d  can  be c o n s u m e d  by o x i d a t i o n .  

~XPERIMZh~AL METHOD 

The  e x p e r i m e n t a l  p r o g r a m  ~ o c u e e d  on s s t u d y  o f  t h e  lOOt l o r m a t I o n  p r o c e s s  u e i n ~  t h e  J e t -  
S t i r r e d  C o m b u s t o r  ( J S C ) ,  shown s c h e m a t i c a l l y  An F i g u r e  7 .  T h i s  d e v i n e  /am a m o d l f l ~ t l o n  
o f  ~he  L o n g w e l l - W e i s 8  r e a c t o r ,  R e f .  32 ,  w~th  h e m i s p h e r i c a l  g e o m e t r y .  The  JSC ht~n b e e n  u s e d  
e x t e n s i v e l y  In  f l u i d  m e c h a n i c  and c o m b u s t i o n  m o d e l i n g  b e c n u l n  c o m b u s t i o n  r i t e s  i r e  l ~ a n i t o d  
by c h e m i c a l  k £ n e t i c s  an  o p p o s e d  t o  t r a n s p o r t  e f f e c t s .  A key  n d v a c t a q r e  o I  t h e  JSC f o r  t h e  
work d e s c r i b e d  h e r e  18 t h a t  ~he e t r o n | l y  b a c k m l x e d  n a t u r e  o f  t h i s  c o m b u s t i o n  p r o c e e m  p ro . -  
v t ~ e s  a s i m u l a t i o n  o f  t h e  r e c t r c u l a t l n g  c h a r a c t e r i s t i c s  o f  t h e  g a s  t u r b i n e  p r l m a r y  ~ o n e .  
I~ i s  i n  t h ~ s  z o n e  w ~ r e  m i x t u r e  c o n d i t i o n s  a r e  s u f f i c i e n t l y  r i c h  t o  p r o d u c e  e c o n .  C o s -  
s e q u e n ~ l y ,  ~he  JSC a l l o w s  s t u d y  o f  s o o t  f o r u m ~ t o n  i n  an  a e r o d y n a m i c  s t t u a t l o ~  r e l e v a n t  
~o ~ a s  t u r b i n e  s y s t e m s .  A n o t h e r  a d v a n t a g e  c~ t h e  s t i r r e d  ~ b u e ~ o r  f e  t h a t  t h e  r e a c t o r  
i s  homogeneous in  spec lee  c o n c e n t r a t i o n  as w e l l  as t e m p e r a t u r e ;  each o p e r a t i n g  c o n d i t i o n  
i s  c h a r a c t e r i z e d  by a ~ met o f  ~ e m p e r a t u r e  and  ~ o n c e n t r & t l c n  da~a  r a t e r  t h u  p r o -  
f l i e s  o f  t h e s e  p a r a m e t e r s .  T ~ ' s  s i m p l i f i e s  ~be t a s k s  o f  o b t A l n A a g  and  £ n t m r p r e t a t ~ n g  t h e  
d z ~ a .  

D e t a i l s  o f  ~he  e x p e r i m e n t a l  A p p a r a t u s  and  m e a s u r e m e n t  t e c h n i q u e s  unod  h a v e  been  r e p o r t e d  
by B1Azowaki ,  R e f .  ~ The  m e a s u r e m e n t s  i n c l u d e  f u e l  and  a l r  m u l e  f l o w  r a t e s  and  ~ u e l / a l r  
m l x ~ u r e  l n ~ e c ~ l o n  t e m p e r a t u r e ,  r e a c t o r  g a s  eJ~nplee and  r e a c t o r  i n t e r n a l  and  w a l l  t e m p e r n t u r n a .  
Both gas-phase and p a r t i c u l a t e  sampl ing  syntems are  uned, p r o v i d i n g  da ta  on the  i n c i p i e n t  
eoo~ f o r m a s i o n  e q u i v a l e n c e  r a t l o  and  q u a n t i t a t i v e  d a t a  on moot  p r o d u c t i o n  (mK 8 o c t / l i t e r ) .  
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E:C=EEIMENTAL EEEULTS 

De~i!e~ ex~erlmen=s ~~re conducted usln~ the Jet Stirred Combustor to determine ~he soot 
for~ion chores:erie:los of ethylene, a hydrocarbon thought re produce combustion ~nfor- 
~[~on re~resentzZive of ali~harics, and toluene, a condensed-rins aromatic. Suhstanti~l 
d~ffer~nces in ~he behavior of these two hydrocarbons were nosed and a number of other 
hydrocarbons were studied ~o determine whether they behaved as C^H. or as C~H5CH ~. Finally, 
~he ~oo~ formation cheracrerisrics of Swo-componenr fuel blends ~n~ pracric~l petroleum-. 
derived fuels h~ve been investigated. 

Ch=racZerlszlcs of Ezhy!ene and Toluene 

Je~ S~irred Ce~bus~or e~perimen~s with erhy!ene showed tha~ CO was She major carbon- 
cont=inin~ sgecies and remained at a concentration of  about twelve mole percent f o r  
z]l equiv~!e~c~ radios rested. To~a! hydrocarbons increased significansly wish equivalence 
r~:ic bu~ CO~ flecreased. Oxygen concentration was very low a~ an equivalence ratio o~ 
1.77 bus sre~di!y increased ks higher equivalence varies--an indication of poor reactedness 
zs ~he mixture ~as further enriched. Further, THC concentrations were found So be very 
s!Z~i/icanr ~r Tf~,even  below the incipient seer formation llmi~. 

For ~o!u~ne, CO ~as ~ain found Zo he she predominant species. However, a substantial 
¢ifference between She d~ra for ~oluene and rha~ for ethylene was observed: whereas wish 
:c!u~ne, ineipiens sso~ occured as hydrocarbons herin re "break ~hrough" under rich 
eperz~in~ conditions, She soot limlr f o r  ethylene occured ar conditions where hydrocarbon 
concentration is hiEh- ~ factor of 38 ~imes shas for ~oluene. 

Results for ~hess ~wo fuels, described in derail in Ref. 33, indicate sIEnlflcant differences 
between rh~ see: formasion process for ethylene ~nd toluene: 

!. Toluene seoSs ass much lower equivalence rarlo (1.35) than 
e~hy!ens (1.95), and the amounS of soe~ formrd with ~ncreaslnE 
equivalence rarlo beyond ~he inciplenr limIS is mnch l a r E e r .  

2, In rh~ case of eh~ylene, si~niflcant amounts of hydroca rbons  
(~3-8~ as CH4) were presen¢ar equivalence raSios leaner than 
the seer limzr, bur ~iSh toluene rhe incipient soot limi¢ 
corresponded approximately so the equivalence ratio f o r  the 
iniri~! presence of hydrocarbons in the combusZlon produces. 

Sootin~ Ch%~zc~erls¢ics of O~her H~drocarbon Types 

Th~ obs~v~lon~ for ethylene and ~oluene indicate thaS there ~ a fundamental difference 
in she soc~ f=r~a~ion ~echanisms f o r  these ~wo fue l s  under t he  s t r o n g l y  backmlxed cond i¢ lons 
o:  the Jet  S t i r r e d  Comhuszor. These f i n d i n g s  lend support  ¢o She p o s s i b i l i t y  of  deve]o~in~ 
useful ~m~llfleE ~verz!! chemical klnerlc models of she soot formarlon process (quasi- 
~icbzl models) based on hydrocarbon type. In order to further develop this conoep~ ~ larva 
number of o~her fu~l ~ypes were screened to determine whether their sootln~ char%cterlszlcs 
w~re ~i~i!ar r~ erhy!ene or toluene, or if they showed characteristlcs dlsrlmcly dlfferenS 
frc~ either ~f these fuels. 

I~ w~s fouzd ~h~r all hydroc~bons tested might be grouped imzo three care~orlps as fo!lo~s: 

Hexaze O-~ylsne l-meZhy~-n~pthalene 
Cycle-hexane M-xyleme 

N-ocran~ P-xylene 
Iso-Ccsane Cumsne 
l-coZens Te~raliu 

Cyclo-ocr-.~e Dicyalopsntadlene 
Decaliz 

Th~ firs: ~rcu; ~roduca~ !sr~s amounts of e~haus~ hydrocarbons wirhour soo~In~ zs did 
e~hy!ene ~nd in nc cas~ ~-s si3nlfloan¢ spot observed. The second group produced soot &~ 
~he ~i~$ur~ r~io which corresponded ¢0 hydrocarbon bre~kshrou~h. ~n al~ c:s~3 rho 
~e~sured hy~roc=rbon cc~osl~ion was less fhan one percent  ~s ~he inclplenZ%imit. Another 
cc-~-cn~l!ry iz ~he s~ond Srou~ is Shaz ~he amount of soot produced as e~ulva!encsraZ~o 
was increased beTen~ ¢h~ incipient limit was similar for all the hydrocarbons, l-me~hyl- 
na~h~!ene was siEnifiraz¢ly different in this respect produ~In~ much higher soo~ ~u~u¢i¢les 
~h~n shos~ ~n the second oare~ory.  

Soo~In~ Cha~zcrerlstics mf ~uel Blends 

Blen~ ef l~o-cc~=ne ~nd ~cluene were~esred to determine ¢he behavior of a ~wo-compone_u¢ 
~Ix~ure wish Gruu~ 1 (like-C2H ~) and Grou~ 2 (llke-C6HsCH 3) hydrocarbons. These resulrs 
~re sho'~ In Figure E. ~rur~s with 50 or more percenS ~oluene produczd s~ ~hile a 25~ 
~cluen~ blend did nz~. Clearly, for ~he mixSures which did soot, lncreas~s in rhe voluJ=e 
peruez~ tolueme resu!r in increased seer producrlon at all equivalence furies. Wlth lee3 
%~!uene in She blend, the concentration of hydroczrhons,~at She inmlpien~ limit ~snded ¢0 In- 
er~zs~. Th~se resu!~s indicate a combln~ion of Group 1 and 2 behaviors; ¢hus & combination 
cf : he  ana!y~!ca! descriptions for ~oluene and isoocr=ne Bight be a reasonable eppTo~h f~Z 
pr~d~c:lon ~f ~he sco~in~ char~crerlsrics of fuel blends. An excellent correlasion is oh ~ 
~alned he~3~n soot conoen~raSion ~nd hydrozen convent, ~i~. 9. T~is is in dlree¢ o¢~pli~.~c~ 
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w~th a c t u a l  ~ s  t u r b i n e  t e s t s ,  Ref .  1. The s l m l ] a r l t y  be twuen s o s • l a g  c h a r a c t e r l e t l o s  I s  
t he  JSC and t h o s e  in  ~n a c t u a l  combus to r  i s  e v i d e n t .  

~echanlsms o f  Soot  Fo rma t ion  
~any m e c h a n i s t i c  mode l s  f o r  s o o t  f o r m a t i o n  have  been  p r o p o s e d .  G e n e r a l l y ,  i t  i s  r e c o K n l z s d  
the=  c o n d e n s e d  r i n g  a r o m a t i c  h y d r o c a r b o n s  can p r o d u c e  s o o t  v l a  a d i f f e r e n t  mechanism t b • n  
do a Z ! p h a t l c  h y d r o c a r b o n s .  A s i m p l i f i e d  mechanism f o l l o w i n g  Graham, s t  e l . ,  Re fs .  34 and 
35, %S as  shown s c h e m a t i c a l l y  In F i | .  10. 

A r o m a t i c  h y d r o c a r b o n s  can p r o d u c e  s o o t  v l a  two m e c h a n i s m s ;  a )  c o n d e n s a t i o n  o f  t h e  • r o m • t l c  
r i n g s  I n t o  & s r a p h t t e - l i k e  s t r u c t u r e ,  o r  b )  b reakup  t o  sma l l  h y d r o c a r b o n  f r s | m e n t s  wh ich  
t h e n  p o ! y ~ e r t z e  t o  form l a r g e r ,  hyd ro gen  d e f i c i e n t  m o l e c u l e s  which  e v e n t u a l l y  n u c l e a t e  • • d  
produce  s o o t .  Based on h i s  shock t ube  s t u d i e s  o f  soo t  f o r m a t i o n ,  Graham conc ludes  t h a t  
the  c o n d e n s a t i o n  r o u t e  i s  much f a s t e r  than  the  fragmentation/polymerization r o u t e .  F u r t h e r ,  
he has  found  t h a t  t h e  mechanism by which  an s r o m a t l c  fo rms  s o o t  c h a n g e s  w i t h  t e m p e r a t u r e ;  
be !ow 1S00 K t h e  c o n d e n s a t i o n  p a t h  i s  f a v o r e d  w h i l e  above  t h i s  t e m p e r a t u r e  t h e  f r a g m e n t • t i e • /  
p o l y m e r i z a t i o n  r o u t e  i s  f o l l o w e d .  

A c c o r d i n g  t o  t h i s  s i m p l e  model ,  a l i p h a t t c s  p r o d u c e  s o o t  v i a  t h e  f r a m e • a n • i o n / p o l y m e r i z a t i o n  
m e c h a n i s ~  o n l y .  As • r e s u l t ,  t h e s e  h y d r o c a r b o n s  do no t  form t h e  q u a • t i t l e s  o f  s o o t  p r o -  
duced by the  a r o m a t i c s .  Indeed ,  d u r i n g  the  f u e l  r l c h  combus t ion  o f  • f u e l  b l e e d  composed 
of  a r o m z ¢ i c s  =nd a l i p h a t i c s  a t  • t e m p e r a t u r e  l e s s  t h a n  1800 K, t h e  a r o m a t i c  h y d r o c a r b o n s  
would  p r o d u c e  t h e  ma jo r  p o r t i o n  o f  s o o t .  C o m b u s t i o n  o f  t he  a l l p h a t i c  p o r t i o n s  o f  t h e  f u e l  
would  i n f l u e n c e  t e m p e r n t u r e  and h y d r o c a r b o n  f r a g m e n t  c o n c e n t r a t i o n  bu t  s o o t  f o r m a t i o n  v l •  
f r • g m e n t a ~ i 0 n / p o l y m e r i z a t t o n  would  be m i n l m a l .  Above 1800 K, h o w e v e r ,  b o t h  t h e  • l . l p h a t l c  
and a ro~a%lc  h y d r o c a r b o n s  would p r o d u c e  s o o t  v i a  t h e  f r a g m e n t a t i o n  / p o l y m e r i z a t i O n  r o u t e .  

The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  i n  ~he p r e s e n t  work a r e  c o n s i s t e n t  w i t h  t h i s  model .  I t  
h a s  been o b s e r v e d  t h a t  s o o t  f o r m a t i o n  w l t h  t h e  c o n d e n s e d - r i n g  a r o m a t i c  f u e l s  coamenoes  
w i t h  ~he i n 1 ~ l • l  p r e s e n c e  o f  h y d r o c a r b o n s  In  t h e  e x h a u s t .  I f  i t  i s  a s sumed  t h a t  t h e s e  
b r e a k t h r o u E h  h y d r o c a r b o n s  maC• fa in  t h e i r  a r o m a t i c  c h a r a c t e r ,  t h i s  o b s e r v a t i o n  r e f l e c t s  
t h e  f a s t  k i n e t i c s  o f  t h e  r i n g - b u i l d i n g  o r  c o n d e n s a t i o n  r e a c t i o n s .  On t h e  o t h e r  hand ,  t h e  
a r o m a t i c  ~ o ! e c u l e  may be an e f f e c t i v e  s o u r c e  o f  CiH 2 and h i g h  c o n c e n t r a t i o n s  o f  a c e t y l e n e  
a s  f u e l  p y r o ! y s I a  o c c u r s  may be  r e s p o n s i b l e  f o r  e x t e n s i v e  s o o t  p r o d u c t i o n .  F u r t h e r ,  t h e  
r e s u ! ¢ s  f o r  1 - m e t h y l - n a p t h a l e n e  i n d i c a t e  t h a t  a d o u b l e - t i n s  a r o m a t i c  p r o v i d e s  t he  most  
r a p l d  s o o t  f o r m a t i o n  of  t h e  h y d r o c a r b o n s  s t u d i e d .  T h i s  o b s e r v a t i o n  i s  • 1 • o  c o n s i s t e n t  
w~¢h e l • h e r  t h e  r i n g  b u i l d i n g  v iew ( i . e . ,  t h e  f i r s t  r i n g - j o i n i n g  h a s  a l r e a d y  s c o u r e d )  o r  
t h e  p o l y m e r c z a t i o n  mechanism ( i . e . ,  even  h i t h e r  amoun t s  o f  C2H 2 a r e  p r e s e n t  i s  t h e  p y r o l y s i s  
z o n e ) .  

These  c o ~ p a r i s o n s  a r e  no t  i n t e n d e d  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  any t h e o r y ,  b u t  a r e  n o t e d  
~o i l l u s t r a t e  t h a t  t h e  r e s u l t s  o b t a i n e d  ~n t h i s  work c o ~ p l e m e n t  e x i s t i n g  s i m p l i f i e d  v i e w s  
of  t h e  s o o t  f o r m a t i o n  p r o c e s s .  ~ o s t  i m p o r t a n t l y ,  t h e  c u r r e n t  r e s u l t s  l e n d  s u p p o r t  tO t h e  
u t i l i t y  of  t h e  a p p r o a c h  of  q u a s i  E l o b a l  m o d e l i n g  o f  t h e  s o o t  f o r m a t i o n  p r o c e s s  f o r  v a r i o u s  
c a t e g o r i e s  o f  h y d r o c a r b o n s .  

C0~PAR~S0~ 0F DATA ~ITH PREDICTIORS 

The m a j o r i t y  o f  t h e  s o o t  d a t a  o b t a i n e d  t o  d a t e  h a s  been on f u e l  r l c b  o ~ b u s t i o •  o f  t o l u e n e /  
• i t  m i x : u r e s .  I n i t i a l l y ,  p r e d i c t i o n s  b a s e d  upon t he  m o d e l s  o f  T s s n e r  and Gr ee vs8  were  
made and compared  w i t h  t h e  m e a s u r e d  s o o t  c o n c e n t r a t i o n  d a t a ,  F~g. 11. £ 1 t h o u c h  t h e  
G r e e v e s  model  e x h i b i t s  t h e  s e n s i t i v i t y  t o  i n l e t  e q u i v a l e n c e  r a t i o  shown by t h e  d a t a  n e i t h e r  
o f  t h e  two mode l s  a d e q u a t e l y  r e p r e s e n t s  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  The d i s p a r i t y  
be tween  t h e  c u r r e n t  d a t a  and G r e e v e s  and T e a s e r  m o d e l s  h a s  n o t  been  f u l l y  r e c o n c i l e d .  
However ,  an exn~_~nat io•  o f  t h e i r  m e t h o d s  f o r  o b t a i n i n g  r a t e  c o n s t a n t s  s u E l s g t s  t h a t  t h e y  
may have  been i n f l u e n c e d  by a e r o d y n a m i c  e f f e c t s .  

The c u r r e n t  model  i s  b a s e d  upon a b r o a d e r  b a s e  o f  d a t a  t h e n  t h e  p r e v i o u s  mode l s  had 
a v a i l a b l e  and i s  s t r u c t u r e d  t o  s e p a r a t e l y  a c c o u n t  f o r  p y r o l y s i s  and p s r t l a l  o x i d a t i o n  
Of the  f u e l  as w e l l  as o x i d a t i o n  o f  t h e  s o o t .  Fo r  t he  p r e s e n t  p u r p o s e s  ERa. 12 and %3 
a r e  combined  I n t o  • model  f o r  ne t  s o o t  e m i s s i o n  f rom a p e r f e c t l y  s t l r r e d  r e a c t o r ,  v t z .  

, T" l '=I  b I% o 
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, h e r e  IMC I and t0,1 a r e  t h e  m o l a r  c o n c e n t r a t i o n s  o f . t h e  h y d r o c a r b o n  sad m o l e c u l a r  ~ x y , e s ,  
© i s  t h e  m i x t u r e  ~ e n s l t y ,  ~= i s  t he  s o o t  d e n s i t y ,  m 18 i n p u t  f l o w  a '~te,  V i e  the  YoKe•or  
vo lume and d l s  t he  s o o t  p a r t i c l e  d i a m e t e r .  T e n t • t i r e  v a l u e •  f o r  the  r ~ m a i n l n ~  r a t e  
p a r a m e t e r s  a re  : 

A = 5.0 x 1013 u - 0.5 
a = -2 E - 32,000 cal./mole 
b = 1 .75 

~ l g u r e  12 shows t h e  c o m p a r i s o n  o f  t h e  p r e s e n t  model  p r e d i c t i o n s  r l t h  d a t a ,  b a s e d  upon a 
s o o t  p a r t i c l e  s l z e  o f  250~. The a i r  f l o w  r a t e  r a n g e  c o v e r e d  by t h e  d a t a  c o r r e s p o n d s  t o  
• r e s i d e n c e  t ime  ran~e  o f  f r ~  abou~ 3 t o  7 m i l l i s e c o n d s .  I t  s h o u l d  be n o t e d  t h a t  l a r g o  
s c a l e  u n m i x e d • • a s  e f f e c t s  a re  t h e  p r o b a b l e  cause f o r  t he  d l g c r e p e s c y  o b s e r v e d  s t  t - l . O  
f o r  the  a i r  mass f l o w  r a t e  o f  50 p / m i D .  T h i s  p o i n t  co r rogpos¢b l  t o  I n c i p i e n t  b lowou t  
where  u n s t e a d i n e s s  1•  o b s e r v e d .  However ,  t h e  r e s u l t s  in  E o o o r a l  a~e v e r y  o n c o u r a ~ l n |  
and •et,~., t o  s u p p o r t  t he  concep t  o f  m o d e l i n g  s o o t  smi881ons i n  te rms o f  t h e  I m l o r  s p e c i e s  
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~resen~ in  the f 3 ~ e .  Furthermore, the e f f e c t  o f  ~oot o x i d a t i o n  can be s i g n i f i c a n t .  The 
~red!cted reduction in soot emissions ranges from 20-255 at the hlgh air flo= rate (short 
residence ~!~e) down to 9-13~ •t the 1ow~st air flow rate (longest residence time). These 
results represent the first known attempt to characterize net soot generation from a 
stirred co.buster. ~ork in progress is designed to provlde information for valldatlon 
of ~he ~=de!s over wider ranges of operating conditions including above atmospheric 
pressure levels and on mixtures of fuel types. Development of the overall quaslglobal 
model represents the major goal of this chemlcally related element of the program. 

Ph~SZCAL PROCESSES 

Co.buster ~odeling provides a means ~o obtain a quan~itatlve understsndlng of prlm~ry 
co.bus:ion phenomena, such •s liquid fuel droplet vaporization and burning, solid pa~tlcle 
burnln~, ~s phase chemical reaction kinetics, radiation heat transfer from combustion 
products, and mixing of reactants and combustion products. Those processes •re defined 
by the interaction of a number of mechanisms which are conveniently described in terms 
of ~hysically or che~ically rela~ed processes, The ph~s~uZ processes •re: 

I. Liquid fuel injection and atomization 
2. S p r a y  penetration and spreading 
3. Droplet breakup 
4. Drop!e~ evuporatlon 
5. Heat transfer by radiation and oonvectlon 
~. Aerodynsnic flo~ patterns 
7.  Turbulent mixing 

and the e~e~£==Z processes include: 

I. Pyrolysis 
2. ~ound nitrogen conversion 
3. Dropwise combustion 
<. Gas phase oxidation 
5. P~rtioula~e formation 
6. Particulate oxidation 

I= this p~er w3 h=ve emphasized the r~odellng of the chemical processes listed above, but 
although we hav~ grouped these processes separately they •re mutually coupled in th~ 
combustion process. It is the treatment of this coupling that is the t a s k  of combus~or 

The ¢cnce~t of ~cdular modellng provides a ratlon•l framework for the development of 
eng!neer!=¢ models of comhustor flowfields, and i¢ is this concept thaT is being used 
in the work ouT!fried in this paper. Fundamentally, modular modelln~ involves delineating 
chzracter£stic regions of a combustor flow£ield, ~reating each region in detail using 
a Tech=iqu~ appropriate ¢o i~s characteristics, a n d  coupling These treatments together 
through ~heir boundary conditions (Refs., 36, 37, 3~). The ch:racterls~Io re~ions m=y 
he defined by their ~c=le, for ex~J~;le, in The TreatmenT of fuel in~ectlon ph~nome.n~ for 
which a~ appropriate scale is related to the size of the In~ec¢or orifloe~ or by their 
fZ~d~,~c~e~, as in the representa~lon of reclrcul•~ion zones •s opposed to re~ions in 
~hlch ~her~ is • charaorerlsEic flow direction. 

Gxs ~urb!~e co.husker3 involve fuel and dilution a i r  in~ecrion re,ions, reclrcul•tlon 
regions, and re~ions in which a single oha~Tacterls~ic ve loc iCy  field exists. In e a r l y  
modular model £or~ulations, Refs., 39 •r id  d0, ~hese comhustors were represented by • 
combination of plug-flow redo%ors, w~l!-stirred Te~Otors, or both, with The InteroonneTtloz 
be~w~Tn ~ode! ele~en~s sup;lled by empirical inform=rlon. The modular model used In 
this ~ r k  differs in Two m~or w a y s  from these e~r l y  formulations: detailed flo:rfleld 
mod~!in~ re;laces ~be one-dimenslonal plug floe reactors of the early m~flels, and The 
couplzn~ between model e!emenrs is computed ra~her tham empirically speclfied. Thus 
f~r ~ere detail can be obtained £rom The model results, providing a gre~%er quantlta~Ive 
unders~amdlag of ~he p r ~ J ~ r y  combustion phenomena described a t  the beglnnin E of Thls 
s~c~ion~ 

In Th~ modular formu!a¢lon,descrlbed in Refs. 36, 37, 3a, ¢he ocmhustor flowfleld 
characteristic regions are regions of reciroulatlng flo~ and regions in which a 
char•testis=it flop direction ca~ he  assigned: direcred flbw re~!ons. The rocircula~ing 
flow i s  characterized as • well-stirred reactor, while The directed flo~ Is descrlhod 
using a de~ai!ed solution of ~he boundary-l~yer foz~f~he Eov~nlng e~u=~-$on. This 
is not, however, the only way in which t h e  model formularlon can be_ carried ou~. ~or 
example, • derailed ca!cula¢Ion of ~he overall oombustor flo~fleld nan be carried out, 
usin~ sin:Is overall reaction ~ode!s ~o chgraeTeriz3 the ccmbus~or h~¢ ~eleame, cud 
%he~ cou~!ed %o a detailed chemical kinetics Troatmen~ in re,ions of ¢h~ ccmhustor in 
which the flowfield solution sho~s a do.filed ¢roarcent is requi~od. I n  Thls way, • 
~dular f=.-m.ul•~ion based on ~o~on ~ = ~  Is obt=Ined. This type of modular model 
ls ~escribed by ~witbenb~nk, A. Turan, ~L~d P. G. ~elton in p•~eY No. 2 of Thls =eetlng; • 
s~J=,ilaT a~rcaeh is beinlus2d in The work outlined bor~ ¢o =s~Ist in the d~vslo~-ent 
Ot Th~ ~c~u!=r fo=~ula~ion deser i~sf l  in Refs. 36, 37, 38. 
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CLOSURE 

The i n f o r m a t i o n  be ing  genera ted  In t h i s  program p rov ides  an lmproved unders tand ing  o f  
the processes impor tan t  t o  a l t e r n a t e  fue l s  u ¢ t l t z a t l o n .  The "end item*' Is so a n a l y t i c a l  
model which a l l ows  p r e d i c t i O n  o f  f ue l  e f f e c t s  in  va r i ous  types of  con t inuous  combust ion 
dev ices ,  p a r t l c u l a r ! y  gas t u r b i n e s .  Such a development w l l l  p r o v i d e  combustor d e s l | n e r |  
w i t h  ~ t o o l  ~o deve lop  f u e l  f l e x i b l e  combust ion systems which can u t i l i z e  syn fue l s  which 
are produced w i th  minimum r e f i n i n g / u p g r a d i n g  and, hence, minimum cos t  and energy consumption 

dur ing  r e f £ n l n E .  
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The decreased hydrogen content of future fiteis will lead to increased formation of soot, 
while increased organically bound nitrogen in the fuel can result in excessive NO= emis- 
sion. Control concepts for these two problems are in conflict: prevention of soot requires 
leaner operation while control of emissions from [uel nitrogen requires fuel-rich opera- 
tion. However, recent results of two DOE research programs point to both processes ha~- 
ing a major dependence on "hydrocarbon breakthrough." Control of both fuel nitrogen 
conversion and soot form. orion can be achieved by primary zone operation at equivalence 
ratios just below that for hydrocarbon breakthrough. This paper reviews the evidence for 
the importance of hydrasarbon breakthrough, explains our eurrent understanding of why 
hydrasarbon breakthrough is important, and offers suggestions of how these results might 
be applied. 

Intrcduct~o:n 
Wit~ ~cre~ed empha~ on the u~ilization of U.S. energ.v r~ourc~ 

for nation~ selS-:e[iance, aIternative (synthetic) fuels are expected 
tc play a ma~or r,.~l~ in future energy developments. Future electric 
power ~cneraSon ~ t h  combined cycle gas tu rbh~  can make a major 
contribution to national energy, goals R'th~e systems could be made 
to accept symthe~c liquid f~e~ ha~zmg minimum up~'ading [1--3]. 
Development of ~uch fuel-flexible g~ tuthines will enco~age the 
utiA.ization ofsy~etic fuels as they enter the market-place, have major 
impact on future conservation of petroleum supplies, and reduce the 
ccs~ of power production. 

Ch~c t~s f i c s  cf the basic feedstocks from which future liquid 
fuels for gas turbines will be made are significantly different from 
typ~c~ petzole~m~ pro~rties. Liquid synfueis, ~-pec~_y those desired 
from coal, are likely to be mere aromatic and have low hydrogen 
content. In the combustion system, these che_~ctez~-t-~cs can be ex- 
pected to promote the formation of soot. This can result in decreased 
eomb~tor life due to enhanced flame radgatien, inczeased smoke or 
visibility, of the exhanst plume, increased emission of particulate 
material, and increased deposit forming tendency. Consequently, it 
is imitative th~ the precis of ~ot formation ~ the com~astlon 
system be controlled. 

A_nether s]~n~/cent difference between c~nventional petroleum 
and eynthetie fi~els is nitrogen content. Originally-bound nilzegen 
is effectively c~nverted t~ NOx ~ in conventional combustion systems. 
NO~ is ~iso formed thermally by fixation of N2 and O~ from the air 
wbAch p~rt~c~pste~ in the ecmbu.~ticn l~rccess hut, for high n~trogen 
fuels such ~s sbmthefics with minkmum upgrad~z~, the NO= due to fuel 
n~tr, cgec is m~. ly  the dominant contribution. While ~ g  sta- 
tionary ~ turbine etendarch make some allowance for fuel NO= 

NO~ is the g~neml symkd welch reDrasents the sum of NO emd NO~ emls- 
Sion ~r~)I::I a ~cl ~tI~c3. 
Ccn~buted by tl:e Gas Tt~ne Div~en for presentation at the Gss ~hn~ne 

Confer=nc~ ~m d Product~ Show, New Orleans, I.~, IC,.~e.h 10--13,19go0 of Ti-:E 
AME~CAN S ~ "  oF I~.CI-=ANICAL ENGI2¢r~--~. ~_uusc~pt retired at 
A S ~  Headquarters Decsm~er 13, ].979. P~er No. ~0-GT-96. 

Cople~ wi9 be ~v~Jls hle until November 19~0. 

contributions [4], conventional comhustors would not he ean,~hle of 
meeting the limitetiom if l ~ h  nitrogen synthetic fuels me emuloy~L 
The extent of fuel nltzogen convemion to NO= must he z~duced. 

It  is welI known ttmt soot production is reduc£<t by opemt~g 
comhns~on systems leaner (fie., with more excess air) in the scot 
formation zone. In pramixed systems or other processes not s~m~.~- 
cantlyinfluenced by droplet b u m ~ ,  the equ~valenes ratio 2 at w~ch 
soot be=~ns to form is greater than 1.0. Since the gas turbine eom- 
bnstien system operates with alow overall equivalence ratio (~b ~ 0.3) 
it would seem that soot-fi.e operation is routinely achievable. Un- 
fortunately, stabMzatien 5f the combustion process r e q u ~  a!mrtion 
of the combnster, the p z i n ~  zone; to he operated st stoicMometr/c 
or fuel rich mixture ratic~ Further, reduction of R~In~tr~en-to-NO~ 
conversion requires fuel-rich operation (i.e., ¢ > 10) in the ~ stage 
of the combustion p'm~-~. Com%~quently, a worldng knowL~Ige of the 
intarrelationsMps betwee~ the soot formation and fuel n/trogen 
conversion procee~es dur/ng fuel-rich operation is v~tel to the devel- 
opment 9 f future combustion systems copabh of utilizing the lower 
hydrogen, Mgher nitrogen fuels of the futuze. 

This paver pr~ents reeearch results of two o r g ~ t i o n s  oon- 
ductin~ ~ndependent programs for the U.S. Dep~'tment of Energy 
which together pzovlde important practical insight into the interre- 
lationships between the scot formation and fuel nltm~.n conversion 
problems. It has been found that both p r o c e ~  have a major de- 
pendence on the pr~-ence of h~lroc~hens in the c o m b ~  prooss~ 
The sooting limit oo=esponds to mixture conditions at which hy- 
droeszhons ~ e  fn'st observed in the ~ s t~e  combustion products 
(the hydr~mThen b~ugh point) and the minimum fuelnitr%~.n 
conversion to NO= occurs at the highest ftml-aiz mtlo prior to the 
hydzoosxhen bees_k-through point. Stmtegice to prevent both sect 
formatibn and fuel ultrogen conversion should account for thase Wn_ 
portent phenomena and control concepts might be based on ~ in- 
formation. 

2 Eq~v~ence m~o, ¢, is the ~ fuel-air ~mtio divkled by the st~ichic-- 
me~dcflly correct fuel.ah'mt~o. Veluzs le~ than one eo=mpond to les_u oF.ez- 
st/on while values gr'~teh than one ind/~te f-uel~ch opemt~er. 

Discussion on'this paper will be accepted at ASME Headquarters until May 5, 1980 
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Fig. l ( a )  Fraction of luet carbon converted to each exhaust product Ior 
ethylene-air combustion [19] 

The balance of this paper is organized into three major sections. 
The first addresses current evidence that  hydrocarbon breakthrough 
is critical to the soot formation and fuel nitrogen conversion processes. 
In general, the background work on soot formation was performed 
at Exxon Research while the fuel nitrogen conversion results were 
obtained at MIT. The second major section provides our current 
understanding of why hydrocarbon breakthrough is important  to 
these processes. The third provides some insight on how these results 
might be applied in a gas turbine system. Use of the information could 
take the form of guidance for design, explanation of available results. 
or development of control concepts. 

E v i d e n c e  o f  H y d r o c a r b o n  I m p o r t a n c e  
Soot Fo rma t ion .  While both carbon formation and carbon con- 

sumptior~ processes occur in continuous combustion systems, the 
latter are very much slower. The opt imum approach for preventing 
hardware distress and avoiding serious environmental consequences 
is to develop combustion systems which avoid carbon formation while 
satisfying other system requirements (efficiency, gaseous emissions, 
hardware reliability, etc.I. 

The predominance of fundamental  research activity has involved 
laminar premixed flames. Street and Thomas '  work published in 1955 
is extremely thorough in experimental detail and breadth of hydro- 
carbons examined [5]; it has become the classic paper in the field. 
Other publications are references [6-17]. Equilibrium calculations 
indicate that  soot should not be present at fuel.air mixture conditions 
where the oxygen-to-carbon atomic ratio (O/C) is greater than one. 
Tha t  is, the general chemicaI equation: 

X 

CxHy + ~O~z ~ xCO + Y_2 H2 (1) 

should define a soot formation threshold. However, all experimental 
results have shown soot formation at  O/C substantially in excess of 
unity, thus  proving that  the process is kinetically controlled. 

The most  relevant work to the present  in teres t - -soot  formation 
in gas turbine sys t ems- -has  been recently conducted using a 
highly-backmixed, experimental combustor [18-20]. As noted above, 
most previous soot formation research had employed laminar pre- 
mixed flames. The laminar aerodynamic situation is very different 
than that  in the soot-forming region of continuous combustion devices 
like the gas turbine where combustion products are usually backmixed 
with incoming fuel and air in a strong, highly-turbulent recirculation 
zone. Therefore, soot formation experiments  conducted in a highly- 
backmixed combustion environment are the most  relevant here. 

The  highly backmixed combustion studies of soot formation have 
been conducted using the Jet Stirred Combustor. The device used was 
a modification of the Long'well-Weiss reactor [21] with hemispherical 
geometry. The reaction zone was 5.08 cm in diameter and had 25 radial 
exhaust ports of 3.2 mm dia. Combustion experiments were conducted 
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Fig. l (b )  Fraction of fuel carbon converted to each exhaust product lo¢ 
toluene-air combustion (air mass flow = 112..5 gm/min, inlet tempefafure = 
3oo °c )  {'m] 

at atmospheric pressure with a range of residence times of 0.6 to 4 ms. 
Fuel and air were metered separately, preheated to the desired inlet 
temperature prior to injection (liquid fuels are prevaporized), and 
injected into the reactor zone through forty small holes or sonic jets 
which stir the reactor contents and produce a mixture of essentially 
uniform temperature and composition. Measured quantities included 
gaseous species concentrations (CO, CO2, T H C  "~, O2), the incipient 
soot equivalence ratio, and soot production (mg/1). A complete de- 
scription of the experiment can be found in references [18-20]. 

The previously reported Jet  Stirred Combustor  results [18-201 
included an evaluation of the fuel-rich combustion and soot formation 
characteristics of a number  of pure hydrocarbons. Groups of the hy- 
drocarbons tested were found to behave similarly and three categories 
of hydrocarbons were defined The groupings were as follows: 

Group 1 Group 2 Group 3 

Ethylene Toluene 1 -methyl-naphthalene 
Hexane O-xylene 
Cyclohexanc M-xylene 
N-octane P-xylene 
Iso-octane Cumene 
1-octene Tetralin 
Cycle-octane Dicyclopentadiene 
Decalin 

The flint group produced large amounts of exhaust  hydrocarbons (i.e.. 
many percent based on equivalent flame ionization detector response 
to methane} without sooting and in no case was significant (i.e., 
measurable at the mg/l level) soot observed. 

The second group produced measurable soot. For these fuels, the 
leanest mixture ratio at which soot is observed (the incipient soot 
limit} was found to correspond to the conditions at which significant 
concentrations of exhaust  hydrocarbons were first detected (hydro- 
carbon breakthrough}. In these cases, the measured hydrocarbon 
concentration was less than one percent at the incipient limit. Figure 
1 compares the behavior of ethylene (from Group 1) and toluene (from 
Group 2}. The  illustration presents the portions of fuel carbon con- 
verted to CO, CO2 and THC. Hydrocarbon concentrations are very 
significant at and even below the incipient soot limit in the case of 
ethylene combustion, but for toluene the soot limit corresponds to 
the hydrocarbon breakthrough equivalence ratio. 

Another commonality in the second group is that  the incipient soot 
limit of these fuels was about 1.4 and the amount  of soot produced as 
fuel-air mixture ratio was increased beyond the incipient sooting limit 
was similar (within a factor of two} for all fuels in this group. 1- 
methyl-naphthalene was significantly different in this respect pro- 
ducing much higher soot quantities than those in the second category 

3 THC = Total hydrocarbons present in the exhaust products; expressed in 
volumetric concentration as if their composition was entirely methane. 

T r a n s a c t i o n s  o f  t h e  A S M E  
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and havin~_ an ever~ lower ~oot formation equivalence ratio (see Fig. 
2) C~msequently, tb~s double-ring aromatic represents a third cate- 
go~  oF hydrocarbon soot forming characteristic. 

Blends of iso~:~c~ane and toluene were tested to determine the be- 
havior of a two-component mixture with Group 1 and Group 2 hy- 
d m c a r b n ~  Resuh:s are shown in Fig. 3. Mixtures ~4th 50 or more 
percent toluene produced soot while a 25 percent toluene blend did 
~ ,x  Clearly, t0r the mixtures which did soot, increases in the volume 
percent tulueue re~ult in incre~ed soot production at all equivalence 
r a t i o s .  

It ~a~ also:, determined that with less toluene in the  blend, the 
concemration of hydrocarbons at the incipient limit tended to be low 
for the highly sooting blends hut increased sharply for those blends 
which d~d not soot (see Table IL For example, with 50 percent toluene, 
the hydrocarbon concentration was 2.4 percent at the incipient soot 
limit while ~ith 100 percent toluene this value was 0.2 percent. These 
re~ult.~ indicate a combination of Group i and 2 behaviors and imply 
that a corabinatio~ of the analytical descriptions for toluene and 
i~,, octane might be a reasonable approach for prediction of the 
shot i n_~ characteristics of such fuel blends. 

Tak,m to,ether,  these results allow us to develop the  following 
c,~nclusions concerning soot formation in gas turbines utilizing syn- 
thetic Iiqu[d~: 

• Future synfuels having low H-content due to high eoncentra- 
t ions of single ring (Group 2) and double ring (Group 3) aromatics are 
capnb]e of pr~ducin,z substa~ti~ quantities of soot. 

• The amount of soot produced wilt be reIated to the amount of 

Journa! of Engineering for Power 

FUEL COMPOSITION = CH 1 . 7  

TEMPERATURE = 2000 K 

XNO x = XNO 2 + XNO + XHN 0 + XHN02 

~c XNH i = x N + XNH + XNH2 + XNH 3 

~XcN =XcN + XHcN + XHNco + XNco + 2XC2N2 + 2XcN2 + Xc2 N 

= ~  XNO x+ ~XNH I+ ~XcN 

0 = i i = = i # l t 

-2 - /:~XNox 
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Fig. 4 Equii~flum fixed nlimgen species mole fractions as a funciion of fuel 
equivalence ratio. Fuel composition = CH1.7, T = 2000 K [22] 

Table 1 Combustion product hydrocarbon concentra- 
tions in jet stirred combustor experiments 

At Incipient At Blow-out 
Soot Limit Point  

¢ % HC @ % HC 

100% Toluene 1.39 0.2 - - 
87.5% Toluene/ 1.41 0.15 - - 

12.5% Isooctane 
75% Toluene/ 1.40 1.21 - - 

25% Isooctane 
62.5% Toluene/ 1.49 0.82 - -  - - 

37.5% Isooctane 
50% Toluene/ 1.5 2.4 - - 

50% Isooctane 
25% Toluene/ - - 1.61 7.12 

75% Isooctane 
10% Toluene/ - - 1.51 7.0 

90% Isooctane 

Group 2 and (especially) Group 3 compounds present  in the fuel. 
• Most importantly, in the case of highly aromatic fuels, the scot 

limit will correspond to the equivalence ratio at which hydrocarbons 
become a significant (~1 percent) combustion product. 

As stated in the introductory section, the prevention of significant 
soot production should be accomplished in a combustion process 
which also minimizes fuel nitrogen conversion. The following sub- 
section presents the evidence of the important  influence of hydro- 
carbon breakthrough on this other  process. 

Fue l  N i t r o g e n  Conversion.  I t  is weU recognized that  the pro- 
duction of  nitric oxide by the  combustion of fuels containing organi- 
cally bound nitrogen can be suppressed by operating the first stage 
of the combustor fuel rich. The questions of what is the maximum 
attainable reduction in bound nitrogen conversion and what is the  
optimum fimt-stage equivalence ratio needed to achieve the ma.ximum 
reduction are closely related to the presence of hydrocarbon species 
during the combustion process, that  is, hydrocarbon breakthrough. 

Consideration of the effect of increasing equivalence ratio on the 
equilibrium concentration of  bound nitrogen species provides a 
measure of the constraints on the use of a staged combnsion process 
to reduce NOx emissions [22]. Representative calculations summa- 
rized in Fig. 4 for a flame temperature of 2000K and afueI  with an 
atomic hydrogen/carbon ratio of 1.7 show that  increasing equivalence 
ratio decreases the concentration of nitrogen oxides (Z XN0=) but 
increases that  of °minas (Z XNHI) and cyanides (XcN). I t  is vital to 
design the first stage of the combustion process to minimize amines 
and cyanides as well as NOx because, if formed, these species will al- 
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most completely c,nvert  to NOt in the fuel lean second stage. The 
emission of total fixed or bound nitrogen (?2 XNO. + ~ XNH, + 
XcnI  passe~ through a minimum at a ~ of about 2.4. 

The equilibrium concentration of bound nitrogen species at the 
minimum (slightly more than I ppm) is, however, not attained in 
practice. The factors which prevent the at tainment of the equilibrium 
concentration are: (1) the relatively slow rate at which fuel nitrogen 
species are converted to the thermodynamically-stable and envi- 
ronmentally-preferred molecular nitrogen, (2) the interaction of hy- 
drocarbon species with nitric uxide at higher equivalence ratios to 
form HCN which reacts even more slowly to Nz, thus providing an 
upper bound on the ~ which can be used in practice, and (3) mixing 
constraints. Selecte~d results from the program at MIT showing the 
importance of these three factors are presented below. 

The kinetic constraints can be inferred from time-resolved mea- 
surement of HCN, NH3, and NO obtained in the combustion products 
of a laminar flat flame of ethylene doped with ammonia  (Fig. 5(a)) 
and the spray combustion of kerosene doped with pyridine (Fig. 5(b)). 
Several points need to be made. First, al though the fuel nitrogen in 
the premixed flame was added to the flame as NH3, most of the bound 
nitrogen at the first sampling point was in the form of HCN. It is only 
after the hydrocarbons decay that  the ammonia  concentration, that  
NH3 to be found in the combustion products,  begins to increase. 
Secondly, the rate of decay of the HCN and NO in the post flame gases 
shows the very slow rate of approach towards equilibrium. Finally, 
the behavior of the products of combustion for the pyridine-doped 
kerosene flame is qualitatively similar to that  of the ethylene/NH3 
system, but  the time frame is stretched due to the critical additional 
constraint of mixing in the spray flame. 

Examining the effect of equivalence ratio on bound nitrogen species 
concentrations measured in the premixed flame (Fig. 6) suggests that 
the opt imum value of ¢ is about 1.8. The  difference between the ex- 
perimentally observed ~ for min imum fixed nitrogen and that  cal- 
culated from equilibrium considerations (i.e., 1.8 versus 2.4) is at- 
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tributable to the presence of hydrocarbons beyond ¢ = 1.8 which al- 
lows substantial  retention of fixed nitrogen as HCN. At t h e s e  h i g h e r  
equivalence ratios HCN is by far the dominant  species-- the  minima 
expresses a boundary where leaner operation is characterized by NO 
dominance and richer operation results in copious HCN. When at 
= 1.8, this flame is still effective in consuming the initial fuel and no 
significant hydrocarbon concentrations are observed in the down- 
s tream portions of the flame system. 

The equivalence ratio for minimum total fixed nitrogen is reduced 
to an even lower value in the spray flame where hydrocarbons persist 
at ¢ > [.5 due to unmixedness. The  influence of hydrocarbons on t h e  
emission can be seen from the studies of reference 123] which concern 
the emissions from both kerosene and pyridine-doped kerosene 
flames. The values of HCN observed in the combustion products a r e  
plotted against the total hydrocarbon content (as measured by a flame 
ionization detector) in Fig. 7. It is clear that the levels of HCN for both 
doped and undoped fuels increased with increasing hydrocarbon 
contenL Again it was found that the optimum m for minimizing bound 
nitrogen emissions is determined by trade-offs between NO and HCN 
emissions; the opt imum ¢ is close to the point at which hydrocarbons 
breakthrough and HCN shows a corresponding sharp increase at 
equivalence ratios beyond this point. For the kerosene spray com- 
bustor t he m for min imum emission of fixed nitrogen was in the range 
of 1.5. 

T r a n s a c t i o n s  o f  t h e  A S M E  



- 7 3  - 

C u r r e n t  U n d e r s t a n d i n g  
Soot Formation. Mm~y mechanistlc models fl~r soot formation 

have been proposed and a number of references to these have been 
inclnded Generally. it i~ recognized that condensed ring aromatic 
h~drocarbons can produce s,~ot via a different mechanism than do 
aliphatic hydr,~carhon~. A simplified mechanism following Graham, 
etal [IC,,iTI isshownin Fig. 8. 

Aromatic hydrocarbons can produce soot via two mechanisms: (I} 
condensat ion of the aromatic rings into a ~aphite-like structure, or 
( 2~ breakup to small hydr.carhon fragments which then potymerize 
to f.rm larger, hydrogen.deficient m~decules which eventually nu- 
cleate and produce soot. Based on his shock tube studies of soot for- 
motion, Graham concludes that the omdensation route i~ much faster 
th;m the tragrr, entatkm/l?,-dymerization route. Further. he has pro- 
po~ed ~hat the mechanism by which an aromatic fl~rms soot changes 
~ith temperature, bel,~a 180o K the condensation path is favored 
while ab~we t his tempe ral:ure t he fragmental ion/polymerization nmte 
is I, ,llowed 

While the aliphafie s~Jot fl)rmation process also involves complex 
reactions of the polynuc[ear species [I5], these influences are far less 
dominm,a than for the aromatics. Acc.rdingly, this simple model 
shows aliphatics producing soot predominantly through the slower 
fra~mentat ion/polymerlzat ion mechanism. As a result, these hydro- 
carbons do not form the quantities of s.~t produced by the aromatics. 
I~deed. during the fuel-rich eomtmstion era fuel blend composed of 
aromntics and al;phatics, the aromatic hydrocarbons would produce 
the may}r p,,rtion of soot. Combustion of the aliphatic portions of the 
fi~d influence temperature and hydrocarb~m fragment concentration 
hm soot f.rmation via tra'~mentatien/pob"merization is small relative 
t~l that uf aromatics. 

The experimental results are eo~istent with this model. It has been 
observed that scot t'arr~ati,,~ with Group 2 fuels commences with the 
imtial presence of hydrocarhons in the exhaust. If we assume that 
the~e breakthrough hydrocarbans maintain their aromatic character, 
I Iki~, d~e r~ :~ti~m may reflect the fast kinetics of the ring-building or 
omden~ati,,n re:?efion_;. On the other hand, the aromatic molecule 
ms5 b* an e|tective s~,~rce ,_~f C-_H2 and high concentrations ofacet- 
) I,.n,~ ,~- fuel pyr, dysis occurs may be responsible for extensive soot 
pr.du,'t~,~ Further, the result.a for bmethylnaphthalene indicate 
t h;~t ~ d,.~l~le-rit~g aromatic provides the most rapid soot formation 
,:,f t h e h~d r,~carbons stud led. This observation can also be viewed as 
,:o~sis~ el~t with either the ring building ~4ew (i.e., the first ring-joining 
h.~ alr~.dy occurred} or the polymerization mechanism (i.e., even 
h i~her am.unto of C2H~ present in the pyrolysis zone). 

Fuet Nitrogen Conversion. Theimportaneeofthereactionsof 
NO ;~cl h>drocarhon~ t,-, tbrm HCN ha~ Iong been recognized [24-26]. 
Tw,, ,,~ th~ reactions cited for HCN formation from NO are 

CH:j + NO ~ HCN + H20 (3) 

CH + NO ~ H C N + O H  

Th.~e radical fra~ment~ MII be present during the pyrolysis of most 
hydrocarbons a~d the NO-hydroearhon reaction is therefore expected 
t,, be less sensitive to hydrocarbon type than soot formation. More 
d;~ta are needed to establish the extent to which NO-hydrocarbon 
react io, n may be affected by the fuel type. 

The conclusions regarding the importance of THC concentrations 
previously dra~-a ~re reinforced by these mechanistic considerations 
and t h~ message to t he eombustor designer continues to be to operate 
a c,,mbust,_,r at eor.ditions that minimize hydrocarbons breaking 
through with the corabust[on products, i.e., minimize the reactants 
responsible for Soot and HCN formation. 

App l i ca t i on  of  F i n d i n g s  
THC Impo~t-.~nce. Acceptable gas turhine combustion perfor- 

m ;~ nee u,i~g tow hydrogen, high nitrogen content fuels will require 
a fue!~ rich fla'~t stag_~ which promotes conversion of fueI N to N2 while 
p revealing excessive soot formation. This paper proposes that the first 
stage be thought of as a well-stirred reactor--a zone which is suffi- 
ciently mixed to be nearly homogeneous in temperature and compo- 

._Condensation ~ ~ Fast ~ Soot 
Reactions ~ j ' 

Parent "T';" 
Aromatic '%.~2 

Hydrocarbon "x'~o~ 

"°°'s$~.x~ " CHx Slow 
C2Hx ~ Soot 

Aliphatics S C3H× 

Fig. 8 Equation (2) 

C2) 

sition. The incoming fuel-air mixture is assumed to be iustan -taneoasly 
mixed with the combustion products and the entire reaction zone is 
represented by one set of composition/temperature conditions. Soot 
and fuel nitrogen conversion in this system can he viewed as the 
products of the reaction between these components in the "well stirred 
pot" at rates determined by the existing temperature eonditkms. 

The distinction between the first stage operating as a plug flow 
reactor or as a stirred reactor is important. First, previous work has 
shown that the incipient soot fi~rmation limit in the stirred reactor 
cnnfiguration is richer than the plug flow case [27]. A further dis- 
tinction is added through consideration of fuel nitrogen conversion. 
In the plug flow case, destruction of fuel nitrogen occurs where large 
concentrations of hydrocarbon fragments are present and formation 
of HCN can be extensive; low fixed nitrogen may be achieved by al- 
lowing the system to relax back towards equilibrium. On the other 
hand, at appropriate operating conditions the stirred reactor may 
allow fuel nitrogen destruction to occur at low hydrocarbon concen- 
trations and the initial formation of HCN may be limited. 

Soot ~ill form in this well-stirred combustion zone if the initial fuel 
contains a substantial amount of singIe or double-ring aromatics and 
if the zone is operated in a manner which allows a significant con- 
centration of hydrocarbons (unburned fuel fragments) to be present. 
Fuel nitrogen is minimized by operating the reaction zone as rich as 
possible without the presence of hydrocarbons. More oxidizing con- 
ditions allow the conversion of fuel N to N0x to be more effective and 
the presence of hydrocarbons at richer operating conditions allows 
the formation of HCN in the first stage which will subsequently be 
oxidized to N0x in the second, fueMean stage of the combustor. 
Consequently, these results imply that minimization of both NOx and 
soot in gas turbines utilizing future fuels wiI1 require a staged com- 
bustion process designed for the richest possible operation without 
substantial hydrocarbon breakthrough. It is recommended that 
combustor des i re r s  utilize this information by analyzing THC 
concentrations within the fuel-rich first stage during combustor de- 
velopment testing. 

The ability to operate fuel rich without soot formation is also in- 
fluenced by the type of fuel being combusted (i.e., composition in 
terms of Group I, 2, or 3). Lesser quantities of single-ring and dou- 
ble-ring compounds in the fuel will increase the incipient sooting 0 
and allow the THC concentration at the limit to increase. However, 
fuel nitrogen conversion is not likely to be as sensitive to fuel type--  
ffLxation of fueI nitrogen as HCN will coincide with the TttC break- 
through regardless of the type of hydrocarbons present in the fuel. 
Consequently, the ms.ximum operating equivalence ratio for fuels with 
a predominance of Group I hydrocarbons may be dictated more by" 
considerations of fuel nitrogen conversion than soot formation. 

A point which should he emphasized is that the JSC experiments 
on which these conclusions are based involves a premixed prevapor- 
ized ~stem. The presence of fuel droplets in the first stage would be 
expected to seriously influence the results. Successful operation will 
require the pockets of fuel-rich mixture resulting from droplets in the 
first stage be avoided--otherwise the consequence of hydrocarbon 
breakthrough (soot formation and fixation of fuel nitrogen} ~qil occur 
locally. Fuel injection, droplet-air mixing, and droplet vaporization 
must be accomplished in a manner which allows homogeneous con- 

Journal  of Eng inesr ing  for Power  
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ditions approaching homogeneity to be achieved on a micro-scale 
within the first stage. 

Finally, the second stage combustion process is also critical for 
achieving low levels of NO, emission. Large quantities of thermal NOx 
emission. Large quantities of thermal NO, can be produced if the 
mixing process is too slow and allows regions of near-stoichiometric, 
high temperature reaction. 

Control  by THC or Radiat ive  Characteris t ics .  One important 
concern in the design of low NO~ combustion systems is the impact 
of load variation on operating characteristics. For example, a reduc- 
tion in load causes a decrease in fuel-air ratio requirements and per- 
haps combustor inlet temperature. These changes can cause the 
system to operate in a manner substantially off the optimum oper- 
ating point unless adjustment~ are made to key combustion param- 

eters. 
The evidence that THC is a critical indicator of optimum operation 

suggests that measurement of this parameter might be used to control 
conditions in the first stage. One can envision a flame ionization de- 
tector which monitors first stage gas composition to provide a signal 
proportional to first stage THC. This, in turn, could control air sup- 
plied to the first stage in a manner which assures optimum operation. 
In essence, this control scheme would attempt to have the combustor 
always operating at the "knee" of the THC versus equivalence ratio 
characteristic. 

Alternative methods of monitoring THC which do not involve ex- 
traction of a physical sample might also be employed. Luminosity is 
a measure of soot formation but is more indicative of Group 2 and 
Group 3 hydrocarbon breakthrough than Group 1. It is therefore ex- 
pected to be a useful measure of when THC breakthrough occurs but 
could overlook situations in which fuels with a low sooting potential 
are utilized. Alternatively, a spectroscopic analysis of flame,emission 
or adsorption in a spectral region characteristic of hydrocarbons could 
be employed as the control signal. 

Establishing the best method of sensing hydrocarbon breakthrough 
and controlling key combustor variables will require additional re- 
search and development. The appropriate THC concentration to use 
as a set point is not known and the ability to design first stage zones 
with controllable flows must be developed. 

C o n c l u s i o n  
The effective use of future synthetic fuels in gas turbines will re- 

quire the development of two-stage combustion systems which min- 
imize both soot formation and the conversion of fuel-bound nitrogen 
to NO~. Recent results show that incipient sooting limits for highly 
aromatic fuels correspond to mixture conditions at which hydrocar- 
bons are first observed in the combustion products (the hydrocarbon 
breakthrough point) and that minimization of fuel nitrogen conver- 
sion requires operating at the highest fuel-air ratio prior to the hy- 
drocarbon breakthrough point. This paper concludes that the first 
stage of an advanced combustion system should be operated as a fuel 
rich stirred reactor. The design of such a system must insure that 
hydrocarbons are not present in substantial quantities in the first 
stage and measurements of first stage THC could be an important 
part of future combustor development programs. This paper also 
concludes that some form of THC measurement (physical probe, 
emission, absorption, or luminosity) might be employed as an effective 
control to maintain optimum combustor performance over the entire 
range of engine operation. 
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Dependence of Soot Production 
on Fuel Blend Characteristics 
and Combustion Conditions 

W. S. BLAZOWSKI 

ABSTRACT 

Liquid synthetic fuels derived from non-petroleum 
resources will play a major role in meeting future 
national energy demands. In the case of gas turbine 
applications, it is known that the different proper- 
ties of these fuels can result in substantially 
altered combustion performance. Most importantly, 
decreased fuel hydrogen content resulting from an in- 
creased aromatic content has been observed to result 
in increased exhaust smoke and particulates as well 
as greater flame luminosity. This paper contributes 
empirical information and insight which allows the 
greater soot formation tendencies of low hydrogen 
content fuels to be better understood. A small scale 
laboratory device which simulates the strongly back- 
mixed conditions present in the primary zone of a gas 
turbine combustor is utilized. The Jet Stirred Com- 
bustor provides for very rapid mixing between a pre- 
mixture of vaporized fuel and air and the combustion 
products within a 5.08 cm diameter hemispherical 
reactor. Results to be presented are gaseous combus- 
tion product distributions, incipient soot limits, 
and soot production (mg/~) for a variety of fuels. 
The influences of combustor inlet temperature and 
reactor mass loading have been evaluated and the soot- 
ing characteristics of fuel blends have been studied. 
These results have been analyzed to develop useful 
correlations which are in general agreement with 
existing mechanistic concepts of the soot formatfon 
process. 

INTRODUCYION 

Characteristics of the basic feedstocks from 
which the future liquid fuels will be made are sig- 
nificantly different from typical petroleum properties. 

Liquid synfuels, especially those derived from coal, 
are likely to be more aromatic and have significantly 
decreased hydrogen content. In the case of gas tur- 
bines these characteristics can be expected to result 
in increased soot formation, increased flame radiation 
(which can affect the integrity of oombustor hardware), 
and increased deposit forming tendency, possibly 
resulting in plugging and fouling of equipment. 
Another significant difference between conventional 
petroleum and synthetic crudes is nitrogen content. 
Depending on the extent of refining performed, in- 
creased NO x emission from fuel bound nitrogen may also 
be a problem. Finally, as a result of the generally 
lower volatility of synthetic crudes, synfuels might 
be expected to be less volatile than petroleum-derived 
fuels thereby causing problems associated with fuel 
evaporation or droplet burning. 

In his plenary session paper "Synthetic Fuels and 
Combustion" at the 16th International Combustion 
Symposium, J. P. Longwell discussed the rationale for 
the utilization of synthetic liquid fuels without 
extensive refining (i). The incentives for following 
this route were shown to be very significant from the 
standpoints of energy conservation and cost. For 
combustion engineers and researchers, the task at hand 
is one of evaluating the impact of changes in fuel 
character and defining the range of fuel characteris- 
tics within which the system can operate. With this 
expanded insight, new fuel-flexible designs might be 
developed which allow operation with minimum cost and 

energy consumption. 
The U.S. Air Force has initiated one such program 

for defining future military aircraft fuels (2). The 
combustion effects of future fuels are to be character- 
ized along with other system factors (e.g., fuel tank 
design, pumps, handling requirements, etc.) and fuel 
processing information is to be acquired. A trade-off 
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~_na!yb[s w~L! then determine the characteristics (a 
future fucl specification) which will result in min- 
imum total operating cost and adequate availability 
without significant s~crifice in safety, performance, 
or environmental impact. ~ith respect to avail- 
ability, geogrephic v~riability in the staple resource 
and in refining capability will cause combustion 
system flexibility to be an important asset. 

In th~ case of gas turbines for future electric 
power generation, the potential for combined cycle 
operation makes it imperative that technology be 
developed to allow operation on liquid s}~fuels with 
m±zi~m refining (3). Development of such fuel-flex- 
ible gas tL~rbines will encourage the utilization of 
s;~mthetic fuels a~ they enter the marketplace, have 
major impact on future conservation of petroleum 
supplies, and reduce ~he cost of power production, 

An analysis of the combustion research require- 
ments brought about bF the need for development of 
fue!-f]e×ib!e enzines (4) indicates that the problem 
of ~oot for~e[io~ reszlting from utilization of low 
hydr~ge~ content, highly-aromatic fuels should re- 
ceiv~ hieh priorit-} ~, The present paper addresses 
this need. A s~na!l-scale combustion device, the Jet 
Stirred Co~ubu~tor, has been used to study the soot 
formatioo pro,:e~s under strongly bachn~ed combustion 
cendltion~ sinilar to that occurring in the primary 
z~,~e of e ;'as turbine o~mhustor. ~[ost previous 
studies o~ ~oot formation involve laminar pre-mixed 
or diffue~t,n fly, as--aerodynamic situations far re- 
moved frer~ that occurring in the ~as turbine com- 
bustor--aHd the present results are believed to be 
~cre ~?p!i~able to gas turbine soot formation. 
~eferenct !, e~ntains an extensive listing of previous 
publieation~. 

Pre~ioubly reported Jet S~irred Combustor results 
(5) ,:oncerned the fue:l rich c~mhustion and soot 
fo~-~.~tion characteri~tics of a number of pure hydro- 
carbons. It ~e~ found that a!l hydrocarbons tested 
~i~ht be ~rouped into three categories as follows: 

Group 1 Group 2 Group 3 

Ethylene 
Hexane 

Cye!c-hexane 
N-octane 

Iso-oetane 
l-octane 

Cycle-octane 
Decalin 

Toluene 
O-:~lene 
N-~lene 
P->D~lene 
Cumene 

T,~tralin 
Dicyelopentadiene 

l-methy!-napthalene 

The first group produced large amounts of exhaust 
hydrocarbons (i.e., many percent based on equivalent 
flame ionization detector response to methane) with- 
out sooting ~d in no ease was significant (i.e., 
measurable in te_~ms o~ mg/i) soot observed. The 
second group produced measurable soot. For these 
fuels, the leanest mixture ratio at which soot is 
observed (the incipient soot limit) was found to 
correspond to the conditions at which significant 
concentrations of exhaust hydrocarbons were first 
detected (hydrocarbon breakthrough). In these cases 
the measured hydrocarbon concentration was less than 
cue percent at the incipient limit. Another com- 
m3n~iity in the second group is that the amount of 
soot produced as fuel-air mixture ratio was increased 
beyond the incipient sooting limit was similar (with- 
in e factor of two) for all the hydrocarbons. 
l-m~thyl-napthalene was significantly different in 
this respect producing much higher soot quantities 
then those in the second category. 

The purpose of this paper is to present addition- 
al experimental results which concern soot formation 
characteristics of fuel blends and the impact of oper- 
ating conditions on soot formation. The fuel blend 
evaluation considered a two-component mixture composed 
of a Group i and a Group 2 hydrocarbon. Operating 
characteristics which were evaluated included reactor 
mass loading (mass flow into the reactor) and inlet 
temperature. Information presented below is orgadized 
into four further sections. Section I! concerns the 
experimental system, Section I!I presents results, 
Section IV discusses the ~xperimental findings, and 
Section V is a summary. 

EXPERIMENTAL 

The ~xperimental program reported here focused on 
study of fuel-rich combustion and soot formation pro- 
cesses using the Jet-Stirred Combustor (JSC). This 
device is a modification of the Longwell-Weiss reactor 
(6) with hemispherical geometry. The JSC has been 
used extensively in fluid mechanic and combustion 
modeling because combustion rates are limited by chem- 
icalkinetics as opposed to transport effects. A key 
advantage of the JSC for the present program is that 
the strongly hac%~nixed nature of this combustion process 
provides a simulation of the recirculating character- 
istics of the gas turbine primary zone. It is in this 
zone where m~=ture conditions are sufficiently rich to 
produce soot. Consequently, the JSC allows study of 
soot formation in an aerodynamic situation relevant 
to gas turbine systems. Another advantage of the 
stirred combustor is that the reactor is homogeneous 
in species concentration as well as temperature; each 
operating condition is characterized by a singl______~ese__~t 
of temperature and concentration data rather than 
profiles of these parameters. This simplifies the 
tasks of obtaining and intepreting data. 

The reactor (Figure i) consists of an outer shell 
of tastable refractory shaped as two halves of a 
sphere, 15.2 cm in diameter. Materials used in fabri- 
cating these reactors are Super Castable 3200, Fracto- 
crete 3400, or Castable 141/I, all products of Combus- 
tion Engineering Refractories, The upper hemisphere 
is solid with the exception of the hole through which 
the reactants are brought to the imjector. The lower 
portion is hollowed out to a hemispherical reaction 
zone of 5.08 cm diameter and has twenty-five holes of 
3.2 mmdiameter through which the burned mixture ex- 
hausts. Combustion experiments are conducted at 
atmospheric pressure with a range of residence times 
from 0.6 to 4 ms. 

FI~E1 

The Jet Stirred Combustor 

Costa~le Refractory 

In~sctor ~ C o s t a b f e  Refractory 

Thermocouple ~ ~ Hot Water-Cooled Probe 
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Fuel and air are metered separately through cal- 
ibrated rotameters, preheated to the desired inlet 
temperature and then mixed before entering the com- 
bustor. Air and fuel heating to temperatures of 
350 C (and fuel prevaporization in the case of 
liquids) is accomplished in an aluminum block heater. 
Separate coils for fuel and air are embedded in the 
solid aluminum block which is wrapped with elect- 
rical resistance heaters. In the case of liquid 
fuels, a small flow of N 2 is maintained through the 
fuel coil to atomize the fuel and provide for smooth 
vaporization. Atomization is achieved at the 
entrance to the heater with a Spraying Systems 
Company 1/4 JSS air atomizing nozzle. In this con- 
figuration, a central jet (0.2 mm diameter) of fuel 
is atomized by the strong shearing forces caused 
by a co-axial jet (between diameters of 1.2 and 1.6 

mm) of N 2. 
The temperature of the fuel/air stream is deter- 

mined immediately before injection. This measurement 
is input to a digital controller which provides power 
to the block heater to maintain injector inlet temp- 
erature within +I0 C of the set point. The fuel-alr 
mixture enters ~he reaction zone through an Inconel 
injector which is a hemisphere of 1.27 cm diameter 
into which are drilled forty radial ho~es of 0.5 mm 
diameter. Reactants enter the reaction zone as small 
sonic jets which stir the reactor contents and pro- 
duce a mixture of essentially uniform temperature and 
composition in a characteristic time which is very 
short compared with the average residence time. 

A probe is inserted through one of the twenty- 
five exhaust ports to extract a sample. Special care 
has been taken to prevent condensation of water or 
unburned hydrocarbons within the probe and sample 
lines, as high concentrations of these constituents 
are expected at mixture ratios of interest in this 
study. The sampling probe is hot-water (~80 C) cooled 
and has a constant-area cross section two mm in 
diameter. Sample flow is 1-2 ~/min. The gas sample 
is transferred through electrically-heated sample 
lines to a sample conditioning oven containing all 
filters, valves, and pumps. The lines and oven are 
maintained at 150 C. 

Gas analysis is accomplished with conventional 
process instrumentation. A filter within the oven 
removed particulates from the sample stream sent to 
the gas analysis instrumentation. A first gas stream 
leaving the oven is transferred through hot (~150 C), 
electrically-heated lines to a Beckman Model 402 
flame ionization detector for total hydrocarbon (THC) 
measurement. This instrument has a vast dynamic 
range allowing determination of hydrocarbon con- 
centrations ranging from the parts-per-million level 
through tens of mole percent. The hydrocarbon instru- 
ment was calibrated with a mixture containing CH 4 and 
all reported THC results are "as methane". A second 
sample gas stream leaving the oven is chilled to 
eliminate condensable water (to a dew point of about 
I0 C) and hydrocarbons prior to introduction into 
NDIR analyzers for CO and CO 2 measurements. 

The particulate sampling system uses different 
filters located within the sample-conditioning oven. 
Two 47 ram filters sealed in a stainless steel holder 
were used in "series". The first was a Millipore 
Mitex (Teflon) filter with a 5 ~m pore size; the 
second was a Gellman Type AE with a 0.3 ~m pore size. 
The Teflon filter was found to be necessary to prevent 
the glass fiber material from sticking to the Viton 
O-Ring sealing the filter holder. Nearly all the 
soot collected was found on the first (Teflon) filter. 

The incipient soot formation equivalence ratio 
was the simplest determination of sooting character- 
istics pursued during this program. For this infor- 
mation, data are taken at increasing equivalence 
ratio I increments of 0.i until a filter deposit is 
observed. Results presented will, therefore, repre- 
sent an equivalence ratio value midway between test 
points at which soot was Observed. 

Soot production (mg soot/liter) was determined by 
a differential weighing procedure. The Teflon filters 
were not preconditioned to drive off moisture--it was 
experimentally found that this is not necessary. The 
glass-fiber filters were conditioned by overnight dry- 
ing in an oven at 150 C followed by at least four hours 
in a desiccator. The Teflon and dried glass-fiber 
filters were then pre-weighed together and stored in 
the desiccator until actual use. After soot collection 
the samples were kept in a desiccator overnight to 
drive-off moisture remaining from the combustion gases 
which had passed through. Final weighing was then per- 
formed on a Metler H20 balance. In general, I0 stand- 
ard liters of gas passed through each filter produced 
a collection of soot sufficient for weighing. A wet 
test meter was used to determine this total volume 
throughput which usually required less than ten minutes 

to accomplish. 
Under many conditions it was evident that signif- 

icant soot had deposited along the inner wall at the 
probe tip during sampling. In these cases the depos- 
ited soot was limited to a few rmm of the probe tip and 
was removed with a fine wire to be included with the 
filters in the differential weighing procedure. Under 
lightly-sooting conditions the fraction of the total 
soot determination attributed to the deposit was a 
small fraction of that on the filters. However, at 
highly-sooting conditions, the deposit weight could be 
equivalent to the filter contribution. 

RESULTS 

The previously reported results of this program 
(5) concerned detailed soot formation information for 
ethylene and toluene and the conclusion that these 
fuels behave in distinctly different ways. Data to be 
discussed below concern the dependence of sooting 
characteristics for these two fuels on reactor mass 
flow and inlet temperature. In addition, results will 
be pres~Dted which provide new information regarding 
the soot formation characteristics of fuel blends. 
Mixtures of iso-octane and toluene (from Groups I and 
2 as described in the Introduction) were evaluated as 

was a commercial Jet A fuel. 

Sooting Dependence On Operatin$ Conditions 
Ethylene was the first fuel studied under fuel- 

rich conditions at which soot may form. However, 
the amount of soot produced with ethylene is very 
small and no measurements of soot production were 
made. Experimental observations are limited to the 
incipient soot mixture ratio and the gas species con- 
centrations in the neighborhood of the incipient soot 

limit. 
The dependence of the incipient soot formation 

limit on reactor inlet mixture flow rate and inlet 
temperature was determined. Figure 2 illustrates 

] Equivalence ratio, ¢, is the actual fuel-air ratio 
divided by the stoichiometrically correct fuel-air 
ratio. Values less than one correspond to lean oper- 
ation while values greater than one indicate fuel rich 

operation. 
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the dependence of the incipient soot formation limit 
on inlet mass flow rate for e~hylene-air combustion 
at an inlet temperature of 25 C. The flow rate 
effect appears to be significant with soot limit 
equivalence ratio increasing from 1.85 to 2.25 over 
th~ flow range tested (70-160 gm air/min). It can be 
po~tulated that residence time effects--particularly 

th, effect cf reduced burnedness as JSC loading is 
increased--are importan~ to ethylene's soot formation 
~roees~ in the well m~xed situation. This will be 
discussed further in Section IV. 
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FIGURE 2 

incipient Soot Limit Equivalence Ratio 
Dependence on Mass Flow for 

Ethylene-Air Comhustlcn (Inlet Temperature = 25 C) 

Oa~a pre~ented in Table 1 indicate that the 
temperature effect on the incipient soot limit is not 
measurable over the range of ethylene air combustion 
c.~nditions investigated (25-300 C). Wright (7,8) 
reported a continuous increase in incipient soot 
equivaience ratio ~ith increasing temperature in a 
JSC ~peri~ent hut considered a broader range of 
tenperatures and identified the critical O/C by ob- 
servin~ flame color. 

Table I 

incipient Soot Limit Dependence on Inlet 
Temperature for Ethylena~<ir Combustion 

(m:ir = !i0 S/rain) 

25 C 1.95 5.0 
100 C 1.85 3.2 
200 C 1.95 4.3 
300 C 1.95 3.4 

A notab!e temperature effect observed during this 
testing was that the darkness of the filter observed 
a£ the lowest sooting equivalence ratio increased 
%ith mixture inlet temperature. At 25 C the darkness 
of the soot deposi~ was very light with increased 
darhness as temperature was elevated. Another ob- 
s,~rvation was that at m~ture ratios richer than the 
soot limit the scot deposit on the filter first be- 
came darker but then lighter as the blowout mixture 
ratio was approached. 

The incipient soot limit behavior of toluene ~s 
determined as a function of inlet mass flow and inlet 
m~=ture temperature (at 200, 250, and 300 C). No 
distinct relationship between the incipient soot limit 
and these parameters was uncovered. Usin~ the same 
technique used in evaluating C2H4--leanest operation 
at which a soiled filter was observed--the limit was 
consistently found to be 1.35. 

Figure 3 illustrates the dependence of soot pro- 
duction on mixture inlet temperature for toluene-air 
m~xtures. As has been noted previously, the incipient 
soot limit was not substantially influenced by inlet 
temperature. However, these data illustrate that m~x- 
ture inlet temperature (and flame temperature) in- 
creases result in greater soot prod~&~ion at the higher 
equivalence ratios. 

FIGURE 3 

Effect of Inlet Temperature 
on Soot Production of Toluen~ 
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The influence 'of reactor loading on toluene soot 
production is shown in Figure 4. These data corres- 
pond to operation at air mass flows of 50, 80, ar~ 
112.5 gm/min and at an inlet mixture temperature of 
300 C. Note thit while the incipient soot limit was 
not significautly affected by mass flow, soot pro- 
duction was substantially less at the lower air mass 
flow condition. An explanation of this behavior and 
interpretation of the practical implications of these 
findings is reserved for the discussion section which 
follows. The results of Figure 4 also indicate that 
soot production increases very significantly as the 
mixture equivalence ratio increases. However, trans- 
lation of the data to fraction of fuel carbon as soot 
indicates that, even at the worst condition, less than 
L~ of the fuel carbon is converted to soot. 

These results for toluene and ethylene indicate 
a number of potentially important differences between 
the effects of operating conditions on the soot for- 
mation processes of the Group i and Group 2 hydro- 
carbons: 

a) Toluene soots at a much lower equivalence 
ratio (1.35) than ethylene (1.95) and the 
amount of soot formed with ~ beyond the 
incipient limit is much larger. 

b) The incipient soot limit for ethylene was 
found to vary ~ith mass flow, but this was 
not the case for toluene. 
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Results presented previously (5) provide a third 
important difference between Groups I and 2 which 
complements those above. Namely, in the case of 
Group i hydrocarbon combustion, significant amounts 
of hydrocarbons (~-8% as CH4) were present at equiv- 
alence ratios leaner than the soot limit but with the 
Group 2 hydrocarbons the incipient soot limit corres- 
ponded approximately to the equivalence ratio for the 
initial presence of hydrocarbons in the combustion 
products. 

FIGURE 4 

Dependence of Toluene Soot Production 
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Sootin, Characteristics Of Fuel Blends 

Blends of iso-octanc and toluene were tested to 
determine the behsvior of a two-components mixture 

with ]ikc-C2H 4 and like-C6H5CH 3 hydrocarbons. These 
results are sho~cn in Figure 5 and Table 2. Mixtures 
with 50 or more percent toluene produced soot while a 
251 toluene blend did not. Clearly, for the mixtures 
which did soot, increases in the volume percent 
toluene result in increased soot production at all 
equivalence ratios. It was also determined that with 
less toluene in the blend, the concentration of hydro- 
carbons at the incipient limit tended to increase. 
For example, wit}~ 50% toluene, the hydrocarbon con- 

centration was 2.4%, while with 100% toluene this value 
was 0.20fl. These results indicate a combination of 
Group 1 and 2 behaviors and imply that a combination 
of the analytical descriptions for toluene and iso- 
octane might be a reasonable approach for prediction 
of the sooting characteristi s of such fuel blends. 

A commercial aviation turbine fuel, Jet A, was 
also tested. This fuel produced soot, but in amounts 
less than the 50~ toluene/50% iso-octane blend dis- 
cussed above. Further, the incipient soot limit 
equivalence ratio was found to be greater than that 
of the 50% blend (¢ = 1.7 vs 1.5). These results 
are consistent with the previous observations in that 
the Jet A has a hydrogen content of about 13.9%, mid- 
way between the 50% toluene blend (11.9%) and the 25% 
toluene blend (14.6%) which did not soot. 

Attempts to test two coal liquids were made. 
These were both COED samples supplied by FMC of 
Princeton, New Jersey. The first was produced from 
Utah Coal while the second utilized a Western Kentucky 
coal. Both tests failed as these fuels were found to 
plug the atomizing nozzle utilized in the fuel pre- 
vaporizer. The 0.008 inch diameter fuel orifice be- 

came plugged with a gum-like substance which pre- 
vented fuel flow. 

FIGURE 5 

Soot Production vs Equivalence Ratio for 
Toluene and Toluene/Iso-Octane Blends at 300 C 
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The discussion below provides further interpret- 
ation of these results. Key items addressed are: 

• Correlation of fuel blend soot production 
results with blend overall hydrogen content 

• Assessment of soot production trends with 
exhaust product THC 

• Comparison of current results with soot for- 
marion theories. 

Hydrogen Content .Correlation 

The to]uene/iso-octane soot production data 
illustrated in Figure 5 may also be examined to eval- 
uate the effect of fuel hydrogen content, a parameter 
often reported as useful in correlating sooting char- 
acteristics. At constant equivalence ratios of 1.6 
and 1.8, an excellent correlation implying a linear 
relationship is evident (see Figure 6). Actual gas 
turbine combustor testing has also found an approx- 

imately linear relationship between fuel hydrogen 
content and soot production (9) and the result~dis- 
cussed here indicate an important similarity be~een 
sooting in the well-characterized JSC and that in an 
actual combustor. 

Another interesting implication of the Figure 6 
correlation is that the JSC might be a tool useful in 
better relating fundamental fuel characteristics to 
combustion behavior. In this context, it will be 
useful to examine the Figure 6 correlation for other 
two component blends and for three and four component 

blends. This should provide the means of combining 
semi-or quasi-global models of the soot formation 
process for various hydrocarbon types to describe a 
fuel blend (see References 3 and 4 for a description 
of this approach). For example, it may be that in 
iso-octane/l-methyl-napthalene blend will produce a 
steeper soot production/hydrocarbon content trend 
than is evident for the toluene/iso-octane blend. 
Work of this type might result in new insight regard- 

ing the ranking of the soot production potential of 
various continuous combustion system fuels. 

Trends With THC 

Throughout this paper and Reference 5 the concept 
that exhaust total hydrocarbon content is a key 
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Table 2 

Fuel Blend Screenin$ Results 

Incipie~t_Soot 
Fuel Limit (1) 

Z HC 

100S Toluene 1.39 0.20 
~7.5~ Tolue~e/!2.5~$ l~o-octane 1.41 0.15 
7~ Toluene/25S Iso-octane !.40 1.21 
62.5~ Toluene/37.5S Iso-octane 1.49 0.82 
50~ ro]uene/50>~ Iso-octane 1.50 2.4 
25~ Toluene/75>~ iso-octane 1.61 (3) 7.12 
i01 Toiuene/90~! Iso-ectane 1.51 (3) 

~T(2)@ ISL + 0.25 S T @ ISL + 0.4~ 

m_s_g_ z ~_.___~c ~ ~ ~c 

0.118 1.72 0.765 5.88 
.160 2.2 0.63 5.25 
.122 4.88 (4) 
.165 3.85 (4) 
.060 6.75 (4) 

(i~ 

(2) 

FIGURE 6 

nependenee of ~aot Production in 
~,'drozen Content of Toluene/Iso-Octane Blends 
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For screening purposes. Incipient soot limit (ISL) is condition at which Soot was first noted 
on a clean filter. 
5 T = Total soot combination of soot on filter and in probe. 
Doc~, not soot--highest equivalence ratio value obtained prior to blowout. 
Rich blo~out occurred before condition could be reached. 
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par,~meter in soot forTy, arian has been proposed. In 
eo.elyciE~ the d~ta obtained it has been found that 
u~ef~l correl~tion~ can be developed. Before present- 
orion of this information, however, iE is necessary 
to mare cl~ely e::smine the data which has been pro- 
duced very near the rich blo~out point. It will be 
concl,~d~d below that some of the data corresponded 
to ope ra t i on  beyond the rich blowout point. In these 
c~ses, th~ reactor operated sporadically with fuel 
N~ssing through uncombu~ted at times and the system 
b,-h~vin~ ~s a p~o!y~is or coker system. 

Data for which ~his situation existed have been 
identif ied by clo~ ~,:~amin~ion of the temperature 
information obtained. Close review of the results 
i~dieete that in many cases the measured and/or cal- 
culated reactor temperature is less than that of the 
therr~o~-ouple embedded furthest ~ithin the castable 
refractory. Yham is, the reactor is hotter than the 
combustion products ~nd, therefore, must be supplying 
beat me the reactants. Naturally, this is an unstable 
process= ~hieh leads to the sporadic combustion which 
,.~,=~ o~se~.~ed. Th~se data m~st be considered as not 
di~ect[~ rel~vant to the current study and have been 
discriminated a~ainst in the correlations which are 
to b~ !iscussed bel0~. 

The correlation involvin~ THC as the key par- 
,~et~r invelve~ the previously-reported results for 
toluen< ~,~ot production variation with JSC mass load- 

ing (Figure 4). It was determined that these data for 
50, 80, and 112.5 gm air/min could be correlated with 
combustion product total hydrocarbon concentration. 
These results are illustrated in Figure 7. The shaded 
data points in this graph correspond to operating con- 
ditions believed to be beyond the rich blowout point 
and are not considered in developing the correlation. 
The implication of the trend pictured in Figure 7 is 
that regardless of residence time the factor most 
important to soot production is the reactor hydro- 
carbon concentration. Consequently, reduced reactor 
mass loading (longer residence time) causes increase 
reactedness (or combustion efficiency) and the 
decrease in hydrocarbon soot precursors results iu 
less soot production. This information has the 
practical implication that soot production (and flame 
luminosity) in gas turbines can be minimized by 
reducing primary zone mass loading. 

Comparison With Theory 
Many mechanistic models for soot formation have 

been proposed (10-28). Generally, it is recognized 
that condensed ring aromatic hydrocarbons can produce 
soot via a different mechanism than do aliphatic 
hydrocarbons. A simplified mechanism follo~.~ng 
Graham, et al (18, 19) is as follows: 

O " "  Condensation .. ~ ' : ~ ' ~  Fast ~ Soot 
Reactions ~ "T" 

Parent I I  ~ ~1 
Aromatic ~,. ,~. ~"~ 
Hydrocarbon ~'~,o.,~ 

~ ~ CH× 
Slow C2H X ). Soot 

Aliphotics ~ C3Hx 

Aromatic hydrocarbons can produce soot via two 
mechanisms: a) condensation of the aromatic rings into 
a graphite-like structure, or b) breakup to small hydro- 
carbon fragments which then polymerize to form larger, 
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FIGURE 7 

Correlation of Figure 4 Soot Production 
Data with Hydrocarbon Concentration (Shaded data 
points indicate operation beyond rich blowout.) 
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hydrogen deficient molecules which eventually nucleate 
and produce soot. Based on his shock tube studies, 
Graham concludes that the condensation route is much 
faster than the fragmentation/polymerization route. 
According to this simple model, aliphatics produce 
soot via the fragmentation/polymerization mechanism 
only. As a result, these hydrocarbons do not form 
the quantities of soot produced by the aromatics. 
Indeed, during the fuel rich combustion of a fuel 
blend composed of aromatics and aliphatics, the 
aromatic hydrocarbons would produce the major quantity 
of soot. Combustion of the aliphatic portions of the 
fuel would influence temperature and hydrocarbon 
fragment concentration but soot formation via frag- 
mentation/po]ymerization would be minimal. 

The experimental results presented here are con- 
sistent with this model. As the amount of toluene in 
the toluene/iso-octane fuel blends increased, more 
soot was formed and the incipient limit equivalence 
ratio decreased with increasing percent toluene. 
Moreover, the quantity of hydrocarbons present at the 
soot limit increased as the amount of iso-octane in 
the blend increased. This implies that exhaust hydro- 
carbons produced by breakdown or pyrolysis of iso- 
octane produce soot by the slow polyTnerization route 
while the breakthrough hydrocarbons with toluene 
produce soot much more effectively by the ring con- 
densation route. Furthermore, the presence Group i 
and Group 2 behavior evident here indicates that a 
combination of the analytical descriptions for the 
two categories might be a reasonable approach for 
predictions involving fuel blends. 

In the variable air flow experiments with 
toluene (Figure 7) soot production is closely related 
to hydrocarbon presence in the exhaust. If we 

assume that these hydrocarbons maintain their aromatic 
character, this observation reflects the fast kinetics 
of the ring-building or condensation reactions, 
Unfortunately, the present results involve flame 
ionization detector measurements of total hydrocarbons 
only. Future efforts to determine the nature of these 
hydrocarbons are necessary to evaluate this important 
assumption. 

These experimental/mechanism comparisons are not 
intended to firmly estahlish the validity of any theory. 
For example, an equally suitable mechanism can be 
postulated where the aromatic pvro|ysis process sup- 
plies very large C2H 2 concentrations which then can 
result in substantial soot formation. The observ- 
ations are presented to illustrate that the results 
do complement existing simplified views of the soot 
formation process. Most importantly, the current 
results lend optimism to the simple engineering 
approach of quasi-global modeling of the soot for- 
mation process. 

SUP~IARY 

Liquid synthetic fuels of the future will be sub- 
stantially lower in hydrogen content than those cur- 
rently utilized. Optimal utilization of this resource 
will involve devising means of altering combustion 
systems to allow the use of these resources with min- 
imum processing for upgrading. This paper presents 
results concerning soot formation in a strongly back- 
mixed combustion device which is representative of gas 
turbine primary zones. 

The influences of combustor inlet temperature and 
reactor mass loading have been evaluated and the soot- 
ing characteristics of fuel blends have been studied. 
It was shown that toluene (representative of aromatic 
constituents in fuels) has an incipient soot formation 
limit which is not dependent on mass flow while that 
for ethylene (representative of the aliphatic con- 
stituents of fuel) was a functio~ of this parameter. 
Incipient sooting limits did not vary with inlet 
temperature, but soot production (at equivalence ratios 
beyond the limit) for toluene did increase with inlet 
temperature. Toluene soot production does depend on 
reactor mass loading in a manner which implies that 
minimization of soot formation within the primary zone 
of a gas turbine requires that the zone not be highly 
loaded. 

Fuel blend investigations involved study of 
toluene/iso-octane blends, Group i and Group 2 mix- 

tures; Reference 5 established the distinctly differ- 
ent sooting characteristics of these two hydrocarbon 
categories. Soot production increased and incipient 
soot limit equivalence ratio decreased with more 
toluene in the blend. A correlation between fuel 
hydrogen content and soot production was established 
and testing of a commercial Jet A proved consistent 
with these results. Collectively, these results 
strongly support the use of the Jet Stirred Combustor 
for fundamental studies of soot formation in contin- 
uous combustion sysgems. The findings also imply that 
the JSC may he a useful tool in assessing the soot 
production potential of various fuels. 

All results described here were found to be con- 
sistent with a simple soot formation mechanism. While 
these comments do not prove or confirm the validity of 
the mechanism, confidence that simple, quasl-global 
soot formation mechanisms might be developed for use 
in analytical models of combustion systems is gained 
by the agreement. 

Finally, a note of caution must be expressed. The 
present results involve a very well mixed system with 
a vapor fuel. Complications arising from droplets 
within the combustion zone and turbulence/chemistry 
coupling via unmixedness which are present in real 
systems must be taken into account. Future experiments 
in this program are oriented towards obtaining infor- 
mation to address these questions. 
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ABSTRACT 

Experimental results are described which identify the dependence 

of soot production on fuel molecular structure in strongly backmixed 

combustion. This type of aerodynamic process simuiates that occurring 

within the primary zone of many contimuous combustion devices ~e.g. the 

gas turbir.e) where fuel-air ratio conditions are sufficiently rich to 

form appreciable quantities of soot. Results to be presented are gaseous 

combustion product distributions, incipient soot l imits, and. soot production. 

These parameters have been developed for a variety of hydrocarbons which 

represent constituents of practical fuels--normal and cyclic paraffins; 

olefins, single-ring aromatics, and double-ring aromatics. Substantial 

differences in sooting behavior between the aromatic and aliphatic hydro- 

carbons have been found and important observations regarding the presence 

of unburned hydrocarbons at and near the soot l imit have been made. 
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I .  INTRODUCTION 

With increased emphasis on the uti l ization of U.S. energy resources 

for national self-reliance, coal and alternate (synthetic) fuels are expected 

to play an important role in future energy developments. This paper reports 

important experimental results obtained as part of a U.S. Department of 

Energy program to develop an improved understanding of alternate fuel effects 

in continuous combustion systems. The work is limited to investigation of 

alternate liquid fuels used in continuous combustion systems, with gas turbine 

systems receiving special attention. Future electric power generation with 

co~.~ined cycle gas turbines makes i t  highly desirable that technology be developed 

to allow operation on liquid synfuels with minimum refining (Cooper and Duncan, 

197~). Development of such fuel-f lexible gas turbines w i l l  encourage the u t i l i -  

zatio,~ of synthetic fuels as they enter the marketplace, have major impact on future 

conservation of petroleum supplies, and reduce the cost of power production. 

ThE results of this program wil l  also benefit the second important gas turbCne 

application, aircraft propulsion. In this case, the future use of lower 

hydrogen content fuels can improve avai labi l i ty (a vital consideration for 

mil i tary applications) and reduce cost (Churchill e t .a l . ,  1978). 

Characteristics of the basic feedstoaks from which the future l iqu id 

fuels wi l l  be made art significantly different from typical petroleum proper- 

ties. Liquid synfuels, especially those derived from coal~ are l i ke ly  to be 

m~re aromatic and have signif icantly decreased hydrogen content. These charac- 

teristics can be expected to result in increased soot formation, increased 

flame radiation (which can affect the integrity of combustor bare, are), and 

increased deposit forming tendency, possibly resulting in plugging and fouling 

of equipment. Another significant difference between conventional petroleum 

and synthetic crudes is nitrogen content. Depending on the extent of refining 

performed, imcr~ased NO x emission from fuel bound nitrogen may also be a 
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problem. Finally, as a result of the generally lower vo la t i l i t y  of synthetic 

crudes, snyfuels might be expected to be less volatile than petroleum-derived 

fuels thereby causing problems associated with fuel droplet burning. 

Experimental findings reported here relate to the problems associated 

with the increased sooting characteristics of lower hydrogen content non- 

petroleum liquids. This reduced hydrogen content is due to the increased 

presence of aromatic hydrocarbons which are known to be very effective soot 

producers. While both carbon formation and consumption processes occur within 

continuous combustion systems like the gas turbine, the lat ter process is very 

much slower. Therefore, prevention of the luminous flame radiation and smoke/ 

particulate emissions problems wlll require minimization of soot formation. 

I t  is well known that soot production is reduced by operating 

combustion systems leaner (i .e. with more excess alr} in the soot formation zone 

However, there are two important complications associated with the lean combustion 

approach. First, the stabil ity and ignition capabilities of the combustion 

process are compromised, an especially important consideration for a i rcraf t  

turbine applications. Secondly, control of fuel nltrogen-to-NO x conversion, 

an important consideration for future ground based turbines, requires fuel- 

rlch operation as a f i r s t  stage of the combustion process. Consequently, 

a working knowledge of  the soot formation process and the influences o f  

various hydrocarbon t.vpes ts  v t t a l  to the development o f  fu ture combustion 

systems capable of  u t i l i z i n g  the lower-hydrogen, higher ni t rogen fuels o f  

the  fu ture.  

Present results concern the impact of  fuel s t ruc ture  on the soot 

production process tn htghly backmlxed combustion. Host previous exper l -  

mental studies have been conducted using laminar premlxed and d i f fus ion  

flames. These aerodynamic si tuat ions are very d i f f e ren t  from that  found 



- 8 9  - 

- 3 -  

in the soot forming region of many continuous combustion devices, especially 

the gas turbine. In the actual hard,are, combustion products are backmixe~ 

with the incoming fuel and air in a strong recirculation zone and, therefore: 

experiments conducted in a well-stirred combustion reactor are much 

more meaningful. 

Wright (1968 and 1970) evaluated the sooting characteristics o f  

various hydrocarbons with such an experimental device. These results w~re co~ared 

with pre-mixed laminar flame data much of which was obtained by Street and 

Thomas (1955). I t  was found that the incipient soot l imi t  mixture ratios 

for various hydrocarbons in the JSC were in the same relative order as 

d~termined in pre-mix.:d laminar flames but that the incipient l imits in the 

JSC occurred at some~.;hat richer mixture conditions. This paper expands upon 

previous investigations of sooting under strongly backmixed conditions by 

presenting information which describes temperature and species concentrations 

at sooting conditions and defines cr i t ical  differences in the soot production 

characteristics of various hydrocarbons. The effects of in le t  mixture 

temperature, residence tin~, and fuel blending have also been investigated 

a,~d are the subject of a separate pager (Blazo~vski, 1979). 

The paper is organized into four further sections. A description 

of the experimental procedures employed is offered in Section I I  while 

results are presented in Section I I i .  Discussion of the results Cs included 

in Section IV and Section V provides a sun~ary. 
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I I .  EXPERIHENTAL 

The experimental program focused on study on the soot formation 

process using the Jet-Stirred Combustor (jSC). This device is a modification 

of the Longwell-Weiss reactor (Longwell and Weiss, 1955) with hemispherical 

geometry. The JSC has been used extensively in f lu id mechanic and combustion 

modeling because co~ustion rates are limited by chemical kinetics as opposed 

to transport effects. A key advantage of the ~SC for the present program is that 

the strongly backmixed nature of this con~ustion process provides a simulation 

of the recirculating characteristics of the gas turbine primary zone. I t  

is in this zone where mixture conditions are sufficiently rich to produce 

soot. Consequently, the JSC allows study of soot formation In an aerodynamic 

situation relevant to gas turbine systems. Another advantage of the st irred 

combustor is that the reactor is homogeneous in species concentration as well 

as temperature; each operating condition is characterized by a ~ set  

of temperature and concentration data rather than profiles of these para- 

meters. Thls simplifies the tasks of obtaining and Interpretatln9 the data. 

The reactor (Figure 1) consists of an outer shell o f  castable 

refractory shaped as two halves of  a sphere, 15.2 cm in diameter. Materials 

used tn fabricating these reactors are Super Castable 3Z00, Fractocrete 

3400, or Castable 141A, al l  products of  Combustion Engineering Refractor ies. 

The upper hemisphere ts solid with the exception of  the hole through which 

the reactants are brought to the in jector .  The lower portion is hollowed 

out to a hemispherical reaction zone of 5.08 cm diameter and has twenty- f ive 

holes of  3.2 mm diameter through which the burned mixture exhausts. Combus- 

t ion experiments are conducted at atmospheric pressure with a range of  

residence times from 0.6 to 4 ms. 
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FIGURE ] 

The Jet Stirred Com~ustor 
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Fuel and air are metered separately through calibrated rotameters, 

preheated to the desired inlet temperature and then mixed before entering 

the combustor. Air and fuel heating to temperatures of 350°C (and fuel 

prevaporization in the case of liquids) is accomplished in an aluminum block 

heater. Separate coils for fuel and air are embedded in the solid aluminum 

block which is wrapped with electrical resistance heaters. In the case of 

liquid fuels, a small flow of N 2 is maintained through the fuel coil to 

atomize the fuel and provide for smooth vaporization. 

The temperature of the fuel/air stream is determined immediately 

before injection. This measurement is input to a digital controller which 

provides power to the block heater to maintain injector inlet temperature 

within +IC)°C of the set point. The fuel-air mixture enters the reaction 

zone through an Inconnel injector which is a hemisphere of 1.27 cm diameter 

into which are dri l led forty radial holes of 0.5 mm diameter. Reactants enter 

the reaction zone as small sonic jets which st i r  the reactor contents and 

produce a mixture of essentially uniform temperature and composition in a 

characteristic time which is very short compared with the average residence 

time. 

The temperature within the reactor was determined with a platinum/ 

platinum-13% rodium thermocouple positioned such that the thermocouple bead 

was continuously exposed to the highly turbulent flow within the reactor. 

Six other thermocouplespositioned with the refractory material and on the out- 

side shell were used to determine condition heat loss from the OSC. 

A probe is inserted through one of the twenty-five exhaust ports 

to extract a sample. Special care has been taken to prevent condensation of 

water or unburned hydrocarbons within the probe and sample l ines, as high con- 

centrations of these constituents are expected at mixture ratios of interest 

in this study. The sampling probe is hot-water cooled and sample transfer is 

accomplished using electr ical ly heated sample lines. 
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Gas analysis is accomplished with conventional process instrumen- 

tation. A f i l t e r  within the oven removes particulates from gases passing 

to the ihstrumentation. A f i rs t  gas stream leaving the oven is transferred 

through hot (-150%), electrically-heated limes to a Beckman Model 402 

f l ~ e  ionization detector for total hydrocarbon (THC) measurement. This 

instrument has a vast dynamic range allowing determination of hydrocarbon 

concentrations ranging f r ~  the parts-per-million level through tens of 

mole percent. The hydrocarbon instrument was calibrated with a mixture 

containing CH4 and all reported THC results are "as methane". A second 

sample gas stream leaving the oven is chilled to eliminate condensable 

water (to a dew point of about 10%) and hydrocarbons prior to introduction 

into NDIR analyzers for CO and C02 measurenents. 

The particulate sampling syste~ uses different f i l te rs  located 

within the sample-conditioning oven. Two 47 mm f i l t e rs  sealed in a stain- 

less steal holder were used in  "series". The f i r s t  was a Millipore Mitex 

(Teflon) f i l t e r  with a 5 p~ pore size; the second was a Gellman Type AE 

with a 0.3 l~m pore size. The Teflon f i l t e r  was found to be necessary to 

prevent the glass fiber material from stlcki~g to the Viton O-Ring sealing 

th~ f i l t e r  holder. Nearly all the soot collected was found on the f i r s t  

(Teflon) f i l t e r .  

The incipient soot formation equivalence ratio* was the simplest 

deter,~Ination of sooting characteristics pursued during this program. For 

this information° data is taken at Increasing equlvale~ce ratio increments 

of O.l until a f i l t e r  deposit is observed. Results presented w i l l ,  therefore= 

represent an equlvalence ratio value m'Idway between test points at which 

s o o t  w~s observed. 

*Equivalence ratio, ~, is th~ actual fuel-elf ratio divided by the stoichio- 

m~tricaiiy correct fuel-air ratio. Values less than one correspond to 

lean op~ratlon while values g~eater than o~e indicate fuel r ich operation. 
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Soot production (mg soot/ l i ter) was deterF~ined by a di f ferent ia l  

weighing procedure. The Teflon f i l te rs  were not preconditioned to drive 

off  moisture--it ~'as experimentally found that this is not necessary. The 

glass-fiber f i l te rs  were conditioned by evernight drying in an oven at 

ISO°C followed by at least four hours in a desicator. The Teflon and dried 

glass-fiber f i l ter~ were then pre-weighed together and store~ in the 

desicator until actual use. After soot collection the samples were kept 

in a desicator overnight to drive-off moisture remaining from the combustion 

gases which had passed through. Final weighing was then performed on a 

Metler H20 balance. In general, lO standard l i ters  of gas passed through 

each f i l ter ,  produced a collection of soot sufficient for weighing. A wet 

test meter was used to determine this total volume throughput which usually 

required less than ten minutes to accomplish. 

Under many conditions i t  was evident that significant soot had 

deposited at the t ip of the probe during sampling. In these cases the 

deposited soot was limited to a few mm of the probe t ip and was removed 

with a fine wire to be included with the f i l ters  in the dif ferent ial  

weighing procedure. Under lightly-sooting conditions the fraction of the 

total soot determination attributed to the deposit was a small fraction 

of that on the f i l t e r s .  However, at hlghly-sooting conditions, the deposit 

weight could be equivalent to the f i l t e r  contribution. 
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i I i .  RESULTS 

Detailed experiments were conducted to determine the soot formation 

characteristics of ethylene, a hydrocarbon thought to produce combustion 

i~fon~atio,~ r~presentative of aliphatics, and toluene= a condensed=ring 

aromatic. Substantial differences in the behavior of these two hydrocarbons 

ware noted and a number of other hydrocarbons were studied to determine 

~hather th~,y b~haved as C2H4 or as C6H5CH3. 

E th¥ien.e SootinR. Characteristics 

Ethylene was the f i r s t  fuel studied under fuel-rich conditions 

a'~ wh~ich soot may form. However, the amount of soot produced with ethyleme 

is v~ry small and no measurements of soot production $~ere lllade= Experimen- 

tal observations are liniited to the incipient soot mixture rat io  amd the 

gas species concentrations in tI~e neighborhood of the incipient soot l im i t .  

Gas species at the incipient l imi t  were determined for ethylene- 

air  mixtures at 25=C and a number of a~r mass flows. Figure 2 i l lustrates 

typical results for the incipient soot l imi t  behavior of ethyien~ a i r  

~Ixtures at an air  flo~ rate of 160 gm/min at 25°C. CO w~_s the major carbon= 

containing species and r~nalned at a concentra.tion of  about twelve ~ole 

percent fo~ all ec)uivalence ratios tested. Total hydrocarbons Increased 

signif icantly ~itb equivalence ratio but CO 2 decreased. Ox),ge~ concentra- 

tion w~.s ver.v Io~ at an equivalence ratio of 1.77 but steadily l~cre~sed 

at higher e~uivelence ratios=-an indication of poor reacted~)ess as the 

• ixture was fu~the~ enriched. 

Tb~ co~centratlons of H 2 and H20 as weli as the reactor tempera- 

t~re were calculated from these data. Inside reactor t~pe~at~re ~vas 

determined by an enthalpy balance between i~coming total e~thalpy~ outgoiBg 
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total enthalpy, conduction heat loss, and radiative heat Toss. Note that 

since the radiative heat loss is a sensitive function of reactor temperature, 

iterative calculation between the enthalpy balance and radiative fleet loss 

was necessary. The enthalpy balance required knowledge of H 2 and H20 

concentrations. Since these concentrations were not measured: they could 

be determined only with the assumption that the combustion products ere 

in partial equilibrium where the water-gas equilibrium relationship is 

obeyed. In general, i t  was found that calculated and ~easured reactor 

temperatures agreed to within 10% at all operating conditions except those 

near blowout (Blazowski et.al. 1978) 

Temperature, H 2 and H20 concentration results are shown in Figure 3. 

Temperature varies from about 1900 to 1520 K over the 1.77 to 2.27 range of 

equivalence ratio studied. Calculated hydrogen concentration increases with 

equivalence ratio to about 9.6 mole percent at ¢ = 2.27. H20 decreases from 

about 9.2 at ~ = 1.77 to 4.7 mole percent. 

Finally, i t  is of interest to examine the fraction of fuel carbon 

which is converted to each carbon-containing exhaust product, CO, C02 or 

THC. Figure 4.ii lustrates the portions of fuel carbon converted to CO: 

C02~ and total hydrocarbons for these same conditions of ethylene air  

combustion. As indicated, CO is by far the predominant species. I t  is 

important to note that THC concentrations are very significant at and 

even below the incipient soot formation l imi t  in the case of C2H4 combus- 

tion--a sharp contrast to this behavior wi l l  be descrlb~ below for toluene- 

air combustion. 

Toluene So otin~ Characteristics. 

Gas phase species concentrations at and beyond the incipient 

soot l imi t  for toluene-air combustion were obtained and are presented in 

Figure 5. These data were obtained at an inlet temperature of  300°C with 

an inlet air flo~ rate of 112.5 ~m/min. The plot i l lustrates typical gas 
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phase behavior by displaying the portions of fuel carbon converted to CO, 

CO 2, and total hydrocarbons. These data have a lower bound on equivalence 

ratio of 1.29 because below this value, reactor temperature exceeds 

refractory material limitations (about 2033~K). As with ethylene, CO is 

the predominant speci~. However, a substantial difference between these 

data and C2H 4 results was observed. Whereas with toluene incipient soot 

occurs as hydrocarbons begin to "break thru" under rich operating conditions: 

ethylene's soot l imi t  occurs at conditions where hydrocarbon concentration 

is high (a factor of 36 times that for toluene). 

Typical results for toluene soot production are shown in Figure 

6. These data correspond to operation at an air mass flow of 112.5 gm/min 

and at an inlet mixture temperature of 300%. These results indicate 

that soot production increases very significantly as the mixture equivalence 

ratio increases. However, translation of the data to fraction of fuel 

carbon or soot indicates that, even at the worst condition: less than I% 

of the fuel carbon is converted to soot. 

These results for toluene indicate a number of important 

differences between the soot formation processes of ethylene and 

toluena: 

a) Toluene soots at a much lower equivalence ratio (I.35) than 

ethylene (I.95) and the amount of soot formed with @ beyond 

the incipient l imi t  is much larger. 

b) In the case of C2H4 combustion, significant amounts of hydro- 

carbons (^3-8% as CH 4) were present at equivalence ratios 

leaner than the soot l imi t  but with toluene the incipient 

soot l imi t  corresponded approximately to the equivalence 

ratio for the in i t ia l  presence of hydrocarbons in the 

combustion products. 
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Sooting Characteristics of 
Other Hydroc.arbon Types 

The observations described above indicate a fundamental difference 

in the soot formation mechanisms for C2H4 and C6HsCH 3 under the strongly 

backmixed conditions of the Jet Stirred Combustor. These findings lend 

support to the possibility of developing useful simplified overall chemical 

kinetic models of the soot formation process (quasi-global models) based 

on hydrocarbon type. In order to further develop this concept i t  ~s 

necessary to screen a large number of other fuel types to determine 

whether they behave like C2H 4 or like C6HsCH 3 or have soot formation 

characteristics distinctly different than C2H 4 or C6HsCH 3. 

Results are summarized in Table I .  Air flow was set at I12.5 

gm/min and the fuel-air mixture entered the reactor at 300°C for these 

tests.* The f i r s t  column l ists the fuels tested. They are grouped into 

alkanes and alkenes, single-ring aromatics, and .double-ring compounds. 

Incipient soot formation l imi t  values of equivalence ratio= hydrocarbon 

concentration, and measured reaction t~perature have been l isted in the 

se.~ond column. In cases where rich blowout was achieved without observation 

of sooting, the values for the richest condition prior to blowout are 

re~orded. Attempts to evaluate n-octane at equivalence ratios _greater .th_an 

one wer~ unsuccessful. The rich blowout equivalence ratio for n-octane 

was unusually low (I.3) relative to the other alkanes tested and reactor 

temperatures at these conditions exceeded the l imits of the castable 

refractory used in the JSC. 

Table I il lustrates that the alkanes and alkenes tested behave 

l ike ethylene--significant concentrations of hydrocarbons (>1%) are present 

*%~ote that the ethylene results previously discussed were obtained at higher 
~ass flow and lower inlet temperature and this accounts for the differences 
between Table l and Figure 2. Mass flow and inlet temperature effects are 
discussed elsewhere (Blazowski, 1979). 



TABLE 1 

Pure Fuels Screening Results 

Fuel Inclplent Soot (2) Limit {l) S T @ ISL + 0.2@. S T g ISL + 0.4@. 

Measured 
¢ % HC Temperature (K) m_~ % H.._.~C ~ % H_~C 

(5) Ethyl une 2.0 3.4 1550 
Hexane 1.61 (3) g.25 1478 
Cycl o-hexane 1 ./0(3) 8.88 1426 
N-octane ~I (4) - 
Iso-octane 1.7 I) 7.5 1546 
l-Octene. 1.89(~ I 8.5 1530 
Cycl o.ocScene 1.70l 7.8 1615 

Toluence l .39 0.20 1951 O.ll8 I .72 0.765 5.88 
O-xyl ene I .31 0.37 1889 D.152 5.88 (5) 
M-xylene 1.30 0.52 1846 0.189 3.88 l~I 9.0 
P-xylene l .30 0.62 1858 0.166 4.62 
Cumene 1.40 0.65 1855 0.178 3.62 0.455 7.38 

! 

Co 

! 

! 

0 

I 

Decalln 1.61( 3 ) 7.25 1510 l~I 
Tetralin 1.31 0.62 1836 0.356 4.75 l~I 
1 -Methyl naphthalene I .21 0.3g 1905 0.926 2.5 
Dicyclopentadlene l .39 0.78 1890 0.255 3.62 1.495 7.62 

{I) Fo--r screening purposes. Incipient soot limlt (ISL) Is condition at which soot was first noticed 

on a clean filter, 
(2) S T - Total soot comblnatlon of soot on fllter and in probe, 
l~I Does not soot--highest equivalence ratio value obtained prior to blowout. 

Too hot to burn. 
(5) Rich blowout occured before condition could be reached. 
(6) Soot concentratlon very high; probe plugged before data could be taken. 
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at fuel rich conditions without soot formation. All of the single-ring 

aromatics tested were found to produce soot with incipient soot l im i t  equiva- 

lence ratios ranging from 1.3 to 1.4. Reactor temperature at the soot l im i t  

ranged from 1800-1gS0 K. As with toluene, the soot l imi t  occurs at an 

equivalence ratio when small amounts of hydrocarbons begin to appear in the 

exhaust. Hot all of the double-ring compounds produced soot. Decalin= a 

completely saturated double-ring compound, did not soot and behaved l ike  

th~ alkanes/alkenes in terms of exhaust hydrocarbon concentration. Tetral in,  

l-methyi-napthalene, and dicyclopentadiene did produce soot at equlvaie~ce 

ratios ranging from 1.21 to 1.39. 

The final two columns in Table 1 i l lustrate soot production at 

equivalence ratios above the incipient l imi t .  These same results have 

b~n il lustrated in Figure 7. One striking feature of the graph is 

th~ similari ty in the in i t ia l  slope of the plots for all of the unsaturated 

ring compounds. When the equivalence ratio is increased further, ho,~ver, 

th.~ soot production of these hydrocarbons varies substantially. I t  is 

b~!ieved that the data at highe~ equivalence ratios for each hydrocarbon 

are unreliable, as the Jet Stirred Combustor is operating very near r ich 

blowout wCth some hydrocarbon passing through entirely unlgnited at ti~es 

(sp~ratic operation is observed at the richest operating conditions). 

Consequently, t~e reactor Bay be behaving part ial ly as a high tempera~re 

pyrolysis device or coker during operation at the very highest equivalence 

ratios. Vs~, high THC concentrations at these equivalence ratios lends 

support to this explanation. 

The behavior of l-methyl-napthalene cannot be rationalized in  

t~is ma~er. I t  produces large amounts of so6t at r e la t i ve l y  lo~ equiva- 

1ante ratios and th~ reacto~ te~eratare is much higher than encountered 
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~t rich blov~out of the other hydrocarbons in Figure 7. Further~ THC at 

th~.s~ high sooting conditions was lower than that of the others implying 

that l-methyl-napthalene is an especially strong soot producing hydrocarbon. 

In sum,~ary, i t  ~.as found that all hydrocarbons tested might be 

~ro~,p~d into t~,ree categories as follo~'s: 

Hexane 
Cycio-hexane 

N-octane 
Iso-oct~ne 
i-octen~ 

Cycio-octane 
Deca!in 

Like C sHsC_~H- - 

O-xyl erie 
M-xy] ene 
P-xyl ene 
Cumene 

Tetral i n 
Di cycl open tadien~ 

l-methyl -napth al erie 

Th~ f i r s t  g~up produced large B~unts of exhaust hydrocarbons 

~itl;c~t sooting ~s did ethylene and in no case w~s signif icant soot observed. 

-Jn~ .,=.~.~= . . . .  ~ group 9~oduced soot at the mixture ratCo which corresponded to 

hydrocarbon breakthrough. In all cases the measured hydrocarbon compositio~ 

~s  less th~n ons p~rcent at the incipient l im i t .  Another c~monBlity in 

th~ seco~ g~'oup is that the amount of soot produce~ as ec#Ivalence rat io 

~.~ izcraa~d b~yon~ the incipient l imi t  w~s slmilar ( i .e  the i n i t i a l  slopes iB 

Figur~ 7) for all they hydrocarbons, l-methyl-napthalene wms signi f icant ly 

di,,=,en~ in this respect producing much higher soot quantities than those in 

t~ second category. 
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IV. DISCUSSION 

Many mechanistic models for soot formation have been proposed and 

a number of references to these have been included. Generally, i t  is 

recognized that condensed ring aromatic hydrocarbons can produce soot via 

a different mechanism than do aliphatic hydrocarbons. A simplified mechanism 

following Graham, et al (1975 and 1978) is as follows: 

Condensation ,~ 
"' ReaCtiOns " 

sl l 
Parent k i 

Aroma tic - ,--7" 
Hydrocarbo n ~C.og~, 

Aliphatics / 

Fast "- Soot 

CH x 
Sl ow ~- Soot C2H x 

C3H x 

Aromattc hydrocarbons can produce soot via two mechanisms: a) 

condensat|on of the aromatic rtngs tnto a graphite- l ike s t ructure,  or b) 

breakup to small hydrocarbon fragments which then polymertze to form larger ,  

hydrogen def ic ient  molecules which eventually nucleate and ~roduce soot. 

Based on his shock tube studies of soot fomatton,  Graham concludes that  

the condensation route is much faster than the fragmentation/polymerization 

route. Further, he has found that the mechanfsm by which an aromat|c forms 

soot changes wtth temperature; below 1800 K the condensation path ts favored 
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while above this temperature the fragmentation/polymerization route is 

fol I owed. 

According to this simple model, aliphatics produce soot via the 

fragmentation/polymerization mechanism only. As a result, these hydrocar- 

bons do not form the quantities of soot produced by the aromatics. !nde~d: 

during the fuel rich combustion of a fuel blend composed of aromatics 

and aliphatics a ta  temperature less than 1800 K: the aromatic hydrocarbons 

would produce the major portion of soot. Combustion of the al iphatic portions 

of the fuel would influence temperature and hydrocarbon fragment concentration but 

soot formation via fragmentation/polymerization would be minimal. Above 1800 K~ 

ho'~:.ver, the both aiiphatic and aromatic hydrocarbons would produce soot via the 

fragmentation/polymeri zation route. 

The experimental results are consistent with this model. I t  has 

b~n observed that soot formation with the condensed-ring aromatic fuels commences 

witF, the in i t ia l  presence of hydrocarbons in the exhaust. I f  we assume that 

these breakthrough hydrocarbons maintain their aromatic character, this obser- 

vation reflects the fast kinetics of the ring-building or condensation reactions. 

On the othe.~ hand, the aromatic molecule may be an effective source of C2H 2 

and high concentrations of acetylene as fuel pyrolysis occurs may be 

responsible for extensive soot production. Further, the results for  l-m~thyl- 

napthalene indicate that a double-ring aromatic provides the ~ s t  rapid soot 

formation of the hydrocarbons studied. This observation is also consistent with 

either the ring building view (ie. the f i r s t  ring-joining has already occured) 

or tha polymerization mechanism (ie. ewn higher a~munts of  C2N 2 ara present 

im the pyrolysis zone). 
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I t  was found that soot production with the aromatic fuels was 

more pronounced as equivalence ratio increased. This increase coincides 

with temperature decreases from an incipient soot value of 1850-1950 K. 

Graham's shock tube data would imply tha; the increase is due to a 

transition to the ring building mechanis~,. Despite the apparent consistency, 

the empirical results are not sufficient to establish such a mechanism 

change. In fact, higher C2H 2 concentrations due to greater hydrocarbon 

concentrations may be the correct explanation. Resolution of this behavior 

would require constant C/variable T data. Further experimental work of  

this nature wi l l  be given high pr ior i ty ,  as the implication that soot 

production can be reduced at higher temperature is potential ly very important. 

I f  soot production from aromatic hydrocarbons is minimized at higher temperatures, 

combustion systems might be designed to accomodate optimal conditions. 

These experimental/mechanism comparisons are not intended to 

establish the validity of any theory. The observations are presented to 

i l lustrate that the results presented do complement existing simplified views 

of the soot formation process. Most importantly, the current results lend 

support to t h e u t i l i t y  of the approach of quasi-global modeling of the soot 

formation process for various categories of hydrocarbons. 
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V. SUMNARY 

Alternate fuels derived from coal, oil shale, tar sands° or 

oth.~r non-petroleum resources ~ i l l  play a major role in meeting future 

national en.=rgy de~ends. In the case of continuous combustion systems~ i t  

is kno'~n that the different properties of these fuels can result in 

~ubsta~tially altered combustion performance, Most importantly: decreased 

fuel hydrogen content resulting from an increased aromatic content has 

been observed to result in increased exhaust smoke Bnd particulates as 

well as greater flame luminosity. 

This paper contributes empirical information and new insight which 

alio'~.~s the greater soot formation tendencies of the aromatic hydrocarbons 

to be b~.tter understood. A small-scale, one-atmosphere laboratory devCce 

which simulates the strongly backmixed conditions present in the primary 

zone of a gas turbine combustor has been uti l ized. This Jet Stirred 

C~m!~ustor provides for very rapid mixing between B premixture of vaporized 

fuel and air  and the combustion products within a 5.08 cm diameter hemis- 

p,h~)l cal raactor. 

Th~ following conclusions have been drawn from ~be curr~nt 

experimental ef for t .  

Ei~hylen~ and toluene have dist inct ly different soot forma- 

tlon characteristics in backmixed combustion. 

© The hydrocarbon concentration at and beyond the incipient 

soot l im i t  appears to be a dbminant factor influencing 

sooting characteristlcs. 
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• Other hydrocarbons may be categorized as like-C2H 4 or 

l ike-C6H5CH 3 with l-methyl-napthalene being a more 

powerful soot-producing compound. 

e Results are consistent with existing simple mechanisms 

of the soot formation process and provide encouragement 

that generating quasi-global soot formation models for 

categories of hydrocarbons may be feasible. 
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