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PHENOMENOLOGICAL MODELS OF SOOT PROCESSES IN COMBUSTION SYSTEMS
BY

Irvin Glassman
Department of Mechanical and Aerospace Enginearing
Princeton University
Princeton, New Jersey 08544

I. Objective and Introduction

A major element of this effort is to review from a fundaman-
tal point of view the complex literature and recent surge of ex-
perimental results in the field of moot formation and destruction
in flames. Many excellent comprehensive reviews of this fielgd
: exist [Palmer and Cullis (1965), Homann and Wagner (1967), Homann
.j (1970), wWagner (1978), Lawton and Weinberg (1969), Gaydon and
3 Wolfhard (1979), Schalla and Mibbard (1959)). Two other recent
reviews [Bittner and Howard (1978) and Calcote (1978)) concentrate
3 on the roles of aromatic fuels and ions in flames. No attempt
E will be made to repeat all that appears in these reviews. The
initial purpose here was to address the major experimental obser-
vations with respect to the physical and chemical variables and
then to formulate a model or models of the soot processes with the
objective that these models would serve as guideleines for con-
trol of the soot pheromena in practical devices. Although deter-
mining the effect of water on scot formation was one of the initial
motivations of the author's interest, what has developed has far
greater consequences than just explaining the role of this additive.

1. Review

To date the general consensus with regard to the complexities
i in this fi1eld has been expresssd by Bittner and Howard (1978) who
' in a brief statement in their article comment, °*A fact that has
troubled resesrchers looking for a single unafying muchanism to
explain sooct formation (although it is not likely that such a
mechanism exists) has been ...". The fact that many investigators
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simply do not believe that soot formation is a unique process for

all fuels burning in flames is succintly stated by Cullis et al.
(1973),..." that there is no single mechanism for the formation of

carbon, and it is probable that many different radicals are in- b
volved in these reactions." From a global point of view, given %
the essential C/H ratio differences of virgin soot particles and
the fact that there is a wide discrepancy in the tendency of soot B
among various fuels in diffusion flames, in the strictest sense 3
one would have to agree with Cullis, et al. (1¥73)., But theue au-
thors and others were seeking an understanding of the detailed
and precise steps which constitute the entire scot formation pro-
cess without endeavoring to analyze whether thare were controlling 3
machanisms in the various types of flames. It is rather re-

markable that, as Palmer and Callis (1965) point out, that: *"with
diffusion flames and premixed flames investigations have been

made both of the properties of the carbon formed and of the extent

of carbon formation under various conditions. In general, however,
the properties of the carbons formed in flames are remarkedly

iittle affected by the type of flame, the nature of the fuel being
burnt and the other conditions under which they are produced.

Any complete and comprehensive theory of carbon formation must, of
course, be able to account for this striking experimental funding."”
That the properties of the carbons formed are the same may be due

to the fact that, as it is now known (Homann, (1970)), the C/H

ratio of virgin soot particles decreases as the particles pass
through the hot burned gases of a combustor. It is possible, of
course, that the similarities referred to by Palmer and Cullis (1965)
come about from the later pyrolytic dehydrogenation in the combus-
tion gases., Nevertheless, the spirit of their insight is probably
correct and the conceptual approach developed here follows this
spirit that nature was not meant to be infinitely complex, that
sufficiently new experimental evidence was at hand or could be .
obtained, and that a general, comprehensive, phenomenclogical

model could be developed which could explain the soot formation pro-
cesses of various type flames using significantly different fuels. ]




The basis of this feeling was augmented by recent resuits in the

; Fuels Research Laboratory at Princeton on the pyrnlysis and oxi-

1 dation of aliphatic hydrocarbons (Dryer and Glasrman, 19723; Glassman,
g et al., 1975), aromatic oxidation (Santoro and {'~seman, L.979),

and sooting characteristics of diffusion flames (Classman, et.al,

. 1973). Thase new results and the objmctive of this effort have

f fostered new thinking with respect to soot precursor reacticns

and nucleation vhich permits more order to be put in this complex
field.

B One of the key alemonts which has intrigued investigators

in the soot field is thu rapidity with which soot particles form
i in flames (essuntially of the order of 1 msec or less). A pre~

. vailing sentiment (Homann and Wayrar, 1967) is that the precursors
to soot are acetylenic in charecter, that these acotylenics poly-
merize and go through a cyclization process to form the virgin
soot particle elaments. This mechanism relies heavily on free
radical reactions. However, as Calcote (1978) points out, there
appears tov be some difficulty in accounting for the rapid produc-
tion of soot by rcasonable froe radical reaction rates (Tanzawa

i and Gardner, 1978), some problems in oxplaining the rearrange-

f ment of CH chains to produce cyclic aromatic hydrocarbons (Cullis, R
; 1976) and some thermodynamic constraints on the growth of aro- F
matics from radicals (Stein, 1978). 1Ir order to circumvent these :
possible limitations to free radical mecha: isms for soot formation

; a school of thought led by Weinberg of Im, 'rial College and joined 1
E by Calcots and Miller of Aerochem has been proposing that ions in 4
: flames lead to a series of much faster ion-neutral reactions that
account for the rapid soot production under ¢ppropriate stoichio-
metric conditions, Homann (1968) questioned wnethsr ions can be
the complete story since he argues that the concentration of ions
in the absence of a field is several orders of magnitude lower
than the concentration of hydrocarbon radicals, and that, $f ions
were important, the number of particles in the flames of rich
mixtures should decroase as well as the {on concentration, but
that this is contrary to observed facts. There is some question
35 whether Homann's second point is valid since recent results show
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only a slight decay in ion concentration as one proceeds from
stoichiometric to rich mixtures. Nor, irn this writer's point of
g view does one have to accept the concept that all persisting
s hydrocarbon radicals be involved in the nucleation step. They
could add ¢o surface growth, be oxidized in later stages of the
flame, or suffer other fates not contributing to soot process.
4 Still, however, theories bazed on ion concentration cannot ex-
E plain the tendency in diffusion flames of isomers to soot dif-
ferently.

i 111. Some New Insights

fﬁ An essential element appears to have been overlooked by many
.% previous investigators and this element forms the basis of one of
ug, the new considerations offered here. This new element character-
éa izes a role both for freo radicals and ione. Sufficient importance
’ just has not been given to the fact that aromatics and multiple
bonded aliphatics are conjuyated and have resonance structures.
What is the new significant item is that some of these resonance
i ftructures are polar and thus can undergo rapid reaction with each
9 other, ions and other peuvtral molccules and radicals. Since soot
? forms in high temperature 2onesg, it is necessary that the precur- ;
1 sors be stable at high temperatures. Thus it is necessary that 5
they be strongly conjugated and stabilized by resonance. For
example, benzene has the following three polar resonanco struc- 3
tures {Pauling, 1959} |

{
3
#

B

and others can be shown for toluene as well (Pauling, 19%9).

Methyl acetylene has an alkene polar resonance structure (Pauling, ,
1940) !

H " H =
HC - CeaC~H =+ H'Cewc¢s=CH
Y B
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but acetylene has ro such structure and {4s nct conjugated. It is sta-
ble due to the strong C#C bond, Because of the fact that acetylene
is not conjugated, I do not believe it can be considered the pri-
mary precursor to soot formaticn. However, acetylene does quickly
lead to butadiene which would now appear to be the essential pre-
cursor to soot., For one readily writes a polar resonance struc-
turo for the conjugated butadiene molecule

H H _, He - H
yCeC-Ccec, & ,Cc-cCcmcCc-T,

as well as neutral structures., Butadiene has less resonance energy
than benzene and would not be considered as strongly resonance
stabilized. However when a H+ ig added to butadiene, the situation
changes. The resulting carbonium ion has almost the equivalent
structure, and its structure is the hybrid of the two,

. 4
C=CH ~«CH CH2 + H - CHJ «“CH ~CH = CH2

S

H; ~ CHw=CH = CHZ

Many reactions of butadience also proceed through intermediates
that are strongly resonance stabilized. Thus, even though buta-
diene itself does not show major conjugation such effects may be
important in its reactions. In the above case, for instance, the
formation of a strongly stabilized (by conjugation) carbonium ion
from a weakly stabilized diene makea the reaction favorable
(Breslow, 196%).

The situation is similar for diacetylene

Hy

b o 4
HC ®# C - C® CH - HC =« C = C = CH

Thus, this new consideration appears to explain the greater prc-
pensity for butadiene and diacetylene to scot in diffusion flanes
relative tc acetylens, and even the aromatics (5Schalla, et al.,
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1954, see Figurel. Indeed mechanistically, one could evolve an
aromatic soot structure from a butadiene derivative then from a

benzene derivative as follows:

\ ) -
- C =C
c TcC ! \
. . c=c”
’C-c\, N\ / N
¢ <. ¢ A
\ ,, \\
Ne-c ¢ —c
tf//////’//, , \
. {
\ ¢c =¢ C
~ N\
c-c ‘e ty
- < 1\ / ~C (
Q\ f\ \C-/ - X
C =« /

Thus not only would styrene and ethyl benzene soot more
readily than benzene because they form phenyl and other radicals
more readily as 4o all alkylated aromatics, but also from the

strongly configurated (polar) structures which develop from these

fuels in their pyrolysis. They should soot more readily than ben-

zene {in diffusion flames, and they do (Schalla, et al), 1954, see

Figure 1).
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It is, of course, worth pointing out that any compcund
which is a chain of alternate single and double (or triple) bonds,
there could be conjugation (Rudd, 1973) which leads to the ef-
fects described and the thermal stability and reactivity required
for soot formation, Thus compounds such as diacetylene and vinyl
acetylen: take on the same significance as butadiene. Indeed
these features exi=t in the qualitiative model already put forth
by Chanraborty and Long (1968), who drew upon the work of Thomas
(1962). This author now realizes that much of the phenomenological
considerations stated here are similar to those proposed by Thomas
- in 1962, An important difference is that the conjugated struc-
tures are noted to be polar in nature so that not only can they
undergo fast Diels-Alder type reactions, Lut perhaps rapid simple
addition reactions as well, The ability of butadiene to form
carbonium ions is another new feature.

Thus it is propos2d that those fuels which because of their
structure have during oxidative and thermal pyrolysis the greatest
ability to form multi-bonded compounds or radicals which have po- 3
lar resonance structures (that is, take the character described for 3
butadiene and benzene) will have the greatest tendency to soot.

This concept applies to the nucleation phase of the soot formation
process and thus is similar for both pre-mixed and diffusion flames.
As will be explained later based on Princeton pyrolysis and oxi-
dative kinetics work (Dryer and Glassman, 1978), the effect and
particularly the role of butadiene, is most evident in distin-
guishing the features of sooting tendencies in diffusion flames,

k particularly with the aliphatics. It is evident that the aroma-
tics have the pre-requisite (polar) features. The pyrolysis and
oxidative work mentioned argues that in pre-mixed flames all

fuels proceed with acetylene formation initislly (and then a con-
jJugated larger molecule, usually butadiens).

L Explicitly the features of the previous Princeton work chat

, contribute to the overall model are first, that all paraffins dur-
3 ing their oxidation undergo an initial (oxidative) pyrolysis stap
and are converted to a few simple olefins, which then undergo oxi-

ol G e

e o e

dation to CO, or for very rich mixturcs other possible steps such

.
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as those leading to soot tormation (Glassman, et al., 1975:; Dryer
and Glassman, 1978; ulaseman, 1979). Indeed in only slightly rich
ethane oxidation experiments, identifiable quantities of acetylene
are found. PFurther the explicit olefins which form can be pre-~
dicted from the parent paraffin (Dryer and Glassman, 1978); this
3 element is of particular importance in predicting the different ten-
dencies of isomers to scot in diffusion flames. The second fea-
ture is the emphasis that has been given (Santoro and Glassman, 1979)
to the fact that benzene in undergoing oxidation in pre-mixed flames
proceeds through a low temperature ring fractyre caused by oxidation
attack, as put forth by (Norris and Taylor, 1956) and results in
the formation of CO2 directly and two acetylene elements.

Elements of the above new features in relation to the soot
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formation processes will be evident as the major literature is §
reviewed,and the more unified phenomenological models developed, 3
The required experimental regearch to verify what may be con-

sidered speculative elements of the model will be mentioned and
torm the basis for the current experimental research in this area :

at Princeton.

IV. The Use Of Flames in Soot Analyses

PP D

q The basic socot literature has developed in a somewhat his-
: torical manner, The earliest work developed procedures for mea-
i suring the tendency of fuels to soot and the effect of additives

on this tendency. As chemical analytical equipment developed

work began an actual soot mechanismg to explain the general flame
observations, Laser developments then permitted analysis of the §
4 particle growth problem (D'Alessic,et al., 1975, 1977, Haynes, '
: et.al., 1978). The pioneering work of Weinberg on ion effecta

b has finally taken hold and many recent research efforte appear to

be concentrating on the role of ions. As mentioned earlier, these
efforts have been initiated in an attempt to elucidate further the

BOoOt nucleation process, but they are also endeavoring to explain

the interesting effect of certain metals (particularly the alkaline
earths) in the gancral sooting tendency of a fuel,

T TR Y T
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The tendency of fuels to soot has been measured by various

1
3
3
i

means: laminar pre-mixed flames (Street and Thomas, 1951), laminar
diffusion flames (Minchin, 1931, Clark, et al., 1946), turbulent
diffusion flames (Magnussen and Hyertager, 1975), and stirr«d
reactors (Wright, 1969). 1In & general sense the amount of soot
vhich will emerge from a particular combustion process is a result
cf a series of sequential steps: (thermal and /or oxidative) py-
_ rolysis of the fuel, the developrent and polymerization of precur-
'“E sor elements, precursor attack, nucleation, particle growth and

% partial particle burn-up. Although there processges will be dis-
. cussed in more detail later, it {s important tu note that in

% laminar flame processes, the spacial distribution of the steps are
v such that they are essentially non-interfering (non-overlapping).
Thus from a given laminar experiment one is more likely to deter-
5 mine which step is affected by a change in a given physical or
' chemical variable. 1In turbulent diffusion flames and stirred re-
-4 actors the processes are mixed and although these type of experi-
3 mants probably approach more realistic practical conditions, it

g T R TP T

is more difficult to compare results of various investigators be-
2 cause of the lack of detailed turbulence and degree of mixing mea-
surements., The fact that stirred reactors give the same tendency
to soot trends as do pre-mixed laminar flames, but somewhat dii-
ferent quantitative trends, points to the dominance of a step or
steps which are not affected by back mixing. Similarly the ten-
dency of turbulence to reduce soot formation in diffusion flames

can be seen from a most simplified phenomenological model. Thus
most attention is given here to the results from laminar, pre-
i; mixed and diffusion flames and was the reason for the choice of
laminar diffusion flame experimental work at Princeton (Glassman,
et al., 1978),
In pre-mixed flames the tendency to soot is correlated with
the equivalence ratio st which noticeable sooting just begins (lumi-
nous, cuntinuum radiation). When the equivalence ratio is defined ‘
as the actual fuel-air ratio to the stoichiometric¢ value, the §
o smaller the equivalence ratio at the sooting point, the greater
' the tendency to soot (Street and Thomas, 1951). 1In diffusion flames
the tendency to soot is mearured by the height of the fuel jet

(Mincher, 1931; Clark, et al., 1946) or the mass flow of fuel (Schallas,
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et al, 1954) at which the luminous flame breaks open at its
apex and emits a stream, The smaller the flame height at the break-
through (called sooting height) or the smaller the mass flov rate
the greater the tendency to soot. Glassman, et al., (1979) have
shown that the flame height or the volumetric flow rate of the fuel
is the more fundamental parameter. However, they point out that
if all experimunts are carried out at the same initial fuel temp-
erature, the mass flow rate allows more convenient, overall corre-
lations.

Comparison of the sooting tendency of the aliphatic fuels
shows a change of order for pre-mixed and diffusion flames.
This result indicates a difference in the controlling mechanism
for soot formation between the two flame processes. Yet later,
consideration will be given to a pre-mixed flame which becomes
richer and richer and how the transition to diffusion flame soot-~
ing characterization comes about (obviously for experiments con-
ducted in an ambient atmosphere).

V. Models for Soot Formation in Pre-Mixed Flames

The review of the literature completed has motivated me to
paraphrase the detailed sequential and partially overlapping
steps which affect the overall soot formation process in pre-mixed
flames in the manner presented in Figure 2. In this initial dis-
cussion of the processes attention is directly exclusively to the
aliphatic hydrocarbons in pre-mixed flames,

As has been reported earlier, the paraffin fuels undergo
oxidative and thermal pyrolysis as their initial step in their
oxidative process (Step a). This pyrolysis leads to the formation
of olefins (primarily, ethylene, propylene, and butylene). At
this stage of the combustion process the pool of oxidative radi-
cals (OH and O) is building up and begins to attack the olefins
to form CO, H, 0, aldehyde, etc. (Step b). It has been established,
as well, that as the olefins are being oxidized some undergo fur-
ther pyrolysis and form acetylene which is considered here the
initial precursor to scot formation. Certainly a molecule of this
type must be the precursor because only multiple bonded or strongly
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conjugated compounds would be stable in the thermal environment

which would exist in any flame. Thus I propose that Milliken's
(1962) original speculation that the fate of the acetylene tormed
determines the tendency to soot is correct. Addition to the ace-
tylene must form the important butadiene molecule or radical wmen-
tioned earlier. Others, of course, much earlier had proposed ace-
tylene as the precursor to soot, but it is in the context that
Milliken considered acetylene as the precursor that is important. .
Fenimore, et al. (1967) has arguad that other species could play f
a similar role to acetylene at this stage, although he does not B
specifically state which species - only unburned hydrocarbons. £
A specific experiment will be proposed later that could give
qualitative verification as to whether acetylene (or a compound
derived from it) plays a unique role. I choose to call acetylene
the precursor monoelemant, E
T™wo things could happen to the precursor monoelements or -
their immediate next products (such as butadiene). They can be :
oxidized (Step d) and leave the soot formation chain or they can
be pyrolyzed or react further and form radicals which can react
with the precursor monoelement to form a still larger precursor
element which also can be a radical (Step c). Milliken essen-
tially states that it is the competition of these two steps that
determines the generally tendency to scot in premixed flames. He
argues that the main oxidative attack is by OH radicals and that
although thc acetylene pyrclysis reaction is one of high activa-
tion energy, raising the temperature rajses the OH concentration
substantially so that the lower activation energy oxidation re-
action is favored. It is really not important conceptually whe-
ther the oxidative attack is on acetylene or any compound which
may form immediately after acetylene. By using the formula pro-
posed by Milliken for estimating of the OH radical concentration
and a activation energy for the acetylene process of 3% kcal/mole,
I calculated that for a given mixture ratio in which the tempera-
ture is changed from 1722°K to 1090°K, the oxidation rate in-
creases twice as fast as the pyrolysis rate. Going to still higher
temperatures increases the difference further. The OH concentra-
tion used is the equilibrium one, and of course, it is known that

llningetagetppuntpt - ppmip gt o
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the radicals reach super equilibrium values in the reaction zone.
It must be recognized as well that Peeters and Mahnen (1973) have
shown that O radical attack on olefins and acetylenes is much
faster than OH attack; however we are dealing with quite rich con-
ditions and partial equilibrium could hold as well so that the
actual trends should follow the OH equilibrium trends calculated.
Thus Milliken's postulate leads us to the important conclusion
that the dominant factor in determining the tendency to soot is

the reaction zone (flame) temperature. 1In reality the OH or 0
concentration is the other important parameter and this concentra-

tion would depend as well on the initial C/H ratio of the systenm.
Street and Thomas (1951) found that the tendency to soot

based on the increasing fraction of stoichiometric air to elimi-

nate soot formation was:

naphthalenes P benzenes > alcohols » paraffins >» olefines  acetylenes

For the aliphatics the stoichiometric temperature increases from the

alcohols to the paraffins to the olefins to the acetylenes (see

Table 1) supporting the hypothesis above. In order to verify this

concept experiments will be performed with the following fuel mix-

tures:

(1) cz“s
(2) Czﬂ‘ + 82 + a N,
{3) c2H2 + 282 + b Nz

where a and b are so chosen that the mixtures give the same flame
temperature s C2H6. Thus a condition is obtained where the ini-
tial fuel has the same C/H ratio and flame temperature. The three
mixtures should have qualitatively the same tendency to soot, with
perhaps the acetylene mixture being a littlas greater tendency since
it starts with the precursor monoelement. It is gquite evident as
well that many equilibrium flams temperature and product gas com-
position calculations should be made over a complete range of fuel
to oxygen ratio, Of particular interest, of course, is the flame
temperature at the experimental C/0 soot limit.
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The flame temperatures of the aromatics are of the same order
as the olefins, yet they have a far greiter sooting propensity.
There are essentially two possible reasons for this apparent ana-
malous result. The first is postulated to be related to the fact
that the oxidation in flames proceeds through a low temperature
step leading to dihydroxy benzenes which are unstable to further
oxidation and react to form acetylene and maleic acid from hydro-
quinone (Norris and Taylor, 1956)

B s o L T L L

ou oK C,OH
o
| o HC
. + 0, = o ek
' Hv¥00 Quimon ¢ ﬁ’ﬂdof’; MALenc Acw

and to form acetylene and oxalic acid from pyrotatechol!

7\ ou oH 0zC-OH :
— ;

| t0; <« I RN t2GH,
N fou O o=C-0oH i

PYROCATECHOL OXALic ACIP
Santoro and Glassman (1979) have argued that carboxyl) groups in
the maleic and oxalic acids convert to CO, directly and that this }
is the reason Wright (1962) found the COZ/CO ratio in the combus- j
tion of xylenes to decrcase as one proceeds from a fuel rich condi- ;
tion towards stcichiometric. Thus it would appear that the aro-
matics under fuel rich conditions require more oxygen to have the ;
same “richness” as aliphatics which only form CO directly. )

TR o e g e D
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On an equilibrium basis one would expect that a pre-mixed
4 flame would begin to soot at &8 C/0 ratio just greater than 1. i
k But the processes leading to soot formation are kinetic and not )
purely equilihrium. Much of the hydrogen in the fuels must be %
' stripped away by oxidizing radicals before the carbon can partici-
pate in the reaction schemes. Thus instead of the limiting C/0 :

ratio being given by (C/0 = 1)
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C,Hy + %X/2 0, — xCO + § H, (1)

it should closely correspond to
2%+
C oy, (34 o, — xco + ¥ H0 (2)

For the aromatics, due to the low temperature oxidatjon process,
it {4 postulated that the limiting C/0 ratio should be close to

+
ey ¢ (A o o (x-2) cO + 2c0; + § M0 (3

Table 2 shows the experimental results of Street and Thomas
in terms of equivalence ratio in the first column. The limiting
mixture based on Equ. 1 is Column 1. The limiting mixtures for
aliphatics based on Equ. 2 and for the aromacics based on Equ. 3
are listed in Column 3, Recent experimental results by Miller
and Calcote (1977) are reported in Column 4. The qualitative
agreement between the exporimental results and Column 3 is very
good and would appear to support the simple mechanistic character-
{stics postulated. The ont major variation between the results
of the calculations proposed here and the experimental results of
Street and Thomas are those for acetylene and ethylene. It is
interesting to note that Gaydon and Wolfhard (1979) report that
oxygen deficient explosion experiments with the paraffins formed
water as well; whereas the experiments with acetylene and ethylene
produced practially none. It is now well known that oxidative
attack on these compounds is on the multiple bond and not on the
hydrogens, that is the reactions are additive rather than ab-
atractive,

The results for methyl napthalene in Table ] would appear to
be somewhat contradictory to the gensral agreement. However, here
one must question Street and Thomas's results which indicate that
the alkylated naphthalenes socot very near to stoichiometric, This
result is at odds with the limiting ratio determined fin stirred
reactors (Blazowski, 1979) which although not giving the same C/0
ratio as laminar flames for reasons explained earlier, 4o give
qualitative agreement (NWNright, 1969).
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With this type of knowledge it ie, of course, possible to work
out an empirical scheme to predict the sooting limits as Danjiels (1968)
has done, but the point here is to understand the essential mechanism.
Fundamentally it is the temperature and the O or OH concentra-
tion which determines the limit and not any equilibrium stoichio-
metry (except for the aromatics as discussed)., The equilibrium
stoichiometry gives a relative order. The sooting limit for a
given fuel will change if its flame temperature is artificially
altered. The most interesting point is that the postulated mech-
anism for aromatic oxidation would indicate that the actual oxi-
dative radical concentratjion is actually lower than one would
expact or would exiat in aliphatic oxidation procesases. The
proposed stoichiometry (Equ. 3) for aromatics is an indirect
measure of the lower oxidative radical councentration.

In particular, the above results with the aromatics have
great significance because they indicate that at the limiting
equivalence ratio the aromatics proceed through an acetylene
precursor route and that their apparent greater sooting tendency
is due to the fact that two carbon atoms in the ring oxidize
directly to Co2 and that a given mixture ratio is not as lean ans
it appears. 1Indeed, if the poatulates were true, then in con- 1
sideration of the following fuel mixtures

Czﬂ‘ + a NZ

C6H6 + 3"2 + Db Nz

C.H, ¢ JH2 + ¢N

78 2

where a, b and ¢ are adjusted so that the mixtures give the same
flame temperature, the benzene should soot at a mixture ratio
more lean by a factor 6/7 than ethylene. Without balancing the
initial C/H ratio, one sces that the experimental data i{n Table
2 for the aromatics and olefins are near this rate.
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Unfortunately the only recent work on the oxidation of ben-
zene has been carried out in shock tubes where the low tempera-
ture oxidation route is not followed (Fujii and Asabu, 1973).

It is important to remember the difference between shock tube and
flame oxidation processes. Of course, in diffusion flames the
aromatic structure of the benzene can be retained as it undergoes
pPyrolysis probably with some ring fracturing leading to soot
precursor elemants. Again one must keep in mind the polar nature g
of the benzene ring and the suggestion proposed here that this i
characteristic leads to fast addition reactions with other radi- ﬁ
cals, ions and other polar molecules.

Even in pre-mixed flames, although it has been argued that
benzene proceeds primarily through an acetylene route, it is also
well to remember that some guantities of fuel are never destroyed. i
The ampunt of soot formed itself is indced small at the initial
sooting C/0 ratio. Thus when burning aromatics in pre-mixed 4
flames, a second poasibility could be that at the limiting equiva- '
lence ratio quantities of the conjugated (polar) fuel could per-
sist and provide excellent initial sights for addition to form
the larger elements which lead to nucleation. Observations of
soot ing pre-mixed flames would confirm that this second possi-
bility i{s mo., With most of the paraffins tested a dark zone exists b
between the blue-green reaction zone in the flame and the onset of '
luminosityv attributed to formation of soot particles (Street and
Thomas, 1951). However the reaction and soot initiation zones
merge for the aromatics; that is the dark sone disappears. It
is the interpretation here that the dark zone is where the conju-
gated, polar compounds ave forming., The aromatics having this
character, and not all being consumed, thua form soot immediately ]
in the reaction szone. Unfortunately there has been no observa- ]
tion of butadiene flames. Butadiene flames should appear similar
to benzene flames, as would other fuels so conjugated. Experi-
ments at Princeton will attempt to verify the postulate,

Thus it appears that in premixed flames all fuels follow an
essentially acetylene precursor route to form soot. When the
equilvalence ratio is such that Step ¢ is favored over Step d,
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the larger precursor radicals undergo further addition and dehy-

dration via a sambinationof radical, ion and polar compound reac-
“.ions giving either higher molecular weight, lower H content ali-
phatics (probably ionic in character) (Step e¢) or undergoing Diels-
Alder cyclization leading to polynuclear aromatics (Step f). SBtep
f is probably the dominant route according to the concepts already
put forth., Both the results of Step e and Step f undergo further
association reactions of the type described leading to condensed

phase nuclei either aliphatic (Step ¢) or aromatic (Step h) in
character,

As pointed out by Homann (1968), the Goetingen work shows
that the particulate formation is observed to be rapid only in
the region of the radical rich oxidation zore in the laminar flame
and the particulate formation slows down with decreasing concen-
tration of hydrocarbon radicals., Thus Steps c, e or f, and gor h
must take place very rapidly. As stated in the first section
Calcote (1978) inferred that there are some problems accounting for
this soot formation with neutral free radical mechanisms with rea-
sonable reaction rates (Tanzawa and Gardner, 1978), in explaining
the rearrangement of aliphatic chasis to produce cyclic aroma«
tics (Cullis, 1976), and avoiding thermodynamic bottlenecks asso-
ciated with the growth of aromatice (Steir, 1978). These problams
can be avoided with the chemi-ion or the chami-{on-polar interac-
tion mechanisma,

The existence of ions in flames is well-entablished (Calcote,
1972) and that they played a role in pre-mixed and diffusion
flames had very early been shown by Weinberg and coworkers (see
Payne and Weinberg, 1959). The queation which requires analysis
is whether the ion concentration is an essential element in the
particulate nucleation step. As mentioned earlier, in 1968 Momann
has essentially argued that since ions in the absence of a field
are several orders of maygnitude lower than the concentration of
hydrocarbon radicals, the role of ions cannot be the essential
feature in the nucleation process. Yet is seems likely that neu-
tral free radical machanisma may not be rapid enough. The following
reasoning would seem to support the chemi-ion model. Many (Saloojas,
1973; Preugier, 1975, BDukwics, et,al., 1975) have shown that the

iR Radtei,
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addition of the low ionization potential alkaline earth metals to
the flame could affect soot processes in different ways. When the
additives can be effectively placed in the reaction zone region,
the tendency to soot increases visibly., It would appear then that
many of the neutral free radicals do not undergo sufficiently fast
reactions to nucleate in the reaction zone and have other fates
which will soon be discussed. The addition of material which &f~
fect ion reactions in this zone then involvesthese otherwise non-
nucleating molecules in rapid nucleating steps. However, it would
appear to this observer that if ali the nucleation sights must be
strictly ionic in character, then practically all the virgin par~
ticles formed in the flame would be charged. The evidence seems
to be to the contrary. For if all the particles were chargad then
the pearl-like structure of the soot (Palmer and Cullis, 1965)
leaving the combustion process could not form, certainly not by the
logical mechanism that Howard (1969) has described. The parci-
cles would constantly repel each other. Similarly, the recent work
of Haynes, et.al., (1978) in which the alkaline earths were added
in the post reaction zone of the flame shows that the amount of !
soot formed does not decrease as many had earlier expected from 5
this type additive, but there were larger amounts of much smaller 53
! particles. The conclusion of Haynem, et.al., was that the low
] ionization potential additives charged the particles and preventad
their agglomeration ~ thus more visible particles 4id not form.
This type Of evidence seems to indicate that many of the virgin
soot particles formed have no charge, Thus many of the nucleated
particles rapidly formed must be formed by some fast reaction in
which the ion states of the precursor cannot persist - such as the
speculacion that relates to the rapid reaction due to the polar
character of the many multi-bonded intermediates which must exist.
This present discussion must be related to the earlier im-
portant remark that the flame temperature (and the oxidative
radical concentration) are the dominant factors in predicting the
tendency to soot in pre-mixed flames. 8ince highar flame tempera-
. tures decreasc the tendency to soot through increased oxidative
radical attack on the precursors and also incroase the concentra-
tion of jonn in a flama (which should increase the tendency to soot),

T TR T ea
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it would appear that in natural systems the precursor competition
steps (c and d) are more important than the nucleation steps (e,
f,g.h). This conclusion does not mean that the extent of sooting
cannot be affected by altering the nucleating step.

Tha results of Steps g and h are condensed phase nuclei some
of which are charged, The cyciization route (Step h) appearn
apparent and the important features of the other physical elements
of the overall soot process will be evident from following the
aliphatic Step gq. i

Before proceeding it is necessary to consider what is meant 3
by nucleation in the soot process. As Homann (1968) has discussed
the process of zarbon formation takes place under non-equilibrium E
conditiuas and is thus "intrinsically different from the condensa- ;
tion of a normal vapor where liguid lights represent an equili- %
brium state, There is no critical size of carbon particles above }
whictk the rate of growth (as in condensation) is greater than the
vate of evaporation and which could be correlated with a certain
degyree of supaersation of carbon vapor."™ However, Homann did not b
proceed to define the concept of nucleation, Calrote (1978) has j

put forth the most succinct definition,®"Nucleation involves the
formation of an embryonic ion which yrows faster than it decom- el
poses or ctherwise reacts®™. The definition wvould be mnore general
ol the word "species” were substituted for "icn". Thomas (1962) i
essentially had proposed the same earlier by also defining the

nucleus through its chemical nature. Aaain quoting from Thomas,

"It (the nucleus) should be added to the mclecules or frug-

ments of fuel molecules at high temperatures to form a new larger
species that is just as resctive as the first. It must also grow
3 rather than split. So we are aryin back to the concept of a con-
jugated free radical which €ul%ills the role of a nucleus quite
well. The critical steps ol nucleus formation may well be simply
the first few reaction steps necessary to produce a conjugated
polyolefin®. This writer supports Thomas' interpretation strongly
g with the cssential idea that the conjugated species can be ionic, or
P? readily form ions by addition, as well,and that df-acetylene and

'; vinyl acetylene cnuld fit %“is ildea of a ®conjunate® polyolefin®,

L One must be careful as tn the reaning o soot. Tho chemical com-
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position of the soot particulate changes as it proceeds through

the flame process. The newly born particle in the flame can have
a very high hydrogen content, Sampled very young compounds have
been found to have a hydrogen content as high as 3% by weight which
converts to 36\ in an atomic basis (Thomas, 1962)., Considering

the now accepted evidence that ions increase nucleation, it would
appear that the young particles do not necessarily have to be
strictly large polybenzoid hydrocarbons as Thomas suggests, al-
though this probably is the fate of aromatics in diffusion flames.
The large hydrogen content of the young carbon particles argues
strongly against a strictly polyacetylene route. Given that a

new particle will probably have a free radical character, cycli-
zation of aliphatics must take place in the condensed phase as the
particle thermally dehydrogenates and ages, Thus it appears the
fate of many of the low molecular weight hydrocarbon radicals being
identified in flames is not that of participating in the nucleation
process. The fact that one can identify these compounds argues
against their participating in the very rapid reactions leading to
condensed phase nuclei. Butadiene, and higher molecular weight
compourids derived from it, have not been identified in flames.

The reason may be that they react and form particles so quickly,
identification is not possible. The fate of the acetylenic type
compounda identified in flames way be one of three: adding on

to the nucleus, surface addition to a young particle, or non~
participation in the soot process at all,

Returning to the flow chart represented by Figure 2, we will
now consider those steps which concern the growth of the particle.
Since many of the particles are positively charged, they repel
each other and their growth is by addition of radicals to surface
and by surface absorption of those species which have not found
sufficient fast routes to nucleate in the active flame zone (Step
1). Many charged and neutral particles will agglomerate (Step J)
and will also have radical and absorption surface reactions as
Step i, Step j leads to much larger particle growth than Step i.
I shall call the result of Btep i very small, young, virgin par-
ticles. As these young particles age in the burned gas zone very
near the flame front, they undergo further dehydrogenation, and,




22

5
t
-
'
E
¥

48 a postulate, if aliphatic in nature condensed phase cycliza-
tion (Step m), The result is small, old soot particles. These
particles have two fates. They are small enough so that they are
conpletely oxidized to gaseous products (Step n) or they escape

to the combustion environment and leave the procass as soot (Step
©). That the latter sequence is feasible is evident from the pre-
mixed flame experiments to deter the limiting C/0 ratio for sooting.
This 1limit is determined by appearance of luminosity in the flame,
however, the particlas so formed do not persist, but are burned
completely, because the burned gas condition on an equilibrium
basis is still oxidative with recpect to carbon. Recall the ac-
tual limiting C/0 ratio is much less than 1.

The agglomerated particles, the result of Step j, consist
comparatively of a variety of much larger size particles. They
undergo Step 1 exactly similar to Step m and either escape intact
(Step p) or are partially oxidized to gaseous products (Step q)
and only very slightly reduced in size. It does not appear nec-
eseary to detail the agglomeration process as this phase has been
more than adequately detailed by Howard and coworkers (Howard,
et.al,, 1972).

The work of Hyanes, et.al,, (1978) is particularly signi-
ticant in showing that the addition of low ionization potential
; additives in the right position in flames can subatantially in-

! crease the flow process in the direction of Step i over Step jJ

; and thus favor the fcrmation of a larger mass of amall particles.
é This result has great practical consequences when it is desired
: to reduce soot effux in a given combustion scheme, Very small
soot particles, even in a flow field, would follow in practical
combustion situation a ‘dz' burning rate law. Thus the indica-
tions are, if the particles are kept amall, for sufficient, but
not necessarily large, stay times in an atmosphere oxidizing to
them and at sufficiently high temperatures, they can bes com-
pleted converted to harmless gaseous products. Many modern in-
dustrial plants that operate sufficiently fuel rich so thst the
combustion procass {s luminous for increased radiant heat trans-
fer burn off the soot formed in another process stage before
emitting the stack gases.

s i s
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The complex flow scheme in Figure 2 can be reduced to three
significant elements which control the amount of soot furmed in
a given, pre-mixed combustion process: the temperature and oxidi-
zing radical concentration (0 or OH), the amount of nucleation
sights, and the extent of agglomeration of the particulates formed,
The first effect is the dominant one particularly near the limit-
ing mixture ratio for sooting and for systems which contain no
additive.

It would appear that the only effect of fuel structure under
pre-mixed conditions arises from the mcans by which aromatics
are oxidized in pre-mixed situations, The sooting tendency of
the aliphatics follows the trend, the higher the temperature, the
less the tendency to soot. Further Street and Thomas (1955) have
shown that the branched-chain paraffins have the same C/0 limit
as the straight-chains.

The experimental results on the effect of pressure are not
clear. Schalla and Hibbard (1959) have reported that the most

quoted work (Smith, 1940) gave results that were open to question.
Gaydon and Wolfhard (1979) concluded that the effect of pressure
was only slight. More recent work by Fenimore, et.al., (1957)
over a small pressure range indicates the higher the pressure,

the greatar the tendency to soot. 1In order to astimate whether

) these results are consistent with the major controlling step dis-
E cussed just previously, one would have to make an equilibrium

‘ calculation to determire how the hydroxyl radical concentartion

' changes with pressure. The temperaturs will rise due to a pres-
sure increase, but if in an egilibrium context the O and OK radi- i
cals are considered products of dissociation then Le Chatelier's -
principle indicates that the radical concentration will tend to

decrease with pressure. These appear to ba compensating effects

and thus the effect of pressure should be slight,

The addition of inert additives r-vuld reduce the tempera-
ture and thus increase the endency to suot; enrichment with oxy-
gen should thus decrease the tendency. Btreet and Thomas (1955)
found these explicit trends. Most chemical additives in small
percentagss have little or no effect on the sooting tendency

dhrvadiss %
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(Paimer and Cullis, 1965). The one exception io sulfur trjoxide,
which {8 small percentages appreciably acceleratesthe soot forming
process. Palmer and Cwllis state that 503 induces chain reactions
leading to polymerization and decomposition of the fuel. 1 have
derived another explanation from thes possible reactions of 803
with those radicals which affect the O, H and OH pool. The thermal
dissociation of so3 is slow 80 it can be present in the active re-
action zone and do as Palmer and Cullis suggest or undergo the
following two reactions (Glasgsman, 1977)

0 + 50, — Oé + 80, -37 kcal/mole

B+ SO3 — OH + 50, ~-19 kcal/mole

Although more H radicals are present in rich mixtures, the rate
of the first is more than two orders of magnitude faster than the
second and could remove the pool of O radicals, which could also
reduce the others through the az—oz chain steps

O+ 82 ~» OH + H

H + 02 -+ OH + O

OH «+ HZ s 820 + H

With removal of O and OH radicals near and above the limiting
equivalence ratio, the tendency to soot would increase appreciably.

Vl  Diffusion Flames

The soot formation process in ditfusion flames nearly
follows the same flow scheme as in pre-mixed flamnes except for
one very, very impcrtant difference. The oxidative Steps b and
d do not exist; that is, the fuel and precursor monvelements only
undergn thermal pyrolysis. This aspect is most significant in
that the rate of thermal pyrolysis increases wit} temperature,
and since no competitive oxidative step increases faster, the
tendercy to soot incresses with increasing flare temperature. Thus
the sooting order of the aliphat.ice in diffusion flames is exactly
che reverse of that in pre-mixed flames
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acetylenes > olefins > paraffins

The general order of all fuels in

maphthalene » benzenes » acetylenes > olefins » paraffins

FC S

Although diolefins of 10 carbon atoms or more would place
these species between the acetylenes and mono-olefins (Clark, et.
al., 1946), it appears to have gone unnoticed that the diolefins g
of 4 or 5 carbon atoms soot more readily than the aromatics and
acetylenes (Schalla, et.al., 1954)., It is important to note here
that in diffusion flames the structure of the fuel is most impor-
tant in determining the sooting tendency.

Glassman, et.al., (1979) have completed a careful study of
the ~ffect of inert additives on the tendency of diffusion flames
to soot. By adding monoatomic, diatomic, linear and non-linear
triatomic inert apecies to the fuel side of ethylene and acetylene
flamss, they were able to show that the tendency to soot decreased
with increasing heat capacity of inert; i.e., with decreasing temp-
erature., There were only minor deviations from the quantitative
trend due to the effects of the inerts on the mass diffusivity of 3
the fuel jet., It (s further interesting to note that one of the 1

additives, water, did not play any chemical role. It had been

proposed earlier (Glassman, 1976) that water could produce OH
radicals via

HQHzo-oH + OH

2
and reduce the tendency o/ soot by introduction of an oxidative
radical on the fuel side of the diffusion flame. The heat capa-
city experiments showed that there was no validity to this sug-
gestion, It is now apparent that any H radical present reacts

with the more abundant fuel, rather than the ﬂzo additive. In-~
1 deead the reaction

He¢RH = Re¢en
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is faster than the previous one as well,

As given above the trend of the aliphatics is that the greater
the flame temperature the greater the tendency to soot. But the
order of these compounds is such that one could conclude the
greater the C/H ratio the greater the tendency to soot. 8ince
the flame temperatures of the aromatics are lower than the acety-
lenes, it would appear the C/H ratio correlation would be bhetter
than the temperature condition. In pre-mixed flames it was found
that the C/H ratic had an effect because of its role in determining
the OH and O radical concentrations. Since there is no role for
oxidative attack in diffusion flames, what is the significance of
the trend in C/H ratio? The overall hydrugen content could pos-
sibly play a role in the sooting tendency in diffusion flames be-
cause of the unusual diffusivity of H, and H (Homann, 1970) or
it could alter (lower) the overall fuel pyrolysis and polymeriza-
tion rates. Clark, et.,al, (1946) reported that for diffusion
flames their experiments showed the higher the C/H ratio the greater
the tendency to soot. But, the question is, does the C/H ratio
reflect the structure of the fuel or simply the overall carbon to
hydrogen content present. To paraphrase this concept simply, does
an equal molar mixture of ethylene and hydrogen have the same
sooting hei jht as ethane? The question is important in that it
it has been known that addition of nz to a fuel does decrease its
tendency to snot in diffusion flames (Thorp, et.al., 1951). The
recent experiments of Classman, et.al., (1979) have also echown
that the addition of H2 to both ethylens andA acetyleane decreases
their tendency to soot; however, when ethane is compared to with
ethylene-hydrogen and acetylene-hydrogen mixtures so that all
thrae systems have equal C/H ratios, the acetylene mixture has
a far greater propensity to soot than the ethylene mixture, which
soots more extensively than the ethane., These results would in-
dicate the yreat importance of fuel structure, but the new mix-
tures follow the proper temperature trend for sooting as well.
Thus not only must C/H be kept constant, but also the flame temp-
erature as well, {f one is tu determine a fuel structure effect.
Such experimsnte are essentially underwvay at Princeton.
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In dealing with this gquestion of fuel structure one must
take into consideration the aromatics. It has been reported by
Schalla, et.al. (1954), that since benzene soots more readily
than acetylene (equal C/H ratio) and benzene has a lower flame
temperature than acetylene, flame structure is important. How-
ever, as reported earlier, not only doss benzene follow an oxi- .
dative route different from the aliphatics, but also its pyrolysis
route varies with temperature (Bittner and Howard, 1978). 1In
order to perform their experiments with benzene, Schalla, et.al.,
had to vaporize thin fuel. CGlassman, et.al., (1979) have criti- %
cized the method of reporting of Schalla, et.al,, as possibly giving
misleading trends. There is enough practical avidence (van
Teuren, et.al., 1978) to i{ndicate that aromatics do have an un-
usual propensity to scot which is related to their structure. The .
only question in doubt would be to what extent. This question is 1
currently under investigation at Princeton, ’

Probably the most conclusive evidence that structure is an
important factor is the results of Schalla, et.al. (1954) with
the paraffinic isomers. These isomers have the same C/H ratio
and the same adiabatic flame temperatures, yet it appears the »
more branched, or compact, the molecule the greater the tendancy 3
to socot.

The concentration of ions in a diffusion flame should not
vary among the different paraffinic isomers. Then although ions
could play a role in diffusion flames (Place and Weinberg, 1967;
Calcote, 1978) the results on the paraffinic isomers clearly in-
dicate that they are not a key element. Dryer and Glassman (1978)
have recently detailed the manner in which paraffinics are ther-
mally and oxidatively pryolyzed. The interesting point is that
the method that Dryer and Glassman suggast to predict the olefins
formed from the paraffins show that the branched chain compounds
give more intermediates that can become di-olefins, particularly
butadiene., It is the smaller di-olefins that show the most polar
resonance (conjugated) structure, the reaction (a - @) !
in Figure 2. It i{s somewhat surprising on first thought to re- !
cognize that butadiene soots wore readily than benzene and acety-
lene. Since the temrer:*ure and C/H ratio would favor acetylene
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to be the predominantly sooting compound, some other reason for
the general trend of butadiene, benzene and acetylene had to be
put forth. The most logical explanation at this time is that
put forth in this paper eariler that the polarity of butadiene,
its ability to undergo very rapid Diels Alder type reaction, and
its ability to accept a positive ion and form the even more reactive
carbonium can make it the logical soot precursor to nucleation.
Schalla, et.al. (1954) discusses the possibility of the
carbon-carbon bonding as a factor in explaining the sooting trends
of the aliphatics and of the isomers. The postulate breaks down
as expected since the comparative strengths of the C~C bonds to
the C-H bonds would only be a factor in the thermal pyrolysis step.
The general pyrolysis must be a chain and dominated by radical
reactions which could strip a hydrogen from the parent fuel. Thus
the trends predicted by Dryer and Glassman (1978) for oxidation
systems probably prevail to a great deqgree as well for the overall
thermal pyrolysis of the fuel. Applying the method of Dryer and
Glaasman to dimathyl propane, isopentene and pentane, one finds
that in the initial stages of pyrolysis that the dimethyl pentane
should form predominantly butene and methane, isopentane should
form predominantly propene with some butene and ethene, and pentane
should form about equal amounts of propene and ethene. From this

result one would predict the following sooting tendency:
dimethyl propane » isopentane » pentane

which is exactly what Schalla, et.al, (1954) found and of course
what would be expected from compactness of the initial fuel mole-
cule. It is necessary to stress the importance of the formation
of butene as an intermediate since it would appear to pyrolyse
further in a reacting system to form butadiene. Further credance
for this line of reasoning is that the butenes have the greatest
tendency to soot of all the mono-olefins, followed by propene
(which will give allene or methyl acetylene in its next pyrolysis
step), and then pentene (Scalla, et.al., 1954). The often repro-
duced chart of Clark, et.al. (1946) is very minvleading in that it
only depicts results for compounds with six atoms or more.




In the context of the reasoning put forth then the sooting
order for the hexanes should be

2,2 demethyl butane > 2 methyl pentane > 2,3 dimethyl butane
3 methyl pentane
This prediction will be tested in the Princeton progran,

The argument with respect to the aromatics are somewhat more
diffuse because on the fuel rich side of a benzene diffusion flame,
the temperature ranges from 237C°K to below 1000K, Studies on the
pyrolysis of benzene reveal that there is ring fracture above 1800K
(Bittner and Howard, 1978). Thus in a diffusion flames there is
pyrolysis to phenyl radicals below 1800K and to acetylene and other
aliphatics above 1800C. Undoubtedly the aromatic structure is
retained in much of the fuel side of the flame and arguments as to
itu polarity, ability to form ions (Calcote, 1978) and the integral
largo size (6 carbon atoms) it retains for building blocks to form
soot nuclei, all indicate a great propensity to soot. The fact
that the aromatic structure is retained in diffusion flames is
supported by the fact that toluene has a greater tendency to soot
than benzene. The C-H bond in the methyl group in toluene is 85
kcal/mole compared tc *“he CH bonding in the ring o0f.110 kcal/mole
and C aromat-C alkyl bonding of 100kcal/mole. 5o toluenes forms
initial radicals much earier than benzere.

The role of ions in diffusion flames must be very much like
that in pre-mixed flames. In support for a more important role
for a purely ion theory, Calcote (1978) points out that carbon
monoxide, methyl alcohol, formaldehyde, formic acid and carbon
disulfide do not produce soot in diffusion flames and that neither
do these gases produce ions in diffusion flames. This agreement
is fortuitous. No single carbon atom fuel, especially when bound
tc oxygen or other atoms besides hydrogen, will produce soot.
Indeed C,N, does not soot either (Gaydon and Wolfhard, 1979)
and thus it is apparent that the scot formation process must pro-
ceed through a C-H precursor with multiple bonded C-C atoms. These
fuels cannot produce these multiple bonded precursors. The only
reason methane produces soot i{s that methyl radicals recombine to
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form ethane, then ethene  etc. In fact methane would not form
soot in pre-mixed flames if it were not for the fact that methane
radicals are difficult to oxidize and thus recombine to form ethane
(Westbrook, et.al. (1977); Dryer and Glassman, 1978; Glassman, 1979).

Increasing the pressure of diffusion flames strongly increases
the tendency of a given fuel to scot. The offect is best ex-~
plained through the fiame temperature which increases strongly
with increasing pressure, Pressure could accelerate nucleation
reactions, but the effect of the temperature in pyrolysis is ex-
ponential in character and must dominate.

The most interesting additives to inject on the fuel rich
side of a diffusion flames are those which are oxidizing in naturae,
The addition of a small amount of oxidizer strongly increases the
sooting tendency. This is the well known homogeneous catalytic
effect of small amounts of oxidizer on pyrolysis reactions. Both
Wright (1974) and Glassman, et.al. (1979) have shown that as the
oxygen addition to the fuel increases the tendency to soot increases
until a given concentration, above which the tendency to soot be-
gins to decrease. Obviously enough oxidizer can be added so that
the flame becomes pre-mixed in character., This trend explains
the so-called anamalous results in pre-mixed flames. When per-
forming soot experiments in pre-mixed flames at mixture racios
richer than the critical limit, it has been observed that at
times the amount of soot formed increased with increasing temp-~
erature of the flames and at other times it decreased, It is
apparent that very rich pre-mixed flames act as diffusion flames
which soot more profusely as the temperature increases. Those
flames just richer than the critical limit follow the pre-mixed
trend with temperature and decrease with temperature, as explained
earlier.

803 tonds to decrease the tendency to soot in diffusion
flames. This role could be related to one of the 80J reactions
given previously, namely,

H 803 -5 OH + 802

which is quite exothermic. This reaction not only removes H
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radicals from the pyrolysis chain, but forms hydroxyl radicals.
The literature is unclear with respect to how much SOJ reduces

the sooting tendency. 1If only small amounts were added then the
above argument falls apart since there is a critical concentration
above which hydroxyl attacks the precursors rather than accel-
erates the fuel pyrolysis.

VII Conclusions

The fuel sooting trends in pre-mixed and diffusion flames
follow opposite directions due to the different influences of
temperature. In pre-mixed flames as the temperature rises the
rate of oxidative attack on the soot precursors increases faster
than the rate of precursor formation through pyrolysis. Thus the
higher the temperature the less is the tendency tc soot. In the

oxidative atmosphere of a pre-mixed flame all aliphatics form some :

acetylene which is the monoelement for precurson formation and
all fuels essentially follow the same nucleation route. Thus
initial fuel structure plays little role in soot formation in
pre-mixed flames.

Aromatics oxidize partially through carboxyl radicals formed
during attack on the ring and thus aromatic mixtures burn ‘richaer’
than corresponding aliphatic mixtures of the same stoichiometry.
Consequently aromatics appear, and do, have a greater sooting

tendency as measured by the critical C/0 ratio.

The dominant factors in diffusion flames are the temperature
and fuel structure. However, here the rate of pyrolysis of the
fuel has no competitive oxidative attack. Thus the higher the
temperature, the greater is the rate of fuel pyrolysis and the
greater the propensity to soot. Thus fuel structures which
during pyrolysis form strongly conjugated (polar) species most
readily soot.

Since a pure acetylenic polymerization route is deemed too
slow to predict the early nucleation of soot particles in flanmes
and the presence of ions cannot predict the difference of isomers
to soot in diffusion flames, it has been postulated that only
conjugated species which have polar resonance structures can under-
go the fast reactions necessary. Thus butadiene, either by itself,
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as a radical, or as a carb-rium ion, is probably the crucial in-
termediate to soot nucleation. In pre-mixed flames it forms from
acetylene monoelement and is probably not identified because it
underqgoes very fast reacticn. Indeed, experimentally, butadiena
has the greatest tendency to soot in diffusion flames of any

fuel tested. The great tendency of aromatics to soot, besides the
stoichiometry question mentioned, is also due to their initial
high conjugation and polar character.
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Paraf{€ins
methane
ethane
propane

cyclo
butane
pantane
180

2,2 dimethyl
pro.

cyclo
hsxane
2,2 dimethyl
but.
cyclo

2200
2195
2260
2350
228¢C
2275
2250

2220
2235

22290
22235

TABLE 1

Stoichiometric Flame Temperatures in °K

Qlefins Aceiyiene
ethene 2340 acetylene 25860
propene 2320 methyl -~acetylene 2450

butene-1 23290 ethyl acetylene 2413

butadiene 1,3 2365
n pentene-2 2320

hexene 2286

benzene 2340




39

TABLE 2
Sooting Limit Equivalence Ratios N)g

Compound Theor 5579 ¢ new C&Mg E
(C/0=1) Exp.¢ Theory—- Exp ¢ 1
{
ethane 3.5 1.67 1.41 ’
propane 3.3 1.56 1.43 1.73
n-pentane 3.19 1.47 1,45
isc-pentane 3.19 1.49 1,45
n-hexane 3.17 1.45 1,47
iso-hexane 3.17 1.45 1.47 1.73 E
n-octane 3.13 1,39 1.47 1.73 E
is0-octane 3.13 1.45 1.47 ;-
iro-«dodecarne 3.09 1.41 1.47 K
n-cetane 3.07 1.35 1.49 43
acetylene 2.50 2,08 1.67 2,00 E:
ethylene 3,03 1.82 1.50 3
propylene 1.03 1.67 1.52 A
butyiene 3.01 1.56 1.52 3
amylene 3.03 1.54 1.52 g
cyclohexane 3,03 1.52 1.52 1.74 i
n-heptenc 31.03 1.45 1.52 b
ethyl alicohol 5.99 1,52 1.52 y:
propyl alcohel 4.50 1.37 1,52 N
isopropyl alco- i
hol 4.50 1.39 1.52 he
isoanyl alco- 'j
hol 4.50 1.54 1.52 3
acetaldehyde 5.00 1.82 1.67 |
proprion-
Aldehyde 4.00 1.7% 1.61
acetone 4.00 1.69 1.61
mothyl ethyl
ketone 1.6 1.69 1.56
diethyl other 4.00 1.72 1.52
di -isopropyl
ather 4.00 1.56 1.52
benzene 2.50 1.43 1.37 1.54
toluene 2.56 1.1 1.39 1.46
xylenc 2.63 1.27 1.41 1.45 x
cumenc 2.63 1.28 1.41 1.56 '
methyl naph- b
thalene 2.45 1.01 1.35 1.21 (Blazowski,1979)]
¢ = (F/0)act./(Flo)Stoich. b. Smith and Thomas ( 1955 )
¢ for (0/{C+(H/2}']) « 1 for aliphatics
¢ for 10/{(C+2) + (H/2))}] = 1 for alkylated benzencs
¢ for {(O/1(C+4) + (H/2))) = 1 for alkylated naphthalenes
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