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I. INTRODUCTION AND STATEMENT OF WORK

AL
I
e

Understanding the mechanism by which soot is produced in combustion sys- S

RNy
o’ & e ¢

tems is one of the major challenges of combustion science today. In spite of

:;: the tremendous amount of effort which has been directed to this problem in the

:ﬁs past and the high level of current activity, there is no consensus in the

XN scientific community on the relative importance of a free radical or an ionic
mechanism of soot nucleation.

£ ; . The working hypothesis for the study at AcroChem has been that an ionic

'%j mechanism controls the nucleation step: chemi-ions formed in the combustion

process initiate a chain of rapid exothermic, ion-molecule growth reactions

— which lead to larger and larger ifons; the nature of the system gradually

';l N

VW)

changes from one controlled by molecular chemical processes to one dominated

by aerosol physics. During this growth process ions become neutral molecules

%)
.
:‘n"l’

or particles by recombination with the electrons produced fn the initial chemi-

o ionization step. As the particles continue to grow, the work function for
ii; electron emigssion decreases toward that of the bulk substance; some of the
”3 particles then become thermally fonized. Subsequent coagulation is influenced
-if by the charge on some of the particles. A schematic summarizing this series
- of reactions is given in Fig. 1. There are thus two stages in the life of a
{§ maturing soot particle in which electric charge plays a role, in nucleation and
::Q in coagulation.
!‘i In most of our work we have concentrated on the nucleation step (actually
; 8 series of reactions), but more recently we have also considered the theoreti-
;:; cal aspects of particle charging (there are means other than thermal ioniza-
’:} tion) and coagulation. This expansion of our activities was initially
'% motivated by the need to determine whether the large molecular ions observed in
sooting flames are a cause or a result of soot formation. Some nonadherents to
fﬁ the ionic mechanism have proposed that the large molecular ions are only a
43 product of the formation of soot. It is necessary to test this quantitatively.
2 Another motivation for extending our considerations beyond the nucleation step
::‘ : 1s the desire to understand and model the total process. We feel we are now in
Z? a position to profitably initiate detailed modeling of soot formation in combus-
:;- tion systems.
‘ The dominant motivation for Air Force support of this work is the antici-
- pated need to use off-specification fuels, possibly derived from coal, tar sands,
;: ffff?tv C e e
'Ej e -
X A
MAffni&:r;;;Jnsz
\".': Chief, Technical Informatio
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> . and shale oil, or possibly low grade petrolecum sources. Such fuel sources all
;{ have greater C/H ratios than currently used petroleum crudes, and this is
L expected to greatly enhance the sooting tendency of any combustion system.

Present fuels, in fact, are a problem in many current jet aircraft in terms of ‘
s; the degradation of component lifetimes by flame radiation (from soot particles
A; even when there is no visible smoke emission) and in creating a tactically
;3 : undesirable smoke trail. Our program thus included some shorter term objec-

tives of a more empirical nature to 'determine the effect of molecular struc-
'éz . ture on soot formation and to relate these results to performance in jet
:2 aircraft. One objective of this effort was to determine the relevance of work

done in the laboratory to performance in real engines. During this reporting
period Tyndall Air Force Base initiated a program® at AeroChem to permit us to
put more effort into this aspect of the problem.

1 (R
']
P WA I

'ﬁ The Statement of Work from the contract reads: ‘
'%g “1. Perform ionic species concentration measurements at high molecular ]
N weights (up to approximately 5000 amu) in premixed flames of acetylene, benzene, !
,' and hexane to provide experimental data with which to test the ionic mechanism .
o of soot formationm.
2. Calibrate the ion concentrations determined with the mass spectrometer

_ by comparing the mass spectral data with electrostatic probe data in flames in
:;: which a single ion is dominant.

;5 3. Perform computer simulations of rich and sooting flames to test pro-

N posed detailed mechanisms of initial soot nucleation. This study will consider

o three alternative reactions schemes: an fonic nucleation and grovwth mechanism,

E a butadiene intermediate neutral-radical mechanism, and a neutral-radical poly-

h acetylene growth mechanism.
‘3 4. Determine the effects of temperatures on soot threshold and ion con-

V centrations in premixed flames of several representative hydrocarbon fuels.

33 Experiments will be performed in flames with constant temperature and variable

55 fuel-air ratio, and with constant fuel-air ratio and variable temperature by

:} heating or cooling the unburned gases and by varying the composition of the

. inert diluent gas.

? 5. Determine quantitatively the total ion concentrations (by electrostatic

ﬁ probe) and the temperature at sooting threshold for a series of fuels with dif-

:f ferent tendencies to soot.

v
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6. Interpret the above data and mechanisms in terms of the potential
effects of new fuels on soot formation in alr-breathing engines, and possible
means of minimizing soot formation {n air-breathing engines."

11, STATUS OF RESFARCH EFFORT

Many of the results of this program have been submitted for publicatiom
so they will only be summarized here; the publications and presentations are
1isted in Sectfons III and V and copies are included in Appendices A-D.

Some lonic species measurements were made in acetylene-oxygen flames after
the AeroChem built quadrupole mass filter (mass range 13-300 amu) was replaced
by a commercial high resolution instrument from Extranuclear Labs., Inc. (mass
range 30-5000 amu). When the instrument was operated in a high pass mode
which permits collection of all fons > 600 amu, large concentrations of ions
were observed in sooting but not in nonsooting flames. However, when operated
in the normal mode to observe the mass spectra of individual ions, very few
detailed ion mass spectra were obtained above mass 300. It appears that the
ions grow rapidly from masses of less than 300 amu (corresponding roughly to
six ring polycyclic aromatic hydrocarbons) to very large masses. This work is
still in progress and any observations at this point must be considered tents-
tive until the experiments can be verified and expanded.

A major difficulty has been the calidbration of the mass spectrometer for
the high mass range, i.e., the determination of how the relative sensitivity of
the instrument varies with mass. For an instrument used with an ionization
source this is not a difficult problem; when sampling fons directly from a
flame it becomes a serious problem. Several schemes have been devised and will

be considered during the next year.

An extensive effort has be;n directed to developing a suitable Langmuir
(electrostatic) probe theory and to performing experiments so that such probes
can be used to obtain accurate total fon concentrations in sooting flames.

Such dats are badly needed and the dats in the literature are inconsistent--to
the point that this was a ;njot criticism of our hypothesis, see, e.g., Refs. 2
and 3, In performing these experiments, problems were initislly encountered
with soot coating out onto the probes, altering the electrical characteristics
and the size of the snall (0.025 cw diam x 0.25 cm long) probes. This problem

.
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wvas alleviated by moving the probe in and out of the flame very rapidly and

taking measurements rapidly before the probe became coated with soot. The

theoretical problems of relating probe currents to ion concentrations were more

severe. These were associated with selecting the appropriate theory to convert

_Ei probe currents to ion concentrations in a systcm where the flame ions are very
o~ heavy, essentially small charged particles. There are numerous probe theories
lfb . available but none had considered this specific problem. Several potentially
e applicable theories were thus examined to determine whether their underlying
o - assumptions were applicable to our specific experimental conditions. The appli-
*} cable theories were then experimentally evaluated to determine whether they
(! correctly predicted the dependence of the results on the experimental parameters
. (e.g., probe diameter, probe length, and probe voltage). It was found that
f:ﬁ several theories were applicable for nonsooting flames but very few were suit-
;ﬁ able for the sooting flames. Thus, for nonsooting flames the theories of
g Calcote® and Clements and Smy® were chosen. In sooting flames the Clements and
o Smy thick sheath convective theory® was used.
14 Another problem in using electrostatic probes in sooting flames is that
‘:s they require ion mobilities for large ions at high temperatures and these are
not readily available. Neither the mass of the ions (particles) nor the mobil-
ity as a function of temperature for our conditions were available. A semi-
! empirical mobility relationship as a function of mass and temperature was thus
:; developed by comparing theories for ion mobility with the limited experimental
-, results repottedAin the literature. For one flame under our conditions Homann
X and Stroefer® had obtained charged particle distribution curves which we used
! s to interpret our probe data. The results of this work will be published next
;:é year. It is clear, however, that Langmuir probe and charged particle distribu-
o tion measurements by mass spectrometry, such as done by Homann and Stroefer,
xy must be made on the same flame in order to obtain reliable total charged parti~
‘Zz cle data. This should be done for several typical flames. Unfortunately, the
35; work required is beyond the scope of the present program. _
;:‘ We have previously’ emphasized the importance of determining the effect of
A i temperature on the tendency of flames to soot. One way to study this would be
.f: to compare fuel structure effects on the threshold soot point at the same tem-
; perature. Our initial efforts in this direction, however, were to use the TSI
:5 for premixed flames® to obtain the equivalence ratios at which soot forms in
e premixed flames, ¢., on a specific burner system for a scries of fuels. We
%
)
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then calculated the adiabatic flame temperature at ¢, for each flame. These
data demonstrated that when the flame temperature is varied by changing the

fuel, the tendency to soot Increases with increasing flame temperature. This
contrasts with the effect of temperature on the tendency to soot for a specific
fuel when the temperature is altered, for example, by adding Na or 0,; in fﬁl;“ B
case increasing the tcmperature decrcases the tendency to soot. The differ~
ence demonstrates the gmportant role played by molecular structure on the
tendency of a fuel to soot. This has been published.®

Subsequént to the above publication we measured the flame temperature at
the soot point for a series of fucls and confirmed the conclusions. 1In the
next year we plan to determine the total ion concentration in these flames by
electrostatic probe measurements.

To support our hypothesis that the large fons observed in incipient soot-
ing flames arise from chemi-ionization and ion-molecule reactions, and are not
produced from charged particles we have reviewed the literature on particle
electronics. Another motivation for this activity was to further develop the

basis for quantitative modeling of soot formation. In reviewing the subject of

particle electronics we formulated the quantitative expressions in a uniform @
manner so that they could be applied consistently, and when an appropriate ' ?
expression was not available one was developed. This work is continuing and i’

we hope to submit it for publication soon; part of these results was presented

as an invited paper at the First Annual Conference of The American Association R
for Aerosol Research in February 1982. )
The processes considered are summarized below (P represents a particle, M oL

a molecule):

Thermal lonization or Thermionic Emission:

ener :
8y> Pt + o~ T

This will be the dominant process in producing charged soot particles.

Diffusive Charging:

P + M » pvt ' E *

This process will be important when chemical additives of low fonization poten-

tial are used tc influence soot formation.




.......................

E‘: Electron Attachment:

PO P + ¢ ~» P~

Charged Particle-Electron or Ion Recombination:

A P+ e+
et

A +

N PP+ M + PM
;\x .

By

Because negative ion concentrations are usually much smaller than electron
concentrations and the rate coefficients are smaller, only electron recombina-
tion is considered of importance.

Proton or Hydride Ion Removal from Charged Particles:

—‘i pit » p + ot

B
o PH- + P + W

N
}f: For energetic reasons this process would be considered only in a reaction
) . in which the proton or hydride fon becomes attached to a molecular species.

35} The process then becomes equivalent to an ifon-molecule reaction:

ry
oy Y + M > P + M

)

- for which the rate coefficient will be very large if the overall process is

'~ exothermic. To estimate this rate coefficient the energetics of the proton or
.1 1
;ﬂa hydride ion removal from charged particles was calculated.

1Y

f Coagulation:

;;. The rate of coagulation or agglomeration for particles of equal diameter,
;f d, which are small compared to their mean free path, is calculated by the

";Q

{g equation:

d
—= = k N?

o de c P

\.'a
Es”
R vhere:

A 1/3

2 k= 0.866 a'/'(ﬁi) Gear$
~ c Dp
i
?2: in which Pp is the density of the particle, G is a complicated function which
3:: takes into account particle dispersion and electrostatic forces, a is the colli-

4
_:‘ sion integral for a self-preserving size distribution, and § is a sticking coef-
y ficient. The factor G, has been calculated for soot particles of varying diam-
\I

32 eter for the processes:

oL

o~ 7

T
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P +P -+ PP
Pt + P + PP

+ pt o PP+2

P~ + P + pp2

The rates of the last two reactions are equivalent.

The above quantitativé considerations should be very useful in evaluating
the relative importance of various processes in sooting flames and should be
especially useful in explaining the role played by chemical additives in affect-
ing soot formation in flames. To demonstrate this usefulness we chose the
atmospheric pressure ethylene-air flame studied by Haynes, Jander, and Wagner'®
to which they added alkali metals and alkaline earths. They measured the parti
cle number dehsity with and without various additive (seed) concentrations as
a function of distance above the burner. The detailed conditions for this
flame are given in Table I. We will treat only one point, 2.2 cm above the
burner. At this point we calculate the characteristic times for the various
processes as indicated on Fig. 2. The significance of being gble to make such
calculations 1s that it permits one to choose which processes to consider in a
detailed model. It also gives a quantitative understanding of the system. The
characteristic flow times vary over five orders of magnitude; those falling far
shorter than the characteristic fiow time must be considered infinitely fast
and those far longer than the characteristic flow time to be infinitely slow.
This flame demonstrates that potassium will give different results depending
upon whether or not chemi-ions are present; larger concentrations of potassium
ions are obtained from chemi-ion transfer than by thermal ionization. When no
potassium is present, the ions produced by chemi-ionization, e.g., C;H,+. will
disappear by dissociative recombination with electrons. When potassium is
present, charge transfer will occur extremely rapidly producing K+, which then
disappears very slowly by three body recombination. An additional effect which
must be considered is the removal of CyH,* by the transfer of charge to K thus

interfering with the initial ion-molecule steps in soot nucleation, e.g.:
C.H,"' 4+ CaH; -+ C.ll,"' + Hp.

Calculation of the half life for this process, assuming 0.1% acetylene, gives a
value of sbout 10”7 s. Thus at the concentration of potassium present in the

Haynes et al. flame the nucleation step is not affected. Further examination
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of Fig. 2 shows that diffusive charging of the soot particles, P, by potassium
ions is much faster for smaller particles. Similarly, the e¢ffect of particle
charge on the coagulation race is greatest for small particles.

From a consideration of the results presented here, it i{s clear why the
addition of alkali metals to this flame affects the particle size and particle
number density. It is also clear that we are in a position to develop detail-
ed quantitative models--in which the important processes are considered

simultaneously--of the effect of chémical additives on soot formationm.

TABLE 1
PROPERTIES OF ETHYLENE-AIR FLAME OF HAYNES, JANDER, AND WAGNER!®

Distance above burner 2.2 cm

Property Value
Equivalence ratio 2.28
Temperature 1740 K
Time from flame front 25 ms
Unseeded particle diameter 37 nx
Unseeded particle number density 3.2 x 10°® cm™?
Potassium seed concentration 3.8 x 10** cm™?
Seeded particle diameter 13 nm
Seeded particle number density 2.9 x 10*° cm™?
Equilibrium potassium ion 4,3 x 10* cm™?

concentration

Potassium ion concentration via ~5x 10® em™?

chemi-ionization (estimate)
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= 2
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=
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FIGURE 2 CHARACTERISTIC TIMES FOR SOME REACTIONS
IN AN ETHYLENE-AIR FLAME AT 1 ATM

Measurements from Haynes, Jander, and Wagner.'®
Equivalence ratio, 2.28.
At 2.2 cm above burner, 25 ms.
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111. PUBLICATIONS

"“Importance of Temperature on Soot Formation in Premixed Flames,”
Calcote, H,F. and Olson, D.B., AeroChem TP-416, Combustion Science and
Technology 28, 315-317 (1982),

"Effect of Molecular Structure on Incipient Soot Formation," Calcote, H.F.
and Manos, D.M,, June 1982, AcroChem TP-406a. The original manuscript
has been considerably modified ‘and submitted to Combustion and Flame. It
should be published within the next several months.

"Ionic Mechanisms of Soot Formation," Calcote, H.F., Proceedings of NATO
Workshop on Soot in Combustion Systems, Le Bischenberg, France, 31 August
to 3 September 1981, AeroChem TP-415, to be published by Plenum Press.

"“Langmuir Probe Measurements in Sooty Flames," Gill, R.J., Olson, D.B.,

and Calcote, H.F., in preparation for submission to Combustion and Flame,

"Ionic Mechanisms of Soot Formation in Flames," Calcote, H.F., an invited

review for Progress in Energy and Combustion Science, in preparation.

1v. PERSONNEL

The key personnel on this program have been the authors but others have

contributed their special talents, especially to the experimental measurements

which are unusually tedious because of the fine aerosol nature of soot. The

participation of the following technical personnel is thus gratefully

acknowledged:

R.J. Gill, PhD Physical Chemist
3.J. Houghton, Research Associate
J.C. Pickens, Research Technician

R. Taweel, Technician

V. TJECHNICAL INTERACTIONS

Technical interactions with the scientific community have taken many forms,

foremost have beentechnical presentations, and especially presentations and

participation at workshops, see below. AeroChem held an informal workshop on
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soot on 6 May 1981 with 17 people in attendance--no sponsors. This served as an
excellent means of information exchange and the comments afterwards were all

positive., Technical interactions in another arca, that of proposal and manu-

script review, seem to have increased on subjects related to ionic effects in
soot formation. We like to think the increased activity in this phase of soot
work is due, at least partially, to our championing the subject, Our personal
contacts with many others in the field have been maintained by contact at tech-

nical meetings, correépondence. and phone calls.

Presentations

1. "Kinetics of Ion-Molecule Reactions," Calcote, H.F., "Workshop on Plasma
Chemistry in Technology," Ashkelon, Israel, 30 March-1 April 1981,

2. "Mechanism of Soot Formation in Flames," Calcote, H.F., Seminar at
University of Beer—Shiva; Israel, 3 April 1981,

3. "Ionic Mechanisms in Soot Formation," Calcote, H.F., NATO Workshop on
Soot in Combustion Systems," Le Bischenberg, France, 31-August-3 September
1981, TA-242.

4. "Ionic Mechanisms of Soot Formation in Flames," Calcote, H.F. and Olson,
D.B., AFOSR Airbreathing Combustion Dynamics Meeting, Clearwater, FL.,
16~20 November 1981. TA-246.

5. "Ion and Charged Partiéle Contribution to Soot Formation in Flames,"
Calcote, H.F., Invited presentation at First Annual Conference, American

Association for Aerosol Research, Santa Monica, CA, 17-19 February 1982,
TA-250.

V1. INVENTIONS AND PATENT DISCLOSURES

There are no inventions or patent disclosures to report.
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COMBUSTION AND FLAME

" APPENDIX A

iMMect of Molecular Structure on Incipient Soot Formation

I1. F. CALCOTE AND D, M. MANOS®

AcrChem Reseurch Labosabories. Ing.. P.O. Bas 12, Princeton, NJ UKS0

A tational theeshokd wndt index (TS sarying from Ot KX is dolined for oy alusting the onet of somt fonnation in hath
premned and difusion fTames. It is shown that ot of the data in the licersure on eaher premined of dilfusion Nlames.,
taben by many wohnigues, ane consistent with respect o mokecutar sructure B cacl of the twao types of lames. There is
alwra closer vimilarity hetween the etfect of mwlecular structure on st formation in premined and diffusion flames than
pros ity thought. The use of TSEpermuts one s use all of the literature dista o inderpeet molecular vnsctuse cfects and
thus amive i rules for predicting the effect of mokeculn tracture foe compoonds which have a0t yot heen nicasured of
correlate the results from one oxperinicntal syiem with another. 18a comlation can he demonstrated hetween the effect
of mokevuliar Mructure on st Fostion in Lbanstory and s effect in practical sy e, then TS will be aselul w the
) fuchs program for defining the desited fucl componeits s be prepanst (som a given feedwock.

INTRODUCTION

As synfuels play a greater sole in mecting future
encrgy demands, a better understanding of the
factors governing their propensity to form soot
is required. Quantitative prediction of the soot-
forming characteristics of new fuels can probably
best be achicved from an undesstanding of the
quantitative behavior of their individual hydro-
carbon constituents.

There are two distinct facets to the considera-
tion of the effects of fue} molecular structure on
sooting. First, as a given premixed fuel/oxidant
combination is made increasingly fuel rich (or as
the primary aeration of a diffusion flame is de-
creased), a rather sharp onset of sooting is ob-
served. This facet of the tendency to soot is impor-
tant in practical applications where the total ab-
sence of sooting is desirable. The second facet
is that further increasing the fuel concentration
beyond the point of soot onset causcs increasingly
greater quantities of sout to form at a rate which
depends on fuel structure. In this paper, we con-

® picsent address: Plasma Physics Laboratory, Princetos
University, Princeton, NS,

Cuprnght ¢, 1982 by The Combustion Inmitue

Pubfished by Ehavier Science Publishing Co.. ..
52 Vandertalt Avenue, New York, NY 10017
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centrate on the specification of the onset of soot
formation. Data on this aspect of sooting from a
variety of mcasurements made in both premixed
and diffusion Mlanies have been gathered from the
literature and corselated. The objective was to
dctermine the degree of consistency, or incon-
sistency, of the data in the literature on the
effect of molccular structure on soot formation
in both premixed and diffusion flames, and the
relation, if any, between the two types of flames.
Assuming a consistency is established for the
data, the objective will be to deduce an empirical
description of how molecular structure controls
the onset of soot. Others have considered the
effect of molecular structure on soot formation
but have limited themselves to data collected in a
singlc type of apparatus, where they have becn
limited by the number of compounds studied.
These studies usually conclude that certain trends
in the effect of molecular structure agree with ge.
sults of previous work, although significant differ.
ences in the sctual numerical values occur be-
tween different studies. In this study, we have
made such comparisons quantitative, so that
separately oblained sets of data can be com-
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pated directly and so that all of the available data
can be used 10 deduce molecular structuse effects.

We assume that we can define a “threchold soot
index" (TS1) that ranks the fuels fiom O to 100
(0 = least souty) and is independent of the parti-
cular experimental apparatus in which the data
were ubtained. A quantitative value for each mole.
cule is thus obtainced so that diffetent molecules
studied by different investigators (using different
experimental apparatus) can be consideied in elu-
cidating the effect of molecular structure on soot
formation. Once of the first objectives in this
paper will be to demonstrate the validity of this as-
sumption.

This kind of information should be of great
valuc in attempts to understand the relation
between laboratory data and engine data. Such
conclations, if they could be demonstratcd, would
reduce the number of enginc tcsts required to
establish the effect of molecular structure on en-

gine performance. The real impact should be on -

the synfuels engincer in determining the type of
molecules 1o strive for in the refining processes,
The situation is analogous to the empirical under-
standing of the relation between octane or cetane
number and molecular structurz and the objectives
of petroleum engincers in structuring the products
of petroleum refineries.

SOQURCES OF DATA

The data on incipient svot formation are divided
into two categories: premiaed flames and diffusion
flames. Data on premixed flames were taken from
Street and Thomas [i], Wright {2], Culcotc and
Miller 3], Grumer, et al. [4), and Blazowski
{5]. Daia on diffusion flames came from the
work of Minchin |6}, Clarke et al. |7], Hunt {8],
Schalla and McDonald [9] . Van Treuren [10], and
Schug, et al. [11]. In addition to mcasurcments
on pure hydrocatbons, some of these workers
studied fucls consisting of mixtures of hydrocar-
bons and organic compounds contfaining hetero-
atoms (O, N, 8, Cl, etc.). Only the reported
data on pure hydrocarbons are considered here.
The most extensive data set from premixed
flames is that of Strect and Thoinas [1]. These au-
thors used an apparatus in which a flow of heated
fuel was mixed with air to form ecither a vapor

11. F. CALCOTE and D. M. MANOS

mixtuie o fuel inist, according to the compound’s
vapor pressiie. These mixtuies were then burned
in a shiclded Bunsen flame, and the fuel/air ratio
was incrcased until a yellow tip was first observed,
This ciitical composition was reported  Grumer
et a). |4] burned only premixed fucl vapors, re-
posting  fuclair composition at the yellow tip
limit. Simifar incasurements on complctely vapor-
ized fuels were made by Calcote and Miller [3)
with a shiclded Nlat MName burner. They demon-
stiated a sensitivity of their results to the un-
burned mixture flow velocity, although at higher
velocily their results were independent of velocity.
Wright 2] used a heavily backmixed, jet-stirred
combustor, from which he reported the critical
fuel/air ratio which causcd the first visible appear-
ance of soot on a probe filter placed in the reactor
outlet. This reactor allowed richer mixtures than
on a premixed burner to burn without sooting;
a number of compounds found to soot in other
premixed flame studies reached their rich blow-_
off limit without sooting in this apparatus. Ad-
ditional studies from the same apparatus have been
repuited by Blazowski (S).

For dilfusion flames, Minchin {6] made meas-
urcments of the (now standard) smoke point
employing a wick-style burner in which the fuel
flow was increased until soot was obscrved to be
liberated from the tip of the flame. The flow
was decreascd just cnough to suppress the libera-
tion of svot, and the height of the flame, referred
to as the “smoke point,” was recorded. Hunt
{8] performed the same type of measurement on
a very large number of pure compounds, using
a burner of different dimensions. Clarke and co-
workers [7) also mcasured flame heights, as
described above; however, they burned the liquids
as pools in a funncl-shaped burner, rather than on
wicks. By clevating the lcvel of the liquid in such
a funnel, the arca of the pool was increascd and
more fuel was vaporized into the flame. The phys-
jcal chasacteristics of a duplicate of this burner
were studicd by Van Treuren [10}, who reported
excellemt agrecment with the values of Clarke et
al. Van Treurcn showed that the actual numerical
tesults of such measurements depend strongly on
the burucr temperature and burner and chimney
dimensions. Schalla and McDonald [9] used three
different burners, one for gases and two for li-
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MOLECULAR STR,ICTURE AND SOOT FORMATION 3

quids. Liquids wese buined either in a wick
style Jamp o1 in a bumer with prevaporization,
Rather than recording the flame height, Schalla
and McDonald recorded the volume rate of fucl
flow [cm3(STP) s—?] at the point where further
increases in fuel flow caused the onsct of soot.

which the flow of air was segulated. Both souting
heights and the critical flow velocity were meas-
ured.

Because of the various experimental differences
between these studies, a direct compasisun of the
quantitative results is not possible without further
data processing. We shall now show how the data
were treated to condense all preinixed flame data
and all diffusion flame data into two internally
consistent data sets,

DEFINITIONS AND METHOD OF
TREATING DATA

In this section we define a threshold soot index
TSI which is derivable from measured quantities
for both premixed and diffusion flames. This
allows one to consider all of the data available
in these categorics and to compare TSI quanti.
tatively for diffcrent types of molccules. Quali-
tative comparisons of this sort, though common
113, 14]. can be grossly misleading, as will be
demonstrated in the results and discussion scction.

Jt is gencrally recognized that substances with
lower smoke points are in some sence “sooties™
than those with higher smoke points. Minchin
defined 3 parameter called “tendency to smoke™
8s a constant divided by the smoke point. This
definition has been accepted since his 1931 paper.
Similarly, it has been recogniced that in pre.
mixed flames, the lower the carbon-to-oxygen
mtio C/O, or the Jower the critical equivalence
ratio ¢! the g:eal,cr the tendency of the fuel to
300t.

1 Oc iv defined a5 the minkmum cquivalence ratio ¢ for
sooting, where ¢ = (fucl flow/oxidizer Now)/(fuet Now/

oaidizer ﬂow)“okhbm.w.

In defining TSS, it s desirable 10 define a
patameter which reflects the corselation of incipi-
ent sooting with molecular structure, i.e., the oxi-
dative chiemistey of the fuel, and does not refiect
differences in transport propertics due to the na.

S ture of the measurement apparatus or the quantity
N . . .
. Glassman and associates [11] used an apparatus  of oxygen which must diffuse into the flame front
N similar to that described by Schalla and Hubbard  (in the case of diffusion flames).
A 112] comisting of a tcm-id. central fuel jet For premixed flames, consider two hypotheti-
. and a 10-cin concentric confining tube through  cal hydiocaibon fucls of very different inolecular

weights or C/11 ratios both of which Lberate soot
when bumed at  identical equivalence ratios.
1t is clear that a definition of TS as

TSI =a — be,.. m

with g and b constants for a given set of data,
will yicld the same value for both of these hypo-
thetical! compounds. We therefore adopt the
definition of Eq. (1) in this work, recognizing that
other definitions are possible, e.g., based on C/O
ratios.

Minchin's definition of tendency 1o soot for
diffusion flames as inversely proportional 1o the
height of the flame which would just svot contains
an inherent flaw; it does not account for the in-
creascd height of the flame which would be re-
quired with increasing fucl molecular weights M.
An increase in molecular weight 1equires more
oxygen to diffuse into the flame to consume a unit
volume of the fuel. This can be accounted for by
defining the threshold soot index for diffusion
flames as

TSI=¢(§-’--'Y)+6. 7))
h

where a and b are constants for any given experi-
wmental setup and 4 is the critical height of the
flame for which soot is first observed. A better ap-
proximation would be to employ the moles of air
requited for the combusiion of one mole of fuel
instead of AMW. The accuracy of the data and the
srbitratiness of defining the products of combus-
tion are such that the convenience of using the
mulecular weight is acceptable,

The critical volumetric flow rate V is also used
as a casure of the tendency to soot in diffusion




m". L Al G S th & Sl Al i "T_'T",_‘.' 'T_".,._' -.,A,.'._,..-. R

NS ..n Y

N
.

AL

AA

.

P Y §

RS N

4
I

[ n e

o,

AERASCSERL SRS E RN
BN

4

flames. According to the Burke and Schumann
theory of diffusion flames |15},

4
he wGD 3)

where C; is the fuel mole fraction at the flane
tip and D is an average diffusion cocfficient of
the system. This equation predicts a lincar cor-
selation between the height of a3 diffusion Name
and the volumetric flow rate. This has recently
been reconfirmed experimentally be Glassman and
associates [11]. Thus we can also define for a
diffusion flame

TS! =¢(M—:') +b, / 4)

where V is the critical volumetric flow rate for
production of soot as used by Schalla and Mc.
Donald.

To compare the sets of data taken in different
laboratories or on different burners, for either
premixed or diffusion flames, we adjust the
arbitrary proportionality constants a and b in Eq.
(1) for premixed flames and Eqs. (2) and (4) for
diffusion flames for each data set to minimize the
error between the TSI values for individual com-,
pounds common 10 more than one set of data. The
resulting merged set of TSI values, spanning the
range of hydrocarbons measured by all experi-
menters, is then linea'rly scaled so that 0 S TSI
100 for the compounds.

The technique can best be demonstrated by
an example, for which we shall use diffusion flame
data; exactly the same procedure was followed
for premixed flames. We chose two compounds
from the data set of Hunt which have the highest
and near the lowest MW/h, namely, 1-methyl
naphtahalene and n-hexane. We arbitrarily assign
them TSI values of 100 and 2.0 respectively. With
the molecular weights and smoke points (h in
millimeters) from Hunt, Eq. (2) is written for
n-hexane

2ma,(2) 4
e 1

. "' -
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and for methy! naphthalene

4
100 = g, (‘l}z)’bi. .

Solving for a; and b, glves

a, =352, b, =—0.0331.

With these constants the TSI, values were cal-
culated for each of the compounds mcasured by
Hunt, which gives data set 1.

For the sccond data set, that of Clarke et al.,
we chose two compounds in common with the
first data set, namely, n-heptane and decaline,
for which we use the TSI value for these sub-
stances as calculated using the a and b constants
appropriate to Hunt’s data and the smoke point

_value in centimeters as determined by Clarke et al.

Thus for n-heptane

100
2362420 [ —— ) + b4
& (15.9) 3%

and for decalin

138
12820y9( == ) ¢ 8,0,
“’(3.5) 2

Solving for a,© and by0 gives
2,0 20315,  b® =0379.

These constants, based on only two fuels, and
specific to the data set of Clarke et al., are now
used to calculate a preliminary TSI value, written
TSI, for each substance in data set 2.

The next step is to minimize the above differ-
ences between the TSIs for the individual com-
pounds of the two data sets. This is done by
making a least-squares linear correlation of the
two sets of data for TSI, and TSI;9, employing
only the compounds which are common to both
data sets. This procedure yields mq and Cy in the
equation correlating the two sets of data:

TSI, = maTSI30 + C;. ®)

.................
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_:; Thus the TSIs for the second sct of data can now To fix the TSI scale range from 0 to 100,

. be put on the same scale as the TSIs for the first  the TSHof the lowest value in the total of all the

::‘- sct of data (ie, TSIy = TSl3) by substituting  data scts was set cqual to 0 and the highest value

-’\ ) . TS14° in the form of Eq. (2) into Eq. (5), yielding equal to 100 [TSl(ethanc) = 0, TSi(naphtha-

lenc) = 100). This linear adjustment of the

‘ o (A_:l_t’ ) +by = TSI, TS1y.100 Was accomplished as follows:

: 100

" =TSly TSlg.100 = (TSI~ X) ("‘—‘) . (g)
N Y—-X

. w
=" § = of — |+ 0+, .
Mads ( A ) mabs s. where TSI = TSI value being corrected, X = TSI
. of cthane on old scale, and Y = TSI of naphtha-
(6 jene on old scale. The constants a and b reported

.

" ; .

. (which holds for each individual fuel). Thus for :';):;‘::2‘),“'"' thus obtained by combining Eqs.
i: the calculation of TSI by Eq. (2) for data set )

",

2, ag = m3¢3°. b‘ = ”I:b,o + C,. With these

- values of ag and b\ the TSI valucs for all of the __100 MW b —X ®
2y data in the sccond data set were calculated. The 0100 = \ By i ’

data from the two sources are not in a single

- quantitatively comparable form, - or
> This process was repeated for each data set,
yielding constants for each data set which mini- a= 100 . b =___lm Gy —X)
v mize the differences between the various sets of y-x/" y-x °°
:- data. For those compounds which occurred in
o more than one data set, the TSIs were averages This process can clearly be iterated for any new
iy to give a mean value. This gives a TSI for each  data set (by adjusting the total scale), or the new
a substance except that the limits are not 0-100. data set may be fit into the total data base by cal- -

. TABLE )

:‘ Constants for Calculation of TSI from Original Data -
X Original
- Sowrce ' Data Form . »

X Premixed Flames ¢
" Street and Thomas [ 1] % 219 101 -
e Grumer et al. (4] [N 181 816
’. Wright {2) . 204 8.1 .
g Calcote and Millcr |3} o 303 147
L Blazowski {S) o 2y 101

Diffusion Flames s

- Minchen [6) [ 0.178 15.7 : :
N Clarke et al. | 7) » 0.381 -0.76
Hunt {8) A 3.10 1.07
Y Schalla and McDonald (9] v 0.0322 _08s
) Van Treuren |10) ] 0.594 -1.16
fay Schug etal. [11]) / v 0.144 -1.58
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culation of @ and b for the new data tlnough the
least-squarcs linear corrclation step above,

The dats for premixed flames were treated
similarly.

The constants, @ and b calculated by Lq. (R)
for cach data sct are given in Table 1. These allow
tramslation of the TSI for any fuel to the condi-
tions of any particular experiment, cven though
that substance may not have been investigated
under those conditions. Suppose, for example,
one wishies 1o know the critical equivalence ratio
for soot formation for n-cetane in the well-stirred
reactor of Wright, where is has not hecn measined.
Rearranging Lq. (1) gives

A LI O A B I e T S e A I 4 At )
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the data by Wiight [2] and Blazowski |S] in a
hack-mixed  jetstirred reactor. The original ra-
tionale for taking data in a jet-stined reactor was
that the acrodynamics more closely duplicates
that occursing i actual hardware, especially gas
turbines. The conclation in Table 2 stongly
suggests  that chemistry, not aerodynamics, is
contralling  the  citical  compaosition for  soot
foimation.

The mcan scatter from averaging the diffusion
flame data (Table 3) is 213%; if propane (£117%)
and propylene (246%) are cxcluded (and ethane
with TSI = 0, the mcan scalter is 19%. Other
substances for which the accuracy of the datais
poor are pcymenc (236%), acctylene (£27%),

¢ -a—TSl' 2,2 dimethy! propanc (18%), tctraline (218%),
¢ b 1-pentene (17%), and exylenc (£16%). Six data

By substituting @ and b for Wright from Tuable 1
and TSI for n-cetane from Table 2, we calculate
¢ in the stirred reactor:

points out of 147, or 4% of the data points, were
excluded because of gross disagreement with the
other points. A data point was eacluded only
when three or mure mecasurciments werc avail-
able for the same substance and one of them was

. 204-76 - L64 obviously out of linc-see the bracketed numbers
$e =gy o4 in Tuble 3. Again, the agrcement between dif-

This can be extremely uscful in intcrpreting data:
for example, sec Ref. [16].

The consistency of the results shown in Tables
2 (premixed) and 3 (diffusion) may be judged
by cumparing the deviations in TSI values for
those compounds common to (wo or more data
sets. In spite of the very different nature of
premixed flame measurements and the uncestain-
ties that arc associated with each of them, it is
clear from Tadble 2 that the TSI values are fairly
consistent. The reported error is the average de-
viation from the mcan. When the data are averaged
for compounds common to more than one data
set, the mean scatter introduced is 8% (cxcluding
acetylenc with TSI = 0). The maximum scatter
was 2207 -for cthanc: only 1 data point in
the total of 63 was excluded for reasons of gross
disagrecment; that point is indicated in the table in
brackets. The above deviation is not more than the
absolute error associated with the individual
members of the sct; some resulls are reported to
only one significant figure. Table 2 includes not
only Bunsen burncr and flat flame data but also

ferent investigators using different techniques em-
phasizes the importance of chemistry in determin.
ing the critical composition for soot information.

RLSULTS AND DISCUSSIONS

ft was demonstrated in the previous section that
measurcinents of the threshold for soot furmation
for either premixed or diffusion flames made by
many different investigators using differcnt meth-
ods are consistent when the individual sets of data
arc appropriately treated using two constants to
normalize each data set. This implies that chemis-
try is the contiolling process in soot formation in
both piemixed and diffusion flames.

Before discussing the question of a correlation
between the premixed data and the diffusion data,
the cffect of molecular structure on premixed and
diffusion flames will be discussed separately.

Preimixed Flames

Most of the TSI data in Table 2 are plotted against
the number of carbon atoms in the molecule and
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Thieshokd Soot Index (151) for Compounds Measured in Premised Viames

TABLED

!-‘911113&

N:am_c

o
Cylig
Cally
Callya
. Cgllg
Cglly g
(.6""
Callyn
('."‘.
Ciollis
Cyallyg
Cygilag
Calig
Calig
Colly
Colly
Callio
Callyy
Cellg
Collg
Cqlig
Celhn
Colly
Cyollyo
Cyollya

Mcthane
Fthane
Propanc
n-Butane
s-Pentane
fsopentanc
n-Hexane
2-Mcthyl pentane
Cyclohevane
nOctane
fsonctane
Deculin®
Ivudodecane
nLctane
kthykene
Propylene
n-Buicne
fsobutene
n-Pentcne
n-licptene
1.3-Butadicnc
Acetylene
Benzene
Tolucne
Xykncs
Cumence
Dicycopentadicnd
Tetralin®

Mole
wi,

16
30
4
L1
72
72
86
L
84
114
14
138
170
26
28
42

Cyyllyo 1-Mcthylnaphthalcne! 142

5 { }indicates an cntry included in deter
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0.250
0.333 4?2
0.375 33
0400 61
0417 63
0.417 61
0429 6S
0429 6S
0.500 58
0.444 72
0.444 6S
0556 85
0.462 70
04N 76
0.500 26
0.500 42
0.500 53
0.500
0.500 S6
0.500 65
0.667
1.00 -1.5
1.00 68
0.875 78
0.800 85
0.750 a3
Lo
0.833 108
110 110

1

41
kY
46
62

7”

93
87
9%
79
85
92
86

Threshold soot index (TSD

_Reference
1314
34
28
47 49
53
63
53
52
33 27
{e3}p
67
55
16
75 8s
93 72
93
74

5

Mean

8127
S0+ 2
$7: 4

64 ¢ |

5612
62:10

30: 6
40+ 3
50+ 4
6513

602§

0.00: 1.8
80:9
83:7
918
RO+ 4
36: 0
9817
100+ 9

ining fit but excluded from average when plotting,
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\: TABLE 3
S
~e- Threshold Soot Index (TSN for Compounds Measured In Diffusion Flames
A RN :
NN . 4 Threshold soot index (FSH
" : Mol. Refercnce
" Formuls Name wi. cm 6] 7 18} o o) 1) Mcan
3 Callg  Ethane 30 0333 1.2 -13 00:1.2
20 Cyitg  Propanc “ 0.378 1.3 -007 06107
e Cyllg  Cyclopropane 42 0.500 32
o Cilljo  n-Butane s8 0.400 16 1.2 14202
C4"|o fsobutane 58 0.400 . 22
Cgllyg n-Pentane 7 0417 10 13 1) 13202
P v ('5" 12 Isopentane 72 0417 16
‘i& CgHya 2.2-Dimethyl propanc 72 0417 2.7 38 3.3:06
A, CsHyo Cyclopentane 0 0.500 30 35 38 3.3:0.2
13 Cgliyq n-lexane 86 0429 27 23 25202
N Cgllyq  2-Mcthyl pentane 86 0.429 29 29 29:0
e Cgllyq  3-Methyl pentane 86 0.429 29 26 28102
— Cellyy 2,2-Dimethyl butane 86 0429 4.0 33 3.7:04
EIN Celtyq  2.3-Dimethyl butane 86 0.429 32
O Cgllyz  Methyl cyclopentane 84 0.500 50 48 49:0.
e Cgllya Cyclohexane 84 0.500 34 32 30 3.2: 0.1
¥ Cqllyg n-lcptane 100 0.438 . 30 26 25 2.7: 0.2
s Cqltyg  2-Methyl hexane 100 0438 3.2
* CqMlyg  3-Mcthyl hexane 100 0438 32
Cqllyg  2,3-Dimethyl pentanc 100 0438 35
' Cqllyg  24-Dimethyl pentane 100 0.438 36
A Call;q  Methyl cyclohexane 98 0500 “w 42 44102
o Cgllyg  nOctanc 114 0444 33 32 32 32200
e Cgllys  2-Methyl heptane 114 0.444 3.5
L2 Cgllyg  3-Mcthyl heptane 114 0.444 3.7
‘ Cgliyg  4-Mcthyl heptane 114 0444 4.0
Cgllya  3-Ethyl hexane 1n4 0444 4.0
. Cgllyg  2.2-Dimethyl hexane 114 0444 43
ool CgMyg 2.3-Dimethyl hexane 114 0.444 s
_‘;3 Collys  2.2.4-Trimethyl pentane 114 0.444 61 SO $.610.6
2 Cgllyg  2.3.4-Trimethyl pentane 114 0.444 5.7
. : Cgltya 2,33 Trimethly pentanc 114 0.444 5.7
o Cgliyg  2-Methly 3-cthyl pentanc 114 0.444 44
Cgllyg  1.3-Dimcthlycyclohexane 112 0.500 59
. Cgllyg Eihyl cyclohexane 112 0.500 46
EN Cqligg Nonane 128 0.450 41
2 Cgligg Ilsononane 128 0.450 5.0
o Cyoliag Decanc 142 048S 41 43 43:0.2
XG4 Cyollyg Decalin 138 0ss6 {37 13 12 13: 038
054 CyiHge Undecane 156 0458 43
) C;2lisg Dodecame 170 0.466 48
CyaHas Tridecane 184 0464 $.2
. C“M” Tetsadccane 198 0.467 54
Cally  Ethylenc 28 0.500 1.3 13 1310
Callg  Propylene 42 0500 26 69 481222
o Collg  n-Butens 56 0.500 44
Cellg  2-Butenc 6 0.500 43 .
CqHg  Isobutene 56 0.500 48
Cglyo 1-Pentene 70 0500 48 3s T 42207
- Cgltg  Cyclopentend 68 0.625 15
o Colhry Mexene | 84 0500 49 39 44 {81} 44108
2
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~
~3 TABLE 3 (Continucd)
:-\_4 Threshold soot index (TSI)
~ . Mol. _______ Reference
: Formula Name wi. cm 1 M 181 19 (10 (11T Mcan
- Cglljo Cyclohexene 82 0.600 58 6.3 5.0 57108
Cqltyq  1-lepiene 9% 0500 s 4 81 46104
Cqllyg  2lieprene 9% 0500 43 83 48105
o Cgllyg  1Octenc H2 0500 44
.‘; - (‘."'6 2.0ctene ] '2 0.500 4.4
- Cyollze Decene 140 0570 62 55 16 6.4:08
Cyallzg Dodecene 168 0500 6.4
S Cyaligz Dicyclohexyld 166 0.545 n 10 11:08
\: (.1‘"2. Tetradecene 196 0.500 76
-~ Cygllag Heradecene 224 0.500 8.3
. (.l.l |3. Octadecene 52 0.500 9.2
~ Callg  Acctylene 26 1.00 217 46 3.7:10
E > Callg  Propyne 40 0.750 59
_ Cgllg  Pentync 68 0628 18
- Cgllyo lexyne 82 0.600 20
Y Cyllg  1.3-Butadicne sS4 0.667 26 4 25:10
-_Q Cgliyq 2.5-Dimcthyl,) S- 110 0.570 M
. heaudiene
Cgllg  Benzenc 8 1.00 ) 30 31 {4} 31108
Cqllg  Tolucae 92 0.875 sz {34} a8 50 48 $0:2
- Cgliljo Xyleme 106 0.800 44 63 46 S5t:8
n Cgllyo  Eihyl benzene 106 0.800 61 s6 {15} 5913
2 Cyllyy  Mesitylence 120 0.750 4
h-" Collyg  Trimcthylbenzencs 120 0.750 47
- Collgg Cumene 120 0.750 63
o Celys  Propyl benzene 120 0750 a1 {im}
XN Cyollys PCymened 134 0.714 39 84 62122
2 Cyollie Butyl benzene 134 0.714 70
"u,'." we ““'y' henzene 134 0714 60
< Cyolt1q icrt Butyl benzene 134 0.714 84
N Ciollyg Dicthyl benzene 134 0.714 60
"~ Crithe e Peniyl benzeae 148 0.6388 S8
) Cyyllyg tert Pentyl) benzene 148 0.688 58
: Cyallyg m-Diisopropyl benzene 162 0.667 51
”» Cyallg Phenyl cyclohexane 160 0.750 72
('lol‘lz Tetralin 132 0.833 58 41 69 56:10
" Callg  Indence 116 1128 52
- Cglly  Styrene/ 104 1.000 L]]
'.' (lﬂ' ] 18 Pincnof 136 0.625 24
- Collg  Naphthalene 128 1.28 100
. Cyilyo 1-Mcthyl naphthalene 142 LI0 89 89 89:0
« CyiMo 2-Mcthyl naphthalene 142 110 89
. Cygllya Dimcthyl naphthalenes 156 1.00 98
A L { } indicates an catey included in determining fit but exciuded from :avemgc.
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.,  displayed in Fig. 1. To simplify the figure, smooth
curves have been drawn through the n-alkane and
n-alkene data. Isomers have been lcft off because
inspection of Table 2 shows that they generally
produce only a slightly higher TSI. The most
striking feature of Flg. 1 is that most of the
data fall roughly in a band, with TSI increasing
with the number of carbon atoms: th slope is
about 7 TSI units per casbon atom. Exceptions are
acetylene, 1, 3-butadiene, and the higher-molecu-
Yar-weight alkanes and alkencs. When TSI is
plotted against the C/H ratio (Fig. 2), butadiene is
no longer out of order. It is also interesting that
butadiene, as well as acetylene but unlike other
hydrocarbons attains its maximum burning velo-
city [17] and minimum ignition energy {18}
in very rich mixtures. For example, butadiene has
a maximum burning velocity of 57 cms— Y at ¢ =
1.23, while butene has a maximum burning
velocity of 45 cm s—1 at ¢ = 1.08. Most hydro-
carbons rcach their maximum burning velocity
betweend = 1.0and 1.1.

The adiabatic flame temperature of acctylenc
Is considerably greater than that of the other spe-
cies; this may tend to mask the effect of molecular
structure. It is clear, however, that temperature is

7 8 0 n 1”7

NUMBER OF CARBON ATOMS
Fig. 1. Effcct of molecular structure on soot formation in premixed flames.

not the controlling factor in the tendency of a
fuel to sovot [16]; for Bunsen burner flames,
the calculated adiabatic flame temperatures at
the incipicnt soot point for acetylene, benzene,
and n-hexane are 2380, 2200, and 1850K, respec-
tively, which bears very little relation to their posi-
tions in Fig. 1. Blazowski reported measured
temperatuses in a stirred rcactor at the incipient
soot limit for cthylene, 1-methy! naphthalene, and
toluene of 1550, 1905, and 1951K, respectively,
which again bears little relation to their positions
in Fig. 1.

It is also clear from Fig. 1 that increasing the
aromatic chaiacter increases the tendency to
soot; conpare, eg., cyclohexane to benzene
(TSI = 56 to 80), and decalin to tetralin (TSI =
85 10 98).

Based only on their results, Street and Thomas
(1) reported the following (frequently quoted
{13, 14] qualitative, relative ordering for the
tendency to svot of hydrocarbons in premixed
Names:

acetylene < alkenes < isoalkanes < nr-alkanes
< monocyclic aromatic hydrocarbons
< naphthalenes.
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¥°ig. 2. Effect of molecular structure on soot formation in premined flames. Arsows in-

dicate increasing molecular weight.

As shown in Fig. 1, these are rather poor sum-
maries of the actual situation. Consideration of
the quantitative ordering demonstrates that the
reported trend is misleading. Further, it is clear
that the effect of increasing the number of car-
bons within a fa'mlly is sometimes much greater
than changing families at fixed carbon number. As
an jllustration, compare the relatively small dif-
ferences between n-pentane (TSI = 63) and n-
pentene (TSI = 56) with changing from ethylene
(TSI = 30) to n-heptene (TSI = 60) or ethane
(TSI = 35) to n-pentane (TSI = 63).

Another frequently reported qualitative trend
is the increase in tendency to soot with increasing
C/I1 ratio [19, 20]. The results of Table 2,
plotied in Fig. 2 against C/H ratio, show that while
there is a general increase in tendency to soot with
increasing C/H ration, the trend is weak and thus
of limited predictive value. All the the alkencs
(C/H = 0.5) should be equal but have TSI values
ranging from 30 to 65, and acctylene with one
of the highest C/H ratios has (TSI = 0) the lowest
value of any compound measured; fuither, acety-
lene and benzene have the same C/H but TSI =0
and 80, respectively.

Street and Thomas suggested that the some.
what higher TSI of aromatics in premixed flumes
may be caused by the ability of the benzene
ring to resist oxidation and survive into the burned
gas zone, Fenimore et al. [21]) subsequently
studied the onset of soot In premixed flames as
a function of various spccies concentrations in
the burned gas zonc. They found that the correla-
tion between sooting and the survivial of benzene
into this zone was quite strong. In a review sum-
marsizing the role of aromatics in soot formation,
Bittner and Howard [22] confirmed this observa-
tion, but suggested that more information on the
role of intact aromatics will be required to clarify
the reasons for this large apparent enhancement.

Clearly more data arc requried on the effect of

“molecular stiucture on soot formation in premixed

flames.

Diffusion Flames

Much of the data in Table 3 has been plotted in
Fig. 3 and 4. Smooth curves have been draiwn
through the n-alkanes, n-alkencs, and n-alkynes.
Isomers and cyclic structures for these.substances
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have been deleted because they differ little from
the normal compound and the tendency to soot
of the alkanes and alkenes is small compared to
other structures. The effect of isomeric structure
is demonstrated by examining the octanes in
Table 3. This table demonstrates what Clarke et

¢ 7 ] | ] v N 12

NUMBER OF CARBON ATOMS

Fig. 3. Effect of molecular structuse on tendency to soot in diffusion flames.

al. [7) recognized, that the more compact the
molecular structure, the greater the tendency to
soot.

The most striking feature of Fig. 3 is that most
of the data, with the exception of the alkanes and
alkeness but including the alkynes, fall in a band
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Fig. 4. Effcct of molecular structure on
Indicate increasing molecular weight.

tendency to soot in diffusion flames. Arrows
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MOLECULAR STRUCTURL AND SOOT FORMATION 13

with TSI increasing with the number of carbon
atoms, with stope varying from sbout 6 to 12
per carbon atom. This is better demonstrated
when all of the data in Table 3 except that for the
alkancs and alhenes are plotted on a single graph.
Only typical molecules are plotted in Fig. 3 be-
cause the displayed stiuctuies would overlap;
the molecules with greatest deviation from the
rest of the data have been included, however. Bul-
adiene again stands out as having a greater tend-
ency to soot than any other small molecule;
unfortunately, there are no other examples of
conjugated systems. Glassman [11] intesprets
this ohservation as indicating that butadicne
may be a2 major “precursor clement in soot pu-
cleation.” Again, however, when TSI is plotted
against C/11 (Fig. 4), butadicne falls in with all
the vther fuels. Styrence, with its conjugated dou-
ble bond, is also an outstanding sooter in Fig. 3,
but falls within the other fuels in Fig. 4 when
TS! is plotted against C/H.

The second most notable features of Fig. 3
are the very low tendency of the alkanes and al-
kenes to soot and the major importance of aroma-
tic character on the tendency to sool.

The failure of C/H to correlate the data is
vividly clear in Fig. 4 in the comparison of acety-
lene and benzene, of which both have C/I1 = §.0
but TSI of 3.7 and 31, respectively, or the trend
from acetylene to hexyne, for both of which
C/H goes from 1.0 to 0.6 and TS! from 3.7 to 20,
respectively. We note that it has erroncously been
reported [23] that the incipient sooting tendency
decreases with increasing size for al compounds
except paraffins. These conclusions were based on
Fig. 6 of Minchin [6], which has been interpreted
as summarizing his experimental data. In fact
the credit for this data is usually given to Clarke
et al. Garner {7], who simply redrew Minchin’s
curves. Minchin’s Fig. 6 is actually the result
of a hypothetical calculation based on only s
few data puints. The relation used in that calcu-
fation s not in agreement with the extensive
data subsequently collected by other workers.

It is sometimes stated that in diffusion flames
sout formation increases in the order [14)

paraffins < monoolefins < diolefing

< acetylenes < benzenes < naphthlenes,

While this statcment is qualitatively teue, the in.
cquality sipns ase not 1clated.

Comparison between Premixed and
Diffusion Flames

3t is classical mythology that premixed and dif-
fusion flames have different sooting tcndencies
113, 14). Comparison of Figs. 1 and 3 shows some
diffesences and much in common. The most
striking diffeience s the sclative positions of the
alkenes and alkanes in the two figures; this is
determined by the relative position of acetylene
with respect to these two groups of compounds.
In premixed flames, acetylene has a much lower
tendency to soot than the alkancs and alkenpes,
but in diffusion flames it has a greater tendency
to soot. In addition, the tendency to soot for the
alkanes and alkcnes is reversed in the two flames.
Neverthcless, the tendency to soot increases

- with increasing molecular weight (increasing

number of carbon atoms) in both flames for
both classes of compounds, and the tendency
to svot increascs with isomerization (increasing
molecular compactness) in both flames—see
Tables 2 and 3. Both Figs. 1 and 3 show major
overall trends in common when the total range
of fuels is considered. At the extremes in both
flames are acctyleae and the naphthalenes. Fus-
ther, it is appatent that aromatic character plays
a dominant role in both flame types and that 1, 3-
butadienc has a greater tendency to soot in both
flames than the comresponding alkane or alkene
with TSIl is plotted against numbers of carbon
atoms but not when plotted against C/H.

The fuels in common to the two flames are
compared in Fig. 5. All of the alkanes and alkenes
fall in the cross-hatched area. The correlation,
although not linear, between the premixed and
diffusion flames is surprisingly good. In diffusion
flames, differences between the molecular struc.
ture of alkanes and that of alkenes cause only a
small change in TSI, while in premixed flames the
change is more dramatic; on the other hand,
for mono- and dicyclic compounds, large changes
are noted for diffusion flames and simall changes
for premixed flames. It is obvious that more data
on premixed flames are required; these are being
collected in our laboratory.
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Fig. 5. Comparison of diffusion and premixed flames.

The choice of definitions for TSI was somewhat
arbitrary; a different choice should be¢ possible
to force the points in Fig. S to fall more nearly on
a 45° line. It should also be pointed out that the
manner of presentation of the data as TSI for the
wholc range of fuels appears to suppress the dif-
ferences, especially in diffusion flames, among the
alkanes, alkenes, and alkynes, although on a per-
centage basis the differences aniong these may be
quite large. Another caveat is in urder—the data
seported here should not be interpreted as apply-
ing to practical sysle’ms such as turbojets, diesels,
or power plants until a correlation between the
laboratory system and the practical system has
been demonstrated. The early examination of
such correlations is of great importance to the
synfuels program.

SUMMARY

By defining a rational threshold soot index TSI
varying from 0 to 100 10 measure the onset of
soot formation in premixed and diffusion flames,
it is shown that all of the data in the litcsature on
premixed and diffusion flames, taken by many
techniques, can be successfully corrclated with

J'f" NN ;._._‘._-. -

respect to molecular structure. The diffeicnces
in effect of molecular structure between premixed
and diffusion flames are less than previously
thought. The major difference between premixed
and diffusion flames is the relative order of al-
kanes, alkcnes, and alkynes; the relative impor-
tanice of aromatic structure, isomersization, or
increasing molecular size is the same. The role of
C/H 1stio (or hydrogen content), often taken as
important in determining the effect of molecular
structure, is of very little value in correlating
data from luboratory systems.

For premixed flames, the effect of molecular
structure on the onset of soot formation as meas-
ured by the TSI can be tentatively summarized,
until more data are available, in a list whose items
are, roughly speaking, of decreasing impostance:

1. TSI is strongly influenced by the number of

carbon atoms in the molecule, about 7 TSI per
carbon atom. Two exceptions to the rule are
acctylene, with a TSI of 0, about 30 TSI be-
fow any other molccule, and butadiene, 20
TSI greater than n butane.

2. Awomatic character increases the tendency to
soot. TSI is incrcased 15-25 units on convert-
ing a saturated ring to an aromatic ring.
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MOLECULAR STRUCTURE AND SOOT FORMATION

(The change from tetralin to methyl naphths-
lene, however, is very small.)

n-alkancs and iso alkanes have cssentially the
same 181 (iso alkanes slightly higher), starting
at 35, rising to about 65 at pentane, and
then rising moue slowly for large molecules.
Alkenes fall below alkanes by about 10 TSI
units for small molecules, dccreasing to
about S TSI units for larger molecules,
Adding a side chain to an aromatic molecule
increases the TSI; lengtliening the side chain
decrcases the, TSI,

For diffusion flanes, the effect of molecular

structure on the onset of soot formation can be
summarized in a list whose items are, roughly
speaking, of decreasing importance:

TSI, with the exception of alkancs and al-
kencs, but including the alkynes, is strongly
influenced by the number of carbon atoms
in the molecule, 6-12 TSI per carbon atom.
Two major exceptions to the rule are 1, 3-
butadiene and styrene, which are about
15 and 20 TSI, rcespectively, above the
average cusve,

Aromatic character greatly increases the
tendency to soot; TSI is increased for
changing a saturated ring to an aromatic
ring by 25-60.

Alkanes and alkenes have very low tenden-
cies to soot, TSI < 7, with alkenes having
TSI from 2 to 6 above alkanes.

Isomeric or cyclic structures for alkanes or
alkenes have a small effect on increasing the
tendency to soot when compared with in-
creasing aromatic character; howcever, mak-
ing an alkene or alkane more compact can
increase the teadency to soot by as much
as 80%.

Multiring  structures, including saturated
rings, increase the tendency to soot.

The addition of a side chain to an aromatic
molecule has complex effects, gencrally
increasing TSI, but for long side chains
decreasing TSI,
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Importance of Temperature on Soot Formation in Premixed Flames

H. F. CALCOTE and D. B. OLSON AcroClicin Research Laboratories Inc., P.O. Box 12, }

Princeton, N.J. 08540

(Reccived September 17, 1981) l

INTRODUCTION

The importance of temperiature in determining the
critical cquivalence ratio for soot formation in
premixed flames has recently been emphasized by
Glassman and coworkers (1979, 1980, 1981). In
discussing sooting trends of various fucls they state
(1979), "*The fuel sooting trends in premixed and
diffusion lames follow opposite dircctionst duc to
different influcnces of temperature™,  After dis-
cussing the hypothesis that, in premixed flames, as
the temperature riscs, oxidative attack on soot
precursors increases at a faster rate than precursor
formation, they conclude (1979), “The initial fucl
structure plays little role in soot formation in
premixed flumes” and “the dominant factor in
detcrmining the tendency to soot is the reaction
zone (flame) temperature”. They argue that the
higher the temperature the less the tendency to soot,
and distinguish between aliphatic and  aromatic
behavior (1980). postulating that aromatics follow
the sume trends if one allows for a different oxygen
demand. Dycr and Flower (198)) have sup-
ported this thesis with expcriments on propane- air
and propylcne-air flames in a combustion bomb.
They state, **It has been demonstrated that any
change that increases the flame zone temperature
such as reducing the diluent concentration.
decreasing the diluent heat capacity, increasing the
initial temperature, or changing the fucl type,
reduces the quantity of soot formed.”

The fact that the flame tcmperature has a major
effect on the critical cquivalence ratio for soot
formation for a specific fuel is, of course, not
surprising. The mcchanism of soot formation
involves many chemical reaction steps. some

1 For another intcrpretation of the data on which this
statement is made sec Calcote and Manos (1982).
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probably have activation encrgies, and the concen-
tration of some reactants may change with tempera-
ture. As recognized by both of the abave-mentioned
groups, Street and Thomas (1955) and Millikan
(1962) previously observed a strong effect of
temperature on the soot point for individua! pre-
mixed fucls [sec also, Gaydon and Wollhard
(1979)]. The experimental obscrvations which
have been made, however, do not support the
conclusion that flame temperature independent of
fuel structure is the dominant factor determining
the tendency to soot for various fucls in premixed
flames.?

It is the objective of this note to evaluate the ‘
refative effect of temperature and of fucl molecular !
structure on incipient soot formation for a variety
of fuels. 1

ANALYSIS

For purposes of comparing the relative importance
of flame temperature and molecular structure on
the tendency to soot, the fuel-air equivalence ratio '
at which soot just forms in premixed flames will ':
be compared with the adiabatic equilibrium flame
tempceratures calculated for that specific fuel-air
composition for scveral fuels. By evaluating such
data from a large number of fucls one can deter-
mine how the soot point varies with fucl structure
at a fixed temperature or how the flame temperature
varics with structure at the soot point character-
istic of each fucl. The calculated adiabatic flame
tempcerature is used because cxperimental data are
not available. Gencrally, howcver, the adiabatic
flame temperature and maximum  experimental

3 For diffusion Mlanws Glassman and Yaccarino (198t)
conclude that both Mame icmperature and fue) structure
are important,
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temperature for flames of the type considered here
are in reasonable agreement (Lewis and von Flbe,
1961).

The premixed fame data are takhen from a recent
summary of the hiterature (Caleote and Manos,
1982) in which available soot threshold data from
several sources were condensed to the siune scale
by defining a threshold soot index, TSH, as:

TSI = a-b ¢

where a and b are constants for any given set of
data and ¢ is the cquivalence ratio at the soot point.
The a and b arc chosen for cach self-consistent set
of data to minimize the difference between that set
of data and other available data on the same fuels.
The TSI valucs vary from 0 10 100 with the greater
value indicative of a greater tendency to soot.
Using the tabulated TSIs and constants « and b
so derived (Calcote and Manos, 1982), it is possible
to reverse the procedure and determine ¢ applicable
1o any given apparatus. A sclf-consistent sct of ¢,
data was thus derived for the burner of Calcote and
Miller (1977) for a scries of fucls. These are
reportcd in Table 1 along with equilibrium adiabatic
flame temperature for each fuel at the cquivalence
ratio listed in Table I, calculated using the Air
Force Rocket Propulsion Laboratory ISP computer
program (Selph and Hall, 1973). All specics in the
JANAF Theemochemical Tables (1979) were con-
sidered in the caleulation, including  graphite
(aithough in no case was graphite computed to be
formed at these fucl-air ratios).

DISCUSSION

The data from Table 1| are plotted in Figure 1.
Clearly TSI (tendency to soot) docs not generally
decrease with increasing temperiature as postulated
by Glassman et al. (1979, 1980, 1981). In fact, the
trend is just the opposite. With the exception of
ethylene and acetylene, the sooting tendency of fucls
increases with increasing flame temperature, 1In
fact, for the alkane scries shown in the figure, the
trend for TSI to increase with increasing tempera-
turc is very linear. Within the aromatics, the
TSI varics smoothly from 80 to 100 as the flame
temperature varics from 2045 to 2182 K ; again the
tendency to soot increases with increasing tempera-
ture. The alkene data are somewhat different
from the other data, and insufficicnt to allow any
firm conclusions to be drawn. Data are not avail-
able for alkynes other than acctylene.

TABLE |

Adiabatic cquilibrivm Mame temperature at TSE
in premined flames

Compound formula sl ¢ T.K
Acctylene Ci:Hs 0 2.06 2408
Ethylene CsH, 30 1.86 1980
Mcthane CH;, k2 .83 lo75
Fihane CiHs k}] 1.82 1740
Propylcne CiHa 40 .19 1925
Propanc CaHu S0 1.72 1815
n-hutcne CaHa 50 1.72 1935
n-pentene CiHio 56 1.68 1940
Cyclohexane CeHj2 56 1.68 1863
n-butane CHie s7 1.67 185S
n-hepicne CiHi4 60 1.65 1940
n-octanc CuHis 62 1.64 1880
n-pentane CiHig 63 1.63 1885
n-hexane Callys 64 1.62 1890
iso-octane Culiine 68 1.62 1890
1,3-butadicne CiHs 77 1.54 2170
Benzene CeHe 80 1.52 2100
Cumene CoHia 80 1.52 2045
Toluene C7Ha 83 1.50 2085
Decalin CiHin 8s 1.48 2010
Xylenes CuHio 9 1.44 2110
Tetralin CioHig 98 1.39 2150
Mcthy! naphihalene CiulHie 100 1.38 2180

81-130A
O T T Ty T 7
O
8o |- o o -
_ 6o} é’ § s
v (o]
" e} o a -
(o) a )
20} ~

1 [ 1 i N l__ @}
1800 2000 2200 2400

ADIABATIC FLAME TEMPERATURE AT @, K

HFIGURE 1 Variation of threshold sooting index vs.
calculated adiabatic flame temperature at ¢.. O —alkanes,
/\ alkenes, @ acetylene, {J- aromatics, and O= 1,3
butadiene.

CONCLUSION

Although increasing the flame temperature of an
individual fuel may decreasc its tendency to soot,
a serics of different fucls with increasing flame
temperatures at their soot points generally increase
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in tendency to soot (cthylene and acctylene are
exceptions). Thus onc concludes that the initial
fucl structure plays & major role in determining
soot formation in premixed flames.
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JTONIC MECHANISMS OF SOOT FORMATION

H.F. Calcote

AeroChen Research Laboratories, Inc.
P.0. Box 12

Princeton, NJ

I. INTRODUCTION

In a recent review' of soot nucleation mechanisms it was demon-
strated that mechanisms based upon neutral free radical species are
inadequate to explain soot formation in flames. Either rates are
to: slow to account for the rapid rate of soot formation or there are
dif{ficulties in accounting for the large numbers of polycyclic rings
observed in soot particles. These problems can be overcome by assum-
ing an ionic mechanism. Ion molecule reactions are extremely fast
compared to free radical reactions and ions have a propensity to
quickly rearrange to the most stable structure so that there is no
difficulty in accounting for the observed polycyclic structures. Much
evidence has accumulated in the literature indicating the importance
of ions in sooting flames and a number of workers have previously
suggested fonic mechanisms. For this, the reader is referred to a
recent review.®

The literature on the soot formation process is, at times, con-
fusing because of the failure to recognize its complexity or to over-
cstimate it, and more specifically, a failure to recognize that
charged species or ions may enter into the soot formation process in
two completely separate steps. Thus, it scems useful to define the
specific steps involved in soot formation:

1. Formation of precursors - the gencration of those free
radicals or ions which arc necessary for the initial stages
of production of soot nuclei. Soot precursors may grow by
reaction with common, high concentration, flame species,
often acetylenes. These are called building blocks.

&
Prepared for NATO Workshop on Soot in Combustion Systems, Le Bischenberg,
France, 31 August to 3 September 1981,
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2. Nucleation ~ the transformation from a molecular system to 2 -
a particulate system, l.e., inciplent soot particles in
whilch the growing species take on the properties of parti-
cles as opposed to large molecules. 1In soot formatlon this
transformation occurs over a range of molecule/particle
diamcters unlike usual nucleation phenomena in which an
abrupt transformation occurs because of the crossing of two

rate-controliing steps.

J. Growth - the increase in size of the incipient sovot particles
by the further addition of molecular species.

4. Coagulation - the collision and coalescence of two particles
of the same or different size into a single particle in
which the identities of the two original particles are com-
pletely lost.

5. Agglomeration ~ a process where a series of particles
collide one at a time and adhere to cach other to form a
chain of individual particles which are still distinguish-
able from one another.

6. Aggregation - a process where a series of particles collide
one at a time to form a cluster of individual particles in
which the particles are still distinguishable.

7. Oxidation - oxidative reactions of the growing nuclei or
particles in any of the abovementioned forms to reduce the
particle size and to reduce the N/C ratio.

Ve bLelieve that charged specics are important in steps 1, 2,
and 5. Much of the confusion in the litcrature arises from not
identifying observed effects of charged species with either step 2
or step 5. Since step 5 is much better understood than step 2 and
since there is considerable controversy as to the validity of an
ionic mechanism for step 2, we will concentrate this discussion on

soot nucleation, step 2.

& |2ox

After a brief review of the basic premise of ion molecule nucle-

§}$ ation and some comments on the source of charged particles which

5{{ are important in step 5, the relatfonship hetwcen flame fon concen-

i tratlon and concentration of soot particles will be discussed in

A some detail., This will be .ollowed by a considcration of possible
alternative sources of the large molecular ifons observed in flames,

O i.e., alternative to the ion molecule nucleation hypothesis.
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I1. BASIC PREMISE ‘ ' 3

Recent measurcments using mass spectrometers to observe individe-
uval fon concentrations in flames at AcroChem? and by Michaud et al,?
have demonstrated a dramatic change in the fons observed in non-
soot ing and sooting flames. This is demonstrated in Figs. 1 and 2
which are for a nonsootling and a sootling acetylene-oxygen lame at
2,0 kPa. The equivalence ratio at which acetylene soots in this
flame 1s 2.6, It is intcresting to note that even in the nonsooting
flame, Fig. 1, very large fons, greater than 300 amu, appear very
early in the flame and then disappear. In the sooting flame, ¥Fig. 2,
these large ions dominate and then disappear. Ions > 300 certainly
do not include ions over 1000 amu because of the reduced sensitivity
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Fig. 1 1Ion profiles in a nonsooting flame. Acetylene-oxygen, § =
2.0, P = 2,0 ki’a, T = 2300 K (Ref, 4).
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Fig. 2 Ion profiles in a sooting flame. Acetylene-oxygen, ¢ = 2.7,
?=2,0kPa, T = 2170 K (Ref. 4).

of tlie mass spectrometer above 1000 amu. Thus it is assumed that as
the > 300 amu ions disappear, larger ions are produced., Figure 3
shows the effect of equivalence ratio on the peak mass spectrometer
ion current for selected ions, The interesting feature here is that
as the equivalence ratio for the production of soot, indicated by

the shaded area, is approached the ions which are dominant just before
sooting decrease very rapidly and large fons, > 300, increase dramati-
cally. It 1is also interesting to note that the largest ion recorded
in this set of data C;,H..* beging to increase in concentration as
the sooting equivalence ratio is approached and then disappears
rapidly presumably becoming a larger fon.

. The basic premise by which we view the effect of ions and
charged particles on soot growth is summarized in Fig. 4. Primary
flame ions produced by chemi-ionizatfon react by rapid ion molecule
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Fig. 3 Effect of equivalence ratio on ion profiles. Acetylene-

oxygen, P = 2.0 kPa (Ref. 4).

reactfons with neutral flame species, such as acetylene, poly-
acctylenes, and free radicals, to produce larger fons which rapidly
rearrange to produce even larger polycyclic aromatic ifons. Some of
these ions are neutralized by recombination with electrons produced
in the primary flame fon reaction and become neutral incipient soot
particles; others grow to produce charged soot particles. These
particles then grow by surface addition as well as by coagulation to
form larger soot particles. As these particles reach a eritical
size at a high enough temperature, their ionization potential
becomes sufficiently low that the particles are thermally ionized.
The charge on these particles determines their rate of agglomcration

and produces chains of individual particles distinct from aggregates.

It is also at this point that many of the effects of chemical addi-
tives or of electric fields are observed to affect the formatlon of
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Fig. 4 Mechanism of soot formation.

soot in flames. Of course several of these steps are going on simul-
tancously; they are not necessarily scquential as indicated.

The formation of precursor ions in the proposed scheme is basi-
cally the same step observe in all hydrocarbon flames in which highly
nonequilibrium concentrations of ilons are produced by chemi-
ionization. The basic reaction is

cH + 0 + cHOt + e~ (1)
The CHO* so produced rapidly transfers a proton to water
ciot + R,0 + H, 0t + CoO (2)

or by a series of fon molecule reactions produces the large numbers
of ions that are observed normally in flames. Tn particular CyH,*
uim be produced, by a set of rcactions such as '

ciot ¢+ CH,0 » Cco + CH,ot 3)
CHs0* 4 Calia » Cyllat 4+ M,0 (4)

There are, in fact, a large number of routes from cnot through other
ion molecule reactions to CsHyt. 1In rich hydrocarbon flames, CsHs
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is the dominant fon while §n leaner flames, f{.e., equivalence ratios
slightly greater than 1 to much less than {, ;0% s the domfnant {fon
Another proposed mechanism for the production of Csily* is:

C“‘ + CH; ~» C;ll;* . ()

Fvidence for Reaction (5) is fragile. 1t is also dlfficult to imag-
ine that Reactions (1) through (4), leadling to Cal,t » might occur in
very rich flames where the oxygcén atom concentration can be sufely
assumed to be fairly low. Ncvertheless, very large concentrations
of C;H; are observed in rich flames approaching sooting; therefore
in our argument for an ifonic mechanism of soot formation. at this
stage, we accept an initial large concentration of CsHyt and assume
that it is the initial precursor ion upon which ion molecule reac-
tions build larger and larger ions. Furthcr work is clearly necded
to determine the mechanism by which Cshst s produced in very rich
flames.

Glven C;H3+ as the initial ion it is casy to write a series of
ion molecule reactions in which the preduct ions continue to grow
emplcying only those fons and neutral species which have been
observed in sooting flames. Where thermodynamic data are available,
all of the reactions employed are exothermic so that fast rceact fo.
rate coefficients are a good assumption. 1In fact, there is cvideuce
that the rate coefficients of ion molecule reactions for a plven
homologous series are proportional to the exothermicity of the reac-
tion.* Such a reasonable set of reactions, by no means inclusive,
is summarized in Table 1. It is easy to envision the set of reac~
tions in Tadble 1 continuing to produce larger and larger fons, Of
course, while this growth process is proceeding, fon recombination
with the electrons produced in the initial chemi-ionization reactions
will neutralize some of the icns and thus reduce their concentra-
tions, The rate coefficients for these recombination processes
would be expected to increase with increasing wolecular slze. Thus
the proposed ion molecule reactions naturally can be expected to
rapidly produce large ions and incipient charged soot particles and,
through ion/charged particle-electron recombination, incipient neu-
tral soot particles. These incipilent soot particles grow by surface
addition of molecular species and by coapulation. At some point
their work function or fonizatfon potential decreases (Fig. 5) so
that cventually they become thermally jonized. 1In fact it has been
dcemonstrated that fn the well-studied acetylene-oxygen 2.7 kPa flame
the concentration of charged particles can be calculated by assuming
thermal fonization and using the measured temperature and. concentra-
tion of neutral soot particles.'
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IT1. 10N CONCENTRATION FOR SOOT NUCLEATION

It is frequently assufied that the fon concentration in sooting
flames is too small to account for the observed concentration of soot.
This question arises for two reasons: (1) the available ion concen-
tration data are not definitive and (2) the argument has not been
thoroughly analyzed. Several measurements of ionization in sooting
flames have been reported but, unfortunately, these have not always
been performed under comparable experimental conditions with those
for soot concentrations. Some data for a well-studied premixed flame
are shown in Fig. 6. The flame is an acetylene-oxygen flame at an
cquivalence ratio ¢ = 3.0, a pressure of 2.7 kPa, and an unburned
linear gas feed velocity of 50 cm™' cxcept as noted. The curve
cntitled "soot" is a combination of data obtained by Bonne et al.” and
Wersborg et al.,® The data marked “charged soot” are from Prado and
lloward.® The curve marked "Yeung '73"**" was obtained using a molec-
ular beam sampling system similar to those used in molecular beam

bfﬁ ’ mass spectrometer sampling of flames with the fons ccllected by a
e Faraday cage. The curve marked "Homann ‘79" was obtained by a simi~
%i .. lar technique.® The probe curve is a recently obtained set of data
o from AeroChem'® obtained by a Langmuir probe technique using the

- cont ipuum electrostatic probe theory of Cluments and Smy'® which inm
the past has given very reliable absclute fon concentrations in non-
sooting flames. In obtaining this curve we have used the molecular
weight increase through the flame measured by Homann.® The close
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tration measured by Gill et al.'® with a Langmuir probe.

jdentify the absolute concentration of individual ions and small

Jence ratio.

7. This set of data was taken on a 3.3 kPa ethylene-oxygen flame.
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Fizg. 6 Number density of ions, soot, and charged soot particle pro-
files. Acetylenc-oxygen, ¢ = 3.0, P = 2.7 kPa, u = 50 cun s~
(except where noted). Soot from Wersborg et al.® and Bonne
et al.”; charged soot particles from Prado and Howard®; Yeung
*73 represents a molecular beam total ion sampling®’'® for u =
38 cm 8~ '; Homann '79 is a similar type measurewent® for ¢ =
2.9, 44 cm 8”'; the probe curve represents total jon concen-

apreement between the AeroChem probe data and the molecular beam data
of Homann are encouraging. Certainly it remains an fimportant task to

charged particles as a function of position in the flames and equiva-

Diffusion flames also contain large concentrations of jons, Fig.

The soot is as visually observed; the temperature was measured with
a radiation corrected coated thermocouple and the curve Indicated as
"probe current” is the actual probe current obtained with-a Langmuir
probe 0.305 cm long and 0.0127 cm radius. The indicated ion concen-
trations were deduced from the probe current assuming an average mass
of 50 amu at 1 cm and 1000 amu at 3 cm. The ions > or < 300 amu were
vbtained from mass spectrometric flame sampling. The peaks in the

2 and CH emission have been indicated as obtained photographically

using a combination of light filters and film to isolate their
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Fig. 7 7Tonization in sooting diffusion flames. Ethylene-oxygen,
P = 3.3 kPa; fuel burner diam = 2.4 cm; fuel flow =

39 cm 8~%; oxygen flow = 50 cm s~' (Ref. 10).

cmission spectra. Some striking feature.. of this set of data are
their c¢lose similarity to those from premixcd flames, the large . ’
amount of reaction occurring in the center of a diffusion flame {(note,
however, the low pressure), and the relatively large concentration of
lons at low teuperature.

We now address the problem of the relationship between ion
concentration and soot number density observed in flames with respect
to the premise that ions are the key element in the nucleation step.
Consider one of the first reactions in the proposed scheme

C:“;+ + CaH; =~ cs“3+ + H; (6)

if this is the first reaction in an ion-molecule growth sequence, we
can deduce the rate of formation of CsHst from the rate of its
disappearance; thus

+
d(c;tt!m - - s’.(%.'tb_l = k(C5H,%)(C.M,) (M

For this rcaction we will assume, for the sake of argument, an ion
concentration of CsHst of 10° fons cm™ which Is conservatively low
compared with the values reported, for cxample, in Fig. 6. The rate
voefficient k has recently been measurcd by Ausloos and Lias'? to be
107° cn® s~ .and the temperature coefficient was estimated to be

11
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neglipible. The acetylene concemtration is taken from the work of 12
flomann and Wagner®® in a flame simflar to that described fn Flg. 6.

I'its equation would Jead to a rvate of C,,* formation (and disappear-

ance) of about 10'® fons cm™® s”'. 1In the most simplistic interpreta-

tion of our theory the CyHy* ion would then sequentially add acety-

Jene wolecules in a large number of steps: to produce charged soot

particles of (assumed for this discussion) 5 nm diameter. This would

reccuire approximately 10° steps:

C,H
CoHet ++ 3345 pH5 am) (8)

This overestimates the number of steps but ignores some loss of ions
through ion-recombination reactions. 1f we assume the rate coeffi-
cient for each step is the same as that for Reaction (6), then the
total time required for the 10° steps will be approximately 6 x

107® s. This is a short time on the time scale of the flame and is
consistent with the observation that very large ions are observed
carly in the flame front.

The charged soot particles will be neutralized by recombination
vith free electrons

P*(Snm) + e -+ P(5 nm) o (9

The rate coefficient for this recaction is'*:

nd? — e?
k- T s(- E:'ﬁ':) (20)
where d is the particle diameter; €, is the mean electron velocity,

5 i3 a sticking coefficient assumed to be l; e is the charge on an
electron, C the electrical capacitance of a planar disk (the assumed
shape for small particles); C = 4€od, where €, is the dielectric
constant of free space and Tg is the clectron temperature assumed to
be equal to the gas temperature. Tor particles of 5 nm diameter, k
is approximately 10™* cm’ 8- '. Thus, assuming that the concentration
of charged particles is equal to the initial concentration of ions
hacause of the rapidity of Reaction (8) and neglecting any recombina-
tion of fows in this chain, the characteristic time for Rcaction (9)
is about 10~® s, again a fairly short time but not nearly so short

as the time at which the fons grow to produce charged particles,

The raote of charged particle recombination increases rapidly with
charged particle diameter.. The rate of particle productipn through
this scquence of reactions would be equal to the initial ion produc-
tion rate which gives 10'% particles em > 8~'. Wersborg et al.'®
observed a particle production rate in the same flame of 10'? parti-
cles cm~® 8! and a particle concentration of 10'® em™®. Thus 1t is
possible, using reasonable values to have a8 considerably lower ion
than particle concentration and still have the ions be the primary

source of particleg. For example, in the above calculation
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(C3l ) = 10° cm™® which §3 much less than (P) = 10*° cm™®, The
above example clearly demonstrates that particle concentraticens and
fon concentrations per se are not important for the argument but that
the rate of fon formation and the rate of particle formation arc
recally the important parameters which should be addressed. The ion
concentration is, of course, fmportant in that it is rate controlling
for some of the steps in the process.

IV, ALTERNATIVE SOURCES OF LARGE MOLECULAR IONS

In our interpretation of the observation of large molecular fons
in sooting and nearly sooting flames, we have assumed that these ions
were produced by a continuing scquence of {on molecule reacticns pro-
ducing larger ions. To substantiate that argument it {s neccssary to
eliminate other possible mechanisms by which these large molecular
fons could be produced. We attempt to do that in this section for
six different mechanisms:

1. Thermal ionization of large molecules.

2. Charge transfer from particles to molecules. -
3. Proton transfer from particles to molecules.
4. Hydride transfer from molecules to particles.
5. Cheni-ionization of large molecules.

6. lon-molecule equilibria,

1. Thermal fonization can be calculated by Saha's equation which

for both large molecules and particles takes the form'*“
m N, AN

K = = (‘\—--——-— cxp( 1)

where G is taken as 2 because the statistical weights of the initial
and final states of the particles or large molecules and ions will be
equal, N}, N » and N, are the concentratfons of charged particlces or
mo]eculeg neutral particles or molecules and electrons, respo‘ttvely.
m, is the mass of an electron, k is Boltzmann's constant; h is Planck's
constant, and ¢, is the ionization potential of a large molecalce or the
c¢quivalent work functjon for a particle where ¢_ for a particle is
given by ¢ + €*/2C, with ¢ the work function of graphite. ¢p Is
displaycd in Fig. 5 as a function of particle diameter. As already
pointed out, {t is possible to account for the concentration of

charged particles as being in thermal equilibrium with neutral
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pitticles by the use of this equation. Jowever, it i3 clear that
this cannot be true for most of the large molecules especially in
Jowey temperature {lames such as the diffusjon flame reported in

Figg. 7. Some typical lonization potentials of large polycyclic mole-
cules are: 7.97 eV for phenanthrene C,(M,0; 7.52 eV for pyrene
CisMio; and 7.43 eV for coronene Cz H,2.'% For the same flame as in
Fly. 6 the mass concentration of large molecules peaks at about

2 x 107" g cw™? at about 2.5 cm above the burner where the flame temp-
crature is 2120 K.' Assuming the molecular welight of coronene this

is cculvalent to 4 x 10'° molecules cm™®, 1f fon and electron concen-
trations are equal Eq. (11) gives 3 x 107 jons cm~>. This is

considerably less than the observed ion concentration, Fig., 6.

Another compelling reason for rejccting thermal fonization of
largce molecules is that .the ions observed in flames have odd numbers
of hydrogen atoms and the neutral specics observed have even numbers.®
0f course this does not eliminate the possibility that there may be
large concentrations of free radicals with odd numbers of hydrogen
atoms. Assuming these are in about the same concentration as the
large molecules and that the fonization potential is roughly the same
as for large molecules, a toasonable assumption, then the above equi-~
1ibrium calculation shows that only minor amounts of ions containing
an odd number of hydrogen atoms could be prnduccd by thermal
lonization.

2. Charge transfer from a particle to a molecule
A R (12)

can alse be easily eliminated by refercoce to Fig. 5 in which it can
be scven that as particle gize increascs the fonjzation potential
decrcases so one would expect the equilibrium to be heavily weighted
to the left, Again, another compelling argument aginst this mecha-
nism is that quoted above: the ions have odd numbers of hydrogen
atoms and the observed large molecules have even numbers.

3. It is also conceivable that a proton could be transferred
from a particle to a molecule

PH* + M - P + M (13)

This possibility can be eliminated by reference to Fig. 8 which shows
the calculated proton affinity as a function of a particle diameter,**
The validity of this calculation is supported by observing that for
smal) particle diameters the curve extrapolates very satisfactorily
through the proton affinities'® for a number of large polycyclic
aromat ic compounds indicated on the figure. For this extrapolation
the diameter of the large molecule was cstimated as the diameter of

a circle with the equivalent cross sectional area as-the large mole-
cule. In addicion, for the largc diameter particles the curve can

14
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be smoothly extrapolated to the bulk graphite value derived by Meot-
Ner.'® From Fig. 8 it is easy to see that Reaction (13) will be:
highly biased towards having the proton rcmain on the particle rather
than on the molecule because of the very rapidly decrecasing proton
alfinity as a molecule or particle increases in size,

4. Hydride transfer from a moleculc to a particle represented
by

* A

p* + M8 -+ PH + M (14)

'l.".,-.f It
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can also be considered as a possible mechanism for production of large
molecules by summarizing the individual steps which thermodynamically
make up this process:
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The large endothermicity of thia process arpues against its being an
inmportant mechanism for large molecular {on formation.

5. Another possible mechanism for production of large ions is
chenl-Jonization of large molecules. Thils mechanism cannot be elimi-
nited out-of-hand because the following reactions involving large
nolecules can readily be written down.

A, kJ mol~!

CsBy + CioHa + CisHe' + e -370 (15)
CsH; + CoHy =+ CisHet + e -290 (16)
CHe + CoHy  + CisHe' + e -210 (17)
CcH 4+ Cistio + Cieliat ¢+ e -160 (18)
CeH + CyHg =+ CisHe't ¢ e =30 (19)

1t i5 somewhat difficult, however, to envision the energy from such
large mulecular reactfions involving complex rearrangements ultimately
residing in the electronic state needed to ionize the molecule. Never-
vheless, because of the large exothermicities involved in some of

these reactions they will require further consideration. For example,
how dots the rate production of ions by such processes compare with
the measured rate of ion production?

6. Ion molecule equilibria might also allow for production of
larger ions, In fact, it would be just such reactions that we
consider in our scheme to produce the larger ions. There are several

types of ifon molecule equilibrium which one might consider. The most
obvious is, of course, proton transfer

M o+ M2 om o+ Mt (20)
where m represents a small molecule and M a large molecule.

Two examples of such equilibria are

CoHsY 4+ CiaMle T CsHa + CiHet K % 1077 (21)

Cuis + CiaHe 2 CMy + Cialist k2070 (22)

In both of these examples the equilibrium constant is estimated to
be far to the reactant side.

Another class of jon molecule cquilibria would be hydride trans-
for from the large molecule to a small lon

mt + M 2 mH o+ MY (23)
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Two exarples of this type of reactijon are: 17
et 4 CaHe 2 CoMe 4+ oyt K210 (24)

- -

Calls” 4+ ChaMio + CsHy + Cyol,Y  x M10°° (25)

Apain the equilibrium constants indicate that the reaction would be
favored toward the left.

' Anothir type of ion molecule cquilibria would involve the trans-
fer of CsH'. For cxample in the equilibrium

C,H:"’ + CaH; 2 C,H."' + N, (26)

This reaction, in fact, is one of the assumed steps in our proposed
mechanism. The heat of formation of CsHs' is not well known; assuming
the heat of formation derived from Ref. 17, the equilibrium constant
would be 10”! while using the heat of formation recently derived from
“lame measurements by Michaud et al.> the equilibrium constant would
be 10°. This reaction has been obscrved to be very rapid in the
forward direction when the linecar isomer of C H,* 1s assumed.??
Anothur type of ion molecule reaction which apain is a part of our
assumed mechanism 1s the CHY transfer which is typified by reactions:

Csits? 4 CoHe 2 CuHsY 4+ Cal, K3 10° (27)
CaHa? 4 CiaHe 2 Cisity® + Cill, K2 120° (28)

In both of these reactions the equilibrium i{s favored toward the
largcer product ion.

In summarizing this discussion of alternatc sources of large
1zolecular ions, none of them seem necarly as attractive and rcasonable
a5 the assumption that the large molecular fons arise by fon molecule
reactions in which the product mass excceds the reactive mass of the
ion, i.e., the scheme we have championed for the nucleation step in
soot formation.

V. SUMMARY AND CONCLUSIONS

i? In summary: donic mechanisms appear to be important in the
s - nuclcation step in which chemi-ions react by fon molecule reactions

: to produce increasingly larger ions and in the coagulation step where
chargued particles are produced by thermal ionization. It has also

. been demonstrated that comparison of the absolute concentration of

5 ions and particles is not a significant argument for or against an

o ionic mechanism except insofar as these concentrations.indicate rates

i of rcaction. It is important to demonstrate that the rate of ion
production is equal to or greater than the rate of particle production.
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It is difficult to explain the appearance of large ions except by ion
wolecule growth reactions in which the molecular weight of the product
fon exceeds the molecular weight of the recactant ion.
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10N AND CHARCED PARTICLE CONTRIBUTION
TO SOOT FORMATION IN FLAMES

H. F. Calcote
AcroChem Rescarch Laboratories, Inc,
Princeton, NJ 08540
U, S. A.

EXTENDED ABSTRACT

The prospect of using synfuels with larger carbon to hydrogen ratios--
and thus greater tendencies to soot-~than for petroleum-derived fuels has
stimulated a flurry of interest in the mechanism of soot formation in flames.
This mechanism is not well understood and there are many competing ideas and
different interpretations of the same data. Both molecular ions and charged
particles may play significant roles in the nucleation and agglomeration
steps of the sequence forming mature soot particles.

The precursor for the nucleation step is postulated to be the chemi-ion
CsHsY. This ion then grows by the addition of such flame species as acety-
lene and diacetylene through a series of very rapid ion-molecule reactions
to become an incipient soot particle. During this growth period the charge
on the ion or particle is neutralized by recombination with the electrons
produced in the reaction generating the original chemi-ion. The growing
electrically neutral particle may then become ionized, by e.g., thermal ion-
ization. The charge on particles--either positive or negative--will have a
significant effect on the rate of coagulatfon and/or agglomeration. It
thus becomes important to understand and to quantify the various mechanisms
by which soot particles may gain or lose clectrical charges in sooting flames.
This is also necessary to demonstrate that the small and large molecular ions
observed in the early stages of soot formation are indeed produced by the
chemi-ion, ion-molecule nucleation mechanism and are not a by-product of the
formation of thermally charged particles.

The various means by which soot particles may become charged or dis-
charged in a flame have thus been consldered. The objective has been to for-
malize the rates of the various processes in terms of rate coefficients and
species concentrations which can be quantitatively evaluated to compare with
experimental observations.

The important mechanisms for charging soot particles and neutralizing
charged particles (P and M symbolize particles or molecules, respectively)
are:

“-

. Thermal lonization or Thermionic Emission:
p -S&nergy. rt 4+ ¢

This will be the dominant process in producing char;cd soot particles.
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3& *Ptepared for presentation at First Annual Conference, American Association
s for Aerosol Research, Santa Monica, CA, 17-19 February 1982.
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N This process will be fmportant when chemical additives of Jow ionization
;fh potential are used to nfluence soot format lon,

w'
!.\
y Elcctron Actachment:

. P + e ~+ P

&: . : Charged Particle-Elcctron or lon Recombination:

ﬁ: 1 AP

- PY + M o+ PN

~ Because negative ion concentrations are usually much smaller than elec-

Y

- tron concentrations and the rate coefficient is smaller, only electron attach-

- ment is considered of importance.

- Proton or llydride Ion Removal from Charged Particles:

s et + P o+ w0’

b PA© + P + W

:j For energetic reasons this process would be considered only in a reaction

o in which the proton or hydride ion becomes attached to a molecular species.
The process then becomes equivalent to an ion-molecule reaction:

.,

- rht + M > o+ mt

:; for which the rate cocfficient will be very large if the overall process is

" exothermic. To estimate this rate coefficient the energetics of the proton

] or hydride ion removal from charged particles have been calculated. The
above processes are defined; the rate coefficicents and relevant equilibrium

- constants are calculated for typical flame conditions, and where possible,

e compared with experiments.

- The rate of coagulation or agglomeration is calculated for spherical

particles of equal diameters, d, which are small compared to the mean free path,
2’ by the equation:

)

A dN
‘O ——P. = k N 2
_’ t c P
- where: /

\ 1/ 2
g k= 0.866 a*/2 (ﬂ) Geases
\ c OP
;J in which p, is the density of the particle, C is a factor which takes into
» account particle dispersion and electrostatic forces, a is the collision
o integral for a self-preserving size distribution, and S is a sticking coeffi~
) Cient- 4

P

D‘ -
e Application of the above equations to specific systems demonstrates the .

i nature of the role that ions and charged particles play in soot formation. .
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