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I. ROAIFE__ENI OF WORK

The mechanism )f smoke, i.e., soot, formation in flames remains one of the

major unsolv-d problems in combustion research, even though it has been the

subject of study for decades. The problem persists because soot formation in-

volves a chemical system with dozens of reacting species and hundreds of reac-

tions and equilibria, and it involves a phase change from a purely gaseous sys-

tem to a gas-particle system. Nonetheless, progress is being made. The detailed

chemical kinetics of numerous combustion systems relevant to soot formation

have been established'; the surface growth process on soot,2 and the agglomera-

tion of soot particles3 are fairly well understood. There is disagreement as

to the relative importance of soot nucleation onl the quantity of soot produced

in sooting flames. Harris 2 argues that the final amount of soot formed in a

given system is mainly determined by the particle nucleation process; that is,

flames which produce a larger total quantity of soot do so because they produce

more particles rather than because the soot particles are larger. On the other

hand coagulation theory, confirmed by at least some experiments,4 indicates that

the final number density of particles is independent of the nucleation process.

Prado et al., however, agree that the first appearance of soot is controlled by
the nucleation process. Thus the initial transition from a fuel-rich flame to

a soot-containing flame appears to be the most important (in a practical sense)

as well as the least understood step in this process. We refer to this transi-

tion as "nucleation" of soot particles, even though the process is quite differ-

ent from homogeneous nucleation of a supersaturated vapor.

There is no agreement as to whether the mechanism of initial soot formation

primarily involves charged ionic species or neutral molecules and free radicals.

AeroChem has championed 5- 9 the hypothesis that soot nucleation is governed by a

series of rapid ion-molecule reactions building upon the chemi-ion C3H3+. This

is not a new concept; it had been suggested by several previous workers' 0- 4

but had never been explored in any great detail. Progress in confirming this

hypothesis in the present program has been significant. There are still, how-

ever, a number of questions to be answered before it will be perfectly clear

that soot is formed through an ionic nucleation mechanism.

The significance of smoke formation to the Air Force mission is well-

established. Primarily, soot produced in the combus;tor of a turbojet engine

greatly increases the radiative heat transter to the metal combustor walls, rais-

ing their temperatire, and thereby significantly reducing the service lifetimes

I_
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of these combustor liners." Aircraft engine overhauls are expensive, and, in

)gLneral , the current generat ion of engines has Ii feLimes of about half that of

the previous gincnrat ion. Thi. is partially (IIi to the hi,hr pressure ratios

used in current engines but also due to the use of fuels which, although within

current military specifications, contain higher fract:ons of hydrocarbons which

produce soot (and therefore more flame radiation and higher liner temperatures).

Smoke emissions from aircraft engines are also environmental and tactical prob-

lems. No pilot wants to leave a highly visible smoke trail under operational

conditions.

This program was therefore directed to both a long term understanding of

the basic chemistry and physics of soot formation and to more immediate evalua-

tion of empirical relationships which would be useful to the Air Force in evalu-

ating jet fuels with various compositions and from alternate sources and

processes.

The Statement of Work from the contract reads:

1. Perform ionic species concentration measurements at high molecular
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
of soot formation.

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.

3. Perform computer simulations of rich and sooting flames to test pro-
posed detailed mechanisms of initial soot nucleation. This study will consider
three alternative reaction schemes: an ionic nucleation and growth mechanism,
a butadiene intermediate neutra-radical mechanism, and a neutral-radical poly-
acetylene growth mechanism.

4. Determine the effects of temperatures on soot threshold and ion concen-
trations in premixed flames of several representative hydrocarbon fuels. Experi-
ments will be performed in flames with constant temperature and variable 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 dilu-
ent gas.

5. Determine quantitatiw ly the total ion concentrations (by electrostntic
probe) and the temperature at sooting threshold for a series of fuels with dif-
ferent tendencies to soot.

6. Interpret the above data and mechanisms in terms of the potential ef-
fects of new fuels on soot formation in air-breathing engines, and possible
means of minimizing soot formation in air-breathing engines.

2
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After a br i ,f summi rv of ni r i r. -i , t o uc cpt of the overall mechanism of

soot formation we will summarize work done under the present contract. Some of

the results of this work have been or are being published and so they will only

be summarized here; other results are in various stages of completion and will

be described. The publications and presentations under this contract are listed

in Sections II1 and V.

A. THE IONIC MECHANISM OF SOOT_ RFMATION

Our concept of the mechanism of soot formation 5 - '
1b is schematically

summarized in Fig. 1. This concept involves a series of steps often referred

to as "nucleation" in which a gas phase system becomes an aerosol system. It is

here that AeroChem has concentrated its research efforts. The mechanism starts

with the formation of a chemi-ion, e.g., CH* + C2 H 2 = C3H3 + + e-. Because the

chemi-ion C 3H 3+ is the dominant ion observed in rich hydrocarbon flames, the

mechanism assumes that this species is the precursor ion. By a series of rapid

ion-molecule reactions this initial ion grows in size and simultaneously loses

hydrogen to form initially a single ring and then multiring aromatic molecular

ions. One of the advantages of this mechanism over a free radical type mecha-

nism is that ions are known to structurally rearrange very readily so going from

a linear ion to a cyclic ion is conceivable. The species presented in Fig. 1,

both ionic and neutral, have all been observed in flames. Although in each step

the neutral species adding to the ion is assumed to be either acetylene or di-

acetylene, it is understood that other reactive species available in the flame

could participate in this series of growth steps. At some point during the

growth phase the ion reaches sufficient size to be indistinguishable from a par-

ticle. It should be stressed that there is no sudden demarcation between a

molecular and an aerosol system. This occurs very gradually and the definition

of a particle is really dependent upon the sensitivity of the measurement tech-

nique.

As the large molecular ion (or small aerosol particle) grows larger

it recombines with an electron (produced in the initial chemi-ionization step)

to form a neutral molecule or incipient soot particle. This particle then con-

tinues to grow by surface growth and as it becomes larger its work function for

electron emission decreases, finally approaching that of bulk material. Then,

.-- 3
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if the flame temperature is sufficientlv high, the particle will thermally

emit electrons and become a thermally ionized charged particle. The presence
of this charge will alter its rate of coagulation with other neutral or charged

particles. Thus we see that there are two stages in the growth of a soot parti-

cle in which ionic charge may be important: the nucleation step and the coagu-

lation step. A failure to identify different processes associated with these

two steps has led to considerable difficulty in the literature in terms of

i trpr t ing thbe rolel of ioni:zed .lpvtciv.,; and ionic piroc.:;. .

There are also two stages in the total process represented in Fig. I

where easily ionized chemical additives can be effective in altering the soot

formation mechanism. In the nucleation stage of ion-molecule growth reactions

a chemical additive may alter the ionic composition of the flame by charge trans-

fer, e.g.,

C 3H,3+ + Na = C3H 3 + Na+

The additive might also become thermally ionized (or chemi-ionized as

in the above charge transfer reaction) and alter the charge on particles by dif-

fusive charging (P represents soot particle), e.g.,

P + Na+ = PNa+

where the charge on the particle can then change the rate of coagulation.

The picture described above is in general agreement with observations

on soot formation in flames but there are, however, some unexplained observa-

tions and problems and, of course, an abundance of skeptics. 17-20 The ultimate

proof of this mechanism will require quantitative modeling. As the evidence

continues to accumulate in support of the chemi-ionization, ion-molvcule mecha-

nism of soot nucleation, many questions remain unanswered. If wC are to attain

4 our real objective of developing a q iantitative mechanism of soot formation,

then it is necessary that we identify and understand all aspects of the subject.

For this reason we provide here a comprehensive list of the questions relating

to our proposed mechanism and to the participation of charged particles in soot

formation:

I. What is the source of the double concentration peaks in both ions and

neutrals which appear in flames as the equivalence ratio is increased

to the point of sooting?

2. How does the rate of chemi-ion production in flames compare with the

rate of soot nucleation?

5
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3. What are the kinetics and mechanisms of C3 H3 production in fuel-rich

flames?

4. Is there any experimental or LheoreLical evidence that implies that

molecular ions can be derived from soot particles?

5. Are the large ions observed in flames the result of sequential ion

growth or the result of neutral specietS growth follo ed lv equilibra-

tion with smaller ions such as C3 H3

6. Why do some experimientalI results indic t that llutrat particles grow

more rapidly than ionized particles?

7. Are ions important in soot formation during pyrolysis? Are chemi-ions

produced in pyrolysis?

8. Can energy accumulated in a particle by exothermic growth processes

lead to ionization of the particle?

9. Can chemi-ionization or thermal ionization of large molecules or large

free radicals lead to the large molecular ions observed in flames?

10. What are the rates of ion-molecule reactions at flame temperatures,

especially for large ions?

11. Do experiments on the electric field effects on soot formation support

or disprove the chemi-ion, ion-molecule mechanism of soot nucleation?

Our long range program is directed to answering these questions.

B. PARTICLE ELECTRONICS

To support our hypothesis that the large ions observed in incipient

sooting 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 ex-

pression was not available one was developed. This work is continuing; part of

these results was presented as an invited paper at the First Annual Conference

of The American Association for Aerosol Research in February 1982.

The processes considered are summarized below (P represents a particle,

M a molecule):

6
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Thermal Ionization or Thermionic Emission:

energy P e-

P -> + + e
This will be the dominant process in producing charged soot particles.

Diffusive Charging:

P + M PM i
This process will be important when chemical additives of low ionization poten-

tial are used to influence soot formation.

Electron Attachment:

P + e- -

Charged Particle-Electron or Ion Recombination:

P++ e - P

P++ M - PM

Because negative ion concentrations are usually smaller tliai, electron concen-

trations and the rate coefficients are smaller, only electron recombination is

considered of importance. This situation changes when electron attachment is

important, i.e., low temperatures and large particles.

Proton or Hydride Ion Removal from Charged Particles:

PH -~ P + H-

For energetic reasons this process would be considered only in a reaction i
in which the proton or hydride ion becomes attached to a molecular species.

The process then becomes equivalent to an ion-molecule reaction:

PH+ + It- P + MH+

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

hydride ion removal from charged particles was calculated.

Coagulation:

The rate of coagulation or agglomeration for particles of equal diameter,

d, which are small compared to their mean free path, is calculated by the

equation:

7
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dN
at= k c N 2

where:

=0.866 d ( G S
c \pp

in which Pp is the density of the particle, G is a complicated function which

takes into account particle dispersion and electrostatic forces, a is the colli-

sion integral for a self-preserving size distribution, and S is a sticking coef-

ficient. The factor G has been calculated for soot particles of varying diam-

eter for the following processes and is presented in Fig. 2.

P + P PP

p + P PP

p+ + +2
P + P PP

P- + P- pp-2

The rates of the last two reactions are equivalent.

The above quantitative considerations will 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 Wagner2"

to which they added alkali metals and alkaline earths. They measured the parti-

cle number density 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. 3. The significance of being able to make such

calculations is 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 times vary over five orders of magnitude; those falling far

shorter than the characteristic flow 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 difterent results depending

upon whether or not chemi-ions are present; larger concentrations of potassium

ions are obtained from chemi-jon transfer than by thermal ionization. When no

. .. ., .. , ....* ...... *..,* 2. . .~~~~~~~~~~. . . . . . . . .. .... .. ... . . . ",",.",". .'.. . "-.. - . .",."' "
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ON THE COLLISION CROSS SECTION FOR TWO EQUAL
DIAMETER SOOT PARTICLES

Z = charge on the particle.
H = Hammacker constant.
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potassium is present, the ion.; produced by chemi-ionizatIon, e.g. , C 3 11 3  will

disa ppe~ar by dissoc iaLiv re,'ombinat i on wi th iLcctrols. When potassium is

present, c'harge transfe'r wil I oct'Ur cxtremrly r.pid1y produc-ing Kt , which then

disappears very slowly by three-body recombination. An additional effect which

must be considered is the removal of C3 11 + by the transfer of charge to K thus

interfering with the initial ion-molecule steps in soot nucleation, e.g.:

C 3H 3 + + C2 H2 - C5 H3+ + H2

Calculation of the half-life for this process, assuming 0.1% acetylene, gives a

value of about 10
-

7 s. Thus, at the concentration of potassium present in the

Haynes et al. flame, the nucleation step is not affected. Further examination

of Fig. 3 shows that diffusive charging of the soot particles, P, by potassium

ions is much faster for larger particles than for smaller particles. The ef-

fect of particle charge on the coagulation rate is greatest for small particles.

From a consideration of the results presented here, it is clear why

the addition of alkali metals to this flame affects the particle size and parti-

cle number density. It is also clear that we are in a position to develop de-

tailed quantitative models--in which the important processes are considered

simultaneously--of the effect of chemical additives on soot formation.

TABLE I
21

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 nm

Unseeded particle number density 3.2 x 109 cm-
3

Potassium seed concentration 3.8 x 1012 cm-

Seeded particle diameter 13 nm

Seeded particle number density 2.9 x 10'0 cm -

Equilibrium potassium ion 4.3 X l0 cm- 3

concentration

Potassium ion concentration via - 5 x 10 cmM

chemi-ionization (estimate)

4 10



T-4 4 3

6j2-S 10

K+ & ~K for eq ilibtlUM K

100
K- 4 *.K for Chemni-lon K+

P + P

0-1
Coagulationl

(0 C3"

W Flow Tim*

f or chemni-ion K*

for equilibrium P'

10-5

0 10 20 30 40 50 s0 70

SOOT PARTICLE DIAMETER, nm

FIGUE 3CIlARACTERSTIC TIMES FOR SOME ECiN NA

ET hJYL NE AIR FLAM E ATTI 
N IN ATN

Measurem1ents from H~aynles, Jander, mdWge.2

Equivalence ratios, 2.28.

At 2.2 u ivehrlr25'.

cmj6~e1unr s



TP-443

C. SOOTING FLAME STRUCTURE STUDI.__

1. Langmuir Probe Measurements

Olson and Calcote' previously reviewed several recent attempts to

determine absolute positive ion concentrations in low pressure sooting premixed

C2112/02 flames at 3. Both electrostatic probe and molecular beam sampling

were used and the reported absolute ion concentrations varied over more than 2 atnm

orders of magnitude. As pointed out, much of this discrepancy may be related

to which mass distribution of ions was either measured or thought to be measured.

In order to resolve the question of the absolute ion concentrations

in these flames and to improve our understanding of the ion contribution to

soot formation, we have employed the electrostatic probe technique to determine

absolute ion concentration profiles in laminar premixed C2H2/O2 flames at 2.67

kPa with equivalence ratios varying from 4 = 1.5 to 4 = 4.0 (from near stoichio-

metric to heavily sooting flames). An 8.6 cm diam water-cooled stainless steel

burner was used with unburned gas velocities of 50 cm s- 1.

The use of a Langmuir probe in a flame containing large molecular ions

and small charged particles turned out to be new. Thus, a theoretical and exper-

imental comparison of probe theories was made and it was determined that for

nonsooting and near-sooting flames the theories of Calcote 22 and Clements and

Smy 2 3 could be used, and for sooting flames, thc thick sheath convective theory

of Clements and Smy was applicable. (A publication for Combustion and Flame

describing this work is in preparation.) Ion mobilities for large ions at high

temperatures are required input for these theories; such data were not available.

A semi-empirical equation was thus developed, 9 from the theories of ion mobility

and the limited available data, to give ion mobilities of large ions as a func-

tion of temperature. The next limitation on these measurements was the need to

know the molecular weights of the ions in the systems; these are not generally

available, so they were estimated from data on similar systems. Figure 4 shows

a schematic flow diagram of the procedure used to analyze the probe data.

Two water-cooled copper jacketed probe configurations were used: a

"fixed" probe and a "pulsed" probe in which the probe wire could be withdrawn

into the cooled support jacket. This permitted rapid probe current measurements

(1-2 s) in sooting environments to minimize complications due to soot coating

the probe. The probe wires were 0.025 cm diam Pt-10% Rh insulated from the cool-

ing jackets with fine quartz capillaries and were biased relative to the ground-

ed burner with variable dc power supplies. (;ood agreement was obtained between

the two probes; a standard deviation of about 2'' was typical.

12
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Visibl)ie sooLing became aipparet't in the (, 211;1/O2 flames under study

over the range of , >_ 2.4 to 2 2.5. The major ion il the leaner flames has

been shown to have mass 39 (C3 [13 +). Homann2" shows that for a 4) = 2.5 flame

the mass of the major species rapidly increases with distance beyond 1 cm

above the burner. The appropriate probe theory was selected based on the use

of Homann's mass distribution in flames of 4) >__2.5 (sooting flames) and mass

39 in leaner flames. For the high voltage "pulsed" probe currents the Clements

and Smy (CS) thick sheath convective model23 was used in the sooting 4)> 2.5

flames. The ion concentrations for the nonsooting flames were extracted from

"fixed" probe ion currents at the plasma potential using Calcote's theory.25

The resultant absolute ion concentration profiles are illustrated in Fig. 3.

The dashed profiles are based on "fixed" probc--Calcotv theory; the solid lines

are based on "pulsed" probe--CS thick sheath theory. Note for 4) = 2.5, Cal-

cote's theory was used in the low mass region and the CS theory was used in the

high mass region (1.8 cm and higher); the agreement is excellent.

The observed trends in both the current profiles and in the absolute

ion concentration profiles are similar--the maximum ion concentration shifts

away from the burner as 0 is increased and a drastic decrease in the maximum

value (current or ion concentration) is observed from 4) = 1.5 to 4) 3.0, fol-

lowed by a significant increase in ion concentration as 4) is increased from 3.0

to 4.0. At close to the soot threshold, a second peak appears in the ion pro-

files. This second peak contains some of the same ions, e.g., C1 3H9+ (see sub-

sequent discussion), as the first peak which is ascribed to chemi-ionization.

The second peak reaches a minimum, at 4) 2.9, well on the fuel-rich side of

the soot threshold, and then rises again with increase in equivalence ratio,

Fig. 6. This result refutes the arguments against an ionic mechanism based on

reported observations that the total ion concentration increases at the soot

threshold.*

In a sooting, 4) = 3.0, flame the concentrations measured are in rea-

sonable agreement with measurements by others using molecular beam sampling

techniques.

Some of this work has becn published in Ref. 9 or accepted for presentation
at the Twentieth Combustion Symposivm.
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The soot threshold was at =2.45-2.5.
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2. Mass Spectrometer Calibration

To determinet. the absolute sensitivity of our flame ion molecular beam

sampling quadrupole mass spectrometer over a wide mass range, total ion profiles

from Langmuir probe measurements were compared with mass spectrometer individual

ion profiles in the 2.67 kPa acetylene-oxygen flames. This effort has not been

completed, but over the mass range from 39 to about 200 amu (in nonsooting and

moderately sooting flames) a constant sensitivity, i.e., no mass discrimination,

* has been found. This work needs to be extended to include higher masses, but

over part of the mass range the mass spectrometer data can be converted from

relative to absolute concentrations. Several schemes have been devised tc) exper-

imentally extend the calibration to a wider mass range but they were too compli-

cated to consider within the constraints of the present program.

3. Mass Spectrometer Results

4 We have continued to analyze ion and charged particle concentrations

using the ion mass spectrometer on flames with equivalence ratios from 1.5 to

3.0 (the soot threshold is at 4=2.4). These results, in agreement with the

*Langmuir probe results, show that these flames exhibit more than one maximum in

the concentration vs. distance (or equivalently time) profiles. For example,

* Figs. 7 and 8 show profiles Of C1 3H9+, mass 165, and C1 9111 1 , mass 239, respec-

- tively, with clearly defined dual maxima which change in relative magnitude with

* increasing equivalence ratio.* We do not understand the nature of the phenomena

causing this second maximum; it is also observed for neutral species. t

* D. EFFECT OF MOLECULAR STUCTURE ON SOOT FORMATION

4 26 A paper submitted previously to Combustion and Flame was revised and

appeared2 in the journal.

* E. EFECT OF.Q.TEMPERATURE ON SOOT FORMATION

4A short communication published 2 7 in Combustion Science and Technology

demonstrated, using literature soot thresholds and, adiabatic flame temperatures

calculated at the soot threshold equivalence ratio of each fuel, that generally

Some of this work has been published in Ref. 9 or accepted for presentation
at the Twentieth Combustion Symposium.
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the temperature at the soot threshold increases for various luels with increas-

ilng sootinlg t'nde ic .. 'rh I ; llct i il tll(' optc;itt di rectio n ol the .llsh i t

in soot threshold which is observd for a singIc fueI For any single fuel,

tir soot inig tendency dccrc-ases wi L1 ii Ic eas i ill I atc t cmpcratr'.

An experimental study was subsequently performed iir which the varia-

tion in soot thresholds with flame temperature (varied from 1700 to 2400 K by

varying 0 2/(N 2 + 02) from about 0.1 to 0.3) was measured for ethylene, propane,

decalin, benzene, toluene, and n-heptane. in all cases tile soot threshold

equivalence ratio increased with increasing temperature.

The effect of temperature on soot yield (soot concentration) was also

measured for similar decalin and toluene flames using a multiwavelength laser

extinction technique. For a fixed 0 2/(N 2 + 02), the soot yield increased

exponentially with increasing equivalence ratio, . Reducing 02 /(N2 + 02)

(i.e., decreasing the flame temperature) increased the quantity of soot pro-

duced at any given . Temperatures were both calculated with an adiabatic

equilibrium computer program and measured using two-wavelength pyrometry on the

soot blackbody emission. The log of the soot yield decreased linearly with

increasing temperature indicating the importance of flame temperature (see Fig.

9). At any temperature, the soot yield from toluene exceeds that for decalin

(e.g., 30% greater at 1700 K).

Thus changes in flame temperature have been found to shift soot

thresholds and soot yields in similar directions. Decreasing flame temperatures

slightly increase the threshold soot index (with a small temperature dependence)

but greatly increase soot yields (with a large temperature dependence). %

Further analysis of these data is necessary before publication.

* F. MEASUREMENT OF RATE OF ION FORMATION

Preliminary experiments to measure rates of ion formation by a satura-

tion current technique on premixed propane and ethylene flames at 1 atm were

carried out. At the soot threshold, saturation currents increase with decreas-

,• ing 0 and increasing 0 2/(N 2 + 02). These measurements are incomplete.

20
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V. TECHNICAL INTERACI[ON

Technical. interactions with other members of the scientific community have

taken several forms, the foremost of which has been presentations of our work

in progress at scientific meetings and workshops. AeroChem organized and

hosted an informal workshop on soot formation on 6 May 1981 with 17 people in

attendance. This workshop formed an excellent basis for exchange of research

information which was not yet published or, in some cases, even interpreted.

Comments by the attendees following the workshop were all positive. Other tech-

nical interactions include proposal and manuscript reviews which seem to have

increased in number in subjects related to ionic effects on soot formation. This

activity is due, in part, to our efforts on this contract, championing the ionic

theory of soot formation. Personal contacts with other technical people in this

field have been maintained by attending meetings, and by correspondence and phone

calls.
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Eastern Section, The Combustion Itostitute, Atlantic City, NJ, 14-16 December

1982. TA-259.
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