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Soot processes along the axes of round laminar jet diffusion flames were studied, considering ethane,
propane, n-butane, ethylene, propylene, and 1,3-butadiene burning in air at pressures of 25-99 kPa.
Measurements included soot volume fractions, temperatures, soot structure, concentrations of major gas
species and gas velocities. As distance increased along the axes of the flames, significant soot formation
began when temperatures reached roughly 1250 K and fuel decomposition yielded acetylene, and ended
when hydrocarbon concentrations became small at fuel-equivalence ratios of roughly 1.14. Soot growth rates
were higher than earlier observations within acetylene-fueled laminar jet diffusion flames and premixed
flames, which were correlated in terms of acetylene concentrations alone; this effect was attributed to either
parallel soot growth channels due to the presence of significant concentrations of light hydrocarbons other
than acetylene (mainly ethylene and methane) or to enhanced soot surface reactivity caused by the presence
of these hydrocarbons. The present and previous soot growth data are best correlated using parallel
acetylene and ethylene collision efficiencies of 0.0030 and 0.014, respectively. In contrast, present soot
nucleation rates were correlated as a first-order acetylene reaction alone, with reaction parameters nearly
identical to earlier findings in laminar acetylene/air diffusion flames, e.g., an activation energy of 35

kcal /gmol.

NOMENCLATURE

mass of carbon per mole of species i

d  burner exit fuel port diameter

d, mean primary soot particle diameter

f  fuel element mass fraction (mixture frac-
tion)

f,  soot volume fraction

Fr burner exit Froude number, u’/(gd)

g  acceleration of gravity

[] molar concentration of species i

k  Boltzmann constant

k, soot growth rate constant

k, soot nucleation rate constant

M; molecular weight of species i

n  reaction order

n, number of primary particles per unit vol-
ume

p  pressure

Re burner exit Reynolds number, u,d/v,

S soot surface area per unit volume

t time

T  temperature

u  streamwise velocity

D; mean molecular velocity of species i

v,  soot growth velocity
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soot growth rate

soot nucleation rate
mole fraction of species i
streamwise distance

NI

Greek Symbols

n;  collision efficiency of species i
v kinematic viscosity

p  gas density

p, soot density

Subscripts

0  burner exit condition

INTRODUCTION

Soot processes are a dominant feature of hy-
drocarbon/air diffusion flames; they affect
fundamental reaction mechanisms within the-
flame environment, and thus the potential for
developing capabilities for computational com-
bustion for diffusion flames, as well as an un-
derstanding of flame radiation and pollutant
emission properties. Motivated by these issues,
the present experimental study of the structure,.
and soot properties of round laminar jet diffu-
sion flames was undertaken to gain a better .
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understanding of soot formation (growth and
nucleation) in diffusion flames. The main ob-
jective was to extend earlier work by Sunder-
land and coworkers [1, 2], which was limited to
soot formation in laminar acetylene/air diffu-
sion flames, to consider other hydrocarbon
fuels.

Haynes and Wagner [3], Glassman [4] and
Howard [5] provide extensive reviews of past
studies of soot processes in flames. There have
been numerous studies of soot processes in
laminar diffusion flames, involving both co-
flowing and opposed-jet configurations, e.g.,
Kent and coworkers [6-12], Santoro and
coworkers [13-16], Dobbins and coworkers
[17-19], Flower and coworkers [20-24], Glass-
man and coworkers [25-28)], and references
cited therein. A major limitation of these stud-
ies, however, is that soot properties and the
local flame environment were not sufficiently
defined for detailed consideration of soot for-
mation processes.

Subsequent work reported in Refs. 1 and 2
undertook extensive measurements in laminar
acetylene /air jet diffusion flames in order to
study soot nucleation and growth. These mea-
surements included soot volume fractions,
temperatures, soot structure, concentrations of
major gas species and velocities. It was found
that acetylene was the dominant hydrocarbon
species in the soot formation region of the
acetylene /air flames, with concentrations gen-
erally 2—-4 orders-of-magnitude greater than
the next most abundant hydrocarbon, which
was methane [2]. Soot growth rates were com-
parable to past observations of new soot in
premixed flames [29-34]. Soot growth was first
order with respect to acetylene concentration,
with a negligible activation energy, yielding an
acetylene /soot collision efficiency of 0.0030 af-
ter correction for effects of soot oxidation.
Soot nucleation rates were correlated as a
first-order acetylene reaction, with an activa-
tion energy of 39 kcal /gmol [2].

In view of this status, a major unresolved
issue is the nature of soot formation processes
in laminar diffusion flames involving hydrocar-
bon fuels other than acetylene. In particular,
information is needed about the concentra-
tions of various hydrocarbons in the soot for-
mation region, and their impact on soot growth

and nucleation. Thus, the objectives of the
present study were to measure flame and soot
properties in laminar diffusion flames of hy-
drocarbons other than acetylene burning in air,
and to use these results to gain a better under-
standing of soot growth and nucleation. The
experiments were limited to measurements
along the axes of laminar jet diffusion flames
at pressures of 25-99 kPa, considering ethane,
propane, n-butane, ethylene, propylene and
1,3-butadiene burning in air.

EXPERIMENTAL METHODS
Apparatus

Two test arrangements were used for the pre-
sent experiments: (1) a buoyant laminar jet
diffusion flame burner operating at atmo-
spheric pressure, identical to the arrangement
of Ref. 35, that was used for weakly-sooting
fuels (ethane, propane, n-butane, and ethy-
lene); and (2) a weakly buoyant laminar jet
diffusion flame burner operating at low pres-
sure, identical to the arrangement of Ref. 1,
that was used for strongly-sooting fuels (pro-
pylene and 1,3-butadiene).

The atmospheric-pressure burner involved
upward injection of fuel from a 14.3-mm-diam-
eter port surrounded by concentric air flow
from a 102-mm-diameter port. The flow pas-
sages contained several layers of beads termi-
nated by a honeycomb (1 mm cell size by 10
mm long) to provide a uniform flow. The flow
was shielded by fine mesh screen and an outer
plastic curtain in order to control drafts. Fuel
and air flow rates were measured with rotame-
ters which were calibrated by a wet-test meter.
The burner assembly was traversed with a posi-
tioning accuracy of 0.1 mm in order to accom-
modate rigidly mounted optical instruments.

The low-pressure burner involved upward
injection of fuel (or fuel/nitrogen mixtures)
from a 3.3-mm-diameter port in a slow concen-
tric flow of air. These flames burned along the
axis of a vertical, windowed test chamber hav-
ing a diameter and length of 300 mm. Porous
plates at the top and bottom of the test cham-
ber enclosed plenum chambers for air inflow
and exhaust outflow in order to provide a
uniform flow distribution over the test cham-
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ber cross section. The flames were ignited with
a retractable hot wire coil. Fuel and air flow
rates were measured by rotameters which were
calibrated by a wet-test meter. The exhaust
flow was removed using a vacuum pump in
conjunction with a throttling valve and bypass
manifold to control the test chamber pressure.
The entire test chamber could be traversed
with a positioning accuracy of 0.1 mm in order
to accommodate rigidly mounted optical in-
struments.

Instrumentation

The same instrumentation was used for both
test arrangements, following Ref. 1. Soot vol-
ume fractions were found by deconvoluting
laser extinction measurements for chord-like
paths through the flames, similar to past work
[1, 2, 13, 35]. The data were reduced assuming
that soot optical properties satisfied the small-
particle (Rayleigh) scattering limit, which was
justified because scattering levels were small
[36]. A soot refractive index of 1.57 + 0.56i
was taken from Dalzell and Sarofim [37], simi-
lar to past work [1, 2, 13, 35], as justified by
recent in situ measurements in buoyant diffu-
sion flames [36]. Experimental uncertainties of
these measurements (95% confidence) are esti-
mated to be less than 10% for f, > 0.1 ppm.

Temperatures were measured using multi-
line emission in regions where soot was pre-
sent and using thermocouples in regions where
soot was absent. The multiline emission mea-
surements were identical to Refs. 1 and 2, and
involved deconvoluting spectral radiation in-
tensity measurements for chord-like paths
through the flames. The temperatures were
found from measurements at three line pairs:
600,750, 700 /830, and 600/830 nm. Tempera-
ture differences between the average and any
of the line pairs were less than 30 K. The
thermocouple measurements involved an un-
coated bare wire Pt/Pt~10% Rh junction hav-
ing a diameter of 270 um; these measurements
were corrected for radiation errors. Both tem-
perature measurements involved experimental
uncertainties (95% confidence) less than 50 K
[1].

Soot structure was measured using ther-
mophoretic sampling and analysis by transmis-
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sion electron microscopy (TEM), similar to
earlier work {1, 2, 17, 18, 36]. The microscope
used for these measurements had a 2-nm reso-
lution. Effects of soot aggregate size cause a
negligible sampling bias for present test condi-
tions [36, 38]. As usual, soot consisted of nearly
spherical and monodisperse primary particles
(standard deviation of d,, less than 20% of the
mean), collected into aggregates having widely
varying numbers of primary particles. Primary
particle diameters were measured for more
than 60 particles at each location to yield ex-
perimental uncertainties (95% confidence) for
d, less than 10%. The number of primary soot
particles per unit volume was then found from
the other measurements, as follows:

n,= 6fs/(77dp3) ()

In view of the experimental uncertainties for f;
and d,, Eq. 1 implies experimental uncertain-
ties (95% confidence) for n » less than 32% for
f; > 0.1 ppm.

Gas compositions were measured by isoki-
netic sampling and analysis using gas chro-
matography similar to past work [1, 2, 35]. A
stainless-steel radiatively cooled sampling
probe was used, having a port diameter of 2.1
mm. Soot coating the probe walls was periodi-
cally removed by back flushing with air. Gas
species resolved by the analysis include N,, O,,
C0,,CO,H,0,H,,CH,,C,H,,C,H,,C,H,,
C,H,, C;H, C,H,, and C,H,. The gas chro-
matograph involved a Chromosorb 102 packed
column and a 5A molecular sieve column in
series, followed by a thermal conductivity de-
tector. All H,O was removed prior to injecting
the samples into the chromatograph and H,0O
concentrations were determined by assuming
that the sample C/H ratio was the same as
that of the fuel. For the present column ar-
rangement, O, and Ar cocluted, thus, their
concentrations were determined by assuming
that the Ar/N ratio was the same as that of
air. Experimental uncertainties (95% confi-
dence) of these measurements were less than
15% for mole fractions greater than 100 ppm,
except for O, where uncertainties were only
less than 30% for mole fractions less than 1000
ppm due to error buildup when correcting for
coelution of O, and Ar.
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Streamwise velocities along the flame axes
were measured using laser velocimetry (LV).
This involved a dual-beam forward-scatter ar-
rangement with the flow seeded with alu-
minum oxide particles, similar to past work [1,
2, 35). Experimental uncertainties (95% confi-
dence) of streamwise velocities are estimated
to be less than 5%.

Test Conditions

The six test flames are summarized in Table 1.
All the flames were laminar over the measure-
ment region. The atmospheric-pressure burner
was used to test the lightly-sooting fuels (C,Hy,
C,H,, C,H,, and C,H,) for visible flame
lengths of roughly 70 mm. These flames had
fuel-port Reynolds and Froude numbers of
34-43 and 0.00064-0.0033, respectively, and
were strongly buoyant, i.e., velocities increased
along the axes. Radiant heat loss fractions
were in the range 16.1%-25.9% of the lower
heating value of the fuel (LHV), progressively
increasing with the propensity of the fuel to
form soot.
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The low-pressure burner, operating at a
pressure of 25.3 kPa, was used to test the
heavily-sooting fuels (C,H, and C,H) for
visible flame lengths of roughly 50 mm. The
1,3-butadiene fuel was diluted with nitrogen
(52% nitrogen by volume in the fuel stream) in
order to achieve manageable soot concentra-
tions in the flame. These flames had fuel-port
Reynolds and Froude numbers of 84-107 and
13-21, respectively, and were weakly buoyant,
i.e., velocities along the axes were closely cor-
related with burner exit velocities over the
region of interest. Radiant heat loss fractions
were in the range 26.0%—-29.2% of the LHV of
the fuel.

RESULTS AND DISCUSSION
Flame Structure

The present study considered conditions along
the axes of the flames, where mixture fractions
decrease monotonically with increasing dis-
tance from the burner exit; however, present
measurcments generally were limited to fuel-

TABLE 1

Summary of the Test Flames

Test Flame 1 2¢ 3 4 5 6°
Fuel® C,H¢ C,H;, C,Hyy C,H, C;H, C,H,
Pressure (kPa) 98.8 98.8 98.8 98.8 25.3 25.3
Burner flow 100 100 100 100 100 48
(% fuel by vol.)

Fuel flow rate 3.38 2.00 1.52 3.36 5.31 3.20
(cc/s)

N, flow rate — — — — — 343
(cc/s)

Air flow rate 269 269 269 269 710 385
(cc/s)

Burner exit 21.4 12.6 9.5 21.3 635 793
velocity (mm /s)?

Air velocity 328 328 32.8 328 9.7 53
(mm/s)?

Re(-) 40 40 43 34 107 84

Fr(—)* 0.0033 0.0011 0.00064 0.0032 13 21

Rad. heat loss 16.1 21.0 21.3 259 26.0 29.2
(% LHV)

¢ Laminar round jet diffusion flames in air coflow with a 14.3-mm-diameter fuel port, a 102-mm-diameter air port, and a

visible flame length of 70 mm.

b Laminar round jet diffusion flame in air coflow with a 3.3-mm-diameter fuel port, a visible flame length of 50 mm.
¢ Burner gas purities as follows: C,Hq (99%), C;Hg (99.5%), C,H,, (99%), C,H, (99.5%), C3H (99%), C,H¢ (99%),

N, (99.98%).

4 Nominal average value based on an injection temperature of 294 K.
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Fig. 1. Soot and flame properties along the axis of the
ethane /air flame at atmospheric pressure.

rich conditions, i.e., where the mixture fraction
was greater than the stoichiometric mixture
fraction. In addition, none of the present flames
was soot-emitting. Furthermore, as noted ear-
lier, soot structure observed during the present
experiments was similar to past observations in
flames [1, 2, 17, 18, 36] and consisted of nearly
monodisperse spherical primary soot particles
collected into polydisperse aggregates. Finally,
a full tabulation of the present data can be
found in Sunderland [39].

Flame and soot structure measurements
along the axes of the ethane, propane, n-butane
and ethylene /air flames at atmospheric pres-
sure are illustrated in Figs. 1-4; corresponding
measurements for the propylene and 1,3-
butadiene-nitrogen /air flames at 25.3 kPa are
illustrated in Figs. 5 and 6. Properties shown
include u, d,, f;, n,, f, T, and the mole
fractions of major gas species, all plotted as a
function of distance from the burner exit.
Elapsed time, found by integrating the stream-
wise velocity measurements, is shown at the
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Fig. 2. Soot and flame propertics along the axis of the
propane /air flame at atmospheric pressure.

top of the plots; the time datum is arbitrarily
set at the point where soot is first observed
along the axes.

The distinction between the buoyant (Figs.
1-4) and weakly-buoyant (Figs. 5 and 6) flames
is most evident from the velocity distributions:
the buoyant flames exhibit a progressive in-
crease of velocities over the range of measure-
ments; in contrast, the weakly buoyant flames
exhibit an initial velocity decrease followed by
a relatively gradual velocity increase due to
buoyancy.

Similar to other observations along the axes
of diffusion flames [1, 2], results in Figs. 1-6
show that d, generally reaches a maximum
well before the end of the soot formation
region (which roughly corresponds to the point
where f; reaches a maximum). This behavior is
consistent with Tesner’s [40, 41] early observa-
tion that the surface growth of soot persists to
temperatures much lower than required for
significant soot nucleation. As a result, the
limited number of primary soot particles pre-
sent near the start of the soot formation region
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Fig. 3. Soot and flame properties along the axis of the
n-butane /air flame at atmospheric pressure.

undergo rapid growth, becoming large. Subse-
quently, higher soot nucleation rates (evident
from the rapid increase of n,) create numer-
ous additional primary soot particles whose
shorter period of growth implies smaller values
of d, even though overall soot concentration
levels continue to increase. This behavior con-
trasts with behavior along the soot path through
the maximum soot volume fraction location in
buoyant laminar jet diffusion flames, where
lower nucleation rates along the path imply a
closer correlation between f, and d, [2].

The variations of scalar properties along the
axes of the present flames are qualitatively
similar to earlier results for acetylene/air
flames [1, 2]. Temperature reaches a broad
peak before the flame tip (the point where the
stoichiometric condition is reached at the axis,
which generally is observed beyond the region
of the data in Figs. 1-6). This behavior sug-
gests significant effects of continuum radiation
from soot. There also may be contributing ef-
fects tending to reduce temperatures within
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Fig. 4. Soot and flame properties along the axis of the
ethylene /air flame at atmospheric pressure.

the flames due to incomplete combustion, in
view of the presence of significant concentra-
tions of CO and soot. In addition, concentra-
tions of major gas species—N,, O,, fuel, CO,,
H,O, CO and H,—generally agree with the
generalized state relationships for hydrocar-
bon/air flames at atmospheric pressure, pro-
posed in Ref. 42; however, an exception is O,
concentrations at rich conditions, where it is
likely that earlier measurements were not cor-
rected for the coelution of O, and Ar as dis-
cussed in Ref. 2.

The extent of the soot formation regions in
Figs. 1-6 is similar to earlier observations for
acetylene /air flames [1, 2]. In particular, sig-
nificant rates of soot formation, evidenced by
increasing f,, are observed only when tempera-
tures exceed roughly 1250 K, in agreement
with past observations in diffusion flames [1-5].
The end of soot formation occurs when the
concentrations of hydrocarbons become small,
well before the flame sheet is reached, at a
fuel-equivalence ratio of roughly 1.14, similar
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Fig. 5. Soot and flame properties along the axis of the
propylene /air flame at 25.3 kPa.

to earlier observations in acetylene /air flames
1, 2].

The soot formation regions of the present
flames contain significant amounts of light hy-
drocarbons other than acetylene, in contrast to
the acetylene flames studied in Refs. 1 and 2.
Another feature of soot formation in the pre-
sent flames is that it is concurrent with soot
oxidation, similar to earlier observations in
acetylene /air flames [1, 2]. This is evident from
the presence of soot-oxidizing species, e.g., O,,
CO,, and H,0, throughout the soot formation
region, see Figs. 1-6. In fact, soot oxidation at
fuel-rich conditions for the present flames is
sufficiently fast that the soot generally disap-
pears before fuel-lean conditions are reached
along the axes. Past work [2] suggests that CO,
and O, concentrations are sufficient to con-
tribute significantly to soot oxidation at fuel-
rich conditions. It also is likely that oxidation
by OH becomes important toward the end of
the fuel-rich region, as hydrocarbon concentra-
tions become small and the concentrations of
OH begin to increase [16, 43, 44]; unfortu-
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Fig. 6. Soot and flame properties along the axis of the
1,3-butadiene /air flame at 25.3 kPa.

nately, direct measurements of OH were not
obtained during the present investigation in
order to establish the role of OH oxidation
directly.

Soot Growth

Soot growth along the axes of the test flames
was studied similar to Refs. 1 and 2. Soot
surface growth, rather than nucleation, was
assumed to dominate soot mass production;
this approximation is plausible because pri-
mary particles become visible when they are
roughly 5 nm in diameter, while primary parti-
cle diameters observed in the soot growth re-
gion generally were larger than 15 nm. Effects
of soot thermophoresis and mass diffusion are
small for present flames; therefore, soot was
assumed to convect along streamlines at the
local gas velocity. Finally, the surface area
available for soot growth was found assuming
that soot aggregates consist of monosized
spherical particles that meet at a point. Then
the gross rate of soot mass growth along a
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streamline becomes [1]:
w, = p, = (p/S)d( p,f,/p)/dt. (2)

The soot surface area per unit volume, S, in
Eq. 2 is found from [1]

S=mdS’n, = 6f,/d,. (3

The local gas density in Eq. 2 was found from
present species concentration and temperature
measurements, assuming an ideal gas mixture
of the major gas species and neglecting the
volume of soot (which is present only at ppm
levels). The soot density in Eq. 2 was taken to
be p, = 1850 kg/m’, as discussed by Puri et al.
[15] and used in earlier work [1, 2]. Finally, the
temporal derivative in Eq. 2 was found from
three-point least-squares fits of p,f,/p, as be-
fore [1, 2.

The net soot growth rates found from Egs. 2
and 3, and corrected for oxidation (as dis-
cussed subsequently), are plotted as a function
of distance along the axis for the six test flames
in Figs. 7-12. In order to locate the soot growth
region, nucleation rates for these conditions
are shown on the plots as well (the method
used to compute nucleation rates and the in-
terpretation of these results will be taken up
later). The onset of growth is controlled by the
availability of primary soot particles and
roughly corresponds to the first observations of
soot nucleation. The end of the soot growth
region is reached when f, reaches a maximum
along the axis, which is indicated by the last
point where w, is plotted in Figs. 7-12. Finally,
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the concentrations of the most prevalent hy-
drocarbons in the soot formation region—
C,H,, CH,, and C,H,—are shown on the
plots in order to assist the interpretation of the
growth and nucleation rate measurements.
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Net soot growth rates in Figs. 7-12 range
from 1073 to 1072 kg/m?s. Acetylene, which
is correlated with soot growth in flow tubes
[45-47], premixed flames [29-34], recent de-
tailed models of premixed flames [48, 49] and
acetylene-fueled diffusion flames [1, 2], is the
most abundant hydrocarbon near the end of
the soot growth region, which suggests that it
dominates soot production at these conditions.
This behavior is supported by the observation
that the end of the soot growth region gener-
ally coincides with the disappearance of acety-
lene. On the other hand, concentrations of
ethylene are comparable to or greater than
those of acetylene near the start of the soot
growth region, suggesting potential for the par-
ticipation of ethylene in soot growth as well.
Additionally, methane concentrations are in-
termediate between acetylene and ethylene in
the soot growth region, although there is little
evidence for the direct participation of methane
in soot growth [45-49]. Finally, hydrogen, which
is thought to be involved in the activation of
carbon surfaces [48, 49], has concentrations
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(see Figs. 1-6) that are comparable to acety-
lene concentrations in the soot growth region.

In view of these observations, the first step
in correlating soot growth was to associate
gross growth with acetylene concentrations,
similar to Refs. 1 and 2, as follows:

w, = k (T)[C,H, 1", @)

where k,(T) normally is an Arrhenius expres-
sion. Similar to the = etylene/air diffusion
flames [1, 2], however, the temperature depen-
dence of k,(T) was not significant and a corre-
lation of present measurements was sought by
plotting w, as a function of the molar concen-
tration of acetylene as illustrated in Fig. 13.
Other results illustrated on this figure include
measurements [1, 2] and a correlation [2] for
acetylene /air diffusion flames and measure-
ments in premixed flames [29-34]. These re-
sults all represent gross soot growth rates,
uncorrected for effects of simultaneous soot
oxidation.

The results illustrated in Fig. 13 suggest
comparable growth rates for acetylene/air
diffusion flames and for new soot in premixed
flames (the uppermost data points for the pre-
mixed flames), however, the diffusion flames
do not exhibit reduced growth rates with in-
creasing soot age, typical of premixed flames
[1]. Soot growth rates in the present hydrocar-
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Fig. 13. Gross soot growth rates along the axes of laminar
hydrocarbon /air diffusion flames, similar results for acety-
lene /air diffusion flames from Refs. 1 and 2, and similar
results for premixed flames from Refs. 29-34.
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bon /air flames are significantly higher than in
the acetylene/air flames of Refs. 1 and 2,
however, suggesting that significant concentra-
tions of light hydrocarbons other than acety-
lene either participate in soot growth channels
other than the acetylene channel, or enhance
soot surface reactivity to reaction with acety-
lene. Although present rates of soot growth
are significantly larger than the earlier results
for acetylene /air flames, however, the appat-
ent order of gross soot growth with respect to
acetylene concentrations is similar, 1.11 with a
standard deviation of 0.22.

Similar to results for acetylene/air flames
[1, 2], the apparent order of gross soot growth
with respect to acetylene concentration for the
present hydrocarbon/air diffusion flames is
somewhat higher than past suggestions of
first-order behavior based on measurements in
premixed flames [29-34]. This behavior is due
to soot oxidation masking actual (net) soot
growth rates, particularly when gross soot
growth rates become small and oxidant con-
centrations become large near the end of the
soot growth region. Corrections for soot oxida-
tion were carried out in the same manner as in
Refs. 1 and 2: soot oxidation by O, was esti-
mated using the rate expression of Nagle and
Strickland-Constable [50] which was subse-
quently confirmed by Park and Appleton [51];
and soot oxidation by CO, and H,O was esti-
mated following Johnstone et al. [52] and Libby
and Blake [53, 54], in agreement with Bradley
et al. [55]. Soot oxidation by OH, as discussed
by Neoh et al. [56], was ignored because con-
centrations of OH are negligible in the soot
formation region due to the presence of light
hydrocarbon species [16, 42, 43]. Evaluation of
these procedures in Ref. 1, based on observed
soot oxidation rates in the fuel-lean region of
acetylene /air flames, indicated significantly
overestimated soot oxidation rates in agree-
ment with Puri et al. [16]; therefore, conditions
where the gross growth rate was negative were
eliminated from the following results. For the
present soot formation regions, reaction with
CO, dominated soot oxidation, e.g., soot oxi-
dation rates due to CO, and H,O averaged 4
and 0.0007 times the corresponding O, rates.

The present net soot growth rates, corrected
for soot oxidation, are plotted as a function of

acetylene concentration in Fig. 14. The net
soot growth rate has been plotted in a manner
that anticipates a collision efficiency expres-
sion, i.e.,

w, = 1,Ctlil/4, (5)
where
b, = (8kT/(7M))'"* (6)

is the (Boltzmann) equilibrium mean molecu-
lar velocity of species i. Also shown on the plot
are results for acetylene /air diffusion flames
from Refs. 1 and 2, corrected for effects of
soot oxidation in the same manner, and results
for premixed flames from Refs. 29-34 where
no correction has been made for soot oxida-
tion. When plotted in this manner, the mea-
surements for hydrocarbon /air flames indicate
behavior compatible with a first-order acety-
lene reaction within statistical significance, but
with generally higher net soot growth rates
than the results of Refs. 1 and 2 for acetylene /
air flames. The increased net growth rates can
be quantified by an average collision efficiency
from Eq. 5, attributing all net soot growth to a
first-order acetylene reaction. This yielded an
acetylene collision efficiency of 0.011 with an
uncertainty (95% confidence) of 0.004 for the
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Fig. 14. Net soot growth rates, after correction for soot
oxidation, along the axes of laminar hydrocarbon /air dif-
fusion flames, similar results for acetylene /air diffusion
flames from Refs. 1 and 2, and gross soot growth rates for
premixed flames from Refs. 29-34.
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present hydrocarbon/air flames, compared
with 0.0030 with an uncertainty (95% confi-
dence) of 0.0006 for the acetylene/air flames
[2]. Finally, the oxidation corrections increase
the differences between soot growth rates in
the diffusion and premixed flames.

The enhancement of net soot growth rates
seen in Fig. 14 for the present hydrocarbon /air
flames, due to significant concentrations of light
hydrocarbons other than acetylene in the soot
growth region, will eventually be best treated
by detailed models typified by the recent work
of Mauss et al. [48] and Kazakov et al. [49], and
references cited therein. In particular, such
methods will eventually address effects of vari-
ous species on active soot growth sites and
parallel soot growth channels. Nevertheless,
present results were interpreted simply in terms
of parallel channels, i.e., additive soot growth
from various light hydrocarbon species.

The first parallel soot growth mechanism
considered assumed that soot growth due to
acetylene was unchanged from the correlation
of Refs. 1 and 2 (implying an acetylene colli-
sion efficiency of 0.0030); and that the residual
net soot growth rates were due to ethylene via
a collision mechanism represented by Eq. 5.
The resulting net growth rates, after account-
ing for oxidation and for growth due to acety-
lene (and after eliminating data where oxida-
tion corrections exceeded 50% of the gross
soot growth rate), are plotted as a function of
ethylene concentration in Fig. 15. The range of
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Fig. 15. Net soot growth rates, after correction for soot

oxidation and soot growth from acetylene, along the axes
of laminar hydrocarbon /air diffusion flames.

ethylene concentrations is too narrow for an
accurate determination of the order of the
growth rate with respect to ethylene. Instead,
the best first-order correlation in terms of eth-
ylene concentration is shown on the plot. The
correlation provides a reasonable fit of the
measurements, and yields an ethylene collision
efficiency of 0.014 with an uncertainty (95%
confidence) of 0.005.

Several other mechanisms of soot growth for
the hydrocarbon/air flames were considered,
involving various parallel growth channels.
Table 2 is a summary of the collision efficien-

TABLE 2

Summary of Collision Efficiencies®

Mechanism Flames Mc,H, Tc,H, Tcu,
C,H, C,H,[1,2] 0.0030* — —
(0.0006)
C,H, present 0.011 — —
(0.004)
C,H, C,H,[1,2] 0.0050 — -
and present (0.0013)
C,H,/C,H, present 0.0030° 0.014 —
(0.005)
C,H,/CH, present 0.0030° — 0.025
(0.008)
C,H,/C,H,/CH, C,H,[1,2] 0.0045 0.00018 0.015
and present (0.0009) (0.002) 0.01)

“ Numbers in parentheses are uncertainties (95% confidence).
® Prescribed correlation for laminar acetylene /air flames from Ref. 2.
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cies found in this manner, including the follow-
ing conditions: growth via acetylene for the
acetylene /air flames of Refs. 1 and 2; growth
via acetylene alone for the present flames as
discussed above; growth via acetylene alone for
both the acetylene /air flames of Refs. 1 and 2
and the present flames; parallel growth via
acetylene and ethylene for the present flames;
parallel growth via acetylene and methane for
the present flames; and parallel growth via
acetylene, ethylene and methane for the acety-
lene /air flames of Refs. 1 and 2 and the pre-
sent flames. The first three of these are single-
channel mechanisms for various data sets
where growth rate is correlated with acetylene
concentration without accounting for the pres-
ence of other hydrocarbons. The next two
are double-channel mechanisms considering
ethylene and methane parallel channels, re-
spectively, as discussed above for ethylene.
The last mechanism involves a triple channel
of acetylene, ethylene and methane and was
determined from a three-parameter fit of data
from the present flames and from the flames of
Refs. 1 and 2. The 4:1 variations of the various
collision efficiencies of acetylene for single-
channel mechanisms are comparable to
changes of surface reactivity attributed to soot
growth processes in premixed flames [48, 49];
therefore, effects of surface modification can-
not be ruled out. Similarly, the parallel chan-
nels yield reasonable collision efficiencies, al-
though the methane channel is not plausible in
view of the low H:C ratios of soot, and only
yields reasonable collision efficiencies because
methane, acetylene, and ethylene concentra-
tions are comparable in the soot growth re-
gion. Clearly, consideration of more detailed
soot growth mechanisms, and systematic mea-
surements of soot growth within more flame
environments, will be required to obtain a more
complete treatment of soot growth in flames.

Soot Nucleation

Measurements along the axes of the six test
flames were used to study soot nucleation,
similar to earlier work [1, 2]. Based on the
same assumptions used for soot growth rates in
Eq. 2, the expression for soot nucleation rates

for motion along a streamline becomes [1]
w, = pd(n,/p)/dt. @)

The resulting measurements of w, are illus-
trated in Figs. 7-12, along with the concentra-
tions of major hydrocarbon species. These fig-
ures show that soot nucleation is associated
with the presence of acetylene; indeed, the
rates correlate as a first-order acetylene reac-
tion, similar to earlier findings for acetylene /
air diffusion flames [1, 2]. This implies

w, =k, (T)IC,H,], ®

where k,(T) is an Arrhenius expression.

The present soot nucleation rates, expressed
in terms of k,(T) are plotted in Fig. 16. In
addition, measured soot nucleation rates from
acetylene /air flames from Refs. 1 and 2, and a
correlation due to Leung et al. [57] are shown
on the plot. The new measurements in hydro-
carbon/air diffusion flames are in agreement
with the earlier measurements for acetylene/
air diffusion flames [1, 2] with the combined
results yielding essentially the same first-order

Temperature (K)

0 2000 1500 1200 1000
10 T T T
Leung et al. Fuel
-1 B C,H
1 = 2Hg o
°T s CH,
* C‘H“
102f ¢ C;H, ﬂ
_ < CyH,
< | 4 CJ‘I.
{ 10°F * CH, T
-
104 .
10°F .
-8 2 2 R 2 4
10 4 6 8 10

1041 (K
Fig. 16. Soot nucleation rates along the axes of laminar
hydrocarbon /air diffusion flames, similar results for acety-
lene /air diffusion flames from Refs. 1 and 2, and earlier
results for soot nucleation rates from Leung et al. {57].
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nucleation rate correlation, as follows:
w, = 37.9[C,H, Jexp(—17500/T), )

with w, (kgmol/m?/s), [C,H,] (kgmol/m?),
and T(K). In Eq. 9, the uncertainty (95%
confidence) of the activation temperature is
2680 K, and the correlation coefficient of the
fit is 0.84. This implies an activation energy of
35 kcal/gmol, which agrees with the earlier
measurements of Ref. 2, within experimental
uncertainties. Furthermore, present results in-
dicate that soot nucleation correlates with
acetylene concentrations alone, i.e., nucleation
does not involve parallel channels, in contrast
to soot growth.

As discussed earlier [1, 2], and substantiated
by present findings in Fig. 16, present values of
w, are significantly lower than the correlation
by Leung et al. [57] of data from various
sources. This discrepancy is not surprising, as
discussed in Ref. 1. In particular, the data used
in Ref. 57 involved questionable optical deter-
minations of primary particle size [36].

Finally, attributing soot nucleation to acety-
lene alone is an oversimplification of a com-
plex process involving polynuclear aromatic
hydrocarbons (PAH) that eventually become
visible primary soot particles [S, 48, 49]. Never-
theless, acetylene offers a plausible surrogate
for these complex molecules because PAH
concentrations can be expressed in terms of
acetylene concentrations through equilibrium
constants [48, 49]; furthermore, acetylene is a
major contributor to the growth of PAH as
they evolve toward soot [5].

CONCLUSIONS

Flame structure and soot processes were stud-
ied in laminar hydrocarbon/air jet diffusion
flames at pressures of 25-99 kPa, emphasizing
fuels other than acetylene, in order to supple-
ment earlier findings for laminar acetylene /air
jet diffusion flames [1, 2]. Measurements were
limited to the axes of the flames where soot
first nucleates in the cool core of the flow and
experiences a monotonic decrease of mixture
fracture along a soot path line. The major
conclusions are as follows:

P. B. SUNDERLAND AND G. M. FAETH

1. Similar to earlier findings for laminar acety-
lene /air diffusion flames [1, 2], significant
soot nucleation and growth began when
temperatures reached roughly 1250 K, and
where acetylene was detectable, and ended
when hydrocarbon concentrations became
small (at fuel-equivalence ratios of roughly
1.14). Additionally, relative rates of soot
nucleation and growth along the axis com-
bined to yield maximum primary soot parti-
cle sizes near the beginning of soot forma-
tion, although other paths through diffusion
flames can yield different behaviors [2].

2. Present net soot growth rates, corrected for

soot oxidation, were larger than earlier ob-
servations in acetylene /air diffusion flames,
when correlated solely in terms of acetylene
concentrations; this behavior is attributed to
either parallel soot growth channels due to
the presence of light hydrocarbons other
than acetylene (ethylene and methane) or
modified soot surface reactivity due to the
presence of these hydrocarbons. Assuming
parallel soot growth channels involving only
acetylene and ethylene, and an acetylene
collision efficiency of 0.0030 based on ear-
lier measurements in acetylene/air diffu-
sion flames [2], yielded an ethylene collision
efficiency of 0.014, although a number of
other soot growth mechanisms are discussed
as well.

3. In contrast to soot growth rates, present

soot nucleation rates agree with earlier ob-
servations in laminar acetylene/air diffu-
sion flames [1, 2], and were correlated as a
first-order reaction with respect to acetylene
with an activation energy of 35 kcal /gmol.
The present nucleation rate correlation is
significantly lower than the expression sug-
gested by Leung et al. [57]; this difference is
attributable to problems, with the approxi-
mations used by Leung et al. [57] to esti-
mate soot structure from optical measure-
ments. Finally, it should be recognized that
acetylene in the present soot nucleation rate
expression serves only as a surrogate for
heavier hydrocarbons, e.g., PAH, that even-
tually evolve to soot. Thus, a more complete
treatment of soot nucleation must eventu-
ally involve more detailed mechanisms typi-
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fied by the methods of Refs. 48 and 49 and
references cited therein.
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