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SOOT SURFACE GROWTH IN LAMINAR HYDROCARBON/AIR

DIFFUSION FLAMES AT ATMOSPHERIC PRESSURE
by

A.M. El-Leathy,* F. Xu1" and G.M. Faeth*
The University of Michigan, Ann Arbor, Michigan 48109-2140

Abstract

The soot surface growth and flame structure properties of round laminar coflowing jet diffusion flames
were studied experimentally. Test conditions involved ethylene-, propylene- and propane-fueled diffusion flames
burning in coflowing air at atmospheric pressure. Measurements were limited to the axes of the flames and included
soot concentrations, soot temperatures, soot structure, major gas species concentrations, radical (H,OH,O) species
concentrations, and gas velocities. The results show that fuel decomposition yields significant acetylene
concentrations at fuel-rich conditions, that significant soot formation begins when significant H-radical
concentrations are present, and soot formation ends when acetylene concentrations become small. Hydrogen, OH
and O radicals are present throughout the soot formation region so that soot formation and oxidation proceed at the
same time. Strong rates of soot growth compared to rates of soot nucleation early in the soot formation process,
combined with increased rates of soot nucleation and oxidation as soot formation proceeds, causes primary soot
particle diameters to reach a maximum relatively early in the soot formation process. Present measurements in
diffusion flames exhibit encouraging agreement with existing Hydrogen-Abstraction/Carbon-Addition (HACA)
growth mechanisms, with earlier soot growth measurements in acetylene-fueled diffusion flames, and with earlier
soot growth measurements in premixed flames fueled with a variety of hydrocarbons.
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Nomenclature

: fuel port exit diameter (m)
: mean primary soot particle diameter (m)
: soot volume fraction (-)
burner exit Froude number (-), u0

2/(gd)
acceleration of gravity (ms~2)
molar concentration of species i
(kgmol nO

: number of primary particles per unit
volume (m°)
terms in the HACA soot surface growth
rate formulas (kg m'V1)
burner exit Reynolds number (-), Uod/p0
soot surface area per unit volume (m"1)

: time (s)
: temperature (K)
streamwise velocity (ms"1)

wg = soot growth rate (kg m'V1)
wn = soot nucleation rate (mol m'V1)
z = streamwise distance (m)
cti = empirical (steric) factors in the HACA

soot surface growth formulas
v = kinematic viscosity (mV1)
p = gas density (kg m"3)
ps = soot density (kg m"3)
(() = fuel-equivalence ratio (-)

Subscripts

CH

FW

= HACA soot growth mechanism of Colket
and Hall11

= HACA soot growth mechanisms of
Frenklach and coworkers8"11

= burner exit condition
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Introduction

The presence of soot is a common feature of
nonpremixed (diffusion) flames fueled with
hydrocarbons, affecting their structure and reaction
mechanisms. As a result, soot processes affect
capabilities for computational combustion due to the
complexities of soot chemistry, public health due to
emissions of particulate soot, fire safety due to
increased fire growth rates caused by soot radiation,
and combustor durability due to undesirable heat loads
caused by continuum radiation from soot. Motivated
by these observations, the present investigation sought
to extend past work on soot surface growth in laminar
premixed and diffusion flames in this laboratory, see
Refs. 1-7, seeking to evaluate theoretical predictions of
soot surface growth rates in hydrocarbon-fueled
coflowing jet diffusion flames in air at atmospheric
pressure.

Sunderland and coworkers1"3 experimentally
studied soot surface growth in laminar hydrocarbon/air
diffusion flames by making direct measurements of
soot residence times, soot concentrations, soot
structure, gas temperatures, and the concentrations of
stable gas species. It was found that soot surface
growth only occurred when acetylene was present and
that growth rates were roughly first-order with respect
to acetylene concentrations. Existing detailed soot
surface growth models,8"11 however, could not be
evaluated using these results because radical species
concentrations important for these mechanisms were
not measured.

Xu et al.4"6 extended Sunderland and
co workers1"3 by considering soot surface growth in
premixed flames. Experimental methods were similar
to Sunderland and coworkers1"3 except that
concentrations of radical species (H, OH and O) were
determined both computationally and experimentally.
It was found that concentrations of H closely
approximated equilibrium requirements in the relatively
slowly evolving soot growth regions of premixed
flames. The new measurements were then used to
evaluate the Hydrogen-Abstraction/Carbon-Addition
(HACA) soot growth mechanisms of Frenklach and
coworkers8"10 and Colket and Hall.11 The results
showed that the HACA soot growth mechanisms
yielded excellent correlations of the measurements of
soot surface growth rates for quite reasonable values of
the steric factors that appear in the theories.

Xu and Faeth continued study of soot surface
growth by considering diffusion flame environments

that are more relevant to practical soot formation
processes in flames. These experiments involved
acetylene/air laminar coflowing jet diffusion flames
using the full suite of measurements developed during
the earlier studies of premixed flames, e.g., Refs. 4-6.
These results showed that H concentrations ranged
from near-equilibrium conditions to super-equilibrium
ratios of 20-30 in the soot surface growth region of the
diffusion flames, that soot surface growth rates in
premixed flames and diffusion flames satisfy similar
reaction rate expressions, and that soot surface growth
rates in these diffusion flames were well represented by
the HACA mechanisms of Refs. 8-11, with steric
factors essentially unchanged from observations in
premixed flames, see Ref. 7.

Naturally, there have been many other studies
of the structure and soot processes of laminar
hydrocarbon-fueled diffusion flames, seeking detailed
models of these properties, see Balthesar et al.12, Bai et
al. 13 and references cited therein. Early measurements
of flame structure and soot processes in laminar
diffusion flames include Mitchell et al.,14 Santoro and
coworkers,15"19 Saito et al.,20 Garo et al.21'22 and many
other studies reviewed by Haynes and Wagner,2^
Howard24 and Glassman.25 More recent work along
these lines due to Hardequert et al.26 and McEnally and
Pfefferle27"28 involve rather sophisticated probe and
nonintrusive measurements within complex soot-
containing laminar diffusion flame environments.
None of these studies, however, involved the complex
suite of measurements mentioned earlier, and used by
Xu and coworkers4"7 within laminar premixed and
diffusion flames, that is needed to evaluate theories of
soot growth along the lines of Refs. 8-11.

Based on this status, the present investigation
sought to improve understanding of the structure and
soot formation properties of laminar diffusion flames,
by considering coflowing jet diffusion flames burning
in air at atmospheric pressure but using hydrocarbons
other than acetylene in order to explore potential
modifications of the soot surface growth mechanism
when the fuel was no longer a species directly involved
with the HACA soot surface growth mechanism, which
is the case for acetylene. The specific objectives of the
study were as follows: (1) to complete measurements of
soot properties (soot volume fractions and primary
particle diameters) and flame structure (temperatures,
stable and radical species concentrations and velocities)
within the soot formation region of the test flames, and
(2) to exploit the new measurements to correlate and
evaluate the HACA soot surface growth mechanisms of
Frenklach and coworkers8"10 and Colket and Hall11 for
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the present hydrocarbon-fueled diffusion flames and to
compare these results with earlier findings for premixed
flames4'5 and acetylene-fueled diffusion flames.7 The
experiments were limited to measurements along the
axes of buoyant laminar coflowing jet diffusion flames
at atmospheric pressure.

Experimental Methods

Test Apparatus

Experimental methods were very similar to Xu
and Faeth7 and will be described only briefly. The
same burner arrangement was used to observe soot
processes in laminar diffusion flames and to calibrate
the H concentration measurements using a laminar
premixed flame. The burner had a 34.8 mm diameter
inner port both for the fuel stream flow of the diffusion
flames or the methane-oxygen-nitrogen reactant
mixture flow for the premixed flame. A 60 mm
diameter coannular outer port was used both for the air
coflow of the diffusion flames or the nitrogen coflow of
the premixed calibration flame. The air coflow of the
diffusion flames served to eliminate natural convection
instabilities whereas the nitrogen coflow of the
premixed flame served to eliminate the annular
diffusion flame for this fuel-rich flame in order to
improve the accuracy of the H concentration
calibration.

Burner gas flow rates were measured with
rotameters. Mixtures were allowed to mix within feed
lines that were at least 1000 diameters long to ensure
that they were uniform. The flames burned in room air
with room disturbances controlled by surrounding them
with several layers of screens and a plastic enclosure.
The burner could be moved horizontally and vertically
with linear positioners in order to accommodate rigidly-
mounted optical instrumentation.

Instrumentation

Present measurements were similar to Xu and
Faeth7 and will be described only briefly. The
following properties were measured along the axes of
the flames: soot volume fractions, flame temperatures,
concentrations of major stable gas species, soot
structure, gas velocities and concentrations of some
radical species (H, OH and O).

Soot volume fractions were measured by
deconvoluting laser extinction measurements at 632.8
nm for chord-like paths through the flames. Data was
reduced using the refractive indices of Dalzell and

Sarofim,29 similar to past work;1'7 these values have
recently been confirmed by Krishnan et al/° The
experimental uncertainties (95% confidence) of soot
volume fractions are estimated to be smaller than 10%
for soot volume fractions greater than 0.02 ppm,
increasing proportional to the soot volume fraction for
smaller values.

Soot and gas temperatures are essentially the
same;7 thus soot (gas) temperatures were measured by
deconvoluting spectral radiation intensities for chord-
like paths through the flames and computing
temperatures at several wavelength pairs (550/700,
550/750, 550/830, 600/700, 600/750, 600/830 and
650/750 nm). Temperature differences between the
average and any of the line pairs were less than 50-100
K and experimental uncertainties (95% confidence) of
these measurements were less than 50 K.

Concentrations of major gas species (N2, H2O,
H2, O2, CO, CO2, CH4, C2H2, C2H4, C2H6, C3H6, C3H8
and neon, the last being a tracer gas used to estimate
effects of radial diffusion of lithium-containing species
that were used to find H concentrations) were measured
by sampling and analysis by gas chromatography.
Experimental uncertainties (95% confidence) of these
measurements are mainly due to calibration
uncertainties and are estimated to be less than 5% for
all species concentrations reported here.

Soot structure measurements were limited to
primary soot particle diameters carried out by
thermophoretic sampling and analysis by Transmission
Electron Microscopy (TEM), following Dobbins and
Megaridis31 similar to earlier work in this laboratory.32

Primary particle diameters were nearly monodisperse at
given positions in each flame (standard deviations were
less than 10%) and the experimental uncertainties (95%
confidence) of soot primary particle diameter
measurements are estimated to be less than 10%.

Streamwise gas velocities were measured
using laser velocimetry with experimental uncertainties
(95% confidence) less than 5%.

Measurements of H concentrations were
carried out by deconvoluted absorption following the
Li/LiOH atomic absorption technique of Neoh and
coworkers.33'34 Correction for the radial diffusion of
LiOH seed was found from measurements of the
concentrations of neon seed, assuming that the
diffusivities of LiOH and neon were similar. The H
concentration measurements were calibrated using a
premixed flame as discussed by Xu and Faeth6 and
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33,34similar to Neoh and coworkers.JJ^ Measurements with
different seeding levels showed that effects of LiOH
seed on flame properties were negligible, similar to past
work.6'7 Experimental uncertainties (95% confidence)
of the H concentration measurements are estimated to
be smaller than 30%.

Test Conditions

The properties of the laminar premixed flame
used to calibrate the H concentration measurements are
reported by Xu and Faeth.6 The present test flames
involved ethylene, propylene-nitrogen and propane fuel
streams burning in air as summarized in Table 1.
Nitrogen dilution was used for the propylene flame in
order to keep maximum soot volume fractions smaller
than 2 ppm so that problems of large soot
concentrations on the measurements could be avoided.
Luminous flame lengths were 85-100 mm whereas
stoichiometric flame lengths (the vertical height of the
position where the local fuel equivalence ratio at the
axis is stoichiometric) were 74 to 81 mm. Reynolds
and Froude numbers were 23-92 and 0.00003-0.0009,
respectively. Characteristic residence times were taken
to be the times for the flow to convect from the point
where measurable quantities of soot were first observed
to the flame sheet. Finally, adiabatic flame
temperatures at the stoichiometric mixture ratio were
computed using the algorithm of McBride et al.35

Table 1 Summary of the Laminar Hydrocarbon/Air Diffusion Flames"

Fuel Ethylene Propylene Propane

Burner flow (% fuel by vol.)

Fuel flow rate (cc/s)

Nitrogen flow rate (cc/s)

Air co flow rate (cc/s)

Burner exit velocity (mm/s)

Air coflow velocity (mm/s)

Luminous flame length (mm)

Stoichiometric flame length (mm)

Re(-)b

Frxl05(-)b

Characteristic residence time (ms)c

Stoichiometric flame temperature (K)d

100.0

5.52

292

5.8

171

100

81

23

9.9

66

2366

18.8

3.12

13.50

222

17.4

130

100

74

92

89.0

61

2147

1000

3.20

222

3.4

130

100

79

25

3.3

64

2263

aLaminar round jet diffusion flames with a 34.8 mm inside diameter fuel port,
flowing fuel-N: mixtures and a 60 mm inside diameter outer port flowing air.
Ambient temperature of 294 ± 2K and pressure of 98 ± 1 kPa. Gas purities:
nitrogen, 99.9%, ethylene, 99.5%, propylene, 99.5%, propane, 99.5%, oxygen,
99.6%, laboratory air coflow with 240 K dewpoint.
Nominal value based on mean burner exit velocity.
Time to convect from first appearance of soot to stoichiometric mixture ratio, <j>
= 1.
dAdiabatic flame temperature for stoichiometric premixed combustion of the
burner fuel flow mixture in air at atmospheric pressure.

Results and Discussion

Soot Structure

Present soot particles were similar to soot
observed during past studies of soot processes in
laminar diffusion and premixed flames, see Refs. 1-7
and references cited therein for photographs of soot
particles of various types of flames. The soot particles
consisted of roughly spherical primary soot particles
that have nearly constant diameters at a particular
location, collected into open structured aggregates of
various sizes. The maximum numbers of primary soot
particles per aggregate progressively increased with
increasing distance from the burner exit. Finally, the
aggregates exhibited widely varying numbers of
primary soot particles per aggregate far from the burner
exit, after aggregation had proceeded for a time.

Flame Structure

Measurements of gas (soot) temperatures,
streamwise gas velocities, soot primary particle
diameters, soot volume fractions, the concentrations of
major gas species and the concentrations of radical (H,
OH, O) species are plotted as a function of height above
the burner exit along the axes of the ethylene,
propylene, and propane-fueled flames in Figs. 1-3,
respectively. Corresponding residence times, found by
integrating the streamwise velocity measurements, are
indicated at the top of the plots. The residence times
were mainly used to find soot growth rates and are
relative to the first position where detectable soot
volume fractions were observed (at roughly z = 10
mm). The present measurements generally were within
the fuel-rich regions of the flames and ended 5-10 mm
after the flame sheet was reached.

Soot (gas) temperatures reach broad maxima at
conditions near the maximum soot volume fraction
conditions and somewhat before the flame sheet is
reached. The maximum measured temperatures are
also smaller than the stoichiometric temperatures
summarized in Table 1. These trends are qualitatively
similar to those of Sunderland et al.1 and Xu and Faeth7

for acetylene-fueled and Sunderland and Faeth2 for
hydrocarbon-fueled laminar coflowing jet diffusion
flames burning in air.

The results illustrated in Figs. 1-3 show that
velocities increase from burner exit values of roughly
0.003 m/s to values in excess of 2 m/s at the highest
position that was measured. This is expected due to
strong effects of buoyancy as indicated by the relatively
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small burner exit Froude numbers and relatively small
gas densities compared to ambient gas densities.

Primary soot particle diameters reach
maximum values well before the maximum soot volume
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Fig. 1 Measured soot and flame properties along
the axis of an ethylene/air laminar jet diffusion
flame at roughly atmospheric pressure.
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Fig. 2 Measured soot and flame properties along
the axis of a propylene-nitrogen/air laminar jet
diffusion flame at roughly atmospheric pressure.
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Fig. 3 Measured soot and flame properties along
the axis of a propane/air laminar jet diffusion flame
at roughly atmospheric pressure.

fraction condition is reached, which is typical of past
observations in the soot formation regions of laminar
diffusion flames, see Refs. 1-3 and 7. This behavior is
caused by accelerating nucleation rates with increasing
streamwise distance, as discussed elsewhere,1"3'7 see
Tesner36'37 for early observations and discussions of this
behavior.

The original fuel generally disappears
relatively soon within the soot formation region, more
robust hydrocarbon species such as ethylene and
methane persist to somewhat larger distances from the
burner exit, whereas relatively stable acetylene, which
is thought to be a major building block of PAH that
leads to soot nucleation and to be a major building
block of soot growth as well,9"11'24 appears at relatively
large concentrations near to the burner exit and persists
at relatively large concentrations (mole fractions greater
than 0.001) throughout the region where soot formation
dominates soot oxidation (up to the maximum soot
volume fraction condition). Acetylene concentrations
decrease at a relatively rapid rate, however, within the
region where soot oxidation dominates (beyond the
maximum soot volume fraction condition). Even
though acetylene concentrations are relatively large



(c)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

near the burner exit, however, significant rates of soot
formation are not observed until H, the other major
reactant needed to form soot via the HACA mechanism,
reaches concentrations greater than 5-10 ppm. Notably,
similar concentrations of H were required to obtain
significant rates of soot formation in acetylene-fueled
diffusion flames.7 The soot formation region, however,
contains significant concentrations of species
potentially responsible for soot oxidation, e.g., Oi, C
O2, H2O, O and OH.3334'38"43 Thus, soot formation and
soot oxidation proceed at the same time with soot
formation dominating the process up to the maximum
soot volume fraction position and soot oxidation
dominating the process thereafter.

The concentrations of major gas species in
Figs. 1-3 are in qualitative agreement with earlier
measurements in hydrocarbon-fueled diffusion flames,
see Ref 2. The concentrations of the lower
hydrocarbons (CH4, CiHi, CztU) decrease and the
concentration of Oi increases monotonically throughout
the soot formation region, whereas, other intermediate
hydrocarbons (e.g., C2H6) reach maxima before the soot
concentration maxima are reached. The combustion
products, COz and HzO, increase slowly throughout the
soot formation region, finally reaching broad maxima
near the flame sheet ((t>=l). The intermediate
combustion products associated with water-gas
equilibrium, H2 and CO, are both present in large
concentrations throughout the soot formation region
and reach broad maxima somewhat upstream of the
flame sheet. Finally, nitrogen dominates the
composition of the ambient air, and of nitrogen-
containing fuel streams; therefore, the concentrations of
nitrogen are relatively uniform throughout the soot
formation regions of the present flames.

The Li/LiOH atomic absorption technique
yields concentrations of H, OH and o.5'7'33'34 These
measurements were compared with equilibrium
estimates of the concentrations of these radicals that
were found using the equilibrium data of Chase et al.44

and the present measurements of temperature and stable
major gas species concentrations. These results show
that H concentrations are comparable to equilibrium
concentrations, if not somewhat smaller, near the onset
of soot formation but eventually reach concentrations
10-20 times larger than equilibrium concentrations at
the farthest downstream positions of the present
measurements, near the flame sheet. This behavior is
similar to earlier observations in acetylene-fueled
diffusion flames.7 Thus, it appears that H generally is
present in superequilibrium concentrations throughout
the soot formation regions of diffusion flames,

compared to near-equilibrium concentrations
throughout the soot formation regions of premixed
flames.4"6 This helps explain the more rapid soot surface
growth rates observed in diffusion flames, at
comparable acetylene concentrations and temperatures,
through the HACA mechanism.

Soot Formation Rate Properties

Present measurements were used to study soot
surface growth similar to earlier studies using laminar
premixed and diffusion flames.1"7 Major assumptions
were identical to the earlier work, as follows: soot
surface growth, rather than soot nucleation, dominates
soot mass production; effects of diffusion (Brownian
motion) and thermophoresis on soot motion are small,
so that soot particles convect along the axes of the
flames at the local gas velocity; the soot density is
constant; and the surface area available for soot surface
growth is equivalent to constant diameter spherical
primary soot particles that meet at a point. See Refs. 1-
7 for justification of these assumptions.

The first soot formation property of
importance is the number of primary particles per unit
volume, found as follows:l

(1)

The experimental uncertainties (95%
confidence) of np are estimated to be less than 32% for
fs 0.1 ppm, increasing inversely proportional to fs for
smaller values of fs. The soot surface area per unit
volume is given by:]

S - 6fs/dp (2)

The experimental uncertainties (95%
confidence) of S are estimated to be less than 16% for
fs 0.1 ppm, increasing inversely proportional to fs for
smaller values of fs. Defining the soot surface growth
rate as the rate of increase of soot mass per unit surface
area and time, conservation of soot mass along a
streamline under the previous assumptions gives the
soot growth rate as follows:1

wg = (p/S) d(ps fs/p)/dt (3)

where present measurements of species concentrations
and temperatures yield the gas density, assuming an
ideal gas mixture. The temporal derivative in Eq. 3 was
found from three-point least-squares fits of the
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argument of the derivative, similar to past work.1"7

Finally, the soot nucleation rate was defined as the rate
of increase of the number of primary particles per unit
volume and time; based on previous assumptions, the
expression for soot nucleation rates along a streamline
becomes:l

wn - p d(np/p)/dt (4)

Similar to Eq. 3, the temporal derivative in Eq.
4 was found from three-point least-square fits of the
argument of the derivative, similar to past work.1"7

The four derived soot formation properties (S,
np, wg and wn) are plotted as functions of height along
the burner for the three test flames in Fig. 4.

:2H4-FLAME
C3H6-FLAME
C3H8- FLAME A

40 60 80 100
HEIGHT ABOVE BURNER (mm)

Fig. 4 Derived soot formation properties (S, np, wg
and wn) along the axis of the present hydrocarbon-
fueled/air laminar jet diffusion flames at roughly
atmospheric pressure.

The soot surface area per unit volume tends to
vary similar to soot volume fraction, increasing within
the soot formation region and decreasing once again in
the soot oxidation region. Values of the number of
primary particles per unit volume increase significantly
in the region where the primary soot particle diameter
reaches a maximum (at z = 40-45 mm) to conditions
where the soot volume fraction reaches a maximum (at
z = 55-57 mm); it is this behavior that causes primary
soot particle diameters to decrease in spite of increased
soot concentrations, as discussed earlier. Soot growth

rates are relatively constant over the soot growth
region, through the HACA mechanism, this behavior
follows because progressively increasing values of H
are balanced by progressively decreasing values of
acetylene. Finally, soot nucleation rates tend to reach a
maximum near the maximum soot volume fraction
condition, involving somewhat different behavior from
soot growth rates, because unlike wg, wn does not
involve the soot surface area per unit volume, S. The
relative values of wg and wn should not be generalized
to other flame conditions, however, because these rates
were simply adjusted to achieve modest soot
concentrations in the flames by varying the degree of
nitrogen dilution, in order to control problems of
measuring soot and flame properties in the present soot-
containing flames.

Soot Surface Growth

In order to interpret the present soot surface
growth rates, the gross soot surface growth rates from
Eq. 3 were corrected for effects of soot oxidation
similar to past studies of soot growth in this
laboratory.1"5'7 Thus, estimates of soot growth were
limited to conditions where estimated soot oxidation
rates never exceeded half the gross soot surface growth
rates. This provides a consistent and conservative
approach to evaluate effects of soot oxidation that
mainly constrains the region where soot growth
measurements are obtained with little effect on the
values of wg reported here, see Ref. 7 for a discussion
of this issue. Thus, soot oxidation rates were estimated,
as follows:1"5'7 soot oxidation by O and OH was
ignored; soot oxidation by Oi was based on the results
of Nagle and Strickland-Constable,38 which have been
confirmed by Park and Appleton;39 and soot oxidation
by RbO and CO2 was estimated following Libby and
Blake,40'41 and Johnstone et al.,42 which gave results
similar to Bradley et al.43

Soot surface growth rates were interpreted
using the HACA soot growth mechanisms of Frenklach
and coworkers,8"10 and Colket and Hall11 in order to
maintain consistency with past evaluations of these
mechanisms based on similar measurements and due to
the success of these approaches for correlating
measurements of soot surface growth in premixed
methane/air and methane/oxygen flames4'5 and in
acetylene/air diffusion flames.7 The predicted net rate
of soot surface growth was expressed, as follows, for
both mechanisms:

(5)
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where i = FW or CH denotes appropriate reaction
parameters for the mechanisms of Frenklach and
coworkers,8'10 and Colket and Hall.11 The parameters, ai
are empirical steric factors of order of magnitude unity,
with apw specified to be a function of temperature,8"10

and CCCH specified to be a constant.11

The Rj are proportional to the product
[HJfCzHz] as a first approximation for the earlier
premixed flames of Xu et al.,4^5 the earlier acetylene-
fueled diffusion flames of Xu and Faeth7 and the
present hydrocarbon-fueled diffusion flames. Thus,
Wg/fCaHz] measured for all these studies are plotted as a
function of [H] in Fig. 5 in order to provide a direct test
of the main features of the HACA soot growth
mechanisms without the intrusion of uncertainties due
to the numerous empirical parameters of the detailed
HACA mechanisms of Refs. 8-11.

10'

10'

CORRELATION

XU ET. Al_
PREMIXED CH4/02 (1997) O
PREMIXED CjH4/AIR (1998) A
XU & FAETH
DIFFUSION CjHj/AIR (2000) Q
PRESENT MEASUREMENTS •

10" 10"
[H] (kg-mol/m3)

Fig. 5 Soot surface growth rates
(corrected for soot oxidation) as a function of
acetylene and hydrogen-atom concentrations for
laminar premixed and diffusion flames at roughly
atmospheric pressure. Measurements of ethylene/air
premixed flames from Xu et al.,4 measurements of
methane/oxygen premixed flames from Xu et al.,5

measurements of acetylene-fueled/air diffusion
flames from Xu and Faeth7 and measurements of
hydrocarbon-fueled/air diffusion flames from the
present investigation.

The results for premixed and diffusion flames
are distinguished in the figures by denoting them by
open and closed symbols, respectively. The correlation
of previous results for premixed flames and acetylene-
fueled diffusion flames is quite good, which is not
surprising because acetylene is the dominant
hydrocarbon fuel present in both cases. The correlation

of the present results for hydrocarbon fuels also is
reasonably good but these results indicate
systematically larger values of Wg/fCzH:] for given
values of [H]. This behavior could imply a parallel
channel for soot surface growth, other than the HACA
mechanism, in the soot formation of diffusion flames
for the present hydrocarbon fuels that is not observed
for acetylene. In particular, Sunderland et al.1'2 studied
soot growth in both acetylene-fueled and other
hydrocarbon-fueled diffusion flames and found similar
seemingly enhanced rates of soot growth in the
hydrocarbon-fueled flames compared to the acetylene-
fueled flames. This possibility will be explored more
thoroughly by directly evaluating the HACA
mechanism of Refs. 8-11 as discussed in the following.

The direct evaluation of the HACA
mechanism of Frenklach and co workers8"10 was carried
out by plotting wg directly as a function of CCFW RFW as
indicated by Eq. 5 in Fig. 6.

PREDICTION

XU ET. AL.
PREMIXED
PREMIXED
XU & FAETH
DIFFUSION
PRESENT MEASUREMENTS

CjHj/AIR (2000)

10-* 10
aFwRpw (kg/m2s)

10'

Fig. 6 Soot surface growth rates (corrected for
soot oxidation) in terms of the HACA mechanism of
Frenklach and coworkers8"10 for premixed and
diffusion flames at roughly atmospheric pressure.
Measurements of ethylene/air premixed flames from
Xu et al.,4 measurements of methane/oxygen
premixed flames from Xu et al.,5 measurements of
acetylene-fueled/air diffusion flames from Xu and
Faeth7 and measurements of hydrocarbon-fueled/air
diffusion flames from the present investigation.

Results for the premixed flames of Xu et al.,3'4

from acetylene-fueled diffusion flames from Xu and
Faeth7 and from the present hydrocarbon-fueled
diffusion flames are illustrated in Fig. 6. The plot
represents a direct evaluation of earlier results for
premixed flames using apw(T) from Eq. 6, e.g.,



(c)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

CCFW(T) = 0.00154 exp(12400/T) (6)

with T(K). The present results for hydrocarbon-fueled
diffusion flames exhibit a slight tendency for enhanced
soot growth rates for given values of [C2H2], [H] and
temperature but the present results for hydrocarbon-
fueled diffusion flames generally fall within the
experimental uncertainties of the present and earlier
measurements. Another evaluation of the HACA soot
growth mechanism of Frenklach and coworkers8"10 is
illustrated in Fig. 7, where the correlation of apw(T) is
illustrated for available measurements in both premixed
and diffusion flames.

2250
TEMPERATURE (K)
2000 1750 1500

10'

10"

PRESSURE=98±1kPa
'E REACTANTS SYMBOL

• CORRELATION

4.0 5.0 6.0

104/T(K1)

7.0

Fig. 7 Correlation of the steric factor for soot
growth for the HACA mechanism of Frenklach and
coworkers8"10 as a function of local temperature for
premixed and diffusion flames at roughly
atmospheric pressure. Measurements of ethylene/air
premixed flames from Xu et al.,4 measurements of
methane/oxygen premixed flames from Xu et al.,5

measurements of acetylene-fueled/air diffusion
flames from Xu and Faeth7 and measurements of
hydrocarbon-fueled/air diffusion flames from the
present investigation.

The correlation of apw(T) according to Eq. 6 is
also plotted on the figure for reference purposes. Once
again, the scatter of the new measurements for the
present hydrocarbon-fueled diffusion flames generally
falls within the experimental uncertainties of the
present and earlier measurements. Taken together, the
results of Figs. 6 and 7 provide little motivation to
either modify the correlation of Eq. 6 or to suggest the
presence of a significant parallel soot growth channel to
the HACA measurements of Frenklach and coworkers8"11

for the premixed and diffusion flames that have been
studied thus far.

The corresponding evaluation of the HACA
mechanism of soot surface growth due to Colket and
Hall11 is illustrated in Fig. 8. In this case a = 0.9 with
an uncertainty (95%) of 0.2 from Refs. 4, 5 and 7
proved suitable for present measurements and was used
for the predictions illustrated in Fig. 8. The overall
correlation illustrated in Fig. 8 is seen to be reasonably
effective for both premixed and diffusion flames.

10

CORRELATION

PRESSURE » 98 ±1 kPa
TYPE REACTANTS SYMBOL!
XU ET. AL.
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DIFFUSION
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CH4/O2 (1997) O
C2H4/AIR (1998) A

C-jHj/AIR (2000) ^

10"10-

Fig. 8 Soot surface growth rates (corrected for
soot oxidation) in terms of the HACA mechanism of
Colket and Hall11 for premixed and diffusion flames
at roughly atmospheric pressure. Measurements of
ethylene/air premixed flames from Xu et al.,4
measurements of methane/oxygen premixed flames
from Xu et al.,5 measurements of acetylene-
fueled/air diffusion flames from Xu and Faeth7 and
measurements of hydrocarbon-fueled/air diffusion
flames from the present investigation.

The present evaluations of the HACA soot
surface growth mechanism of Frenklach and
coworkers8"10 and Colket and Hall11 continue to be very
encouraging and these approaches may eventually
provide the basis of robust methods to estimate soot
surface growth rates in flame environments.
Uncertainties remain, however, about the behavior of
soot surface growth in diffusion flames fueled by
hydrocarbons other than acetylene and the
hydrocarbons considered during the present
investigation (particularly unsaturated hydrocarbons
such as aromatics that could favor the formation of soot
by pathways other than the HACA soot surface growth
mechanism considered here, e.g., PAH pathways such
as those discussed by Howard24 and about effects of

9
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pressure on soot growth. Finally, processes of soot
oxidation are somewhat more important in diffusion
flames than in soot-containing premixed flames, and
thus effects of soot oxidation on the details of the
HACA and PAH soot growth mechanisms must also be
quantified.

Conclusions

Flame structure and soot formation processes
were studied in coflowing laminar jet diffusion flames.
Test conditions involved ethylene-, propylene-, and
propane-fueled flames burning in air at atmospheric
pressure as summarized in Table 1. The major
conclusions of the study are as follows:

1) Measurements show that H, OH and O approach
equilibrium near the start of the soot formation
region but generally exhibit superequilibrium
concentrations (by factors of 10-20 for H and
OH and by factors of 10-100 for O) throughout
the region; this behavior is quite similar to
earlier observations of laminar acetylene-fueled
coflowing jet diffusion flames at atmospheric
pressure.

2) Measurements show that significant degrees of
net soot formation only occurs in regions where
reasonable concentrations of both H and
acetylene are present; this behavior is similar to
earlier observations of laminar acetylene-fueled
coflowing jet diffusion flames at atmospheric
pressure.7

3) Soot surface growth rates in the present
hydrocarbon-fueled laminar jet diffusion flames
were in good agreement with past measurements
in both laminar premixed flames4'5 and
acetylene-fueled laminar jet diffusion flames and
could be correlated by the HACA soot growth
mechanisms of Frenklach and coworkers8"10 and
Colket and Hall,11 with steric factors in each of
these theories correlating in the same manner for
all flame conditions that have been studied.
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