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INTRODUCTION

The objective of the present investigation was
to extend recent measurements of soot nucle-
ation and growth within acetylene /air laminar
jet diffusion flames [1]. Several factors moti-
vated this extension. First, the measurements
of Ref. 1 were limited to soot processes along
the axes of laminar jet diffusion flames, where
soot nucleates near the cool core of the flow
and moves directly toward the flame sheet;
therefore, it was of interest to consider other
soot paths in order to investigate the generality
of these results, especially for paths where soot
nucleates near the flame sheet and initially
moves toward more fuel-rich regions of the
flow, which account for most of the soot pro-
duction in buoyant diffusion flames [2]. In par-
ticular, nucleation near the cool core of the
flame generally is accompanied by observations
of translucent objects [1, 3, 4] but whether
these objects are still observed for soot paths
beginning at higher temperatures in the vicin-
ity of the flame sheet must still be resolved.
Secondly, measurements of hydrocarbons in
Ref. 1 were limited to acetylene; therefore,
information about the concentrations of other
hydrocarbons is needed in order to establish
their potential role in processes of soot forma-
tion within acetylene /air diffusion flames. Ad-
ditionally, although several test flames were
considered in Ref. 1, the available range of
characteristic flame residence times (taken as
the time for a fluid parcel to convect along the
axis from the burner exit to the flame sheet)
was rather narrow (17-23 ms); therefore, con-
sideration of a broader range of flame condi-
tions was of interest. Finally, a problem con-
cerning measurements of O, concentrations at
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fuel-rich conditions was discovered, motivating.
reconsideration of effects of soot oxidation *
rates on measurements of soot growth rates.

EXPERIMENTAL METHODS

The experiments involved coflowing laminar jet
diffusion flames burning at a pressure of 19
kPa within a windowed test chamber having a
diameter and length of 300 and 1200 mm,
respectively. The burner was directed vertically
upward with acetylene flowing from a 6-mm-di-
ameter port and air flowing from a concentric
60-mm-diameter port. The air passage con-
tained several layers of beads and screens to
provide a uniform velocity distribution at the
burner exit while the flow through the fuel
passage yielded fully developed laminar pipe
flow at the burner exit. The entire burner
assembly was traversed in the vertical and hor-
izontal directions within the test chamber us-
ing stepping-motor driven linear positioners to
accommodate rigidly-mounted instrumenta-
tion.

The following measurements were made for
each test flame: soot volume fractions by laser
extinction, soot structure by sampling and
analysis using transmission electron mi-
croscopy (TEM), soot temperatures by multi-
line emission, gas compositions by sampling
and gas chromatography, and streamwise and
cross-stream gas velocities by laser velocimetry
(LV). The determinations of soot volume frac-
tions and temperatures involved deconvoluting
line-of-sight measurements to obtain radial
distributions of these properties.

The properties of the three test flames are
summarized in Table 1. These flames involved
a fixed acetylene flow rate with varying air
coflow rates to provide air/fuel velocity ratios
(at burner exit conditions), i, /us, of 1.3, 3.4,

0010-2180,/96 /$15.00
SSDI 0010-2180(95)00225-1



370

TABLE 1

Summary of the Test Flames®

Test Flame 1 2 3
Air /fuel velocity ratio 1.3 34 6.3
Alr flow rate (cm® /s) 2100 5460 10100
Air velocity (mm /5)° 750 1950 3610
Luminous flame length (mm) 63 50 43
Stoich. fiame length (mm) 77 66 53
Char, residence time (ms) 34 19 12

“ Laminar coflowing jet diffusion flames with a 6 mm
inside diameter fuel port, surrounded by a 60 mm inside
diameter air port, operating at 19 kPa. Acetylene fuel flow
rate of 3.85 cc/s with a fuel velocity of 575 mm/s and a
fuel port Reynolds number of 93 (the last two parameters
are based on a nominal temperature of 298 + 2 K).

” Nominal average value based on an injector tempera-
ture of 298 + 2 K.

and 6.3. Notably, the stoichiometric flame
lengths (the length where a stoichiometric mix-
ture is reached along the flame axis) were
longer than the luminous flame lengths, high-
lighting the fact that significant soot oxidation
proceeds at fuel-rich conditions in laminar
diffusion flames. Characteristic flame resi-
dence times varied in the range 12-34 ms,
achieving the desired increase in the residence
time range from Ref. 1. Finally, tests with and
without the acetylene purification train of
Hamins et al. [5] showed that effects of ace-
tone contamination of acetylene were not de-
tectable for present test conditions.

RESULTS AND DISCUSSION
Soot and Flame Structure

The structure of the soot was similar to past
observations in laminar diffusion flames {1, 3,
4]. In particular, the soot consisted of roughly
spherical primary particles, having nearly con-
stant diameters at a particular location within
a test flame. These primary particles were col-
lected into aggregates, with a broad distribu-
tion of the number of primary particles per
aggregate, while the mean number of primary
particles per aggregate increased with increas-
ing residence time along a soot path.

Flame and soot structure were measured for
two soot paths: (1) along the axis, where nucle-
ation was initiated in the cool core of the flow,
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and (2) along the path through the maximum
soot volume fraction condition, where nucle-
ation was initiated near the flame sheet. The
streamlines passing through the peak soot vol-
ume fraction locations were found from the
two-dimensional LV measurements. Properties
along both types of paths were qualitatively
similar and are illustrated for the path along
the axis of Flame 1 in Fig- 1. The following
properties are illustrated as a function of the
distance, z, from the burner exit: u, the
streamwise velocity; d,, the mean primary par-
ticle diameter; f,, the soot volume fraction; n,,
the primary particle concentration; f, the mass
fraction of fuel elements (or the mixture frac-
tion); T, the temperature; and X;, the mole
fraction of species i. The residence time for
fluid to convect from the burner exit to a
particular value of z is shown along the top of
the plot.
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Fig. 1. Soot and flame properties along the axis of an
acetylene /air laminar coflowing jet diffusion flame at 19
kPa and u,/u; of 1.3 (Flame 1),
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The results illustrated in Fig. 1 are qualita-
tively similar to the observations of Ref. 1.
Significant levels of soot formation begin when
temperatures exceed roughly 1250 K (note that
this temperature agrees quite well with the
observations of Ref. 1 as well as the other test
flames considered here) and end when the
concentration of acetylene becomes small (at a
fuel-equivalence ratio of roughly 1.14). Soot
oxidation was rapid below a fuel-equivalence
ratio of 1.14, so that all of the soot disappeared
before the flame sheet was reached, see Table
1. The maximum value of d, was reached
before the end of the soot growth region be-
cause soot growth is less temperature-sensitive
than soot nucleation; therefore, rapid nucle-
ation toward the end of the soot formation
region creates numerous primary particles
whose relatively short lifetime yields small val-
ues of d, even though the total mass of soot is
increasing. Results for other soot paths, how-
ever, are different, e.g., the paths near the
maximum f condition involve modest nucle-
ation rates throughout the major growth pe-
riod, so that both d, and f, tend to increase
with increasing distance along the soot path.

Except for O,, which will be discussed sub-
sequently, present species concentration mea-
surements are qualitatively similar to Ref. 1. In
particular, the concentrations of major gas
species—fuel (C,H,), N,, CO,, H,0, CO,
and H,—are in good agreement with the gen-
cralized state relationships for hydrocarbon/
air flames [6]. Furthermore, present measure-
ments show that acetylene is the main hydro-
carbon present in the soot formation region,
with concentrations two to four orders of mag-
nitude higher than methane, which was the
only other hydrocarbon detected in significant
concentrations. This behavior supports the
dominant role played by acetylene in correla-
tions of soot formation in acetylene /air diffu-
sion flames [1].

Measurements of O, in Ref. 1, and possibly
in several other sources used to generate the
universal state relationships of Ref. 6, were
found to be in error and were corrected during
the present study. The difficulty was that Ar
coelutes with O, for the gas chromatograph
columns used in both Ref. 1 and the present
study (Chromosorb 102 and molecular sieve

5A, HayeSep D, and molecular sieve 13X, re-
spectively). A correction was made for this
effect during the present study by assuming an
Ar/N, molar ratio matching that of air and
thus deducing the O, concentrations. This cor-
rection was most important in the soot form-
ation region, reducing O, concentrations
roughly an order of magnitude from the results
reported in Ref. 1.

Soot Growth

Present measurements were used to study soot
growth, similar to Ref. 1. The major assump-
tions of the growth rate analysis were as fol-
lows: soot surface growth rather than nucle-
ation dominates soot mass production, which is
reasonable because primary soot particles be-
come visible when they are small; effects of
thermophoresis and diffusion of soot are small
so that soot convects along streamlines, which
is reasonable because present flow velocities
were large, on the order of 2 m/s, see Fig. 1;
reaction surface area for soot growth was found
assuming that primary particles were constant-
diameter spheres that meet at a point, which is
reasonable based on the observed properties of
the soot aggregates; the local gas density was
found from present concentration and temper-
ature measurements, assuming an ideal gas
mixture and neglecting the volume of soot; and
soot density was taken to be 1850 kg/m®. Tem-
poral derivatives of soot and flow properties
along soot paths were found from three-point
least squares fits of the argument of the deriva-
tive. The resulting formulas used to find the
gross soot growth rate, w, = p,v,, where p; is
the soot density and v, is the gross soot growth
velocity, can be found in Ref. 1.

Based on past observations, soot growth was
associated with acetylene concentrations
[C,H,]; see earlier studies in diffusion flames
[1] and in premixed flames [7-12]. In addition,
acetylene had the highest concentrations of
the hydrocarbons present in the soot growth
region, and the end of soot growth coincided
with the disappearance of acetylene for the
present diffusion flames. Thus, w, was corre-
lated, as follows:

w, = k (T)IC,H,]", (1



372

where k(T is an Arrhenius expression and n
is the order of the reaction with respect to
acetylene. No temperature dependence for k,
was found; therefore, a direct correlation of w
as a function of [C,H,] was sought, as illus-
trated in Fig. 2. In addition to present mea-
surements, earlier results for acetylene /air
diffusion flames [1] and for soot in premixed
flames [7-12] are shown on the plot. Clearly,
present results and those of Ref. 1 are in good
agreement. This behavior shows that effects of
soot path and residence time variations were
not significant and that soot growth rates in
acetylene /air diffusion flames were compara-
ble to the growth rates of new soot in premixed
flames (which are the highest of the premixed
flame data points illustrated in Fig. 1, see Ref.
1 for a discussion of the relationship between
the results for diffusion and premixed flames).
Upon combining the present results and those
of Ref. 1, the correlation illustrated in Fig. 1
can be found, as follows:

w, = 1480[C,H,]'" (2)

where w, (kg/m?s) and [C,H,] (kg-mole /m?).
In Eq. 2, the 95% confidence interval for n is
1.26-1.78 and the correlation coefficient of the
fit is 0.88. Thus, the order of the gross soot
growth rate with respect to [C,H,] was higher
than past suggestions of a first-order acetylene
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Fig. 2. Correlation of present gross soot growth rates in
laminar acetylene /air diffusion flames, similar results for
acetylene /air diffusion flames from Ref. 1, and similar
results for premixed flames from Refs. 7-12.
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reaction based on measurements of soot growth
in premixed flames [7-12].

The high order of gross soot growth with
respect to acetylene concentrations can be at-
tributed to effects of soot oxidation masking
the true or net soot growth rate. Thus, correc-
tions of the gross values of w, for effects of
soot oxidation were carried out following Ref.
1: soot oxidation by O, was estimated using
the rate expression of Nagle and Strickland-
Constable [13]; soot oxidation by CO, and
H,O was estimated following Johnstone et al.
[14] and Libby and Blake [15, 16] which agreed
with results based on Bradley et al. [17]. This
procedure was checked by earlier measure-
ments in the soot oxidation zone, finding that it
generally overestimates soot oxidation rates by
a significant margin [1]; therefore, results at
conditions where the gross soot growth rate
was negative were eliminated in order to mini-
mize effects of uncertainties of soot oxidation
rates.

Soot oxidation by OH was neglected when
correcting the present growth rates, as justified
by the following discussion. Recent measure-
ments of Puri et al. [18] along the axes of
buoyant hydrocarbon/air flames at atmo-
spheric pressure indicated OH concentrations
of approximately 3 X 10" molecules/cm?® at
the point of peak soot volume fraction. The
present soot formation regions involve lower
H:C ratios and pressures than those of Ref. 18,
and precede the point of peak soot volume
fraction, all of which should yield OH concen-
trations below 3 X 10 molecules /cm>. Con-
sidering this concentration as an upper limit of
present OH concentrations, and invoking an
OH collision efficiency for soot oxidation of
0.13 from Neoh et al. [19], the growth rate
obscured by OH oxidation in the present flames
is at most 3 X 10~* kg/m?"s. This rate is lower
than most of the present gross soot rate data
(see Fig. 2). Thus, the potential impact of soot
oxidation by OH on the present net growth
rates is small and its neglect does not signifi-
cantly affect the conclusions which follow.

The present net soot growth rates are plot-
ted as a function of acetylene concentration in
Fig. 3. The coordinates of the plot anticipate a
collision efficiency expression, as follows:

We = nCczHZEC‘ZL12[C2H21/4, (3)
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where 7 is the collision efficiency, Cc_y, is the
mass of carbon per mole of acetylene, and
Uc,u, 1s the mean Boltzmann equilibrium
molecular velocity of acetylene, which is found
as follows:

o, = (BKT/(mMc )", )

where 7T is the gas temperature, £ is Boltz-
mann’s constant, and M, ;; is the molecular
weight of acetylene. Other results shown on
the plot include the earlier net soot growth
rates for acetylene/air laminar jet diffusion
flames from Ref. 1, and results from premixed
flames from Refs. 7-12 where no correction
has been made for soot oxidation.

Present measurements of net soot growth
rates agree with those of Ref. 1 (see Fig. 3).
Thus, the results of Ref. 1 are valid for various
soot paths and a broader range of residence
times. Finally, the growth rates in acetylene /air
diffusion flames again did not exhibit an effect
of age proposed from the observations within
premixed flames [7-12].

Combining the present net soot growth rate
measurements and those of Ref. 1 yields a best
fit slope of the correlation with respect to
[C,H,] of 1.05 with a 95% confidence interval
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Fig. 3. Correlation of present net soot growth rates after
correction for soot oxidation, in laminar acetylene /air
diffusion flames, similar results for acetylene /air diffusion
flames from Ref. 1, and soot growth rates for premixed
flames from Refs. 7-12.

of 0.87-1.22 and a correlation coefficient of
the fit of 0.88. Thus, the order of acetylene
concentration in this correlation is not statisti-
cally different from unity and the following
best first-order fit has been illustrated in Fig. 3:

w, = 0.0185¢_ [C,H, ], (5)

where w, (kg-mole/m’s), B¢y, (m/s) and
[C,H,] (kg-mol/m?). In Eq. 5, the uncertainty
of the coefficient (95% confidence) is 0.004
with a corresponding collision efficiency based
on Eq. 4 of 0.0030 with an uncertainty (95%
confidence) of 0.0006—all determined using
geometric means. The corresponding collision
efficiencies from Ref. 1 are not statistically
different from the combined results found here.

Soot Nucleation

Present measurements also were used to study
soot nucleation rates, similar to Ref. 1. No-
tably, translucent objects were observed during
the early stages of soot nucleation for all paths,
although these objects were smaller for paths
starting near the flame sheet than for paths
starting near the cool core of the flame. The
assumptions adopted to find soot nucleation
rates were the same as for soot growth rates.
The formulation is based on the rate of change
of primary soot particle concentrations and
does not explicitly consider effects of coagula-
tion, reactions with heavy hydrocarbon species
and PAH, etc., that may play a role in the
formation of primary soot particles. The spe-
cific formulation used to reduce the data can
be found in Ref. 1. Finally, soot nucleation
generally was associated with the presence of
acetylene and was best correlated as a first-
order acetylene reaction; this involves using
acetylene as a surrogate for PAH and other
hydrocarbons that are actually involved in the
formation of primary soot particles.

The correlation of soot nucleation rates, w,,
im terms of a first-order acetylene reaction, is
plotted as a function of temperature in Fig, 4,
In addition to the present results, the earl-
ier measurements in acetylene/air diffusion
flames of Ref. 1, and a correlation due to
Leung et al. [20] based on optical measure-
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Fig. 4. Correlation of present soot nucleation rates within
laminar acetylene /air diffusion flames, similar resuits for
acetylene /air diffusion flames from Ref. 1, and earlier
results for soot nucleation rates from Leung et al. [20].

ments from various sources, are shown on the
plot. The two sets of measurements in the
acetylene /air diffusion flames are in excellent
agreement, yielding the combined soot nucle-
ation correlation itlustrated in Fig. 4, as fol-
lows:

w,/[C,H,] =k, = 73.6exp(—18500,/T) (6)

where w, (kg-mol/m’s), [C,H,] (kg-mol /m>),
k,(s71), and T(K). In Eq. 6, the uncertainty
(95% confidence) of the activation tempera-
ture is 2900 K. Notably, the activation temper-
ature of Eq. 6, 18500 K, and the associated
activation energy of 39 kcal/gmol, are not
statistically different from corresponding val-
ues from Ref. 1. This finding implies that soot
paths starting in the cool core of the flow, as
well as at somewhat higher temperatures near
the flame sheet, all involving translucent ob-
jects near the start of nucleation, have similar
soot nucleation rate properties. Finally, the
present nucleation rates in diffusion flames are
significantly lower than the correlation of Le-
ung et al. [20]; this discrepancy is attributed to
approximations used to estimate the reactive
soot surface area by Leung et al. [20] as dis-
cussed in Ref. 1.
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CONCLUSIONS

Flame structure and soot processes were stud-
ied for various soot paths in acetylene/air
laminar coflowing jet diffusion flames at 19
kPa, in order to supplement recent measure-
ments limited to the axis of acetylene /air lam-
inar jet diffusion flames [1]. The major conclu-
sions of the study are as follows:

1. Considering all paths through the flames,
significant levels of soot nucleation and
growth require temperatures greater than
roughly 1250 K and fuel-equivalence ratios
greater than 1.14. Maximum primary soot
particle diameters generally are observed
before the end of the soot growth region,
due to the greater temperature sensitivity of
soot nucleation than soot growth, although
this maximum is reached earliest for flow
along the flame axis.

2. Present soot growth measurements, cor-
rected for effects of soot oxidation, yielded
first-order behavior with respect to acety-
lene in good agreement with Ref. 1, e.g., the
collision efficiency for the combined data
set was 0.0030 which is statistically identical
to the value found in Ref. 1, both based on
the geometric mean. Finally, measurements
showed that concentrations of acetylene
were two to four orders of magnitude larger
than methane which was the next most
abundant hydrocarbon observed, supporting
the importance of acetylene for soot nucle-
ation and growth processes within acety-
lene /air diffusion flames.

3. Soot nucleation was roughly first-order with
respect to acetylene concentrations, in
agreement with the observations of Ref. 1,
e.g., the activation energy of the combined
data set was 39 kcal/gmol, which is not
statistically different from the value found
in Ref. 1. Finally, the translucent objects
found near the onset of formation for soot
paths along the flame axis [1, 3, 4] also were
observed for soot paths starting near the
flame sheet and appear to be associated
with early soot formation in diffusion flames.
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