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Soot Surface Reactions in High-Temperature
Laminar Diffusion Flames

A. M. El-Leathy,* C. H. Kim," and G. M. Faeth*
University of Michigan, Ann Arbor, Michigan 48109
and
F. Xu®
University of Central Florida, Orlando, Florida 32816

The structure and the soot surface growth and surface oxidation properties of round laminar jet diffusion
flames were studied experimentally. Measurements were made along the axes of acetylene/argon-fueled flames
burning at atmospheric pressure in coflowing oxygen/argon mixtures to provide higher temperature soot-containing
regions (2000-2350 K) than were considered during earlier work. The measurements yielded soot surface growth
and surface oxidation rates as well as the flame properties that are thought to control these rates. The present
measurements of soot surface growth rates (corrected for soot surface oxidation) were consistent with earlier
measurements in laminar premixed and diffusion flames having lower temperatures and exhibited good agreement
with existing hydrogen-abstraction/carbon-addition soot surface growth rate mechanisms in the literature with
steric factors of these mechanisms having values on the order of unity, as anticipated. Similarly, the present
measurements of soot surface oxidation rates (corrected for soot surface growth) were consistent with earlier
measurements in laminar premixed and diffusion flames having lower temperatures and exhibited good agreement
with existing OH soot surface oxidation mechanisms in the literature, with a collision efficiency for OH of 0.13, in
good agreement with past work, and supplemented to only a minor degree by direct soot surface oxidation by O,.

Nomenclature

C; = mass of carbon oxidized per mole of species
i reacted, kg kgmol ™!

d = fuel port exit diameter, m

d, = mean primary soot particle diameter, m

Fr = burner exit Froude number, u2/(gd)

fs = soot volume fraction

g = acceleration of gravity, m s—2

[i1 = molar concentration of species i, kgmol m~>

ky = constant in simplified soot surface growth
rate formula, kg m* kgmol 2 s~!

M; = molecular weight of species i, kg kgmol ™!

Re = burner exit Reynolds number, uod /vy

R, = universal gas constant, J kgmol ™! K~!

T = temperature, K

t = time,s

u = streamwise velocity, m s~!

v; = mean molecular velocity of species i, m st

w, = soot surface growth rate, kg m2s™!

Wex = soot surface oxidation rate, kg m™2s~!

o; = empirical (steric) factors in the hydrogen
abstraction/carbon addition (HACA) soot surface
growth rate formulas

n; = collision efficiency of species i

v = kinematic viscosity, m?s~!

¢ = fuel-equivalence ratio
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Subscripts

CH HACA soot surface growth mechanism

of Colket and Hall!!

eq property for thermodynamic equilibrium conditions

FwW HACA soot surface growth mechanism of Frenklach
and Wang'>!? and Kazakov et al.!*

0 = burner exit condition

Introduction

OOT processes within flames fueled with hydrocarbons are

important because they affect the durability and performance
of propulsion systems, the hazards of unwanted fires, the pollu-
tant and particulate emissions of combustion processes, and the
potential for computational combustion. Motivated by these ob-
servations, studies of the structure and soot surface reaction prop-
erties of laminar flames that have temperatures within the soot-
containing region smaller than 2000 K have been undertaken for
a variety of flame types: ethylene/air premixed flames at atmo-
spheric pressure,! methane/oxygen premixed flames at atmospheric
pressure,> acetylene/air nonpremixed (diffusion) flames at pres-
sures of 0.1-1.0 atm,*7 and various hydrocarbon/air diffusion
flames at atmospheric pressure.®~!* These studies resolved a number
of features of soot surface reactions in laminar flame environments:
soot surface growth rate properties were essentially independent of
fuel type and of whether the soot-containing region was within a
premixed or a diffusion flame; soot surface growth rates were well
represented by the hydrogen-abstraction/carbon-addition (HACA)
mechanisms of Colket and Hall,'! Frenklach and Wang,'>'3 and
Kazakov et al.,'* and soot surface oxidation rates were dominated
by reaction with OH, as proposed by Neoh et al.,'>~!7 with a small
correction due to direct soot surface oxidation by O, taken from
Nagle and Strickland-Constable.'’

Given this status, the present investigation sought to consider soot
surface reactions at temperatures (2000-2350 K) higher than con-
sidered before. Concern about effects of larger temperatures comes
from the tendency of soot surfaces to become less effective for
promoting soot surface growth as surface temperatures increase, an
effect that the HACA soot surface growth rate mechanisms of Colket
and Hall,'"" Frenklach and Wang,'>!? and Kazakov et al.'* seek to
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capture in different ways. The studies of Refs. 1-10 have shown that
effects of fuel type (for several hydrocarbons, e.g., methane, acety-
lene, ethylene, propylene, propane, and benzene), flame type (pre-
mixed or diffusion flame), and pressure (for the range 0.1-1.0 atm)
were handled reasonably well by the fundamental HACA soot sur-
face growth rate mechanisms of Colket and Hall,'" Frenklach and
Wang,'>!? and Kazakov et al.'* and by the OH/O, soot surface ox-
idation mechanisms of Neoh et al.'">~!7 and Nagle and Strickland-
Constable.!® As a result, present test conditions were limited to
acetylene/argon-fueled laminar jet diffusion flames at atmospheric
pressure, burning in coflowing oxygen/argon mixtures (which pro-
vides higher temperatures in the soot-containing region than earlier
flames burning in air because argon as the diluent has a smaller
specific heat than nitrogen as the diluent in air).

To summarize, the specific objectives of the present study were
as follows: 1) to measure the flame structure (temperatures, stable
and radical species concentrations, and velocities) and soot prop-
erties (soot volume fractions and primary soot particle diameters)
within the soot-containing region of acetylene/argon-fueled laminar
jet diffusion flames burning in coflowing oxygen/argon mixtures
at atmospheric pressure; 2) to exploit both the new measurements
and existing measurements in premixed flames' ™ and in diffu-
sion flames,%7>1° to evaluate and correlate the HACA soot surface
growth mechanisms of Colket and Hall,'! Frenklach and Wang,'>!3
and Kazakov et al.'*; and 3) to exploit both the new measurements
and existing measurements in premixed flames' and in diffusion
flames,® to evaluate the OH/O, mechanisms of soot surface oxi-
dation of Neoh et al.'> and Nagle and Strickland-Constable.'® The
present discussion of the research is brief; see Xu et al."'? and Xu
and Faeth® for additional discussion of soot processes in premixed
flames, Xu and Faeth,® Kim et al.,” Xu et al.,” and El-Leathy et al.'®
for additional discussion of soot processes in diffusion flames, and
Xu'? and El-Leathy? for more detailed descriptions of the experi-
mental methods used during the present investigation.

Experimental Methods

Test Apparatus

The present burner was the same as the burner used during sev-
eral earlier studies of soot processes in diffusion flames; e.g., see
Xu and Faeth,® Xu et al.,” and El-Leathy et al.'"® The burner had
a 34.8-mm-diam inner port, directed vertically upward, for both
the acetylene/argon fuel stream of the diffusion flames and the
methane/oxygen/nitrogen reactant mixture stream of a premixed
flame that was used to calibrate the present measurements of the
concentrations of H, OH, and O radicals. A 60-mm-diam coannular
outer port was used both for the oxygen/argon coflow of the diffu-
sion flames and for the nitrogen coflow of the premixed calibration
flame. The oxygen/argon coflow of the diffusion flames served to
eliminate natural convection instabilities and the penetration of am-
bient nitrogen into the soot-containing regions, whereas the nitrogen
coflow of the premixed calibration flame served to eliminate the an-
nular diffusion flame for this fuel-rich premixed flame to improve
the accuracy of the calibration measurements for the radical species
concentrations measurements.

Instrumentation

The present measurements were similar to past work discussed by
Xuetal.? and El-Leathy et al.'” and will be described only briefly. All
measurements of soot and flame structure were confined to the axis
of the present flames because this is the soot path, where soot forms at
fuel-rich conditions near the cool core of the present diffusion flames
and is drawn directly toward and through the flame sheet, similar
to paths taken by soot in practical nonpremixed turbulent flames.*
The following properties were measured: soot volume fractions,
soot and gas temperatures, concentrations of major gas species, soot
structure, gas velocities, and the concentrations of some (H, OH, and
O) radical species. Given these properties, soot surface growth and
oxidation rates, as well as the properties that are thought to affect
these reaction rates, can be found.

Soot and gas temperatures are nearly identical®; therefore, soot
(gas) temperatures were found by deconvoluting spectral radiation

intensities for chordlike paths through the flames. Temperatures
were computed based on spectral radiation intensities at six wave-
length pairs in the wavelength range 550-830 nm. Temperature dif-
ferences between the average and any of the line pairs were less than
50-100 K, yielding experimental uncertainties (95% confidence) of
these measurements less than 50 K.

Concentrations of major gas species (Ar, H,O, H,, O,, CO, CO,,
CH4, C2H2, C2H4, C2H6, C3H6, C3Hg, C6H6, and Ne) were mea-
sured by isokinetic sampling and gas chromatography. Note that
C3Hg, C3Hg, and C¢Hg were not found in the present flames, whereas
Ne was a tracer gas added to estimate effects of radial diffusion of
the lithium-containing species that were used to find H, OH, and
O concentrations. The gas chromatograph column system was gen-
erally the same as for earlier work.'~'° This was problematical for
the present flames, however, because Ar and O, cannot be separated
using this arrangement. This difficulty was handled by measuring
the combined Ar/O, chromatograph peak before and after convert-
ing the O, to CO; in a heated (8§70-K) column containing activated
charcoal and then finding the separate Ar and O, concentrations
by difference. Experimental uncertainties (95% confidence) of the
major gas species concentration measurements were less than 10%
for stable gas species having concentrations greater than 0.1%, in-
creasing to roughly 30% at the present limit of detection of stable
gas species.

Soot particles observed during the present investigation consisted
of aggregates of nearly spherical and monodisperse primary soot
particles at every local condition within each flame. Primary soot
particle diameters were measured using thermophoretic sampling
and analysis by transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM), effects of
soot property biasing due to the sampler passing through other por-
tions of the flames having been determined to be small; see Xu
et al.” and El-Leathy et al.!” The experimental uncertainties (95%
confidence) of primary particle diameters at a given point in the test
flames, found from TEM images, are estimated to be less than 10%.

Streamwise gas velocities were measured using laser velocimetry.
For these measurements, the fuel stream was seeded with aluminum
oxide particles whose nominal diameter was 1 um. The experimen-
tal uncertainties (95% confidence) of these measurements were less
than 5%.

Finally, measurements of H, OH, and O concentrations were car-
ried out by deconvoluted absorption following the Li/LiOH atomic
absorption technique of Neoh et al.,'>~!7 using the laminar premixed
flame, mentioned earlier, to calibrate these measurements. The ex-
perimental uncertainties (95% confidence) of these measurements
were less than 30%.

Test Conditions

The present results involve measurements from three test flames
having acetylene/argon fuel streams burning in oxygen/argon
coflows. The test conditions for these three flames are summarized
in Table 1. Similar to past work, dilution of the fuel stream (with ar-
gon for the present flames) was used to reduce soot concentrations in
the flames; this approach kept maximum soot concentrations smaller
than 2 ppm to avoid problems of large soot concentrations for present
measurement techniques. Luminous flame lengths (taken to be the
extent of yellow luminosity due to the presence of soot) of the test
flames were all 60 mm. Stoichiometric flame lengths, based on stoi-
chiometric atomic ratios of C and H as the fuel and O as the oxidant,
were determined from the measured species concentrations in the
flames. These stoichiometric flame lengths were smaller than the
luminous flame lengths for flames 1 and 2, implying the presence of
soot surface reactions under both fuel-rich and fuel-lean conditions
for these flames; in contrast, luminous and stoichiometric flame
lengths were comparable for flame 3, implying that all soot surface
reactions were confined to fuel-rich conditions for this flame. The
stoichiometric flame temperatures in Table 1 were found from adia-
batic flame temperature calculations using the algorithm of McBride
et al.?! Finally, the typical acetone impurity concentrations of acety-
lene, pointed out as a potential problem for flame experiments to
study soot processes by Hamins et al.?? and Colket et al.,>** are
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not thought to cause any difficulties for the present measurements,
based on evaluation of this effect by Xu and Faeth.

Results and Discussion

Soot Structure

Soot particles observed during the present investigation were sim-
ilar to those seen during earlier studies of soot processes in lami-
nar premixed and diffusion flames; see Refs. 1-10 and references
cited therein. Figures 1a—1c are typical TEM photographs, whereas

Table 1 Summary of test laminar jet diffusion flames?

Flame

Parameter 1 2 3
Acetylene in fuel stream, % by vol 12.0 12.0 12.6
Argon in fuel stream, % by vol 88.0 88.0 87.4
Acetylene flow rate, cm3/s 5.07 6.87 9.60
Argon flow rate, cm?/s 37.0 50.0 67.0
Oxygen in burner coflow, % by vol 33.6 48.8 75.4
Argon in burner coflow, % by vol 66.4 51.2 24.6
Oxygen coflow rate, cm’/s 107.0 116.0 189.0
Argon coflow rate, cm3/s 211.0 122.0 62.0
Fuel port exit velocity, mm/s 44.2 59.8 80.5
Coflow port exit velocity, mm/s 169.0 127.0 134.0
Luminous flame length, mm 60 60 60
Stoichiometric flame length, mm 48 57 61
Re,—° 115 156 210
Frx 104, —° 57.3 104.6 190.0
Stoichiometric flame temperature, K¢ 2667 2776 2878

#Laminar round-jet diffusion flames with a 34.8-mm-inside-diameter fuel port flowing
fuel/argon mixtures and a 60-mm-inside-diameter coflow port flowing oxygen/argon
mixtures, ambient temperature of 294 &2 K, and pressure of 98 £ 1 kPa. Gas purities
(% by vol): argon, 99.6%; acetylene, 99.6%; oxygen, 99.6%. Volume flow rates pertain
to normal pressure and temperature conditions.

YNominal value based on mean port exit velocity.

¢ Adiabatic flame temperature for stoichiometric combustion of the burner flow and
coflow at atmospheric pressure.

Figs. 1d-1f are typical HRTEM photographs of soot particles along
the axes of the present flames at the point where soot concentra-
tions are a maximum. Images of soot particles at other locations
in the present flames, however, were similar. In general, the TEM
images indicated that the soot particles consisted of roughly spher-
ical primary soot particles that had nearly constant diameters at a
particular flame condition (e.g., the standard deviation of primary
particle diameters was less than 10%), collected into aggregates that
are known to be mass fractal objects.?” The mean number of primary
particles per aggregate increased with increasing distance from the
burner exit up to the point where oxidation caused the aggregates
to break apart, near the end of the soot oxidation region; see the
measurements of Sunderland et al.* for results directly illustrating
this behavior for soot-containing diffusion flames.

The HRTEM images in Figs. 1d—1f also are similar to soot ag-
gregates observed during past studies of soot formation in flames;
see El-Leathy et al.,' Heckman and Harling,?® Lahaye and Prado,”’
Garo et al.,”® Hess and Herd,” Ishiguro et al.,*® Dobbins,’! Chen
and Dobbins,*? and references cited therein for other examples. In
general, throughout the soot-containing region, the primary soot
particles exhibited an outer shell having a sheetlike structure par-
allel to the rounded outer surface of the primary soot particles and
an irregular inner core that appeared to result from coalescence of
several smaller primary soot particles near the soot nucleation con-
dition. (The irregular nature of the inner core is most evident from
HRTEM images near the end of soot oxidation where the outer shell
has been largely removed by soot surface oxidation; see El-Leathy
et al.'® for examples of primary soot particles at this condition.)

Finally, primary soot particles observed in all the test flames con-
sidered here, e.g., the measurements of Refs. 1-10 and the present
investigation, exhibited identical soot surface growth and oxidation
properties and consisted of amorphous soot with no evidence of
graphitic structures (whose presence is indicated by plane layered
structures within primary soot particles; see Lahaye and Prado?’
and Hess and Herd? for examples of these structures) typical of

10 nm

d)

Fig. 1 TEM and HRTEM photographs of soot aggregates at the maximum soot volume fraction location along the axes of the present laminar jet
diffusion flames at atmospheric pressure: a—c), TEM photographs of soot aggregates in flames 1, 2, and 3; and d—f), HRTEM photographs of soot

aggregates in flames 1-3.
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other observations of the structure of primary soot particles in flame
environments. See Refs. 27-30 and references cited therein.

Flame Structure

Measurements of gas (soot) temperatures, streamwise gas veloci-
ties, soot volume fractions, primary soot particle diameters, concen-
trations of major gas species, and concentrations of radical species
(H, OH, and O) are plotted as a function of height above the burner
exit in Figs. 2—4 for flames 1-3, respectively. The right-hand bound-
aries of these plots correspond to the luminous flame boundary, i.e.,
the point where yellow luminosity due to continuum radiation from
soot disappears, indicating complete consumption of soot particles
due to soot oxidation (since no soot was emitted from any of the
test flames). The stoichiometric (¢ = 1) condition is indicated on
the plots for flames 1 and 2; however, this condition roughly corre-
sponds to the right-hand boundary of the plot for flame 3. Elapsed
times in the flames, found by integrating the streamwise velocity
measurements along the axes of the flames, are indicated at the top
of Figs. 2—4. These elapsed times are relative to the first streamwise
measuring station where detectable soot volume fractions were ob-
served (32-35 mm above the jet exit). It is convenient to divide
the present flames into two regions separated by the location of
the maximum soot concentration condition, as follows: 1) the re-
gion upstream of this condition, where soot formation dominates
other soot reaction processes and soot concentrations increase with
increasing distance from the burner exit, which will be called the
soot formation region; and 2) the region downstream of this condi-
tion, where soot oxidation dominates other soot reaction processes
and soot concentrations decrease with increasing distance from the
burner exit, which will be called the soot oxidation region.

Gas (soot) temperatures reach broad maxima near the end of the
soot formation region. The temperature ranges in the present flames
are as follows: flame 1, 1900-2000 K; flame 2, 2000-2200 K; and
flame 3, 2100-2350 K. The maximum temperatures in the present
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Fig. 2 Measured soot and flame properties along the axis of an
acetylene/argon-fueled laminar jet diffusion flame burning in an oxygen/
argon coflow at atmospheric pressure: flame 1, fuel stream of 12.0%
C,H; and 88.0% Ar by volume; oxidant coflow of 33.6% O, and 66.4%
Ar by volume.
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Ar by volume.

ELAPSED TIME (ms)

(o] 5 10 15
2600 T T T 2.0
_ 2400 u .—_.__.__.__._.——I—i—.".__. 2
¥ 2200} 110 g
F 2000 | T e
1800\ ; 0.0
\
g 2.0 g 425 ’g
P
grof TN, 6%
« 0.0 fs 45
\
> 10° C—0—0—0—0—0—90—0—90—0—9""
CO2
o 2
10
é H2
e 9'—6_9\9_6_9\@\0
H 2 C2Hg CHg
Q10
=
10
10°
5.2
210
5 0
<10*
e
W 10-6
-
210°
10.10 1 1 1 1 1

30 35 40 45 50 55
HEIGHT ABOVE BURNER (mm)

2

Fig. 4 Measured soot and flame properties along the axis of an
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flames are considerably reduced from the potential stoichiomet-
ric temperatures summarized in Table 1, mainly due to heat losses
caused by continuum radiation from soot, as discussed in Xu et al.,’
El-Leathy et al.,'” and references cited therein.

Due to effects of buoyancy, velocities in Figs. 2—4 increase from
1 to 2 m/s with increasing distance from the burner exit for the range
of conditions illustrated in the figures and even more for the range of
conditions summarized in Table 1. This increase of velocities causes
a corresponding distortion of the elapsed time scales illustrated at
the top of Figs. 2—4.

Primary soot particle diameters reach maximum values relatively
early in the soot formation region in Figs. 2—4, which is characteris-
tic of all the laminar diffusion flames considered here; see Refs. 4—
10. However, the same behavior has been observed along the axis
of soot-containing diffusion flames by others as well; see Dobbins
et al.3"3334 This behavior is caused by accelerating soot primary
particle nucleation rates with increasing streamwise distance, which
are due to progressively increasing H concentrations with increas-
ing streamwise distance throughout the soot formation region. As
a result, the relatively few primary soot particles formed near the
onset of soot formation (at soot inception conditions), which be-
come large due to long periods of soot surface growth in a region
where acetylene concentrations are large, are superseded by much
larger numbers of primary soot particles formed later in the soot
formation region that are smaller due to shorter periods of soot
surface growth in regions where the growth rates are reduced due
to smaller acetylene concentrations. In particular, numbers of pri-
mary soot particles increase by factors in the range 100-10,000
in going from the maximum-primary-particle-diameter condition to
the maximum-soot-concentration condition; thus, the few large soot
particles formed early in the soot-containing region have little ef-
fect on average primary soot particle diameters observed later in the
soot formation region, i.e., the standard deviation of primary soot
particle diameters remained smaller than 10% for all flame condi-
tions considered here. This behavior is aided because soot growth
remains relatively rapid near soot inception conditions, as noted by
Tesner,*3¢ which allows the few primary particles at this location
to grow relatively large.

Soot formation becomes significant when H concentrations ex-
ceed 10 ppm under conditions where acetylene concentrations are
relatively large and the end of the soot formation region is reached
when acetylene concentrations become small (less than 1% by vol-
ume) in a region where H concentrations remain relatively large.
This behavior is not surprising, however, because past work has
shown that soot surface growth dominates the formation of soot in
flames and that soot surface growth occurs mainly by the HACA
mechanism whose leading reaction rate term is proportional to the
product of the acetylene and H concentrations, [C,H,][H].!~1°

The concentrations of major stable gas species in Figs. 2—4 are
similar to those observed in other laminar diffusion flames that have
been studied, e.g., Refs. 4-10. As is typical of flames having acety-
lene as the fuel, acetylene concentrations progressively decrease
with increasing streamwise distance from the burner exit. The final
combustion products, CO, and H,0O, increase with increasing dis-
tance from the burner exit throughout the soot-containing region,
tending toward maximum values near the flame sheet (¢ = 1) con-
dition for the present test flames. Intermediate combustion products
associated with water-gas equilibrium, CO and H,, are present in rel-
atively large concentrations throughout the soot-containing region,
with CO reaching broad maxima just downstream of the soot for-
mation region, whereas H, decreases continuously with increasing
streamwise distance from the burner exit for the range of conditions
illustrated in Figs. 2—4. Finally, argon is present in both the fuel- and
oxygen-containing streams and tends to remain relatively constant
along the axes of the present flames for the conditions illustrated in
Figs. 2-4.

Concentrations of species mainly responsible for soot surface
oxidation (OH and O,), based on past studies,”? are significant
throughout both the soot formation and oxidation regions; in fact,
concentrations of O, are rather large (roughly 10% by volume) in
the present oxygen-enriched flames, which were used to provide

high-temperature soot-containing flames. As a result, soot surface
growth and oxidation proceed at the same time and gross soot surface
growth rates must be corrected for effects of soot oxidation in order
to accurately evaluate mechanisms of soot surface growth. In addi-
tion, the fact that substantial rates of soot formation can occur in the
presence of high O, concentrations provides further evidence of the
relatively low rates of soot oxidation by O, in diffusion flame envi-
ronments that has been observed during earlier studies; see Refs. 7
and 9. Similarly, concentrations of species known to be responsible
for soot surface growth (C,H, and H), based on past studies,'~'°
are significant throughout both the soot formation and oxidation
regions; as a result, soot surface oxidation and growth proceed at
the same time and gross soot surface oxidation rates must also be
corrected for effects of soot surface growth.

Computed superequilibrium ratios of H, OH, and O and fuel-
equivalence ratios along the axes of the three test flames are illus-
trated in Fig. 5. The superequilibrium ratios were found from the
temperatures and compositions measured in the flames, given the
equilibrium constant data of Chase et al.>” Present methods of find-
ing radical concentrations involve the assumption of partial equi-
librium among H, OH, and O; the superequilibrium ratios of H and
OH are identical as a result. Superequilibrium ratios of H and OH
generally are smaller in the present diffusion flames, which involved
temperatures higher than 2000 K in the soot-containing region, than
in the diffusion flames studied earlier, which involved temperatures
lower than 2000 K in the soot-containing region. Thus superequilib-
rium ratios of H and OH are roughly 0.5 near soot inception condi-
tions, increasing to values of 410 as the end of the soot-containing
region is approached. The superequilibrium range is larger for O,
with values near 0.1 at soot inception and 5-75 near the end of the
soot-containing region. Thus, the availability of relatively large con-
centrations of H through most of the soot-containing region helps
promote the HACA soot surface growth mechanism proposed by
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Fig. 5 Measured H, OH, and O superequilibrium ratios and fuel-
equivalence ratios along the axes of the present round acetylene/argon-
fueled laminar jet diffusion flames burning in oxygen/argon coflows at
atmospheric pressure.
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Colket and Hall,"" Frenklach and Wang,'>'? and Kazakov et al.,'*
whereas the relatively large concentrations of OH help promote the
OH soot surface oxidation mechanism proposed by Neoh et al.!3~!7
In contrast, O, much like other potential oxidizing species, except
OH, is not a significant soot oxidizer in spite of its large superequi-
librium ratios.

Soot Surface Growth Rates

Major assumptions used to find gross soot surface growth rates
were identical to earlier work,!~'° as follows: 1) soot mass pro-
duction is dominated by soot surface growth rather than by soot
particle nucleation; 2) effects of diffusion (Brownian motion) and
thermophoresis on soot motion are small, so that soot particles con-
vect along the axes of the flames at the local gas velocity; 3) the
density of soot is constant (taken to be 1850 kg/m> from Ref. 4);
4) the surface area available for soot surface growth is equivalent
to constant-diameter spherical primary soot particles that meet at a
point. The justification of these assumptions and the detailed meth-
ods of finding soot surface growth rates are described in Refs. 4
and 6 and will not be repeated here. The experimental uncertain-
ties (95% confidence) of the present soot surface growth rates are
estimated to be smaller than 30%.

Soot surface growth and oxidation proceed at the same time;
therefore, gross soot surface growth rates must be corrected for ef-
fects of soot surface oxidation. This was done during the present
study using the OH/O, soot surface oxidation mechanism of Neoh
et al.'’>~!7 as established for laminar diffusion flame environments
by Kim et al.” and Xu et al.” These results involve a collision effi-
ciency for soot surface oxidation of 0.13 with an uncertainty (95%
confidence) of 0.04, with rates of direct soot surface oxidation by
0, taken from Nagle and Strickland-Constable!8 representing a rel-
atively small parallel soot oxidation channel. Notably, these results
agree within experimental uncertainties with the soot surface oxi-
dation results found by Neoh et al.'’>~!7 in premixed flames, as well
as with the results found during the present investigation for high-
temperature diffusion flames. To be conservative about potential
effects of soot surface oxidation, however, determinations of soot
surface growth rates corrected for effects of soot surface oxidation
were limited to conditions where estimated soot surface oxidation
rates never exceeded half the gross soot surface growth rates, sim-
ilarly to past work, e.g., Refs. 1-6. It should be noted, however,
that this procedure mainly identified conditions where soot surface
growth dominated soot surface oxidation and that corrections of
soot surface growth rates for effects of soot surface oxidation were
all small for the measurements reported here. Finally, use of the
present OH/O, soot surface oxidation mechanism yielded essen-
tially the same net soot surface growth rates as the earlier approx-
imate approach used in Refs. 1-6 based on a CO,/H,0/O, soot
surface oxidation mechanism.

Net soot surface growth rates were interpreted using the HACA
mechanisms of Colket and Hall,'" Frenklach and Wang,'>'3 and
Kazakov et al.'"* to maintain consistency with earlier evaluations
of these mechanisms based on results in some laminar premixed
flames!~? and laminar diffusion flames having temperatures smaller
than 2000 K (Refs. 6, 7, and 10). In all cases, the net soot surface
growth rates, corrected for effects of soot surface oxidation, were
expressed as follows:

wg =0l,'Ri (1)

where i = CH or FW for the HACA soot surface growth rate mech-
anisms of Colket and Hall'' and Frenklach and Wang'?'3 and Kaza-
kov etal.,!* respectively. The R; were found from the measurements.
The parameters «; are empirical steric factors on the order of unity,
with acy specified to be a constant,!' and apw specified to be a
function of temperature.'>~'# The details of these mechanisms, the
formulas for the R;, and the reaction rate parameters used in com-
puting values of the R; can be found in Xu et al." An exception to
the description of Xu et al.,! however, was that the Colket and Hall'!
mechanism was modified based on the study of soot surface growth
at pressures of 0.1-1.0 atm due to Kim et al.” In particular, Kim

et al.” found that reaction 3 of this mechanism, e.g.,
C;- — CoH; + products

where C; - represents a radical site on the surface of a primary soot
particle, caused the overall Colket and Hall'' mechanism to yield a
poor correlation of the measurements at small pressures. To correct
this difficulty, reaction 3 was deleted from the Colket and Hall'!
mechanism as discussed by Kim et al.,” which resulted in a smaller
best-fit value of the constant steric factor, acy, than found during
earlier work (e.g., Refs. 1,2, 6, and 7) as discussed later. In contrast,
the mechanism of Frenklach and Wang'>'? and Kazakov et al.'* and
the nature of the correlation for the steric factor, apw, as a function
of temperature were unchanged from earlier work.! =6

As a first approximation for all the premixed and diffusion flames
considered during the present study, the R; are proportional to the
product [H][C,H,]. Thus, in order to provide a direct test of the
HACA soot surface growth mechanism without uncertainties asso-
ciated with specific mechanisms, values of w,/[C,H,] are plotted as
a function of [H] in Fig. 6.

Measurements illustrated in Fig. 6 include the laminar premixed
flames of Xu et al.!? and the laminar diffusion flames of Xu and
Faeth,5 Kim et al.,” El-Leathy et al.!° and the present investiga-
tion. Taken together, these results involve both premixed and dif-
fusion flame conditions, a variety of hydrocarbons (CH,, C,H,,
C,Hy, C3Hg, C3Hg, and CgHg), pressures of 0.1-1.0 atm, and flame
temperatures within the soot-containing regions of flames at 1400—
2350 K. The results for premixed and diffusion flames in Fig. 6 are
distinguished by denoting them as open and either crossed or solid
symbols, respectively. An empirical correlation of the measurements
is also illustrated in Fig. 6, as follows:

w, = ky[H][CH,] 2

where ky =2.85 x 107 kg m*/(kgmol®s) with an experimental un-
certainty (95% confidence) of 12% based on all the measurements
illustrated in Fig. 6. This correlation is remarkably good in spite of
its simplicity and provides rather strong evidence of the importance
of the HACA mechanism for soot surface growth, with H and C,H,
being the dominant reactants participating in soot surface growth in
flame environments.

A more direct evaluation of the HACA mechanism of soot surface
growth is obtained by plotting w, directly as a function of acyRcy
for the mechanism of Colket and Hall'! (after correlating arcy as a
best-fit constant) and as a function of arw Rpw for the mechanism
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Fig. 6 Soot surface growth rates (corrected for soot surface oxidation)
as a function of acetylene and H concentrations for laminar flames at
pressures of 0.1-1.0 atm.
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Fig. 7 Soot surface growth rates (corrected for soot surface oxidation)
in terms of the HACA mechanism of Colket and Hall'! for laminar
flames at pressures of 0.1-1.0 atm.

of Frenklach and Wang'>!? and Kazakov et al.'* (after correlating

afFw as a best-fit function of temperature). Results of this type for
the Colket and Hall'' mechanism are illustrated in Fig. 7 assum-
ing the same flame conditions as Fig. 6, e.g., the measurements of
Refs. 1, 2, 6, 7, and 10 and the present investigation. The best-fit
value of the constant steric, ocy, was unchanged from the recent
determination of Kim et al.” for flames having temperatures lower
than 2000 K, also after deleting reaction 3, namely, ocy = 0.35 with
an uncertainty (95% confidence) of 0.04. It is encouraging that this
steric factor remains constant as flame temperatures are increased to
the range 2000—2350 K and over the range of flame types (premixed
or diffusion), fuel types, and pressures mentioned earlier.

The mechanism of Frenklach and Wang'?!3 and Kazakov et al
was unaffected by pressure and remains unchanged from earlier
evaluations of Refs. 1, 2, and 6. The correlation of agw as a function
of temperature for the complete data base of laminar premixed and
diffusion flames was essentially the same as the earlier results in
diffusion flames of Xu and Faeth.® The correlation of all the soot
surface growth rate data considered here, assuming that opw (T)
could be represented by an Arhennius function similar to Xu and
Faeth,® yielded

1.14

arw(T) = 0.0017 exp(12100/T) 3)

with T (K) and the corresponding plot of w,, as a function of apw Rpw
was qualitatively similar to the plot illustrated by Xu and Faeth. This
provides a satisfactory correlation with the mechanism of Frenklach
and Wang'?>'3 and Kazakov et al.'* over the experimental range de-
fined earlier, with values of agw on the order of unity and the nega-
tive activation energy implied by Eq. (3) corresponding to behavior
anticipated by Frenklach and Wang'?'3 and Kazakov et al.'*

Soot Surface Oxidation Rates

The present measurements of soot surface oxidation rates were
corrected for effects of soot surface growth rates based on the Colket
and Hall'! soot surface growth mechanism, as just discussed. No
condition was considered, however, where the correction for soot
surface growth rate was more than half the gross soot surface oxi-
dation rate. As mentioned earlier, this procedure was used mainly
to identify conditions where effects of soot surface oxidation were
dominant compared with soot surface growth and that corrections
of soot surface oxidation rates for soot surface growth were small
for all measurements of soot surface oxidation rates reported here.
Another limitation of the evaluation of soot surface oxidation rate

mechanisms was that no condition was considered where more than
75% of the maximum soot mass had been oxidized. This was done
to avoid the complications of porous soot surfaces and internal ox-
idation of primary soot particles observed by Neoh et al.!” toward
the last stages of soot primary particle oxidation.

The present soot surface oxidation rates (corrected for soot surface
growth) were converted into collision efficiencies based on kinetic
theory estimates of the collision rates of a given gas species with
the surface of primary soot particles, following Neoh et al.:'

ni = 4wox/(C;[i]v) 4

where C; is the mass of carbon removed from the surface per mole
of species i reacting at the surface, [7] is the gas phase concentration
of i adjacent to the surface, and

B = BR,T/(xM)? (5)

is the Boltzmann equilibrium mean molecular velocity of species i.
Values of ; were measured for several species potentially responsi-
ble for soot surface oxidation, assuming i = O,, CO,, H,0, O, and
OH.

The collision efficiencies of O, for soot surface oxidation are
plotted as a function of height above the burner in Fig. 8. Results
shown in this and the next figure are as follows: values observed for
premixed flames at atmospheric pressure by Neoh et al.,'> values
observed for diffusion flames fueled with a variety of hydrocar-
bons at atmospheric pressure due to Xu et al.,” values observed
for acetylene-fueled diffusion flames at pressures of 0.1-1.0 atm
due to Kim et al.,” values observed for acetylene-fueled diffusion
flames at temperatures higher than the rest (2000-2350 K) during
the present investigation, and values estimated from the predictions
of Nagle and Strickland-Constable'® for conditions within the dif-
fusion flames. The Nagle and Strickland-Constable'® correlation is
widely recognized to be effective for estimating soot surface oxida-
tion rates due to O,, and there are significant concentrations of O,
for soot paths along the axes of the diffusion flames considered in
Fig. 8; see Figs. 2—4 and similar flame structure plots in Refs. 6-10.
Thus, the fact that the Nagle and Strickland-Constable'® estimates
of O, collision efficiencies are 10—100 times smaller than the mea-
surements in diffusion flames suggests that some other species is
responsible for soot surface oxidation in diffusion flames. The large
scatter of the O, collision efficiencies in both the diffusion and the
premixed flames also supports this conclusion.

The collision efficiencies of CO,, H, O, and O yielded conclusions
similar to those just observed for O,; therefore, it is unlikely that
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Fig. 8 Collision efficiencies assuming soot surface oxidation (corrected
for soot surface growth) due to attack by O, as a function of distance
from the burner exit for laminar flames at pressures of 0.1-1.0 atm.



EL-LEATHY ET AL. 995

10 0 RANGE OF NEOH ET AL. (1980) IN PREMIXED FLAMES

- o

@)

ig

SYMBOL OXIDATION MECHANISM
SOLID OH ALONE

-3 L-OPEN  OH+O
10 ro2

DIFFUSION FLAMES
PRESSURE =98 + 1kPa
@ C,H, FLAMES
A HYDROCARBON FLAMES
@ CoH2-BENZENE FLAMES
PRESENT MEASUREMENTS
W DIFFUSION CpHpARD,

OH COLLISION EFFICIENCY

PRESSURE =12-99 kPa
W C,H AR

-4 1 [l 1 1 1 1 1 1 1 1 1

30 40 50 60 70 80 20
HEIGHT ABOVE BURNER (mm)

Fig. 9 Collision efficiencies assuming soot surface oxidation (corrected
for soot surface growth) due to attack by OH as a function of distance
from the burner exit for laminar flames at pressures of 0.1-1.0 atm.

these species are major contributors to soot surface oxidation in
flame environments.

Finally, the collision efficiencies of OH for soot surface oxida-
tion are plotted as a function of height above the burner in Fig. 9.
With a few exceptions, under low-temperature conditions toward
the end of soot oxidation (where the development of particle poros-
ity and the internal oxidation of primary soot particles might be a
factor), direct O, surface oxidation of soot is not very important for
these conditions, similarly to the results illustrated in Fig. 8. On the
other hand, similarly to the observations of Neoh et al.,!® collision
efficiencies of OH for the diffusion flames exhibit relatively small
degrees of scatter and are in excellent agreement with the results
of Neoh et al.!’> for premixed flames. The results for the diffusion
flames yield a collision efficiency of 0.13 with an uncertainty (95%
confidence) of 0.03, which is in good agreement with the value of
0.13 found by Neoh et al.’* for premixed flames using the same
treatment of soot structure as the present investigation.

Conclusions

Flame structure and soot surface growth and oxidation rates were
studied for coflowing laminar jet diffusion flames, emphasizing new
measurements at higher temperatures in the soot-containing region
(2000-2350 K) than considered before. Exploiting these and earlier
measurements, mechanisms of soot surface growth and oxidation
were evaluated for a variety of hydrocarbon fuels (methane, acety-
lene, ethylene, propylene, propane, and benzene), at pressures of
0.1-1.0 atm, at temperatures within the soot-containing region of
1400-2350 K, in both laminar premixed and diffusion flames. The
main conclusions of the study are as follows:

1) Soot surface growth rates (corrected for effects of soot surface
oxidation) in various laminar flame environments agree within ex-
perimental uncertainties and are correlated reasonably well by the
HACA soot surface growth rate mechanisms of Colket and Hall!!
(after a minor correction to delete their reaction 3) and Frenklach
and Wang!?13 and Kazakov et al.,'* with steric factors in both these
mechanisms having values on the order of unity, as expected.

2) Soot surface oxidation rates (corrected for effects of soot sur-
face growth) in various laminar diffusion flame environments could
be correlated reasonably well by assuming a constant collision ef-
ficiency for OH of 0.13 with an uncertainty (95% confidence) of
0.03. This finding is in good agreement with the classical work of
Neoh et al.!’ based on measurements in laminar premixed flames
at atmospheric pressure. The correction of these results for soot
surface oxidation by O,, estimated using the results of Nagle and
Strickland-Constable,'® was less than 10%, suggesting that soot ox-

idation by OH is a dominant feature of the soot-containing laminar
flames considered during the studies of Refs. 6—10 and the present
investigation.

Additional study of both soot surface growth and oxidation is
needed, however, to resolve effects of pressures greater than atmo-
spheric pressure and effects of hydrocarbons, particularly aromatic
hydrocarbons and PAH, other than those considered here. Finally,
late soot oxidation after 75% of the maximum mass of the primary
soot particles has been oxidized, when the particles become porous,
and internal particle oxidation becomes a factor, also merits con-
sideration to resolve effects of soot oxidation within primary soot
particles on total oxidation rates.
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