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Soot formation was studied within laminar premixed ethylene/air flames (C/O ratios of 0.78-0.98) stabilized 
on a flat-flame burner operating at atmospheric pressure. Measurements included soot volume fractions by 
both laser extinction and gravimetric methods, temperatures by multiline emission, soot structure by 
thermophoretic sampling and transmission electron microscopy, major gas species concentrations by sampling 
and gas chromatography, concentrations of condensable hydrocarbons by gravimetric sampling, and velocities 
by laser velocimetry. These data were used to find soot surface growth rates and primary soot particle 
nucleation rates along the axes of the flames. Present measurements of soot surface growth rates were 
correlated successfully by predictions based on typical hydrogen-abstraction/carbon-addition (HACA) 
mechanisms of Frenklach and co-workers and Colket and Hall. These results suggest that reduced soot 
surface growth rates with increasing residence time seen in the present and other similar flames were mainly 
caused by reduced rates of surface activation due to reduced H atom concentrations as temperatures 
decrease as a result of radiative heat losses. Primary soot particle nucleation rates exhibited variations with 
temperature and acetylene concentrations that were similar to recent observations for diffusion flames; 
however, nucleation rates in the premixed flames were significantly lower than in the diffusion flames for 
reasons that still must be explained. Finally, predictions of yields of major gas species based on mechanisms 
from both Frenklach and co-workers and Leung and Lindstedt were in good agreement with present 
measurements and suggest that H atom concentrations (relevant to HACA mechanisms) approximate 
estimates based on local thermodynamic equilibrium in the present flames. Copyright O I997 by The 
Combustion Institute 

NOMENCLATURE 

pre-exponential factor 
Avogadro's number 
coefficient in HACA growth mecha- 
nism 
carbon mass per mole of species i 
mean primary soot particle diameter 
activation energy 
soot volume fraction 
molar concentration of species i 
soot particle surface growth rate con- 
stant 
reaction rate coefficient of reaction i 
soot primary particle nucleation rate 
constant 
molecular weight of species i 
power of temperature dependence of 
pre-exponential factor, reaction order 
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number of primary particles per unit 
volume 
terms of the HACA soot surface 
growth rate formulas 
soot particle surface area per unit vol- 
ume 
time 
temperature 
streamwise velocity 
mean molecular velocity of species i 
soot particle suiface growth rate 
soot primary particle nucleation rate 
mole fraction of species i 
streamwise distance 

Greek Symbols 

ai empirical (steric) factor in HACA soot 
surface growth rate formulas 

77 collision efficiency 
P gas density 
Ps soot density 
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Subscripts soot formation for given flame conditions [6, 
24-37]. Past observations have also shown that 

CH mechanism of "lket and soot particles become less reactive for soot 
Hall [37] surface growth with increasing residence time 

FW mechanism of Frenklach and (age) in laminar premixed flames. Frenklach 
co-workers [33-351 and Wang [33] proposed that this reduced re- 

max maximum value in flame activity to soot growth is caused by reduced 

INTRODUCTION 

Soot is present in most nonpremixed hydrocar- 
bon/air flames, where it affects flame reaction 
mechanisms and structure. As a result, soot 
processes must be understood in order to 
achieve effective methods of computational 
combustion and predictions of flame radiation 
and pollutant emissions. Motivated by these 
observations, the main objectives of the pres- 
ent investigation were to extend earlier studies 
of soot processes in laminar diffusion flames, 
due to Sunderland and co-workers [I-31, to 
laminar premixed flames, emphasizing pro- 
cesses of soot growth and nucleation. 

Soot processes in flame environments have 
been reviewed by Haynes and Wagner [4], 
Glassman [5] and Howard [6]; therefore, the 
following discussion of past work will be brief. 
Representative recent studies of soot processes 
in laminar premixed flames and other configu- 
rations where the effects of fuel/oxidant mix- 
ing are small, include Bockhorn and co-workers 
[7-101, Harris et al. [ll-171, Ramer et al. [18], 
Wagner and co-workers [19-231, Howard and 
co-workers [24-281, Macadam et al. [29], Smed- 
ley et al. [30], D'Alessio and co-workers [31, 
321, and references cited therein. Most of the 
mass of soot and associated heavy hydrocar- 
bons is thought to come from C2H2, which 
generally is the most abundant gaseous hydro- 
carbon in regions where soot is formed in 
premixed flames. It is also thought that reac- 
tion of C2H2 to form soot occurs in one of two 
ways: (1) by reactive addition of C2H2 to grow- 
ing and coalescing polycyclic aromatic hydro- 
carbons (PAH) that eventually either become 
soot nuclei or reactively coalesce at the surface 
of growing soot particles, and (2) by the direct 
reactive addition of C2H2 to the surface of 
growing soot particles. Currently, however, 
there is considerable uncertainty about the rel- 
ative contributions of these two mechanisms to 

concentrations of H as flow temperatures de- 
crease due to radiative heat losses to the sur- 
roundings, because reactions between H and 
either the surface of soot particles or gaseous 
hydrocarbon molecules are needed to activate 
sites for carbon addition reactions. These fea- 
tures have been explained by models incorpo- 
r a t i n g  c o n c e p t s  o f  h y d r o g e n -  
abstraction/carbon-addition (HACA) pro- 
cesses developed by Frenklach and co-workers 
[33-361 and subsequently extended by others, 
e.g., Colket and Hall [37] and Mauss et al. [lo, 
381. Nevertheless, there are concerns about the 
data base involving laminar premixed flames 
that was used to develop and evaluate these 
models. For example, residence times in the 
laminar premixed flames generally were only 
estimated rather than measured, which com- 
promises estimates of rate processes. In addi- 
tion, soot structure in the laminar premixed 
flames generally was only approximated by 
equivalent spherical particles, rather than 
treated as aggregates of spherical primary soot 
particles that actually are observed in flame 
environments, which compromises estimates of 
important structural features of soot (e.g., sur- 
face-to-volume ratios) [39]. Finally, approxima- 
tions of equivalent spherical particles that have 
not been very successful for representing the 
optical properties of soot [40-421 were used for 
nonintrusive estimates of soot structure prop 
erties during some studies. 

Improved measurements of residence times 
and soot structure properties have been used 
during recent studies of soot processes in lami- 
nar diffusion flames [I-31. In particular, resi- 
dence times were found from velocity mea- 
surements using laser velocimetry, and soot 
structure properties were found using ther- 
mophoretic sampling and analysis by transmis- 
sion electron microscopy (TEM) as discussed 
by Dobbins and Megaridis [43] and Rosner et 
al. [44]. These studies also involved measure- 
ments of temperatures and soot and gas con- 
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centrations that are needed to interpret soot 
nucleation and growth rates. The new mea- 
surements showed that soot growth rates in 
diffusion flames were comparable to growth 
rates observed for new soot in premixed flames 
[8-181, with no measurable effect of age. In 
addition, soot formation in diffusion flames 
was associated with the presence of C,H,, 
similar to observations in premixed flames 
[7-321, although effects of hydrocarbons other 
than C,H, were also observed [3]. Resolving 
effects of age and various hydrocarbons on 
soot processes by measurements in laminar 
diffusion flames represents a challenging task, 
however, due to the complexity of transport 
processes in diffusion flames. 

In view of this status, the objectives of the 
present investigation were to apply the experi- 
mental techniques developed during the lami- 
nar diffusion flame studies of Refs. 1-3 to 
study soot processes in laminar premixed 
flames, emphasizing flame and soot structure 
as well as processes of soot growth and nucle- 
ation. Existing theories of soot processes in 
flames, due to Frenklach and co-workers 
[33-361, Colket and Hall [37], and Leung et al. 
[45, 461, were used to help interpret and cor- 
relate the new measurements, considering 
both concentrations of gas species in the soot- 
formation region and soot growth rates. The 
test conditions were limited to fuel-rich lami- 
nar premixed ethylene/air flames at atmo- 
spheric pressure, similar to the flames studied 
by Hanis and Weiner [ll]. 

EXPERIMENTAL METHODS 

Apparatus 

The test flames were produced by a 60 mm 
diameter water-cooled porous-plate laminar 
premixed flat-flame burner directed vertically 
upward at atmospheric pressure (McKenna 
Products, Inc., high-pressure shroud model). 
The reactant mixture at the burner exit was 
surrounded by a 6 mm wide annular nitrogen 
flow to eliminate peripheral diffusion flames 
that are present when fuel-rich premixed 
flames are burned at room air. The flames 
were stabilized by impinging the burner flow 
on a flat plate, having a 30 mm diameter hole 

at the axis, that was located 32 mm above the 
burner exit. Room disturbances were con- 
trolled by surrounding the flames with layers of 
screens and a plastic enclosure. 

Ethylene (polymer grade, 99.9% purity), dry 
air (dew point less than 240 K), and nitrogen 
(prepurified grade, 99.98% purity) were sup- 
plied to the burner. The fuel, nitrogen, and 
air flows were measured with rotameters that 
were calibrated with wet-test meters. The fuel 
and air flows were manifolded together and 
then passed through a line having a length-to- 
diameter ratio of roughly 1000 in order to 
obtain a properly premixed room temperature 
reactant flow at the burner inlet. Combustion 
products were removed using a blower whose 
125 mm diameter inlet was located 700 mm 
above the stabilizing plate. The burner was 
cooled using water at room temperature (294 
+ 2 K) with a flow rate sufficiently high that 
the coolant temperature rise was negligible. 

The burner assembly could be traversed in 
the horizontal direction with a positioning ac- 
curacy of 100 pm, using a stepping-motor- 
driven linear positioner, and in the vertical 
direction with a positioning accuracy of 200 
pm, using a laboratory jack, in order to accom- 
modate rigidly mounted optical diagnostics. 

Instrumentation 

The following properties were measured along 
the axes of the test flames: soot volume frac- 
tions, soot primary particle diameters, soot 
temperatures, concentrations of major gas 
species, concentrations of condensable hydro- 
carbon species (CHS), and gas velocities. These 
measurements were used to find soot surface 
area per unit volume, the concentration of 
primary soot particles, soot surface growth 
rates, and primary soot particle nucleation 
rates. 

Soot volume fractions were measured using 
both optical and gravimetric methods. The op- 
tical determinations of soot volume fractions 
involved deconvoluting laser-extinction mea- 
surements at 632.8 nm for chord-like paths 
through the flames, similar to earlier work 
[I-31. The laser extinction measurements were 
reduced assuming that soot optical properties 
satisfied the small-particle (Rayleigh) scatter- 
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ing approximation, which was justified because 
scattering was small for present test conditions. 
Refractive indices needed to find soot volume 
fractions were taken from Dalzell and Sarofim 
[47], similar to past work [I-31. Recent work 
has alleviated past concerns about the ex situ 
methods used by Dalzell and Sarofim [47]; see 
Wu et al. [48]. The experimental uncertainties 
of these measurements (95% confidence) are 
estimated to be less than 10% for f, > 0.1 
ppm, increasing inversely proportional to f, 
for smaller soot volume fractions. 

Soot volume fractions were also measured 
gravimetrically, similar to Howard and co- 
workers [24-261. This involved isokinetic sam- 
pling from the flames followed by measure- 
ment of the gas and soot volumes in the sam- 
ples. A 4 mm inner diameter (ID) quartz probe, 
aligned with the flow direction, was used for 
sampling. Samples were passed through a cold 
trap, primary and secondary filters, and into an 
evacuated gas collecting tank. The cold trap 
was a 4 mm ID glass tube, 200 mm in length, 
surrounded by an ice-water bath. Both filters 
were 47 mm in diameter (Gelman Part No. 
66143, 200 nm, TF200, PTFE membrane). 
Sampling times were approximately 15 min to 
allow for collection of sufficient amounts of 
soot. The gas volume of each sample was de- 
termined by measuring the pressure rise over a 
timed interval for the collecting tank (which 
had a known volume); these results were veri- 
fied by measurements of gas flow rates using a 
rotameter for some conditions, finding differ- 
ences between the two methods less than 5%. 
Soot and CHS were extracted from the sample 
gas in the cold trap and filters. The CHS were 
subsequently removed using liquid dichloro- 
methane (CH,Cl,). The filters and loose soot 
collected were then dried and weighed to de- 
termine the mass of soot in the sample. The 
soot volume was found assuming a soot density 
of 1850 kg/m3 [I-31. This information, along 
with the sample gas volume (corrected to flame 
conditions), yielded the gravimetric soot vol- 
ume fraction with experimental uncertainties 
(95% confidence) less than 15%. 

Soot primary particle diameters were mea- 
sured using thermophoretic sampling and anal- 
ysis by TEM similar to Refs. 1-3. Effects of 
soot aggregate size cause negligible sampling 

bias for present test conditions [44]. Primary 
particle diameters were nearly monodisperse 
at a given position (standard deviations were 
less than 10% of the mean). Experimental un- 
certainties (95% confidence) of these diame- 
ters were dominated by finite sampling limita- 
tions and were less than 10%. The number of 
primary soot particles per unit volume was 
then computed from the optically determined 
soot volume fraction, as follows: 

The resulting experimental uncertainties (95% 
confidence) of n, are less than 32% for f, > 0.1 
ppm, increasing roughly inversely proportional 
to f, for smaller values of soot volume frac- 
tions. 

Temperatures were found within the soot- 
containing regions of the flame using multiline 
emission measurements, similar to Refs. 1-3. 
This involved deconvoluting spectral radiation 
intensities for chord-like paths through the 
flames and finding temperatures from mea- 
surements at three line pairs: 600/750, 
700/830, and 600/830 nm. Temperature dif- 
ferences between the average and any of the 
line pairs were less than 30 K along the axes of 
the flames, while experimental uncertainties 
(95% confidence) of these measurements are 
estimated to be less than 50 K. 

Concentrations of major gas species were 
measured by isokinetic sampling and gas chro- 
matography similar to Refs. 1-3. A radiatively 
cooled stainless steel sampling probe having a 
port diameter of 2.1 mm was used. Gas species 
considered in the analysis included N,, Ar, 0,, 
CO,, CO, H 2 0 ,  CH,, C2H,, C,H,, and 
C,H,. Experimental uncertainties of these 
measurements were less than 15% for mole 
fractions greater than 0.5%. 

The concentrations of CHS were measured 
using the same sampling probe and filter/trap 
system as the gravimetric determination of soot 
volume fractions. The CHS that was extracted 
from the sampling system and filters by CH,CI, 
was weighed after removing the soot by filter- 
ing and the solvent by evaporation. No attempt 
was made to chemically characterize the CHS; 
instead it is reported on a volumetric basis. A 
molecular weight of 276 kg/kg-mol was as- 
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sumed for CHS concentrations because this 
approximates the molecular weight of condens- 
able soot precursors found in the soot incep- 
tion region of laminar diffusion flames by Dob- 
bins et al. [49], which generally is dominated by 
the stabilomer soot precursor species identified 
by Stein and Fahr [50]. Experimental uncer- 
tainties (95% confidence) of these measure- 
ments, excluding the uncertainty of the mean 
molecular weight of CHS species, are esti- 
mated to be less than 30%. 

Streamwise velocities were measured along 
the flame axes using laser velocimetry (LV) 
based on a dual-beam forward-scatter arrange- 
ment with the flow seeded with aluminum ox- 
ide particles, similar to Refs. 1-3. Experimen- 
tal uncertainties (95% confidence) of stream- 
wise velocities are estimated to be less than 
5%, dominated by calibration uncertainties, 
with similar uncertainties of flame residence 
times computed using these data. 

Test Conditions 

Five premixed ethylene/air flames were stud- 
ied, having atomic carbon/oxygen (C/O) ra- 
tios in the range 0.78-0.98, as summarized in 
Table 1. These flames roughly corresponded to 
the conditions of Harris and Weiner [Ill ;  in 
addition, Benish et al. [28] recently report mea- 
surements for a premixed ethylene/air flame 

having a C/O ratio of 0.79, which represents 
conditions nearly identical to the flame having 
a C /O  ratio of 0.78 considered during the 
present study. Maximum soot volume fractions 
for the present flames were in the range 0.2-0.8 
ppm, which provided reasonable sensitivity for 
soot concentration measurements without ex- 
cessive soot deposition on sampling probes. All 
five test flames were used for measurements of 
the concentrations of major gas species; how- 
ever, three of the flames (C/O ratios = 0.78, 
0.88, and 0.98) were studied more completely 
in order to find soot growth and nucleation 
properties. 

COMPUTATIONAL METHODS 

General Description 

Predictions of flame properties based on the 
models of Frenklach and co-workers [33-351 
and Leung and co-workers [45, 461 were used 
to supplement and to help interpret the pres- 
ent measurements. These predictions were ob- 
tained using PREMIX, the steady, laminar 
one-dimensional premixed flame computer 
program of Kee et al. [51]. PREMIX involves 
consideration of mixture-averaged multicom- 
ponent diffusion, thermal diffusion, and vari- 
able thermophysical and transport properties. 
Effects of radiative heat losses and chemical 
energy release were handled by using the 

TABLE 1 

Summary of the Test Flamesa 

C/O Ratio 0.78 0.83 0.88 0.93 0.98 

Fuel-equivalence ratio 
CO fuel-equivalence ratio 
Fuel flow rate (mg/s) 
Air flow rate (mg/s) 
Reactant velocity (mm/db 
Reactant composition (% by vol.) 

C 2 H 4  

0 2  

N, + Ar + CO, 

" Premixed ethylene/air flames using a 60 mm diameter water-cooled flat-flame burner with 6 mm wide annular nitrogen 
coflow (McKenna Products Inc., high-pressure shroud standard model), constant water flow rate of 9.1 g/s, and constant 
nitrogen coflow rate of 165.6 mg/s (nitrogen burner exit velocity of 125.2 mm/s). Ambient pressure and temperature of 
98.7 kPa and 294 + 2 K. Gas properties: ethylene = polymer grade, 99.9% purity; dry air = dewpoint < 240 K; nitrogen = 

prepurified grade, 99.98% purity. 
/I Computed for ambient pressure and temperature conditions at burner exit. 
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present measurements to prescribe tempera- 
ture and velocity distributions as functions of 
distance from the burner. The computations 
were evaluated using present measurements of 
the concentrations of major gas species. 

The prescription of flow temperatures for 
the computations was straightforward in the 
region where soot was present and multiline 
temperature measurements were available. It 
was necessary, however, to estimate tempera- 
ture distributions in the soot-free regions near 
the burner surface in order to complete the 
calculations. This was done by linearly extrapo- 
lating the measured temperature distributions 
to the burner surface, assuming the surface 
temperature of the porous burner to be 400 K. 
It was found that predictions of compositions 
in the soot-formation region were not signifi- 
cantly altered, however, when other reasonable 
near-burner temperature distributions (with 
burner surface temperatures of 300-800 K) 
were imposed. 

Computations 

Present calculations were carried out using 160 
spatial increments for flames extending up to 
35 mm from the burner exit. Grid spacing was 
adaptive so that spacing was up to five times 
tighter in regions where properties were chang- 
ing rapidly. Absolute and relative convergence 
tolerances less than were specified for 
the Newton iterations and time stepping. Dou- 
bling the number of grid points and halving the 
tolerances had negligible effects on predic- 
tions, i.e., concentration changes were less than 
0.1%. 

Chemical Mechanisms 

The main objectives of present computations 
were to assess capabilities for estimating con- 
centrations of major gas species and to provide 
estimates of small radicals such as H, 0 ,  and 
OH. Thus, the complete soot formation mech- 
anisms of existing models [33-35, 45, 461 were 
not considered. As a result, the mechanism of 
Frenklach and co-workers [33-351 only in- 
cluded steps needed to describe reactions in- 
volving hydrocarbons up to C6H6; namely, 250 
reversible elementary reactions involving 52 

species. Similarly, the mechanism of Leung 
and co-workers [45, 461 was limited to hydro- 
carbons up to C,H6 and included 451 re- 
versible reactions involving 87 species. Original 
sources and references cited therein should be 
consulted for the details of these mechanisms. 

The present measurements were also used 
to evaluate proposed mechanisms of soot sur- 
face growth; the details of these mechanisms 
and computations will be discussed later. 

RESULTS AND DISCUSSION 

Soot Structure 

Typical TEM photographs of soot samples col- 
lected in the present test flames are shown in 
Figs. 1 and 2. These results were obtained 
along the axis of C/O = 0.78 flame at 12.5 and 
22.5 mm above the burner exit, respectively, 
which correspond to conditions near the begin- 
ning and end of soot formation. The present 
soot is typical of soot found in flames, consist- 
ing of roughly spherical primary soot particles 
having nearly constant diameters at a particu- 
lar location, collected into aggregates having 
widely varying numbers of primary particles 

Fig. 1. TEM photograph of soot aggregates along the axis 
of the C/O = 0.78 flame at z = 12.5 mrn. 
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Fig. 2. TEM photograph of soot aggregates along the axis 
of the C/O = 0.78 flame at z = 22.5 mm. 

per aggregate [I-6, 39-44]. The mean diame- 
ters of primary particles ranged up to 40 nm 
for present test conditions, increasing with in- 
creasing residence time and propensity to soot 
(increasing C/O ratio). The degree of aggrega- 
tion, characterized by the mean number of 
primary particles per aggregate, increased simi- 
lar to d ,  with increasing residence time and 
propensity to soot. 

In addition to the soot aggregates observed 
in Figs. 1 and 2, other relatively large translu- 
cent objects were observed on the TEM grids. 
These objects might be related to the soot 
precursor particles observed by Wersborg et al. 
[39] and D'Alessio and co-workers [31,32] near 
soot inception conditions in laminar premixed 
flames; however, the objects observed in the 
present flames were much larger than the 2-3 
nm diameter particles reported in Refs. 31, 32, 
and 39. Instead, these translucent objects con- 
sisted of roughly round single particles having 
varying and larger diameters (on the order of 
100 nm) and poorer contrast as TEM images 
than primary soot particles. Evolution of these 
translucent objects into primary soot particles 
is not easily explained by dehydrogenation be- 
cause anticipated density increases through de- 

hydrogenation still would yield objects larger 
than the present primary soot particles. Other 
possibilities include liquid drops that are not 
spherical but instead wet and spread along the 
surface of the TEM grid, dropwise condensa- 
tion of hydrocarbon vapors on the TEM grid, 
and some fault of the TEM grids themselves. 
These issues were not resolved during the 
present investigation, but they clearly merit 
additional study; fortunately, the numbers of 
translucent objects were relatively small com- 
pared to the numbers of primary soot particles 
in the flame regions studied during the present 
investigation. 

Flame Structure 

Measurements of temperatures, velocities, soot 
volume fractions, primary soot particle diame- 
ters, and the concentrations of major gas 
species along the axes of flames having C/O 
= 0.78, 0.88, and 0.98 are plotted as a function 
of height above the burner exit in Figs. 3-5. 
Corresponding residence times found by inte- 
grating the velocity measurements are shown 
at the top of the plots. The residence times are 
relative to the first position where finite soot 
volume fractions were measured. 

Effects of buoyancy were significant for the 
present test conditions, so that streamwise ve- 
locities in Figs. 3-5 rapidly increase from 
burner exit values to roughly 1 m/s at z = 27.5 
mm. These velocity increases slow variations of 
flame properties with increasing distance be- 
cause residence-time increments are inversely 
proportional to velocities. 

The presence of significant soot concentra- 
tions in the present flames causes significant 
radiative heat losses. These heat losses cause 
soot temperatures in Figs. 3-5 to decrease 
from 1900-2100 K (at z = 7.5 mm) to values 
of 1500-1600 K at the highest location where 
temperatures were measured (at z = 27.5 mm). 
Temperatures are generally higher at lower 
C/O ratios, due to more favorable stoichiome- 
try and reduced soot concentrations (and thus 
reduced continuum radiation heat losses from 
soot). 

Present optical measurements of soot vol- 
ume fractions are in excellent agreement with 
recent gravimetric measurements of soot vol- 
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ume fractions; this includes the measurements 
of Benish et al. [28] for a C/O = 0.79 com- 
pared to present results for a C/O = 0.78 in 
Fig. 3 and present gravimetric measurements 
for C/O = 0.78 and 0.88 to be discussed later. 
The results of Harris and Weiner [ l l ]  for a 
C/O = 0.79 are nearly three times larger than 
the results of Benish et al. [28] and the present 
investigation, for reasons that have not been 
explained. Finite soot volume fractions are first 
observed near z = 7.5 mm for the three test 
flames in Figs. 3-5. Soot volume fractions sub- 
sequently increase but then level off with in- 
creasing distance from the burner exit, which is 
a well-known trend for soot-containing laminar 
premixed flames [4, 111. 

Present measurements of primary soot parti- 
cle diameters for C/O = 0.78 in Fig. 3, are 
comparable to the recent measurements of 
Benish et al. [28] for a similar flame having a 
C/O = 0.79 and using similar methods. The 
range of present primary particle diameter 
measurements corresponds to conditions where 
soot volume fractions could be measured with 
acceptable experimental uncertainties and in- 
volves mean primary particle diameters gener- 
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ally larger than 10 nm. Smaller values of mean 
primary particle diameters can be found nearer 
to the onset of soot formation, where mean 
primary particle diameters increase rapidly with 
increasing streamwise distance. In the range of 
the measurements, mean primary particle di- 
ameters increase and then level off with in- 
creasing distance from the burner exit, similar 
to soot volume fractions. 

Concentrations of major gas species are also 
plotted in Figs. 3-5. Where they overlap, pres- 
ent measurements are in,good agreement with 
other results for these flame conditions, e.g., 
present C, H z  and CH, concentrations agree 
with those reported by Harris and Weiner [Ill  
and Benish et al. [28] within experimental un- 
certainties. The concentrations of major gas 
species are nearly constant throughout the 
soot-formation region (the main exceptions are 
a slight reduction of the concentrations of 
C,H, and a slight increase of the concentra- 
tions of CzH, seen in the region z = 5-10 
mm). This behavior is similar to the observa- 
tions of Harris and Weiner [ l l ]  for comparable 
premixed ethylene/air flames at atmospheric 
pressure. These results indicate that rates of 
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Fig. 5 .  Soot and flame properties along the axis of the C/O = 0.98 flame. 
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soot formation in premixed flames do not de- 
crease due to consumption of soot-forming hy- 
drocarbon species similar to diffusion flames 
[I-31; instead, subsequent results will show that 
this behavior can be explained as a result of 
reduced flame temperatures with increasing 
distance from the burner exit. 

The volume fractions of CHS and soot along 
the axes of flames having C/O = 0.78 and 0.88 
are plotted as a function of height above the 
burner exit in Fig. 6. Both optical and gravi- 
metric determinations of soot volume fractions 
are illustrated. The agreement between these 
two determinations is within experimental un- 
certainties, thus alleviating concerns that varia- 
tions of the refractive indices of soot with 
residence time in flame environments (due to 
soot dehydrogenation) might impair optical 
measurements of soot-formation rates. D'Ales- 
sio and co-workers [31, 321 also observe agree- 
ment between optical and gravimetric mea- 
surements of soot concentrations in laminar 
premixed flames at atmospheric pressure. 

Present observations of CHS behavior illus- 
trated in Fig. 6 also are qualitatively similar to 
the observations of D'Alessio and co-workers 
[31, 321. The concentrations of CHS exhibit 
little variation in the soot-formation region in 

concentrations of CHS and soot follow similar 
trends in the soot inception region of premixed 
flames [311, and concentrations of both CHS 
and soot increase with C/O ratio for present 
test conditions. Taking the mean molecular 
weight of CHS to be 276 kg/kg-mol implies 
CHS volume fractions on the order of for 
both the present flames and those of D'Alessio 
and co-workers [31,32]; maximum soot volume 
fractions tend to be roughly times smaller 
than those of CHS for both the present flames 
and those of D'Alessio and co-workers [31,32]. 

Present measurements were used to study 
soot growth and nucleation in premixed flames, 
analogous to earlier study of these properties 
in diffusion flames [I-31. Major assumptions of 
this analysis were similar to earlier work [I-31, 
as follows: soot surface growth, rather than 
soot nucleation, dominates soot mass produc- 
tion; effects of thermophoresis and diffusive 
soot motion are small, so that soot particles 
convect along the axis with the local gas veloc- 
ity; and the surface area available for soot 
growth was equivalent to that of constant di- 
ameter spherical primary soot particles that 
meet at a point. This implies that the soot 
surface area per unit volume S can be found 
from 

spite of significant increases of soot concentra- 2 
tions. This behavior is noteworthy because = r d ~  n~ = 6fs/d~, 
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where the last equality follows from Eq. 1. increasing height above the burner. This dif- 
Then defining the soot growth rate w, as the fers from the observations for similar flames by 
rate of increase of soot mass per unit area of Harris and Weiner [Ill, who concluded that S 
soot surface and time, conservation of soot was relatively independent of distance from 
mass along a streamline under the previous the burner exit, based on the assumption of 
assumptions yields Mie scattering for equivalent spheres (which is 

now known to be ineffective for describing soot 
w, = ( p/S)d( p,f,/p)/dt. (3) optical properties [40-421). The trend of in- 

The gas density in Eq. 3 was found from the 
present concentration and temperature mea- 
surements, assuming an ideal gas mixture of 
the major gas species and neglecting the vol- 
ume of soot (which was only present at ppm 
levels). The soot density in Eq. 3 was taken to 
be 1850 kg/m3 as before [I-31. Finally, the 
temporal derivative in Eq. 3 was found from 
three-point least-squares fits of the argument 
of the derivative p,f,/p, similar to past work 
[I-31. 

The soot nucleation rate was defined as the 
rate of increase of the number of primary soot 
particles per unit volume and time, similar to 
past work [I-31. This definition is useful be- 
cause the number of primary soot particles per 
unit volume is an important observable prop- 
erty of a soot-containing environment that af- 
fects the surface area available for soot growth 
as well as the optical and radiative properties 
of the flow. Nevertheless, it should be recog- 
nized that the present primary soot particle 
nucleation rate represents a composite of 
chemical and physical effects, e.g., the various 
chemical steps that eventually form large 
molecular weight hydrocarbon molecules as 
well as the subsequent physical coalescence of 
these substances to eventually form visible pri- 
mary soot particles. Based on the same as- 
sumptions used to determine soot growth rates 
from Eq. 3, the expression for primary soot 
particle nucleation rate is 

The temporal derivative in Eq. 4 was found 
from three-point least-squares fits of the argu- 
ment of the derivative n,/p, as before [I-31. 

The four above-derived properties-S, n,, 
w,, and w,-along the axes of the C/O = 0.78, 
0.88, and 0.98 flames are plotted as a function 
of height above the burner in Fig. 7. The soot 
surface area per unit volume S increases with 

creasingvalues of S with increasing propensity 
to soot (or C/O ratio) and maximum values of 
S in the range 50-100 m-', however, agree 
with the observations of Harris and Weiner 
[I l l  for comparable flame conditions. 

Values of n, illustrated in Fig. 7 initially 
increased rapidly with distance, but later lev- 
eled out similar to soot volume fractions. In 
fact, n, even decreased somewhat at large 
distances from the burner exit for C/O = 0.98; 
this behavior actually implies unphysical nega- 
tive nucleation rates attributable to experimen- 
tal uncertainties in a region where rates of 
nucleation are small. In particular, negative 
nucleation rates for the present data cannot be 
attributed to aggregation of primary particles 
because soot aggregates are represented by 
touching spherical primary particles, not equiv- 
alent spheres as invoked in some studies. Fi- 
nally, an interesting trend for n, is that it 
actually decreases with propensity to soot (or 
increasing C/O ratio) for the present test con- 
ditions, contrary to the behavior of f, and d,. 
This behavior follows because larger radiative 
heat losses at larger C/O ratios cause flow 
temperatures to decrease (see Figs. 3-51, which 
reduces nucleation rates because they are rela- 
tively temperature-sensitive as discussed later 
(also see Refs. 1-3). The net effect is that the 
larger values of soot volume fractions at larger 
C/O ratios are accommodated by primary soot 
particles that have larger diameters but smaller 
concentrations. 

Given the behavior of f, and n, that was 
just discussed, it is evident that both soot 
growth and nucleation rates progressively de- 
crease with increasing distance from the burner 
exit, through Eqs. 3 and 4. This behavior is 
more directly indicated by the plots of w,, and 
w, appearing in Fig. 7. As discussed earlier, 
values of w, tend to decrease with increasing 
propensity to soot (or increasing C/O ratio). 
On the other hand, this behavior is compen- 
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Fig. 7. Derived soot properties (S,  n,,, wn, 
and w,) along the axes of the present 

HEIGHT ABOVE BURNER (mrn) flames: 

sated by the increase of w, with increasing 
propensity to soot (or increasing C/O ratio) so 
that large soot volume fractions and primary 
particle diameters are observed at large C/O 
ratios, as expected. Although present flame 
conditions are comparable to Harris and 
Weiner [Ill, present maximum values of w, 
are somewhat larger, e.g., 0.002 as opposed to 
0.0005 kg/m2s, which is surprising because the 
Harris and Weiner [ l l ]  measurements overes- 
timate soot volume fractions as discussed in 
connection with Fig. 3. These differences of 
maximum w, are mainly caused by the differ- 
ent estimates of S as discussed in connection 
with Fig. 7. 

Gas Species Concentrations 

It is evident from Figs. 3-5 that the concentra- 
tions of major gas species exhibit little varia- 
tion with distance within the soot-formation 

region of the present flames. On the other 
hand, it is of interest to examine the yields of 
major gas species as a function of C/O ratio 
because this highlights the gas species respon- 
sible for the growth and nucleation of soot. 
Measured concentrations of major gas species 
are plotted in Fig. 8 as a function of C/O ratio 
for the present flames along with predictions 
of these properties for the same flames based 
on the mechanisms of Frenklach and co- 
workers [33-351 and Leung and Lindstedt [461. 
Both measurements and predictions are for 
z = 20 mm; however, these properties do not 
vary significantly with distance over the range 
of the present measurements, as noted earlier. 
Concentrations of nitrogen and argon have 
been summed for both measurements and pre- 
dictions because these species eluted at the 
same time from the present chromatograph 
columns and were not distinguished during the 
measurements. 
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Fig. 8. Measured and predicted concentrations of major 
gas species at the axes of the present flames at z = 20 mm. 

Soot volume fractions and CHS concentra- 
tions tend to increase with C/O ratio, with 
soot volume fractions tending to level out at 
large C/O ratios; for present test conditions, 
see Fig. 6. The corresponding variations of 
nonhydrocarbon species (N, + Ar, CO, H,O, 
CO,, and H,) with variations of C/O ratio 
seen in Fig. 8 are modest by comparison. Con- 
centrations of hydrocarbons potentially associ- 
ated with the formation of soot and CHS ex- 
hibit a slight tendency to increase and then 
level out as C/O ratio increases, similar to 
soot volume fractions. Harris and Weiner [I l l  
report mole fractions of C,H, and CH, of 
roughly 2 and 1% at larger C/O ratios for 
premixed ethylene/air flames, also relatively 
independent of distance from the burner, which 
is in good agreement with present results. Sim- 
ilar to the observations of Harris and Weiner 
[Ill, acetylene is seen to be the dominant light 
hydrocarbon species present that is likely to 
contribute significantly to soot formation. 
Methane is the next most prevalent light hy- 
drocarbon species, but its large H/C ratio 

does not suggest that it has a direct role in the 
formation of soot. Finally, the concentrations 
of ethylene, the third most prevalent light hy- 
drocarbon species observed, are generally 2 
orders of magnitude smaller than acetylene, 
which together with its relatively large H/C 
ratio does not suggest a major direct soot 
formation role for this species. 

The predictions of the yields of major gas 
species using PREMIX with the mechanisms 
of Frenklach and co-workers [33-351 and Le- 
ung and Lindstedt [46] are also plotted in Fig. 
8. Predictions using the two mechanisms are 
essentially the same. The comparison between 
measured and predicted species mole fractions 
is good in view of the complexity of the chem- 
istry of the present flames. The major discrep- 
ancies are that predictions underestimate mole 
fractions of H,O, CO,, and CH,, and overesti- 
mate those of H,. Nevertheless, the differ- 
ences between the predictions and measure- 
ments are comparable to experimental uncer- 
tainties. As a further test, predictions and mea- 
surements of major gas species were compared 
for the laminar premixed methane/oxygen 
flames at atmospheric pressure studied by 
Ramer et al. [18], finding agreement similar to 
the results illustrated in Fig. 8. 

In view of the good predictions of major gas 
species mole fractions using the mechanisms of 
Frenklach and co-workers [33-351 and Leung 
and Lindstedt [46], these mechanisms were 
used to estimate radical concentrations in the 
present flames in order to help interpret mea- 
sured soot growth properties. Predictions of 
the mole fractions of H for both of these 
models, along with estimates assuming local 
equilibrium for H (based on the thermochemi- 
cal properties of Ref. 51 and the present mea- 
surements of H, concentrations and tempera- 
ture) are illustrated in Fig. 9. Predictions using 
both mechanisms are essentially the same and 
are in good agreement with estimates based on 
the assumption of local thermodynamic equi- 
librium for H. The mole fractions of H, vary 
only slightly for present conditions (see Fig. 8); 
therefore, the variations of the mole fractions 
H are mainly due to variations of temperature. 
Thus, H mole fractions are largest at small z 
and C/O ratios where temperatures are 
largest. As suggested by Frenklach and Wang 
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30 Fig. 9. Predicted H atom concentrations alone, the axes - - 
2 (mm) of the present flames. 

[33], a similar correspondence between H atom 
mole fractions and soot surface growth rates 
(and thus temperatures and soot surface growth 
rates when variations of acetylene mole frac- 
tions are small) can be anticipated from the 
HACA mechanism of soot surface growth. This 
possibility will be considered subsequently. 

Soot Surface Growth 

In order to interpret the present soot surface 
growth rates, the gross growth rates obtained 
from Eq. 3 were corrected for effects of soot 
oxidation similar to past studies of soot surface 
growth rates in diffusion flames [I-31. It was 
found that effects of soot oxidation were gen- 
erally negligible except when soot growth rates 
became small at the most downstream loca- 
tions considered during the present experi- 
ments. Soot oxidation by CO, and H,O was 
estimated following Johnstone et al. [52] and 
Libby and Blake [53, 541, which gave results 
similar to Bradley et al. [55]. Soot oxidation by 
0, was not a factor because no 0, was de- 
tected. Soot oxidation by OH was estimated as 
discussed by Neoh et al. [56], using present 
estimates of OH concentrations found from 
the PREMIX computations based on the 
mechanisms of Frenklach and co-workers 
[33-351 and Leung and Lindstedt [45]; how- 
ever, it was found that direct oxidation of soot 
by OH was negligible even for collision effi- 

ciencies of unity. The final result was that CO, 
was the main potential source of soot oxidation 
for present conditions; nevertheless, soot oxi- 
dation rates never exceeded half the gross soot 
growth rates, even at the most downstream 
locations where data were reduced to obtain 
the results presented here. As a result, effects 
of current uncertainties about soot oxidation 
rates in fuel-rich environments should not have 
a large impact on findings concerning soot 
growth discussed in the following text. 

Present soot surface growth rates were ini- 
tially correlated similar to earlier work for 
diffusion flames [I-31 in order to obtain gen- 
eral comparisons with past measurements. This 
involved associating soot growth rates with 
acetylene concentrations similar to earlier work 
[I-4, 11-17]. Acetylene is a natural choice 
because its concentrations are large in soot- 
formation regions, because it has a low H/C 
ratio anticipated for soot-forming compounds, 
and because it assumes a dominant role in the 
HACA soot-formation mechanisms. Present 
soot growth rates, corrected for soot oxidation, 
are plotted as a function of acetylene concen- 
tration in Fig. 10. The plots of Fig. 10 also 
include earlier results from measurements in 
laminar premixed flames due to Bockhorn and 
co-workers [7-101, Harris and Weiner [ll-141, 
and Ramer et al. [18], along with the earlier 
measurements in diffusion flames due to Sun- 
derland and co-workers [I-31. The axes of this 



SOOT FORMATION IN PREMIXED FLAMES 485 

m 
C104.78 

A C104.88 
CK)rO.BB 

'3 Bookhan ets1. 
'D Harrls and Welner 
V Rmmretd.  

a 

[C2H21 ( k w d l m 3  1 
Fig. 10. Soot particle surface growth rates as a function of 
acetylene concentrations for laminar premixed and diffu- 
sion flames. Premixed flame data from Bockhorn and 
co-workers [7-101, Harris and Weiner [ll-141, Ramer et 
al. (181, and the present investigation; diffusion flame data 
from Sunderland and co-workers [I-31. The line shown on 
the figure is the best-fit correlation for soot growth in the 
diffusion flames of Refs. 1-3. 

plot anticipate a simple acetylene collision ef- 
ficiency for soot growth, similar to observations 
for acetylene diffusion flames [I-31, i.e., 

The second equality of Eq. 5 is appropriate for 
a simple acetylene collisional growth mecha- 
nism where the surface reactivity for growth is 
constant and the reaction order with respect to 
acetylene is unity. Soot surface growth rates 
for diffusion flames, corrected for oxidation, 
yield a good correlation based on this ap- 
proach with a collision efficiency of 0.39% [3]. 

In contrast to the surface growth rates for 
diffusion flames from Refs. 1-3, the premixed 
flame measurements illustrated in Fig. 10 are 
not correlated by an acetylene collisional 
growth mechanism. Nevertheless, the largest 
soot growth rates of premixed flames (observed 
for new soot near the start of the soot-forma- 
tion region) are comparable to surface growth 
rates observed in Refs. 1-3 for diffusion flames. 
This agreement is closest for the present pre- 
mixed flame measurements, where w, was 

found using the same experimental methods 
and oxidation corrections as the diffusion flame 
measurements of Refs. 1-3. On the other hand, 
soot growth rates in all the premixed flames 
decrease with height above the burner, at 
nearly constant concentrations of acetylene and 
other hydrocarbons, thus exhibiting the effect 
of age mentioned earlier. This age effect is 
responsible for the vertical span of the data for 
premixed flames seen in Fig. 10. As a result, 
expressions similar to Eq. 5, that involve major 
species and CHS whose concentrations are rel- 
atively independent of distance from the burner 
exit in premixed flames, are not likely to pro- 
vide generally effective correlations of soot 
surface growth rates. 

Subsequent consideration of present soot 
surface growth rates emphasized HACA mech- 
anisms [33-381 at the limit where growth was 
due to direct reactive addition of acetylene to 
the surface of growing soot particles rather 
than by reactive addition or coalescence of 
PAH. This approximation was considered as a 
first step for analyzing the present experiments 
due to the strong relationship between acety- 
lene concentrations and soot growth rates ob- 
served for diffusion flames at similar condi- 
tions [I-31. In addition, concentrations of 
acetylene are large compared to CHS (and 
even more so for PAH [31,32]) for present test 
conditions (see Figs. 3-6), so that potential 
soot growth rates are almost an order of mag- 
nitude larger for acetylene than for PAH, given 
comparable collision/coalescence efficiencies. 
Furthermore, the computations of Frenklach 
and Wang [33] suggest a greater contribution 
of acetylene than PAH addition to soot surface 
growth rates for premixed ethylene-fueled 
flames at atmospheric pressure. On the other 
hand, the present approximation merits careful 
scrutiny in the future because Benish et al. [28] 
suggested a more dominate role for the PAH 
than for the acetylene mechanism for the 
present flame conditions, while the complete 
treatment of soot growth by Frenklach and 
co-workers [33-361 allowed for contributions 
from both the acetylene and PAH mecha- 
nisms. 

The HACA mechanisms of soot surface 
growth due to Frenklach and co-workers 
[33-351, represented by the recent version of 
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Kazakov et al. [35] and Colket and Hall [37], 
were used to interpret the present measure- 
ments; they are representative of different ap- 
proaches to treat effects of temperature on 
soot growth rates; see original sources for de- 
tails. For present considerations, soot growth 
rates were corrected for effects of oxidation as 
described in connection with Fig. 10; therefore, 
oxidation reactions appearing in these HACA 
mechanisms were neglected. The resulting re- 
action mechanisms and rate constants for the 
Frenklach and co-workers [33-351 (as summa- 
rized by Kozakov et al. [35]) and Colket and 
Hall [37] methods are summarized in Tables 2 
and 3, respectively. For these tables, Cs-H 
represents an armchair site, C; represents a 
corresponding radical site, and C,CHCH rep- 
resents a radical/acetylene complex site on 
the soot particle surface. The net rate of soot 
particle surface growth was expressed, for both 

mechanisms, as 

where i = FW or CH denotes appropriate 
reaction parameters for the mechanisms of 
Frenklach and co-workers [33-351 and Colket 
and Hall [37], respectively. The parameter ai is 
an empirical (steric) factor of order of magni- 
tude unity that involves corrections when sites 
on carbon surfaces are treated analogous to 
corresponding sites on gaseous PAH molecules, 
while the Ri represent reaction rate expres- 
sions to be considered subsequently. Kazakov 
et al. [35] prescribe that a,, is a function of 
the maximum temperature of the flame (see 
Table 2 for the correlation), while Colket and 
Hall [37] take a,, to be a h e d  constant. 
Adopting the steady-state approximation for 
fast reacting intermediates yields the expres- 
sion for soot particle surface growth for the 

TABLE 2 

Summary of the Reaction Mechanism for Soot Particle Surface Growth (from Kazakov et al. [35]Ia 

No. Reaction 
A E 

(m, kg-mol, s) n (kJ/kg-mol) 

" Numbers in parentheses denote 
LC,-HI = 2.3(+ 19) sites/m2, and 
present calculations. 

powers of 10. Definition of reaction rate coefficient k = ATn exp(-E/(RT)), while 
a,, = [tanh(8168/Tm,, - 4.57) + 1]/2 with T,,, (K) and C,,,, = 2Mc/A, for 

- b ~ s - ~  represents an armchair site on the soot particle surface and C; represents the corresponding radical site. 

TABLE 3 

Summary of the Reaction Mechanism for Soot Particle Surface Growth (from Colket and Hall [37])a 

No. Reaction (m, kg-mol, s) n (kJ/kg-mol) 

C,-H + H + C; + H z  
C; + H, + C,-H + H 
C; + H + C,-H 
Cs-H + C; + H 
C; + C2H2 + products 
c,. + C,H, -, C,CHCH 
C,CHCH + c,. + C,H, 
C,CHCH + c,-H + H 

" Numbers in parentheses denote powers of 10. Definition of reaction rate coefficient is k = ATn exp(-E/(RT)), while 
[C -HI = 2.3(+ 19) sites/m2 and a,, = 0.9 and C,,,, = 2Mc/A, for present calculations. 

'C,-H represents an armchair site on the soot particle surface, C; represents the corresponding radical site, and 
C,CHCH represents a radical/acetylene complex site. 
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mechanism of Frenklach and co-workers where C,,, = 2Mc/A, ,  while Frenklach and 
[33-351, Wang [33] estimate [C,-HI = 2.3 x 1019 

sites/m2. Proceeding in the same manner for 
CH~,Ak~k~[HI[C,H,I[C,-HI 

RFW = (7) the mechanism of Colket and Hall [37] yields 
kPl[H?I + kz[HI + k3[C,H21 ' 

where CHACA and [C,-HI are the same as 
before (note that Eq. 8 corrects some typo- 
graphical errors and deletes some approxima- 
tions for this equation in Ref. 37). The ki in 
Eqs. 7 and 8 refer to the mechanisms summa- 
rized in Tables 2 and 3, respectively. 

For present test conditions, the term involv- 
ing the product [H][C,H2] dominates the nu- 
merators and varies more than the denomina- 
tors of Eqs. 7 and 8; therefore, the present 
oxidation-corrected soot growth rates are plot- 
ted in Fig. 11 as a function of [HI, found 
assuming local thermodynamic equilibrium for 
H, in order to highlight the importance of the 
hydrogen abstraction portion of the HACA 
mechanism. The modest acetylene concentra- 
tion variation over the present test range has 
been handled by normalizing w, by [C, H ,I 
when plotting this figure. The resulting correla- 
tion between w,/[C,H,] and [HI is seen to be 
excellent. Noting the relationship between [HI 
and position illustrated in Fig. 9, and thus the 
relationship between [HI and temperature from 
the results illustrated in Figs. 3-5, it is strongly 
suggested that reduced soot surface growth 
rates with increasing residence time in pre- 
mixed flames (aging) is caused by reduced tem- 
peratures through the HACA mechanism. 
Since continuum radiation from soot is primar- 
ily responsible for radiative heat losses in the 
present flames, this behavior implies that the 
presence of soot itself moderates rates of soot 
surface growth. 

A more direct evaluation of the HACA 
mechanism of soot surface growth due to 
Frenklach and co-workers [33-351 was ob- 
tained by plotting w, directly as a function of 
R ,  as indicated by Eqs. 6 and 7, using the 
equilibrium estimates of [HI as before. The 
upper part of Fig. 12 is an illustration of the 

[HI (kg-rnollm3 ) 
Fig. 11. Soot particle surface growth rates (corrected for 
soot oxidation) as a function of acetylene and hydrogen 
atom concentrations for the present flames. The line shown 
on the figure is the best-fit correlation of the present data 
when plotted in this manner. 

strict use of the mechanism of Frenklach and 
co-workers [33-351, with aFW(T) obtained 
from the correlation provided by Kazakov et 
al. [35], where the best fit correlation of the 
present measurements and the best fit of the 
HACA expression of Eqs. 6 and 7 are all 
plotted. Results from the HACA expression, 
with aRN(T) obtained from Ref. 35, are seen 
to provide only a fair correlation of the mea- 
surements: the correlation yields best results 
when R ,  is large and temperatures approach 
the T,,, conditions used to correlate uFW(T), 
but the subsequent variation of w, with RFy, 
when temperatures decrease, is underesti- 
mated. This behavior suggests that the correla- 
tion of aFW(T) with the local flame tempera- 
ture might yield improved results, which also 
would be more physically appealing for a steric 
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Fig. 12. Soot particle surface growth 
rates (corrected for soot oxidation) in 
terms of the HACA mechanism of 
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Fig. 13. Correlation of the steric factor 
of Frenklach and co-workers [33, 341 
based on local temperatures for the 
present soot growth data. The line shown 
is the best-fit correlation of the data 
when plotted in this manner. 
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factor parameter in any event. The resulting 
correlation for a,(T), based on local temper- 
atures while fitting present measurements for 
a,(T) to the HACA predictions, is illustrated 
in Fig. 13. These results indicate values of 
a,(T) near unity, which is anticipated for a 
parameter like a,(T), with values of a,,(T) 
decreasing with increasing temperature, simi- 
lar to the observations of Kazakov et al. [35]. 
The best fit expression for cr,(T), also shown 
on the plot, was found to be 

with T(K). Finally, if the correlation of Eq. 9 
is used in Eqs. 6 and 7 to find w,, the results 
shown in the lower part of Fig. 12 are ob- 
tained. It is evident that these predictions now 
provide an excellent correlation of the present 
measurements, with all parameters of a, and 
R, based on local conditions within the 
flames. 

The corresponding evaluation of the HACA 
mechanism of soot surface growth due to 
Colket and Hall [37], finding [HI using equilib- 
rium estimates as before, is illustrated in Fig. 
14. In this case, the HACA mechanism pro- 
vides a good correlation of the measurements 
with a best fit value of a,, = 0.9 with an 

uncertainty (95% confidence) of 0.2. Thus, this 
approach also yields a value of a,, on the 
order of unity as anticipated, with the mecha- 
nism also supplying a reasonably good repre- 
sentation of effects of temperature while using 
a constant steric factor. 

The evaluations of the HACA mechanisms 
of Frenklach and co-workers [33-351 and 
Colket and Hall [37] discussed in connection 
with Figs. 12-14 are quite encouraging, and 
mechanisms similar to these methods may pro- 
vide the basis of a reasonably general treat- 
ment of soot surface growth. Nevertheless, 
more work is needed to evaluate these meth- 
ods over a wider range of test conditions, to 
resolve the relative contributions of acetylene 
and PAH to soot surface growth, to properly 
incorporate effects of simultaneous soot oxida- 
tion from all soot-oxidizing species present in 
the system, and to firmly establish the individ- 
ual reaction steps of the soot surface growth 
mechanism. 

Soot Nucleation 

Present measurements of soot nucleation rates 
were based on primary soot particle formation 
rates and were correlated in terms of acetylene 
concentrations, similar to earlier studies of soot 

- 
PREMIXED C, H, /AIR FLAMES 
PRESSURE = 88.8 kPa 

Fig. 14. Soot particle surface growth 
rates (corrected for soot oxidation) in 
terms of the HACA mechanism of 
Colket and Hall [37] for the present 
flames. 
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nucleation in diffusion flames [I-3, 451, i.e., 

where k,(T) is an Arrhenius expression. Simi- 
lar to earlier findings [I-31, measurements in- 
dicated that first-order behavior was reason- 
able, although the rather narrow range of 
present acetylene concentrations precluded an 
accurate determination of the reaction order 
with respect to acetylene; see Figs. 3-5 and 8. 

The present primary soot particle nucleation 
rate measurements are plotted in Fig. 15 as a 
function of temperature, assuming first-order 
kinetics with respect to acetylene. Recent re- 
sults for diffusion flames, also assuming first- 
order kinetics with respect to acetylene, are 
plotted in the figure as well. The diffusion- 
flame results include the findings of Sunder- 
land and co-workers [I-31, using experimental 
methods similar to the present investigation, 
and the correlation of h u n g  et al. [45], based 
on earlier measurements. The differences be- 
tween the correlations of Sunderland and co- 
workers [I-31 and h u n g  et al. [45] are dis- 
cussed in Ref. 1. The scatter of primary soot 

PREMIXED FLAMES 
m C/O-0.78 
A C1010.88 

C/O-0.98 
DIFFUSION FLAMES 

x Sunderland & Faeth 

I 

Fig. 15. Soot primary particle nucleation rates as a func- 
tion of temperature for laminar premixed and diffusion 
flames. Premixed flame data from the present investiga- 
tion; diffusion flame data from Sunderland and co-workers 
[I-31 and Leung et al. [45]. The lines shown represent the 
best-fit correlation of the measurements for the present 
premixed flames, the diffusion flame measurements of 
Sunderland and co-workers [I-31, and the results consid- 

particle nucleation rate data from both the 
present study and Refs. 1-3 is appreciable due 
to the strong sensitivity of n, to d, through 
Eq. 1. 

Effects of temperature on w, were nearly 
the same for the present premixed flames and 
the diffusion flames of Refs. 1-3. Thus, based 
on the units w, (kg-mol/m3 s), [C,H,] (kg- 
mol/m3), and T ( K ) ,  the present premixed- 
flame primary soot particle nucleation rates 
can be correlated as 

which is shown on the plot of Fig. 15. The 
range of present data used to find Eq. 11 is as 
follows: acetylene concentrations of 5-24 x 

kg-mol/m3, temperatures of 1500-2200 
K, and k, = 1 0 - ~ - 1 0 - ~  s-'. The correspond- 
ing correlation for the acetylene/air diffusion 
flame measurements of Ref. 2 is (note that the 
results of Refs. 1 and 3 are similar) 

which is also shown on the plot. The range of 
data used to find Eq. 12 is as follows: acetylene 
concentrations of 6 X 10-6-1 x kg- 
mol/m3, temperatures of 1000-2100 K, and 
k, = 1 0 - ~ - 1 0 - ~  s-'. Thus, the ranges of the 
dependent variables for the diffusion flames 
span the corresponding ranges for the pre- 
mixed flames. The standard deviation of the 
activation temperature for Eq. 11 is 1340 K. 
Finally, the corresponding activation energy of 
Eq. 11 is 11,100 kJ/kg-mol (32 kcal/gm-mol), 
which is modest but not unreasonable for a 
condensation-like process such as nucleation. 
In particular, present primary soot particle nu- 
cleation rates involve both chemical effects, 
which cause large molecular weight hydrocar- 
bon species to form and physical effects of 
coalescence of these substances to subse- 
quently form visible primary soot particles, as 
discussed earlier. It is well known that combin- 
ing such chemical and physical phenomena 
into single Arrhenius expressions similar to 
Eqs. 11 and 12 yield reduced temperature de- 
pendence (or apparent activation energies) 
compared with values appropriate for the 

ered by Leung et al. [45]. chemical processes alone. 
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An important feature of the primary soot 
particle nucleation rate results illustrated in 
Fig. 15 involves the much smaller nucleation 
rates observed for the premixed flames than 
for the diffusion flames at otherwise compara- 
ble conditions. This shortfall of soot nucleation 
rates in premixed flames even exceeds that of 
the growth rates illustrated in Fig. 10. A satis- 
factory explanation of this behavior must con- 
sider the complexities of the PAH, acetylene, 
and dehydrogenation reactions, and processes 
of coalescence, that finally yield observable 
primary soot particles. 

CONCLUSIONS 

growth rates decreased with increasing resi- 
dence time (an apparent effect of age) in 
spite of the continued availability of acet- 
ylene. This behavior is attributed to reduced 
concentrations of H needed to activate sites 
for carbon addition for both gaseous hydro- 
carbon molecules and soot particle surfaces, 
according to HACA mechanisms. In turn, 
the reduction of H was caused by reductions 
of temperature that were largely due to 
continuum radiation from soot; therefore, 
the presence of soot itself acts to moderate 
the rate of growth of soot. 

3. Present measurements of soot surface 
growth rates, corrected for oxidation, were - 
in reasonably good agreement with esti- 

Flame structure and soot processes were stud- mates based on direct reactive addition of 
ied in laminar premixed ethylene/air flames at acetylene to the surface of soot particles 
atmospheric pressure for conditions similar to using the hydrogen-abstraction,carbon- 
those considered by Harris and Weiner [ll], addition (HACA) mechanisms of both 
e.g., C/O ratios in the range 0.78-0.98. The Frenklach and co-workers [33-35~ and 
test conditions involved acetylene concentra- Colket and Hall [37~. Nevertheless, more 
tions of 5-24 x lo-' kg-mol/m" tempera- work is needed to evaluate the HACA 
tures of 1500-2200 K and soot concentrations mechanisms over broader parameter ranges, 

to ppm. The of to resolve effects of the relative contribu- 
the study are as follows: tions of reactive coalescence of PAH and 
1. Present measurements agreed with many 

observations of Harris and Weiner [11] for 
comparable conditions except that present 
maximum soot volume fractions were one- 
third as large, that present soot surface area 
per unit volume increased with residence 
time rather than remaining constant, and 
that present maximum soot growth rates 
were roughly four times larger in spite of 
lower soot volume fraction values. Reasons 
for the different soot volume fractions are 
not known; the other differences are due to 
the present improved measurements of soot 
structure and flow residence times. In addi- 
tion, present measurements are in good 
agreement with those of Benish et al. [28] 
for similar flames, where these measure- 
ments overlap. 

2. Present soot surface growth rates of new 
soot in premixed flames were comparable to 
recent observations of soot surface growth 
rates in diffusion flames using similar exper- 
imental methods [I-31. Contrary to behav- 
ior in diffusion flames, but similar to past 
observations in premixed flames [7-321, soot 

acetylene to soot surface growth, to incor- 
porate effects of simultaneous surface oxi- 
dation of soot during surface growth, and to 
assess the individual reaction steps in the 
surface growth rate mechanism. 

4. Predictions of the yields of major gas species 
using PREMIX, based on the mechanisms 
of Frenklach and co-workers [33-351 and 
Leung and Lindstedt [46], were in good 
agreement with present measurements for 
premixed ethylene/air flames at atmo- 
spheric pressure, and with earlier measure- 
ments of Ramer et al. [I81 for premixed 
methane/oxygen flames at atmospheric 
pressure. In addition, predictions of the 
concentrations of H were nearly identical 
for both mechanisms and agreed with esti- 
mates based on local H equilibrium 
throughout the soot formation region. These 
indicate good capabilities for estimating the 
environment of soot formation processes in 
premixed flames at atmospheric pressure 
when temperatures are known. 

5. Primary soot particle nucleation in the pres- 
ent premixed flames was roughly first order 
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with respect to acetylene concentrations 
with a modest activation energy of 11,100 
kJ/kg-mol (32 kcal/gm-mol), which agrees 
reasonably well with recent observations for 
diffusion flames [I-31; however, present pri- 
mary soot particle nucleation rates for pre- 
mixed flames were roughly 2 orders of mag- 
nitude smaller than the observations in dif- 
fusion flames at comparable conditions 
[I-31, for reasons that still must be ex- 
plained. 
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