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Soot Surface Growth in Laminar Hydrocarbon/Air Diffusion Flames

A.M. El-Leathy', F. Xu t, C.H. Kim* and G.M. Faeth _

The University of Michigan, Ann Arbor, Michigan 48109, U.S.A.

Abstract

The structure and soot surface growth properties of round laminar jet diffusion flames

were studied experimentally. Measurements were made along the axes of ethylene-, propylene-

propane- and acetylene-benzene-fueled flames burning in coflowing air at atmospheric pressure

with the reactants at normal temperature. The measurements included soot structure, soot

concentrations, soot temperatures, major gas species concentrations, some radial species (H, OH

and O) concentrations, and gas velocities. These measurements yielded the local flame

properties that are thought to affect soot surface growth as well as local soot surface growth

rates. When present results were combined with similar earlier observations of acetylene-fueled

laminar jet diffusion flames, the results suggested that soot surface growth involved

decomposition of the original fuel to form acetylene and H, which were the main reactants for

soot surface growth, and that the main effect of the parent fuel on soot surface growth involved

its yield of acetylene and H for present test conditions. Thus, as the distance increased along the

axes of the flames, soot formation (which was dominated by soot surface growth) began near the

cool core of the flow once acetylene and H appeared together and ended near the flame sheet

when acetylene disappeared. Species mainly responsible for soot oxidation -- OH and 02

were present throughout the soot formation region so that soot surface growth and oxidation

proceeded at the same time. Present measurements of soot surface growth rates (corrected for

soot surface oxidation) in laminar jet diffusion flames were consistent with earlier measurements

of soot surface growth rates in laminar premixed flames and exhibited good agreement with
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existing Hydrogen-Abstraction/Carbon-Addition (HACA) soot surface growth mechanisms in

the literature with steric factors in these mechanisms having values on the order of unity, as

anticipated.

Nomenclature
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Subscripts
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mean primary soot particle diameter (m)

soot volume fraction (-)

concentration of species i (kgmol m 3)

terms in the HACA soot surface growth rate formulas (kg m2s _)

temperature (K)

= streamwise velocity (m sl)

= soot surface growth rate (kg m-Zs ')

streamwise distance (m)

empirical (steric) factors in the HACA soot surface growth rate formulas (-)

kinematic viscosity (m 2s 1)

fuel-equivalence ratio (-)

HACA soot surface growth mechanism of Colket and Hall 17

HACA soot surface growth mechanism of Frenklach and coworkers ls2°

Introduction

Soot is a major unsolved combustion problem because it is present in most hydrocarbon-

fueled nonpremixed (diffusion) flames and current understanding of soot processes in flame

environments is limited. This lack of understanding inhibits progress toward developing reliable

methods of computational combustion, predictions of pollutant soot emission properties and

estimates of flame radiation properties, among others. Motivated by these observations, the
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presentinvestigationsoughtto extendearlier studiesof sootprocessesin laminarpremixedand

diffusion flamescompletedin this laboratory,ls usingsimilar methods.The specific objectives

of thepresentinvestigationwereto obtainnewexperimentalinformationaboutthe structureand

sootsurfacegrowthpropertiesof hydrocarbon-fueledlaminarjet diffusion flamesburningin air

at atmosphericpressurewith the reactantsat normal temperature;andto exploit theseresultsto

evaluatecontemporarymodelsof sootsurfacegrowth propertiesin flame environments. The

following descriptionof the researchis brief; moredetails and a complete tabulation of the

measurementsareprovidedby Xu9andEl-Leathy.'°

Earlier studies of the structure and soot surface reaction properties of laminar flames have

been reviewed by Haynes and Wagner, 1_ Howard, _2 Richter and Howard, _3 and Kennedy; _4

therefore, present considerations of earlier work will be brief and will emphasize past studies in

this laboratory that have motivated the objectives and methods of the present investigation.

Sunderland and coworkers I-3 experimentally studied the structure and soot surface growth

properties of laminar hydrocarbon-fueled (acetylene, ethane, propane, n-butane, propylene and

1,3-butadiene) diffusion flames burning in air at pressures of 10-100 kPa, however, they were

not able to evaluate available mechanisms of soot surface growth because their measurements

did not provide information about H concentrations needed by the theories. Xu and coworkers 46

subsequently completed experimental investigations of the structure and soot surface growth

properties of laminar premixed flames at atmospheric pressure including ethylene/air mixtures

similar to the flames studied by Harris and Weiner 15and methane/oxygen mixtures similar to the

flames studied by Ramer et al. 16 Concentrations of H were found during these studies so that the

measurements could be used to evaluate the Hydrogen-Abstraction/Carbon-Addition (HACA)

soot surface growth mechanisms of Colket and Hall 17and Frenklach and coworkers. _8-2° It was

found that the HACA soot surface growth mechanisms provided excellent correlations of the

measurements using quite reasonable values of unknown empirical steric factors that appear in
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the theories. Xu andFaeth7extendedstudy of sootsurfacegrowth from premixed flames to

acetylene-fueledlaminarjet diffusion flamesburning in air at atmosphericpressure,using the

full suiteof measurementsdevelopedduring the laminarpremixed flame studiesof Refs. 4-6.

Theseresults showedthat soot surfacegrowth rates in laminarpremixed and diffusion flames

satisfiedsimilar reactionrateexpressionsandthattheseexpressionswere well representedby the

HACA mechanismsof Colket andHalll7andFrenklachandcoworkers)s2° Finally, Xu et al:

establishedthat soot surface oxidation in laminar diffusion flames, at fuel-rich and near-

stoichiometric conditions, involving a variety of hydrocarbon fuels (acetylene, ethylene,

propylene,propane,andbenzene)wasdominatedby the reactionof the soot surfacewith OH,

andcouldbecorrelatedeffectively by estimatingtheoxidationratedue to O: usingtheclassical

expressionof NagleandStrickland-Constable21(whoseresultswere later confirmedby Parkand

Appleton:2)combinedwith anoxidationratedueto OH that hadvery nearly the samecollision

efficiency asthe resultsof Neoh andcoworkers2325basedon measurementsin soot-containing

premixed flames. This finding is also in fair agreementwith earlier measurementsof soot

surfaceoxidation ratesby OH in diffusion flamesat atmosphericpressuredueto Garoet al. 26'27

and Haudiquert et al. 28

Naturally, there have been many other studies of the structure and soot reaction processes

of laminar hydrocarbon-fueled diffusion flames, seeking detailed models of their properties, see

Balthasar et al., 29 Bai et al. 3° and references cited therein. Early measurements of the structure

and soot reaction processes of laminar diffusion flames include the studies of Mitchell et al., 3_

Santoro and coworkers, 3z36 Saito et al. 37 and many others reviewed by Haynes and Wagner, n

Howard, _ and Richter and Howard. 13Additional work along these lines due to Garo et al., z6'27

Haudiquert et al. 2s and McEnally and coworkers, 3s4_ involve sophisticated probe and

nonintrusive measurements within soot-containing laminar diffusion flame environments. None

of these studies, however, involve the full suite of measurements used by Xu and coworkers *s

4
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within laminar premixed and diffusion flames, that is needed to evaluate theories of soot growth

along the lines of Colket and Hall 17and Frenk.lach and coworkers. 18-2°

Based on this status, the present investigation sought to improve understanding of the

structure and soot surface growth properties of diffusion flames, by experimentally studying

coflowing laminar jet diffusion flames burning in air at atmospheric pressure but considering

hydrocarbons other than acetylene as the fuel in order to explore potential modifications of the

soot surface growth mechanism when the fuel was no longer a species that is a direct reactant of

the HACA soot surface growth mechanism (e.g., ethylene, propylene, propane, and benzene

were considered as fuels), which is the case for acetylene that was considered earlier by Xu and

Faeth. 7 In particular, benzene was considered in order to study the behavior of fuels more

closely related to Polycyclic Aromatic Hydrocarbons (PAH) than the other fuels that were

studied because PAH soot surface growth mechanisms have been proposed as an alternative to

HACA soot surface-growth mechanisms, see Howard, _2Richter and Howard, 13 and references

cited therein. In addition, corrections of soot surface growth rates to account for effects of soot

surface oxidation were improved compared to earlier work, e.g., Refs. 4, 5 and 7, by exploiting

the recent findings concerning soot surface oxidation rates in laminar diffusion flames at

atmospheric pressure reported by Xu et al. 8

To summarize, the specific objectives of the present study were as follows: (1) to

measure the structure (temperatures, stable and radical species concentrations and velocities) and

soot properties (soot volume fractions and primary soot particle diameters) within the soot

formation region of hydrocarbon-fueled laminar diffusion flames burning in air, and (2) to

exploit both the new measurements, along with results from existing measurements in premixed

flames 4'5 and acetylene-fueled diffusion flames, 7 to evaluate and correlate the HACA soot surface

growth mechanisms of Colket and Hall t7 and Frenklach and coworkers. 18-z° The study was

limited to measurements along the axes of buoyant laminar jet di_flames burning in
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co/lowing air at atmospheric pressure, similar to earlier studies of soot processes in diffusion

flames in this laboratory due to Sunderland and coworkers 1'2and Xu and coworkers 7'8

Experimental Methods

Test Apparatus

Experimental methods were similar to Xu and coworkers 7'8 and will only be described

briefly. The same burner was used to observe soot processes in laminar diffusion flames and to

calibrate the H concentration measurements using a laminar premixed flame. The burner had a

34.8 mm diameter inner port both for the fuel stream of the diffusion/lames and for the methane-

oxygen-nitrogen reactant mixture of a premixed calibration flame that was used to calibrate

present measurements of some radical species (H, OH and O). A 60 mm diameter coannular

outer port was used both for the dry air co/low of the cliffusion /lames and for the nitrogen

co/low of a premixed calibration flame. The dry air co/low of the diffusion/lames served to

eliminate natural convection instabilities, to avoid problems of argon in natural air eluting with

02 during gas chromatography measurements, and contamination of the/lames with the small

levels of CO2 and water vapor that are present in natural air. The nitrogen coflow of the

premixed calibration flame served to eliminate the annular diffusion /lame for this fuel-rich

premixed flame in order to improve the accuracy of the H concentration calibration.

Burner gas flow rates were measuredwi-t-h-rotameters. Mixtures were allowed to mix

within feed lines that were at least 1000 diameters long to ensure that they were uniform. The

flames burned in a room air environment with room disturbances controlled by surrounding them

with several layers of screens and a plastic enclosure. The burner could be traversed horizontally

and vertically in order to accommodate rigidly-mounted optical instrumentation.

6
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Instrumentation

Present measurements were similar to Xu and coworkers 7's and will only be described

briefly. The following properties were measured along the axes of the test flames: soot volume

fractions, flame temperatures, concentrations of major gas species, gas velocities and

concentrations of some radial species (H, OH and 0).

Soot volume fractions were measured by deconvoluting laser extinction measurements at

632.8 nm for chord-like paths through the flames. This data was reduced using the refractive

indices of Dalzell and Sarofim 42 for consistency with past work, 17 however, these refractive

index values have recently been confirmed by Krishnan et al. 43 The experimental uncertainties

(95% confidence) of the soot volume fractions are estimated to be smaller than 10% for soot

volume fractions greater than 0.02 ppm, increasing inversely proportional to the soot volume

fraction for smaller values.

Soot and gas temperatures are essentially the same; 7 therefore, soot (gas) temperatures

were measured by deconvoluting spectral radiation intensities for chord-like paths through the

flames. Temperatures were computed based on spectral radiation intensities at several

wavelength pairs, as follows: 550/700, 550/750, 550/830, 600/700, 600/750, 600/830 and

650/750 nm. Temperature differences between the average and any of the line pairs were less

than 50-100 K and experimental uncertainties (95% confidence) of the measurements were less

than 50 K.

Concentrations of major stable gas species (N2, H20, H2, 02, CO, CO 2, CH4, C2H2, C2H4,

C2H6, C3I-Ir, Calls, C6H 6 and neon, the last being a tracer gas used to estimate effects of radial

diffusion of lithium-containing species that were used to find H, OH and O concentrations) were

measured by sampling and gas chromatography. Experimental uncertainties (95% confidence)

of these measurements are estimated to be less than 10% for stable gas species having
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concentrations greater than 0.1%, increasing to roughly 30% at the present limit of detection of

stable gas species, brought to this level by repeated measurements to establish reliable

calibrations and average concentration values for each species.

Soot primary particle diameters were measured using thermophoretic sampling and

analysis by Transmission Electron Microscopy (TEM) and High Resolution Transmission

Electron Microcopy (HRTEM). Thermophoretic soot sampling results are only reported here for

the axes of the flames. Potential effects of contamination of these samples as the soot sampler

traversed the flames when moving to-and-from the flame axes was established in two ways: (1)

sampling in the region prior to the onset of soot formation along the axes of the flames (but

where there was a well-developed annular soot-containing region near the edge of the region

exhibiting yellow soot luminosity) properly indicated that no soot aggregates, that could have

been deposited as the sampler passed through the annular soot-containing region, were present

on the sampler for the sampling conditions used during the present study, and (2) the sampled

soot exhibited only nearly constant primary soot particle diameters at each flame condition along

the axis (e.g., the standard deviations of primary particle diameters were less than 10%) rather

than the widely-varying primary soot particle diameters that would be observed if off-axis soot

particles were present in the sample. The experimental uncertainties (95% confidence) of

primary particle diameters at a point were estimated to be less than 10%.

Streamwise gas velocities were measured using laser velocimetry. The experimental

uncertainties (95% confidence) of these measurements were less than 5%.

Measurements of H concentrations were carried out by deconvoluted absorption

following the Li/LiOH absorption technique of Neoh and coworkers. 2325 Correction for the

radial diffusion of lithium-containing compounds was found from measurements of the

concentrations trace levels of neon in the fuel stream, assuming that the diffusivities of the
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lithium-containingcompoundsandneonweresimilar. TheH concentrationmeasurementswere

calibrated using a premixed flame as discussedby Xu and Faeth,7 similar to Neoh and

coworkers. 23_ Measurements using different seeding levels showed that effects of the lithium

compounds used for the H concentration measurements were negligible, similar to past work. 6"7

Experimental uncertainties (95% confidence) of the H concentration measurements are estimated

to be smaller than 30%. Given measured concentrations of H, 02, H2 and I420, values of OH and

O concentrations were computed assuming partial equilibrium among these species following

Neoh and coworkers, 2325 using the equilibrium constant data of Chase et al. '_ This involved

finding OH and O concentrations assuming partial equilibrium considering H, H20 and HE

concentrations for fuel-rich conditions and H, H20 and O2 concentrations for fuel-lean

conditions. The experimental uncertainties of OH and O concentrations were comparable to

those of H concentrations. The laminar premixed flame used to calibrate the H concentration

measurements operated using the fuel port of the present burner, see Xu and Faeth 6 for a

summary of the properties of this flame.

Test Conditions

The present results involve measurements from nine test flames: three acetylene-

nitrogen-fueled flames drawn from the earlier work of Xu and Faeth, 7 an ethylene-fueled flame, a

propylene-nitrogen-fueled flame, a propane-fueled flame and three acetylene-benzene-nitrogen-

fueled flames, with the last six flames measured during the present investigation. The test

conditions for all nine flames are summarized in Table 1. Nitrogen dilution of the fuel stream

was found to be a convenient way to reduce soot concentrations in the flames, because rates of

soot formation tend to be roughly proportional to the concentration of fuel at the burner exit,

with little other effect on flame properties; therefore, it was used for the acetylene-, propylene-

and acetylene-benzene-fueled flames in order to keep maximum soot volume fractions smaller

than 2 ppm so that measurement problems due to large soot concentrations could be avoided.

9
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Luminous flame lengths were 80-103mm whereasstoichiometric flame lengths (the vertical

heightswherethe local fuel-equivalenceratios at the axis were unity) were 74-130 ram. The

stoichiometricflame temperaturesin Table 1werefound from adiabaticcombustioncalculations

usingthealgorithmof McBride et alY Finally, acetonecontaminationof acetylenepointedout

by Haminset al.46andColketet al. 47'4s are not thought to be a problem for present measurements,

based on evaluation of this effect by Xu and Faeth 7 using Flames 1-3 summarized in Table 1.

Results and Discussion

Soot Structure

Soot particles observed during the present investigation were similar to those seen during

earlier studies of soot processes in laminar premixed and diffusion flames, see Refs. 1-8 and

references cited therein. Typical TEM (top with a length scale of 100 rim) and HRTEM (bottom,

with a length scale of 20 rim) photographs of soot particles along the axis of the ethylene/air

flame (Flame 4) are illustrated in Fig. 1. Images of soot particles for the other flames studied

were qualitatively the same. Images of soot particles are provided for conditions near the onset

of soot formation where primary soot particle diameters reach a maximum (left photographs),

near the end of soot formation where soot concentrations reach a maximum (center photographs)

and near stoichiometric conditions where soot oxidation is roughly 90% complete (on a mass

basis) for this flame (right photographs). The TEM images indicate that soot particles consist of

roughly spherical primary soot particles with the mean number of primary soot particles per

aggregate progressively increasing with increasing elapsed time (or streamwise distance) in the

flame. A non-intuitive feature of the results illustrated in Fig. 1 is that after an initial rapid

increase of primary soot particle diameters, just after the onset of soot formation along the axis

of the flames, mean primary soot particle diameters subsequently decrease with increasing

distance from the burner exit in spite of effects of soot surface growth throughout the remainder

of the soot formation region. This behavior has been observed for all the ]aminarjet diffusion

10
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flames studiedin this laboratory,13'vand will bediscussedmore fully when flame structureis

discussed.

The HRTEM imagesin Fig. 1 alsoare similar to sootaggregatesobservedduring past

studies of soot formation in flames, seeLahay and Prado,49Garoet al.,5°Hessand Herd,51

Ishiguro et al.52and referencescited thereinfor other examples. In general,the primary soot

particlesnearthemaximumprimarysootparticlesizeposition(left HRTEM photograph)andthe

maximumsootconcentrationposition(centerHRTEM photograph)exhibit anouter shellhaving

a sheet-likestructureparallel to thesurfaceof the primary sootparticle,and an innercore that

appearsto result from coalescenceof several smaller primary soot particles near the soot

nucleationcondition. The irregularstructureof the innercore is moreevidentaftertheshell-like

surfacelayer hasbeenlargelyoxidizedaway(right HRTEM photograph).Otherevidenceof the

different characterof the centerandsurfacelayersof primary sootparticles is providedby the

differentdensitiesandoxidationpropertiesof thecentersof primary sootparticlescomparedto

their near-surfaceconditions,seeNeohet al.25

Flame Structure

Measurements of gas (soot) temperatures, streamwise gas velocities, soot volume

fractions, primary soot particle diameters, concentrations of major gas species and

concentrations of radical species (H, OH and O) are plotted as a function of height above the

burner exit for an acetylene-nitrogen/air flame (Flame 2), the ethylene/air flame (Flame 4) and an

acetylene-benzene-nitrogen/air flame (Flame 9) in Figs. 2-4. Note that the structure of the

acetylene-nitrogen/air flame (Flame 2) illustrated in Fig. 2 is typical of the other acetylene-

nitrogen/air flames (Flames 1 and 3), that the structure of the ethylene/air flame (Flame 4)

illustrated in Fig. 3 is typical of the propylene-nitrogen/air and propane/air flames (Flames 5 and

6), and that the structure of the acetylene-benzene-nitrogen/air flame (Flame 9) illustrated in Fig.

11
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4 is typical of the other acetylene-benzene-nitrogen/air flames (Flames 7 and 8). Elapsed times

in the flames, found by integrating the streamwise velocity measurements along the axes of the

flames, are indicated at the top of plots. These elapsed times are relative to the first streamwise

measuring station where detectable soot volume fractions were observed (z=10 mm). The

stoichiometric (_=1), or flame sheet condition, is marked for the ethylene/air flame (Flame 4)

illustrated in Fig. 3 (at z=82 mm), however, the flame sheet lies beyond the region illustrated for

the acetylene-nitrogen/air flame (Flame 2) illustrated in Fig. 2 (at z=106 mm) and for the

acetylene-benzene-nitrogen/air flame (Flame 9) illustrated in Fig. 4 (at z=110 mm). Thus, all

properties shown for the acetylene-nitrogen/air and acetylene-benzene-nitrogen/air flames are for

fuel-rich conditions. The ends of the luminous flame regions in Figs. 2-4 are at z=80, 100 and 90

mm although soot concentrations near these boundaries were too small to be accurately

measured and reported using the-present laser extinction technique. Finally, it is convenient to

divide the present flames into two regions separated by the location of the maximum soot

concentration condition, as follows: the region 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 the region

downstream of this condition 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 in Figs. 2-4 reach a broad maximum in the soot formation region

somewhat before the flame sheet is reached. The temperature range in the soot formation

regions of the present flames is relatively narrow, roughly 1600-1850 K. Kent and Wagner _3'54

and Boedeker and Dobbs 55.56have pointed out that maximum temperatures in soot-containing

diffusion flames are significantly reduced from adiabatic flame temperatures due to continuum

radiation heat losses from soot. The present flames, as well as earlier diffusion flames studied in

12
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this laboratory, _3'7 exhibit maximum temperatures smaller than adiabatic flame temperatures (see

Table 1), for similar reasons.

Gas velocities in Figs. 2-4 increase with increasing distance from the burner exit due to

effects of buoyancy, e.g., burner exit velocities are 0.003-0.03 m/s whereas maximum measured

velocities are in excess of 2 m/s. This causes corresponding distortion of the elapsed time scale

at the top of the figures.

Primary soot particle diameters reach maximum values relatively early in the soot

formation region in Figs. 2-4, as already noted in connection with Fig. 1. This behavior is

caused by accelerating soot primary particle nucleation rates with increasing streamwise

distance, which is caused by progressively increasing H concentrations with increasing

streamwise distance as discussed by Xu and Faeth. 7 This behavior causes the relatively few

primary soot particles formed near soot inception conditions, that become large due to long

periods of soot surface growth in a region where acetylene concentrations are large, to be

superseded by the much larger number 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

growth rates are reduced due to smaller acetylene concentrations. This trend is aided by the fact

that soot growth remains relatively rapid near soot inception conditions, as noted by Tesner, 5_'58

which allows the few primary particles present at this location to grow relatively large.

Significant levels of soot formation (evidenced by the appearance of finite levels of soot

volume fractions), are generally associated with conditions where detectable levels of H were

first observed, e.g., where H concentrations exceed 10 ppm in Figs. 2-4. For all the fuels, this

condition also involved relatively large acetylene concentrations, e.g., values of 4-10% by

volume for the conditions illustrated in Figs. 2-4. Soot formation again became small when

maximum soot concentrations were reached, which occurred in the presence of relatively large

13
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1%by volume. An interesting feature of the maximum soot concentration condition where soot

formation becomes small when benzene is a portion of the fuel, e.g., in Fig. 4, is that this event is

definitely correlated with conditions where acetylene becomes small whereas the concentrations

of benzene remain relatively constant in this region (see the region near the maximum soot

concentration conditions in Fig. 4).

The concentrations of major stable gas species in Figs. 2-4 are similar to observations in

other laminar diffusion flames that have been studied, for example, see Sunderland and

coworkers. _'3 When acetylene is the fuel, e.g., in Fig. 2, its concentration progressively decreases

with increasing distance from the burner exit. For fuels other than acetylene, e.g., Figs. 3 and 4,

however; the-oiiginal fuel generally disappears-relatively soon within the soot formation region

to yield hydrogen and hydrocarbon species that are relatively robust in high-temperature flame

environments, particularly relatively stable acetylene. Acetylene is especially important as a fuel

decomposition product because it is thought to be the major building block of both PAH, that

leads to soot nucleation, as well as soot surface growthY '172° Benzene as a fuel is an apparent

exception to this behavior, see Fig. 4, but even benzene largely disappears near the burner exit,

leaving a relatively small but nearly constant benzene concentration in the soot-containing region

with benzene only finally disappearing near the flame sheet. In fact, concentration distributions

of acetylene within flames fueled with hydrocarbons other than acetylene are qualitatively

similar to concentration distributions of acetylene within flames fueled with acetylene. The final

combustion products, CO2 and HzO, increase with increasing streamwise distance throughout the

soot formation region, reaching broad maxima near the flame sheet (_=1). Intermediate

combustion products associated with water-gas equilibrium, CO and H2, are present in relatively

large concentrations throughout the soot formation region, reaching broad maxima somewhat

14
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upstream of the flame sheet. Finally, nitrogen concentrations remain relatively uniform for the

flame regions illustrated in Figs. 2-4.

Concentrations of Oz either progressively increase with increasing distance from the

burner exit (Figs. 2 and 3) or progressively increase as the flame sheet is approached after

reaching a broad minimum near the burner exit (Fig. 4). The former behavior follows because

Oz concentrations at the flame sheet are relatively large. The latter behavior is probably caused

by some leakage of coflowing 02 into the fuel-rich region of the flames through the gap between

the burner exit and the point where the flames are attached, similar to behavior observed by

Mitchell et al. 3_ for a methane/air laminar coflowing jet diffusion flame. Thus, O2 is invariably

present at concentrations on the order of 0.1% (by volume) throughout most of the soot

formation region of the present flames. In addition, concentrations of fuel-like species,

particularly H2 and CO, penetrate well into the fuel-lean region. Thus, the present flames

generally do not satisfy approximations made during simplified classical analysis of laminar

diffusion flames in that there is considerable overlap of fuel- and oxidant-like species in the

region of the flame sheet.

Concentrations of OH and O increase monotonically as the flame sheet is approached,

whereas concentrations of H reach a broad maximum within the soot formation region before

decreasing somewhat as the flame sheet is approached. Similar to recent numerical predictions

of the structure of soot-containing laminar coflowing jet diffusion flames at atmospheric pressure

involving methane/air and ethylene/air as reactants due to McEnally et al. 4° and Smooke et al., 4_

near-equilibrium radical concentrations (based on present measurements of stable species

concentrations and temperatures and the thermochemical data of Chase et al. '_) were observed

near the onset of soot formation but OH concentrations eventually reach values 10-20 times

larger than equilibrium concentrations near the flame sheet. In addition, concentrations of H

exhibit superequilibrium properties at fuel-rich conditions similar to the superequilibrium

15



212

properties of OH. Concentrations of O, however, become 100-1000 times larger than

equilibrium concentrations as the flame sheet is approached; nevertheless, concentrations of O

generally are 100-1000 times smaller than H and OH concentrations throughout most of the soot

formation region. Finally, species that past measurements in diffusion flames have shown to be

responsible for soot surface growth (C2H 2 and H), 7 and for soot surface oxidation (O2 and OH), 8

are seen to all be present within the soot formation region; therefore, soot surface growth and

oxidation proceed at the same time in the soot formation regions of the present diffusion flames.

Notably, this behavior is also typical of past observations of soot surface growth in diffusion

flames in this laboratory. 13"7

Soot Surface Growth Rates

Past and present measurements- were used to find soot- surface growth rates for laminar

premixed and diffusion flames. Major assumptions were identical to earlier work, 17 as follows:

soot mass production is dominated by soot surface growth rather than primary soot particle

nucleation, effects of diffusion (Brownian motion) and thermophoresis on soot motion are small

so that soot particles convect along the axes of the flames at the local gas velocity, the density of

soot is constant (taken to be 1850 kg/m 3 from Ref. 1), and the surface area available for soot

growth is equivalent to constant diameter spherical primary soot particles that meet at a point.

The justification of these assumptions and the detailed methods of finding soot surface growth

rates from the present measurements are described in Refs. 1 and 7 and will not be repeated here.

The experimental uncertainties (95% confidence) of soot surface growth rates are estimated to be

less than 30%.

In order to interpret the present soot surface growth rates, gross soot surface growth rates

were corrected for effects of soot surface oxidation because soot surface growth and oxidation

proceed at the same time as just noted. A recent study of soot surface oxidation in laminar jet

16
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diffusion flames burning in coflowing air at atmospheric pressure, 8 which included all the flames

considered during the present investigation, indicated that soot surface oxidation in these flames

proceeded via the OH soot surface oxidation mechanism of Neoh and coworkers, 23'24with nearly

the same collision efficiency, after allowing for the relatively small contribution of direct soot

oxidation based on the O2 soot surface oxidation mechanism of Nagle and Strickland-

Constable. 2_For example, the OH collision efficiency of Neoh and coworkers, 23'2'*is 0.13 with an

uncertainty (95% confidence) of _.+0.03 based on measurements within premixed flames,

whereas the OH collision efficiency of Xu et al. 8 is 0.14 and with an uncertainty (95%

confidence) of _+ 0.04 based on measurements within diffusion flames. Thus, all the

measurements of soot surface growth considered in the following, including earlier

measurements in laminar premixed 4'5 and diffusion flames, 7 were corrected for effects of soot

surface oxidation using the OH and 02 approach based on the measurements of Xu et al. 8 It was

found that effects of soot surface oxidation estimated in this way generally were small, except

when soot surface growth rates became small toward the end of the soot formation region. In

order 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, similar to past work, e.g., Refs. 1-5 and 7.

In order to baseline the present estimates of soot surface growth rates with earlier studies

of soot surface growth rates in laminar premixed and diffusion flames, _5'7 soot surface growth

rates were also corrected for effects of soot surface oxidation using the same method as these

earlier studies. During these earlier studies, rates of soot surface oxidation were estimated using

approximate earlier methods based on the assumption that soot oxidation occurred by reaction

with stable oxygen-containing species because concentrations of radical species were unknown.

The simplified soot oxidation mechanism used for these estimates was as follows: z5'7 soot
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surfaceoxidation by O and OH was ignored; soot surfaceoxidation by Ozwas basedon the

resultsof Nagle and Strickland-Constable;zl and soot surface oxidation by H:O and COz was

estimated following Libby and Blake 59'_ and Johnstone et al., 6_ which gave results similar to

Bradley et al. 6z Similar to the present approach considering soot surface oxidation by OH and

O5, these estimates of net soot surface growth rates were limited to conditions where estimated

soot surface oxidation rates never exceeded half the gross soot surface growth rates, which also

was similar to past work in this laboratory, v5'7 As a result of this conservative approach, soot

surface growth rates corrected for soot oxidation were found using the present 02 and OH

approach were essentially the same as those found using the earlier O z, H20 and CO: approach.

Soot surface growth rates were interpreted using the HACA mechanisms of Colket and

Hall 1_an_d Frenklach and coworkers 18-_°in order to maintain con_si§tency with past evaluations of

these mechanisms based on measurements of soot surface growth rates in premixed ethylene/air

and methane/oxygen flames, 4'5 and in acetylene-nitrogen/air diffusion flames. 7 In all cases, net

soot surface growth rates corrected for soot surface oxidation were expressed, as follows:

Wg -- (xiR i (I)

where i = CH or FW denotes reaction parameters for the HACA soot surface growth rate

mechanisms of Colket and Hall 17 and Frenklach and coworkers _8z° that were found from the

measurements. The details of these mechanisms, the formulas for the Ri and the reaction rate

parameters used when computing values of the R_, can be found in Xu et al. 4 The parameters, [_i,

are empirical steric factors on the order of unity, with C_cn specified to be a constant _7and o_r,v

specified to be a function of temperatureJ s-z°

As a first approximation for all the premixed and diffusion flames considered during this

study, the Ri are proportional to the product [H][CzH2]. Thus, values of Wg/[CzHz] measured for
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the premixed ethylene/air flames by Xu et al., 4 the premixed methane/oxygen flames by Xu et

al.: the acetylene-nitrogen/air diffusion flames by Xu and Faeth, 7 and the present diffusion

flames (after correcting all measurements for soot surface oxidation using the OH and 02

approach based on the measurements of Xu et al.8), are plotted as a function of [H] in Fig. 5, in

order to provide a direct test of the main features of the HACA soot surface growth mechanism

without the intrusion of uncertainties due to the numerous empirical parameters in the original

detailed mechanisms. The results for premixed and diffusion flames in the figure are

distinguished by denoting them by open and closed symbols, respectively. An empirical

correlation of the measurements is also illustrated on the figure, obtained as an average for all the

flames. There is a tendency for wg/[C2H2] to be slightly larger for diffusion flames than for

premixed flames, at a given value of [H], when plotted in this manner. This is largely due to the

approximation of the entire HACA mechanisms bythe leading-term product, [C2H2][H], because

differences between overall environments of the soot formation regions of premixed and

diffusion flames affect the higher-order reaction terms of the HACA mechanisms (e.g., the near-

equilibrium and superequilibrium radical concentrations of premixed and diffusion flames,

respectively). It will be seen subsequently that no distinction between premixed and diffusion

flames is observed when the full HACA mechanisms are considered. Nevertheless, the

correlation of the results according to the crude [C2H2][H] approximation of the more complete

HACA mechanisms is surprisingly good and soot surface growth rate properties in premixed and

diffusion flames are reasonably consistent with each other in spite of the fundamental differences

between the soot formation environments that can be seen by comparing the measured structures

of the premixed flames, .6 with those of the diffusion flames seen in Ref. 7 and Figs. 2-4.

Finally, the strong effect of [H] on wg, evident from the results illustrated in Fig. 5, combined

with the near-equilibrium and strongly super-equilibrium behavior of H concentrations in

premixed and diffusion flames, respectively, are responsible for the rather poor correlations, and

enhanced apparent soot surface growth rates of diffusion flames compared to premixed flames,
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when attempts are made to correlate soot surface growth rates

concentrationsandtemperatures,alone,seeSunderlandet al.1

in terms of acetylene

A more direct evaluation of the HACA mechanismsof soot surfacegrowth rates is

obtainedby plotting wgdirectly asa function of RcHfor theColket andHall_7mechanismandas

a function of _R_ (after correlatingc_ asa function of temperature)for the mechanismof

Frenklachand coworkers_s-2°.Results of this type for the Colket and Hall _7mechanismare

illustrated in Fig. 6. In this figure, availablemeasurementsfor both premixed and diffusion

flames (after correcting all measurementsfor soot surfaceoxidation using the OH and 02

approachbasedon the measurementsof Xu et al.8) are illustrated, along with the best-fit

correlationfor all theflames. The correspondingstericfactor andits experimentaluncertainties

(95%confidence)is 1.0with anuncertaintyof ___0.2. First of all, it is encouragingthatthesteric

factoris onorderof magnitudeunity, asexpected._7Next,it is evident thatuseof the Colketand

HalllT-meehanismimproves the correlation-ofsoot surfacegrowth rates in Fig. 6, comparedto

theapproximatecorrelationbasedononly the leadingtermsof theHACA mechanismillustrated

in Fig. 5. In addition, the correlation of the soot surface growth rate results for premixed and

diffusion flames using the Colket and Hall _7mechanism is essentially the same, i.e., there is no

statistical significance for the differences between the steric factors found for the data from the

premixed and diffusion flames. Finally, considering results for the diffusion flames alone, there

clearly is no difference between estimates of wg based on the HACA mechanism of Colket and

Hall _7as the hydrocarbon fuel type is varied among the alkyne, alkene, alkane and aromatic fuels

considered during the present investigation, i.e., there is no statistical significance to the

differences between the values of the steric factors found for the various hydrocarbon fuels in

diffusion flames that were considered during the present and past studies illustrated in Fig. 6.

The correlation of _Xvwfor soot surface growth for the complete data base of laminar

premixed and diffusion flames (corrected for soot surface oxidation similar to the results
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illustrated in Figs. 5 and 6) was essentially the same as the results presented in the diffusion

flame study of Xu and Faeth, 7 which considered all the premixed flames but was limited to the

acetylene/air diffusion flames; a complete plot of these results can be found in E1-Leathy. 9 The

correlation of all the soot surface growth rate data considered here, assuming that O_zw(T) could

be represented by an Arhennius function similar to Ref. 7, yielded:

_zw(T) = 0.0017exp(12100/T) (2)

with T(K). The subsequent plot of wg as a function of O_vR_ was qualitatively similar to the

plot illustrated in Xu and Faeth. 7 These results indicated that correlations of measurements in

laminar premixed and diffusion flames were essentially the same, that effects of fuel type for

laminar premixed and diffusion flames were small, that values of O_v were on the order of unity

_s expected, and that the negative activation energy implied by the argument of the exponential

factor of Eq. (2) corresponds to behavior anticipated by Frenklach and coworkers _82° for their

soot surface growth mechanism.

Similar to earlier findings for soot surface growth rates, 4'_a the HACA soot surface

growth rate mechanisms of Colket and Hall _7 and Frenklach and coworkers _82° continue to be

encouraging and they may eventually provide the basis for reliable methods to estimate soot

surface growth rates in flame environments fueled with hydrocarbons. Uncertainties remain,

however, about effects of pressure, about effects of temperature outside the limited range

considered here, and about effects of PAH as fuels, on soot surface growth rates in premixed and

diffusion flames.

Conclusions

Flame structure and soot surface growth rates were studied for coflowing laminar jet

diffusion flames. Test conditions involved acetylene-, ethylene-, propylene-, propane-, and
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benzene-fueleddiffusion flamesburning in coflowing dry air at atmosphericpressurewith the

reactantsat normal temperatureand pressureas summarizedin Table 1 (after supplementing

present measurementswith thoseof Xu and Faeth_for acetylene-fueleddiffusion flames).

Information aboutsootsurfacegrowthratesin thesediffusion flameswasalsosupplementedby

earliermeasurementsin laminarpremixedethylene/airandmethane/oxygenflamesclueto Xu et

al.4'5 that were also observed at atmospheric pressure with the reactants at normal temperature.

The major conclusions of the study are as follows:

1. In all flames that have been considered thus far (except naturally for acetylene-fueled flames),

the original fuel largely decomposes relatively early in the soot formation process, yielding

species that generally are associated with soot surface growth and oxidation, e.g., C2H2, H and

OH, among others. The yields of these species are affected by_the flame_type (premixed or

diffusion flame), the fuel and oxidizing species and the flame operating conditions, however,

s__suhseq_ue_nt_rea__tion_ofthes_e_mateafals__during_processes_of soot surface growth is largely

dependent on local flame conditions and is not materially affected by the fuel or oxidant type or

whether these processes are occurring in premixed or diffusion flame environments.

2. Soot surface growth rates in laminar premixed and diffusion flames, for various fuel and

oxidant types, agree within experimental uncertainties at comparable local conditions and could

be correlated reasonably well using the HACA soot surface growth mechanisms of Colket and

Hall 17 and Frenklach and coworkers 18-2°with the steric factors of both these mechanisms having

values on the order of unity, as anticipated.

3. Measurements in all the diffusion flames indicate that H, OH and O approach equilibrium

near the start of the soot formation region but generally exhibit superequilibrium concentrations

throughout the soot-containing region (with H and OH reaching superequilibrium ratios of 10-20
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and O reaching superequilibrium ratios of 100-1000, although actual concentrations of O

generally are much smaller than the concentrations of H and OH).

4. Measurements in the diffusion flames showed that significant degrees of soot formation

begins near the jet exit once H first appears in a prevailing condition where acetylene

concentrations are relatively large and that soot formation ends near the flame sheet where

acetylene disappears in a prevailing condition where H concentrations are relatively large. This

behavior is consistent with soot surface growth being dominated by the HACA mechanisms as

noted in connection with Conclusion No. 2. Finally, benzene was only observed for the benzene-

fueled flames where benzene concentrations were both constant and relatively small and (less

than 1% by volume) throughout the soot-containing region and were not particularly correlated

with either the onset or the end of soot formation.
.......................

5. The present investigation exploited recent measurements of soot surface oxidation rates in

laminar diffusion flames (including all the flames considered here) due to Xu et al. s in order to

correct gross measurements of soot surface growth rates for simultaneous effects of soot surface

oxidation. This involved estimating soot surface oxidation rates by 02 based on the results of

Nagle and Strickland-Constable 21 and by OH as proposed by Neoh and coworkers 23-25but using

nearly the same OH collision efficiency of Xu et al. s Corrected soot surface growth rates were

only considered, however, in cases where estimated soot surface oxidation rates were less than

half the gross soot surface growth rates for all flame conditions considered here, which is the

same approach used during earlier studies where other mechanisms of soot surface oxidation

were considered. 4'5'7 Due to this relatively conservative approach for correcting soot surface

growth rates for effects of soot surface oxidation, however, present estimates of net soot surface

growth rates were essentially unchanged from earlier results where soot surface oxidation was

estimated using an approximate method based on the concentrations of stable species (O2, H20
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and CO2) because radical concentrations needed for the OH/O 2 soot surface oxidation

mechanism were not known, e.g., Refs. 4, 5 and 7.

It should be recalled that measurements used for soot surface growth rate results reported

here, e.g., Refs. 4, 5 and 7 and the present investigation, are limited to hydrocarbon-fueled

flames at atmospheric pressure with the reactants initially at normal temperature. These

conditions yielded ranges of properties for conditions where the soot surface growth rates were

measured as follows: H atom concentrations of 3x108-2x10 -6 kgmol/m3; C:H 2 concentrations of

6x10-6-2x10 "3 kgmol/m3; temperatures of 1600-1850 K; and original fuels involving alkynes,

alkenes, alkanes and aromatics (C2H2, C2H4, C_I-Ir, C3Hs, and C6I-I6); use of present correlations of

soot surface growth rates for other flame conditions should be approached with caution.
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List of Figures

Fig. 1 TEM (top, with a length scale of 100 nm) and HRTEM (bottom) with a length scale of

20 nm) photographs of soot aggregates along the axis of the ethylene/air laminar jet

diffusion flame at atmospheric pressure (Flame 4). Figure la is at the maximum

primary particle diameter location (z ~ 35 mm), Fig. lb is at the maximum soot volume

fraction location (z ~ 55 ram), and Fig. lc is at nearly at the end of the soot-containing

region where soot oxidation is roughly 90% complete (z - 80 mm).

Fig. 2 Measured soot and flame properties of an acetylene-fueled laminar jet diffusion flame

burning in coflowing air at atmospheric pressure (Flame 2, fuel stream of 15.1%, C2H2

and 84.9% N2 by volume, from Xu and FaethT).

Fig. 3 Measured soot and flame properties of an ethylene-fueled laminar jet diffusion flame

burning in coflowing air at atmospheric pressure (Flame 4, fuel stream of 100% C2H 4

by volume).

Fig. 4 Measured soot and flame properties of an acetylene-benzene-fueled laminar jet

diffusion flame burning in coflowing air at atmospheric pressure (Flame 9, fuel stream

of 2.2% C6H6, 5.5% C2H: and 92.3% N2 by volume).

Fig. 5 Soot surface growth rates (corrected for soot surface oxidation) as a function of

acetylene and H concentrations for laminar flames at atmospheric pressure.

Measurements of premixed ethylene/air flames from Xu et al., 4 measurements of

premixed methane/oxygen flames from Xu et al., 5measurements of acetylene/air

diffusion flames from Xu and Faeth, 7 and measurements of ethylene/air, propylene/air,

propane/air, and acetylene-benzene/air diffusion flames from the present investigation.

Fig. 6 Soot surface growth rates (corrected for soot surface oxidation) in terms of the HACA

mechanism of Colket and Hall '7 for laminar flames at atmospheric pressure.

Measurements of premixed ethylene/air flames from Xu et al., 4 measurements of

premixed methane/oxygen flames from Xu et al.:measurements of acetylene/air

diffusion/lames from Xu and Faeth, 7 and measurements of ethylene/air, propylene/air,

propane/air, and acetylene-benzene/air diffusion flames from the present investigation.
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