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Abstract 

Soot volume fraction data on six fuels [C 7H8, C6H10 ; C8H18 , C6H12 , 

C7H16 and (CSH802)n] in free, radiating, boundary layer, diffusion flames are 

represented analytically. Approximate particle concentrations and size 

distributions, determined with previously reported optical techniques, are 

used. These sizes, r - 30 nm, indicate the particles are in the free molecu

lar flow regime, Kn - 10, so that the thermal boundary layer thickness around 

the particle approaches zero and the particle temperature is locked to the 

local gas temperature. Based on this coupling and the experimental -soot 

fv - 1 ppm, the optically thin approximation is valid for incorporating soot 

radiation in the gas boundary layer equations. The pertinent fields, i.e. 

tpmperature, velocity and species, are reported. Thermophoretic forces are 

included in particle trajectory calculations. The local soot mass flow rates 

within the boundary layer are derived and net soot mass generation rates are 

obtained for these well characterized laminar flames. An Arrenhius expression 

appears to suffice to describe the temperature dependence of the soot growth 

rate over a 400 0 K temperature range, 19S0 < T < 23S0K. Toluene has 

Ea = 108 kcal/mole while all the other fuels examined have Ea = 86 kcal/mole, 

very close to H3C - C6HS and C-C bond energies, respectively. Consistent with 

the goal of fire radiation prediction, calculated temperatures and velocities 

were used to obtain these empirical energies. Temperature and velocity 

measurements are in progress. Future work will include mixed flow boundary 

layer systems where control over the free stream oxygen mass fraction in a 

combustion tunnel configuration provides greater flame stability and a wider 

temperature range. 



Introduction 

The growth rate of full scale fires and hence their hazard is primarily 

controlled by the rate of heat transfer from the flames (1). This heat 

transfer is in turn dominated by flame radiation (2). It has been shown that 

CO 2 and H20 emission is negligible compared with soot emission (3) which is 

characterized by fv' the fraction of the flame volume occupied by solid car

bon particles (4). While much progress has been made in developing procedures 

for calculating flame radiation (5,6), it is not possible to predict fv in 

fires because the soot formation and destruction mechanisms have not been 

quantified (7). It is therefore necessary to measure ~ situ flame carbon 

particles. Probe sampling techniques significantly perturb the flames so that 

the sampled particles are not representative of the undisturbed flames unless 

carefully designed free molecular skimmers are used (8). Because of these 

difficulties, several optical techniques have evolved for ~ situ detection of 

carbon particles (9-16). While a concensus is yet to be obtained concerning 

optical properties (17-21), size distribution forms (22), particle shape (23), 

agglomeration rates (24) and even extinction or scattering coefficients 

(14,15,25), it is apparent that optical techniques have some advantages over 

intrusive sampling. 

In the following sections: the optical technique used is briefly 

described along with the fv data, the particle temperature is shown to be 

identical with the local gas temperature, the variable fields around the par-

ticles are given, particle trajectories are calculated including ther-

mophoretic effects, the soot mass flow and net generation rates are obtained, 
v • 

and a simple Arrhenius expression is shown to describe f over much of the v 
soot region near the flame sheet. 
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Soot, Temperature, Velocity and Species Fields 

Figure 1 shows a free boundary layer flame with the main zones of 

interest indicated. The data shown in Fig. 2 were obtained from a previously 

described multi-wavelength extinction technique (14-16) which assumes a Gauss 

size distribution with o/rm = 1/2, giving the well behaved two parameter form, 

N(r) = N (13.5 r3/r 4) exp(-3r/r ) (1) o max max 

which has been shown to agree well with other assumptions (14,22). 

Integration gives 

(2) 

The authors claim no great advantage for this technique over several good 

alternate methods (9-13). It has been suggested (19,20) that the old optical 

properties of Dalzell and Sarofim (18) are low by approximately 30% due to 

void fractions in their compressed soot samples. The new refractive indices 

of Lee and Tien (17), which are higher by - 30%, were used here in the full 

Mie extinction theory. Attempts to approximate the extinction coefficient 

usually overestimate fv (14,15). The criticism (21) that Lee and Tien's opti

cal properties do not hold in the ultraviolet is correct (26). However, this 

is an optional consequence of intentionally eliminating ~ electrons in their 

dispersion theory to significantly reduce the number of parameters. Their 

accuracy at longer wavelengths (15,17,26) is excellent since their optical 

properties are based on transmission and emission measurements for large C/H 

ratio ~ situ diffusion flame soot in the visible and infrared. 

The volume fraction profiles shown in Fig. 2 are a small portion of the 

available data (27,28). At each point, a size distribution in the form of Eq. 

(1) has been obtained from - 300 laser extinction measurements at ) 3 visible 

wavelengths. The largest source of error is the slight unsteady fluctuation 
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Table I Empi ri cal Fits to Soot Volume Fraction Data As Given by Equation (3) 

Fuel x(cm) aO a1 a2 a3 y i (mm) yo(mm) 

Toluene 2 - 1.51 1.95 1.23 -0.26 0.8 5.6 
(C 7H8) 4 -35.6 32.5 -7.35 0.51 2.0 5.6 

.~~ 

Cyclohexene 2 - 3.90 3.09 -0.43 0.006 2.1 4.7 
(C6H10 ) 4 - 1.60 0.80 0.17 -0.037 2.6 6.4 

' ... ..' 6 - 7.43 5.30 -0.90 0.044 2.4 7.6 
8 - 6.83 4.82 -0.75 0.031 2.3 7.6 

10 -10.5 7.60 -1.37 0.074 3.0 7.0 

Iso-Octane 2 - 3.23 2.35 -0.45 0.024 2.5 5.9 
(C8H18 ) 4 - 4.64 2.87 -0.42 0.013 2.8 6.4 

6 - 6.08 4.05 -0.69 0.033 2.7 7.0 
8 - 4.69 3.75 -0.72 0.040 2.2 7.7 

Cyclohexane 2 - 4.82 3.69 -0.82 0.056 2.7 4.7 
(C6H12 ) 4 - 2.40 -2.29 0.80 -0.084 2.5 5.3 

6 - 1.31 0.87 -0.07 -0.004 2.5 6.9 
8 - 2.79 1.64 -0.19 -0.002 2.9 6.9 

10 - 4.25 2.39 -0.32 0.010 3.7 7.3 

n-Heptane 2 - 9.14 7.64 -2.05 0.180 2.9 4.5 
(C 7HI6 ) 4 - 5.31 3.48 -0.68 0.042 3.6 6.0 

6 - 6.86 4.15 -0.75 0.042 3.4 6.6 
8 - 4.05 2.31 -0.34 0.014 3.4 6.9 

10 - 3.07 1. 75 -0.24 0.009 3.3 7.1 

Polymethyl- 4 - 0.79 1.00 -0.21 -0.0008 1.2 3.5 
methacryl ate 6 - 0.39 0.63 -0.10 -0.0062 0.8 4.1 

(C 5H802)n 8 - 0.08 0.52 -0.13 0.0058 0.5 4.9 
10 - 0.10 0.56 -0.16 0.0117 0.8 3.9 



J 

~: 

3 

of these free flames which give error bars on fv of the order of the scatter 

shown (± 15%). Data in mixed-flow obtained in a combustion tunnel are more 

stable and therefore more accurate, but the analytic problem of a radiating, 

combusting, mixed-flow boundary layer has not yet been solved. Since the net 

soot generation calculations require a knowledge of the velocity and tem-

perature fields, this report is restricted to free flows. All of the free 

fv data is summarized by the cubic fits in Table I which lists the coef

ficients and limits for the expression, 

3 
f = L a .yj , 
v . 0 J J= 

(3) 

The fits smooth the data for use in the generation calculations. They also 

provide convenient presentation of the detailed profiles at 2 cm downstream 

increments throughout the boundary layer for all six fuels. The fuels for 

which few increments are given were either too sooty or too unstable to moni-

tor in more detail. 

The size data give most probable radii, 20 nm ( rmax ( 40 nm. Throughout 

the soot region the gas mean free path, A, varies from 400 nm to 600 nm, so 

that the Knudsen numbers, A/2r, vary from 5 to 15, all » 1 and well within 

the free molecular regime. This has the important consequence of locking soot 

particle temperatures to the local gas temperatures. In free molecular flow, 

gas molecules have direct access to the surface and a thermal boundary layer 

around the particle cannot exist. This produces a limiting case of infinite 

Riot number, i.e. Os + 0 and h - kg/Os + ~ so that Bi = hr/ks +~. In addi

tion, the particles are so small that their thermal inertia + O. Thus the 

particles are strongly coupled energetically to the gas and local thermal 

equilibrium, i.e. Ts = Tg within « 1%, exists. Quantitative calculations 

(28) using free molecular transport expressions (29) indicate: h - 0 
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(105 W/m2°K) with a characteristic thermal relaxation time on the order of 

nanoseconds, and show that reasonable surface reactions cannot provide suf-

ficient energy to cause Ts to deviate more than 10 K from Tg• This is strictly 

a consequence of a large Knudsen number and would not hold for larger par-

ticles such as found in coal powder combustion (30). 

The fact that the soot temperature is the gas temperature permits inclu-

sion of soot radiation in the gas energy equation. The particle con

centrations, No in Eq. (1), are 0 (109 ~-3), giving fv of 0 (1 ppm) which 

results (28) in absorption coefficients, K, of 0 (1 m-1). These small scale 

systems are therefore optically thin, KO < 0.1 everywhere, and the radiation 

term in the energy equation is greatly simplified. The solution to the full 

set of boundary layer equations has been reported (28). Of interest here are 

the temperature, species and velocity fields in the soot region, as 

exemplified by Fig. 3 for n-heptane at x = 8 cm in air. To obtain these phy-

sical coordinate plots from the similarity variable solutions, it is necessary 

to evaluate a p~ product, which is assumed constant in the analysis, by com-

parison with flame shape photos and experimental fuel pyrolysis rates. Here 

p~ = 5 g2/sm4 emerged as adequate for all fuels tested. 

The species profiles in Fig. 3 indicate that products diffuse to the sur-

face, where Yfw = 0.82, Ynw = 0.13 and Ypw = 0.05 are typical while at the 

flame Yf = Yo = 0, Yp = 0.3 and Yn = 0.7. Soot exists throughout the range 0 

< Yf < 0.3 and 1700 0 K ( T ( 2300 o K. The temperature gradient is slightly 

larger on the fuel side of the soot region. The x-velocity peaks near the 

maximum in the soot volume fraction, well inside the flame as expected for low 

mass consumption number fuels (31). The y-velocity begins positively due to 

surface pyrolysis, crosses zero at the converging streamline near the inner 
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edge of the soot layer, peaks negatively at the flame due to the low gas den-

sity there and remains negative for y > Yft as required in free flow for mass 

conservation within the boundary layer. The v extremum is more than an order 

of magnitude less than the u extremum. The fact that v is negative in the 

soot layer dictates that the soot observed near the flame must have been 

generated there. So while detailed formation mechanisms are still unclear, 

they must be strongly operative at low fuel mass fractions with high tem

peratures. Particle initiation, presumably by 3-5 ring PAHs (32), occurs 

close to the flame. Some oxidation, partly by OH (33), and soot growth, pre-

sumably by C2H2 (34,35), may occur throughout the soot region. All the 

fv data were obtained in the pyrolysis region where fields similar to Fig. 3 

exist. Burnout of the soot primarily occurs in the post-pyrolysis region well 

downstream of the flowfield depicted in Figs. 1-3. 

Thermophoresis, Trajectories and Generation Rates 

The presence of strong transverse temperature gradients in the boundary 

layer gives rise to thermophoretic forces. Nondimensionalizing the force 

balance on the particle shows that the characteristic momentum relaxation time 

is of 0(10-8) sec, thus the force balance is quasi-steady. Equating the ther-

mophoretic force on a soot particle of radius r in a temperature gradient vT 

given by Eq. (15) of Talbot (36) with the viscous force from his Eq. (lIb) 

gives the particle velocity relative to the gas, 

k 
- 2 v C2 (~ + C1 Kn)[l + Kn(A + Be-CKn)]VT/T 

s 
v s - v g = ------------rk---------

(1 + 3 C3 Kn)(l + 2 ~ + 2 C1 Kn) 
s 

(4) 

The constants (36) are C1 = 1.09, C2 = 1.17, C3 =0.57, A = 0.60, B = 0.21, 

C = 0.44. Due to the large value of Kn ~ 10, the conductivity ratio has a 
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negligible effect on the velocity lag. The downstream temperature gradients 

are so small and u so large that Us = ug to within 10-2%. Conversely, the 

transverse temperature gradients are large and Vs - Vg is 0(-2 cm/sec) while 

- 10 cm/sec < Vg < 5 cm/sec with the thermophoretic effect clearly dominating 

near the converging streamline. 

Figure 4 traces the streamwise evolution of the particle trajectories, 

including the effects of thermophoresis, for an n-heptane flame in air. The 

solid horizontal line is the flame sheet, and experimental soot profiles have 

been superposed on the soot region at five x stations. The effects of par-

ticle motion on soot concentrations are illustrated. New soot exists nearest 

the flame. The soot profile peak is formed partly by convection, while the 

oldest particles accumulate toward the fuel surface. These observations are 

confirmed by particle size and concentration data (14-16,27,28). 

An integral formulation is useful to obtain the net local soot generation 

in these boundary layer flames. Such an approach may minimize the effect of 

the optical technique assumptions. Soot mass conservation can be written as 

,. L m "'. d~= l..- r p f d~ + ,. 
J cv i Sl atJ cv s v J cs 

(psfv)1. • dA (5 ) 

where Ps is the soot density, here taken as 1.8 gm/cm3 (37), and i indexes all 

generation and destruction processes. The system is steady, so the first term 

on the right goes to zero. Now adopt a two-dimensional control volume bounded 

by the pyrolysing fuel surface, by planes normal to that surface at Xo and xl' 

and by the flame sheet. There is no contribution to the control surface 

integral from the fuel or flame surfaces since fv = 0 there, so that the net 

soot generation is the difference in the flux through the Xl and Xo planes, 

i . e. , 
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Table II Activation Energies, Temperature Limits and Net Soot Generation Rates 

Fuel and Ea x(cm) Ymin(mm) Ti(OK) Tmin(OK) To(OK) Soot Mass Flow Net Soot Generation Rate 
(kcal/mole) Rate (mg/s) Per Meter of Downstream 

Distance (g/s.m) 

Toluene 2 3.8 1000 2000 2400 59.6 3.0 
(C 7H8) 4 1300 2300 83.9 1.2 
Ea = 108 

Cyclohexene 2 3.6 1600 2000 2300 6.7 0.34 
(C 6H10 ) 4 4.2 1650 2050 2400 17.8 0.55 
E = 86 6 4.5 1450 2000 2400 30.0 0.61 

a 8 1400 2400 38.8 0.44 

Iso-Octane 2 3.3 1700 1900 2350 2.9 0.15 
(C8H18 ) 4 3.8 1650 1900 2350 7.7 0.24 
E = 86 6 4.5 1500 1950 2350 13.3 0.28 

a 8 1300 2350 21.0 0.38 

Cyclohexane 2 3.5 1800 2000 2300 1.3 0.07 
(C6H12 ) 4 4.0 1600 2000 2300 5.0 0.19 
E = 86 6 4.4 1650 2000 2400 10.0 0.25 

a 8 4.7 1550 2000 2400 13.3 0.15 
10 1750 2350 15.4 0.11 

n-Heptane 2 3.5 1900 2000 2300 0.6 0.03 
(C 7H16 ) 4 4.0 1950 2000 2400 2.2 0.11 
E = 87 6 4.1 1800 1950 2400 4.6 0.12 

a 8 4.2 1750 1900 2400 7.5 0.15 
10 1650 2350 9.8 0.12 

Polymethyl- 4 2.4 1500 1750 2100 1.7 0.09 0'\ 

methacryl ate 6 1200 2150 3.2 0.08 
QJ 

(C 5H802)n 8 
2.5 

1200 
1750 

2150 5.1 0.09 
E = 85 a 
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f11 ft ~ m~~ dy dx = 1 H (x) Os f v(x,y) u(x,y) dy 1'1 
Xo a 1 a Xo 

(6) 

The size dependent thermophoretic force is-eliminated by the dot product and 

only the x-velocity enters this equation. 

Table II, column 7, gives the soot mass flow rate in the boundary layer 

from the integral on the right of Eq. (6) at each x, assuming uniform flow for 

one meter normal to the x-y plane. A zero soot mass flow rate is assumed at x 

= O. The last column gives the right side of Eq. (6) divided by the incre

ment, (xl - xO) = 2 cm, in g/s.m. Also listed in columns 4 and 6 of Table II 

are the calculated temperatures at the Yi and Yo listed in Table I. The lower 

temperatures are in regions where soot has been convected; soot generation 

probably does not occur below lSOOoK (38). 

It is hoped that the net generation rates can be calculated from global 

models for the individual terms on the left of Eq. (6). With this in mind, a 

simple Arrenhius function is postulated 

• II, • b a 
ms = Psfv = Ps A exp(-Ea/RT) Yf fv . (7) 

A range of a and b were considered and a = 0, b = 1 emerged as providing 

the best fit. The change in fv between the x stations along an average par-
• 

ticle trajectory gives fv as 

(8) 

where ~s is the distance along trajectories which lie near constant y lines 

so that only small variations are averaged in urn' Yfm and Tm. The good 

agreement between the data and the functional form of Eq. (7) is shown by the 

linearity and tightness of the data in Fig. 5 for iso-octane and n-heptane. 

The temperature range of this fit is given over each increment in columns 5 
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and 6, Tmax ~ To' of Table II. The physical range over which the Arrhenius 

form applies is listed in columns 2 and 3 with Ymax ~ Yo ~ Yft. The activa

tion energies obtained from least square analyses are given in column one of 

Table II. The activation energies collapse to two classes based on fuel 

structure. Cyclohexene, cyclohexane, iso-octane, n-heptane and poly-

methylmethacrylate all have Ea - 86 kcal/mole, while toluene with its methyl 

group has an Ea - 108 kcal/mole. These energies, although high (25), are 

suggestive of the carbon-carbon single bond energy, 84 kcal/mole and the 

methyl-phenyl bond energy, 100 kcal/mole. Further work is required for an 

elementary interpretation of these intriguing empirical results. 

Nearer the fuel surface, in the region containing older particles, the 
. 

data deviate from the Arrhenius form, i.e., fv is substantially larger than 

the fit at lower temperatures, suggesting different mechanisms may be opera

tive. Net generation rates predicted using these Ea agree well with the 

values obtained from the flux balances shown in column 8 of Table II. 

Conclusion 

In summary, soot volume fraction data on six fuels [C 7H8, C6H10 , C8H18 , 

C6H12 , C7H16 and (C 5H802)n J in free, radiating, boundary-layer diffusion fla

mes have been fit with analytic expressions. In addition to volume fraction 

data, approximate particle concentrations and size distributions were deter-

mined with optical techniques previously reported. These sizes, r - 30 nm, ; 

indicate the particles are in the free molecular flow regime, Kn - 10, so that 

the thermal boundary layer thickness around the particle Os + 0 and the par

ticle temperature is locked to the local gas temperature. Based on this 

coupling and the experimental soot fv - 1 ppm, the optically thin approxima

tion is valid for incorporating the local particle radiation in the governing 
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boundary layer equations for the gas. All pertinent fields, i.e. temperature, 

velocity and species, were calculated (28). 

Recently developed expressions for thermophoretic forces were used to 

find the particle trajectories. The local soot mass flux within the boundary 

layer was derived and the net soot mass generation rates were obtained for 

these well characterized diffusion flames. A simple Arrenhius expression 

appears to suffice to describe the temperature dependence of this mass genera

tion rate. The activation energies obtained are high: 86 kcal/mole, approxi

mately equal to the C-C bond strength, for iso-octane, cyclohexane, n-heptane 

and polymethylmethacrylate, and 108 kcal/mole, approximately equal to the 

H5C6-CH 3 bond strength, for toluene. This may suggest that breaking these 

bonds is a rate limiting step in soot generation. Consistent with the goal 

of fire radiation prediction, calculated temperatures and velocities were used 

to obtain these empirical fits. Encouraged by the success of this simple 

approximation, experimental temperatures and velocities are now being 

obtained. On the analytic side, the radiation model is being improved for use 

in mixed flow boundary layers. Excellent work at many universities and 

laboratories is now directed at the problem of soot formation. Perhaps the 

next step is to apply independently developed optical and sampling techniques 

to the same flame and compare results. The well characterized boundary layer 

diffusion flames described here and elsewhere (16,25,39) and the even simpler 

pre-mixed flame systems on flat flame burners (35,40) are prime candidate 

systems for a program of critical evaluation of experimental techniques. 
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Nomenclature 

f particulate carbon volume/flame volume v 
h heat transfer coefficient 

k thermal conductivity 

. '" volumetric mass generation rate m 

N parti cl e concentration 
0 

r parti cle radi us 

T temperature 

u x-direction velocity 

v y-direction velocity 

x streamwi se direction coordinate 

y transverse direction coordinate 

y mass fraction 

Greek 

K absorption coefficient 

A mean free path 

lJ vi scosity 

" kinematic vi scosity 

p density 

a standard deviation 

Subscripts 

f fuel 

fl flame 

g gas 

i inside 
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m mean 

max most probable 

n neutral 

0 oxygen or outsi de 

p product 

s soot 

w fuel surface 
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Figure Captions 

Fig. 1 Schematic diagram of a steady, two-dimensional, laminar, radiating 

combusting, boundary layer flame with soot on a vertical pyrolyzing 

fuel slab. 

Fig. 2 Experimental soot volume fraction profiles and cubic curve fits ·for 

several fuel s in ·ai r at a downstream locati on of x = 8 cm: 

PMMA (v), n-heptane .), iso-octane (0), cyclohexene (t.). 

Fig. 3 n-heptane/air free flow boundary layer profiles at x = 8 cm for T, 

temperature; u, x-velocity; v, y-velocity; fv' soot volume fraction; 

Yf , fuel mass fraction; Yo' oxygen mass fraction; Yp' product mass 

fraction and Yn, inert mass fraction. 

Fig. 4 Calculated ·trajectories of soot particles detected at x = 2 cm, 4 cm, 

6 em, and 8cm downstream locations for n-heptane in air. 

Experimental fv profiles are superposed with a 0-1 ppm scale at each 

location. Note the accumulation of older particles at the fuel side 

of the soot region, while the flame side is all fresh particles. 

This is consistent with measured sizes and concentrations. 

Fig. 5 The Arrhenius correlation of soot generation for iso-octane with 

Ea = 86 kcal/mole and n-heptane with Ea = 87 kcal/mole. 
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