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SOOT AND RADIATION IN FREE BOUNDARY LAYER FLAMES 

Clement I. Okoh 

ABSTRACT 

Soot volume fraction data on six fuels [C7HS' C6H10 , 

CSH1S ' C6H12 , C7H16 , (CSHS02)n] in free, radiating, 

boundary layer, diffusion flames are presented along with approximate 

part'icle concentrations and size distributions used, and a brief 

discussion of the optical method employed to obtain them. A mathematical 

model is also presented for these flames. The soot and gas temperatures 

are shown to be locked, allowing the soot radiation to be included in the 

gas energy equation. The conservation equations are nondimensionalised 

and solved. Nine dimensionless parameters are found to control the 

solution: B, r , D , NR'~ , Pr, Gr,e ,and e. The B number 
p c ex w 

dictates the pyrolysis rate, r dictates the excess pyrolyzate, D 
p c 

determines the flame temperature and influences convective heat transfer, 

Na and 3 determine the extent to which the variable fields are affected 

by radiation, and e ande represent radiative interractions wi th ex w 

surrounding radiators, in this case the ambient and the fuel surface. 

Pr-O.73 was used with e -1, criteria are established for including ex 

radiation in the analysis. The effects of buoyancy are studied, and found 

to be pronounced in forced flow systems. 

Average transport and radiative properties are specified for the 

sooting flames studied, and rules are established for obtaining these 

properties. c -1.40;tO.03 JIg K for all the fuels, and ~JL"7g2/m4s. 
p 
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The absorption coefficient, fl, , is presented for all the fuels. The values 

are consistent with the initial assumptions that the boundary layers 

examined are optically thin. 

Solutions are obtained for the temperature, species, and velocity 

fields and comparisons are made with corrected experimental thermocouple 

measureaents. Gas streaalines are calculated, and thermophoresis is 

included in particle trajectory de~erminations. Soot mass 

conservation and carbon conversion are studied in the boundary layers. 

Soot mass flow rates, m ", and net generation rates, f , are obtained. 
s v . 

The normalized soot generation rates, f If ,exhibit similarity near v v 

the flame. A simple Arrhenius correlation is introduced for calculating 
. 
f , and is found to sufficiently describe the temperature dependence of 

v 

the soot growth over the temperature range 1700K < T < 2200K. The energy 

parameter is of 0(50 kcal/mole) and the pre-exponential is of O(lGHz). 

The Arrhenius foras are integrated along trajectories to obtain predicted 

soot concentrations which agree well with experimento 

Approved by: 

.() ? 
!J~k? 1)-

Patrick Je Pagni, Chairman 



Acknowledgements 

I would like to express my deepest gratitude to all who have 

contributed to my life's endeavors. 

I thank my primary school teachers, for though I bear the torch, 

I run with their feet. 

I thank my middle school teachers for their guidance and counsel 

in my adolescence. 

iii 

I thank all my friends, with whom I have met and learned from life's 

challenges 

I thank my family for their support and encouragement. Horne is' the 

place to spring from, and to lay your soul when you fall. 

I would like to give special thanks to Professor Patrick John Pagni 

for his support and guidance through my work. A man of compa:sion and a 

true citizen of the world. 

I would like to thank my parents for their support, understanding 

and sacrifice, even when I may have tested them sorely. 

I would like to thank my wife, Raelene, for her love and 

understanding. These last few weeks have been especially trying, but 

she has always been there when I needed her. I consider myself blessed 

to be married to her and she shares fully in the successful completion of 

this work. 

This work is supported by the Center for Fire Reaserch in the 

U.S.D.D.C. National Bureau of Standards under Grant No. NB 80 NAGE6839-3 

which is administered by the U.S. Department of Energy through the Applied 

Science Division of the Lawrence Berkeley Laboratory under Contract No. 

DE-AC03-76SF000098. 

/ 



TABLE OF CONTENTS iv 

ACKNOWLEDGEMENTS • • iii 

TABLE OF CONTENTS. • ., . iv 

NOMENCLATURE • e • vii 

1. PROBLEM STATEMENT • • 1 

1.1 Introduction • • • • • 1 

1.2 Review. • • • 2 

1.3 Focus • • • • • 6 

1.4 Outline o • • • 6 

2. MATHEMATICAL FORMULATION • • 8 

2.1 Introduction • • • • • 8 

2.2 Problem Formulation and Dimensionless Solution Parameters 9 

2.2.1 Energy balance on a soot particle. 11 

2.2.2 Dimensionless solution parameters • · .. .13 

2.3 Effects of Buoyancy in Forced Flow •• 19 

2.4 Inclusion of Radiation • • • • • 21 

2.4.1 Role of radiation • • • 21 

2.4.2 Solution to the equation of transfer 23 

2.4.3 Criteria for including radiation 26 

2.5 Conclusions • 31 

3. TRANSPORT AND RADIATIVE PROPERTIES • 33 

3.1 Introduction • 33 

3.2 Average Gas Phase Properties. 34 

3.2.1 Heat capacity, c • 
p 34 

3.2.2 Density-viscosity product <f;L) 34 

3.3 Average radiative properties. 36 

3.4 Conclusions 38 



v 

4. MEASURED AND CALCULATED TEMPERATURES · . . . . . . . . . . . . . . 39 

4.1 Introduction • • • • • · . . . . · . . . . . . . . . . . . . . 39 

4.2 Calculated Temperature Profiles ••••••••••••••• 39 

4.3 Thermocouple Temperature Measurements • • • . . • • • • • • . 41 

--I 4.3.1 Soot accumulation • • . • • • • • • • • • • • • • . 41 

4.3.2 Radiation correction • • • • • • • • • • • • • • • • • 41 

4.3.3 Error analysis on th~rmocouple measurements • • • • • • 42 

4.4 Comparison of Thermocouple Results with Numerical Calculations 44 

4.5 Conclusions · . . . . . . . . . . . . . . . . . . . . . . . . 45 

5. FLOW FIELD PROFILES • • • • • • • • • • • • • • • • • • • • 47 

5.1 Introduction •• · . . . . . . . . . . . . . . . . . . . 47 

5.2 Species Profiles • . . . . . . . . . . . . . . . . . . . . . . 47 

5.3 Velocity Profiles •••••••••••••••••••••• 50 

5.3.1 Streamwise velocity, u •••••••••••••••• 50 

5.3.2 Transverse velocity, v •••••••••••••••• 50 

5.4 Thermophoresis and Particle Trajectories • • • • • • • • • • • 52 

5.4.1 Streamwise thermophoresis ••••••••••••••• 53 

5.4.2 Transverse thermophoresis. • • • • • • • • • • • • • • • 55 

5.5 Conclusions •••••••••••••••••• • • • • • • • 56 

6. SOOT FORMATION • · . . . . . . . . . . . . . . . . . . . . . . . . 58 

6.1 Introduction · . . . . • . . • · · · · · • · · · · · · · · · · 58 

6.2 Experimental Soot Data · · · · · · · · · · · · · · · · · 58 
r", 

6.2.1 Measurement technique · · · · · · · · · · · · · · · · · 58 
"~I 

N profiles 6.2.2 Soot data: f v' r max' · · · · · · · · 60 0 

6.3 Carbon Conversion in the Boundary Layer · · · · · · · · · 66 

6.4 Soot Production Rates in the Boundary Layer · · · · · · · • · 69 



6.5 Particulate Trajectories . 
6.6 Arrhenius Correlations for the Soot Formation Rate • 

Numerical temperatures . 
Experimental temperatures 

6.7 Similarity of Soot Production Rates 

6.8 Error Analysis on Soot Data • • 

6.9 Predictions of Soot Loading • 

6.10 Conclusions 

7. CONCLUSIONS AND FUTURE WORK • 

7.1 Summary • 

7.2 Future Work • 

APPENDIX: Model for Free Flow Boundary Layer Diffusion Flame 

with Radiation 

REFERENCES • 

TABLE CAPTIONS • 

FIGURE CAPTIONS 

• 

• '. 
• • • ... 
• 

• 

vi 

71 

77 

77 

79 
!' 

80 

82 

86 

86 

89 

89 

• 96 

97 

• 109 

• 121 

• 122 

, ... 



~., 

I~I 

NOMENCLATURE 

A 

B 

B w 

DeS 

c 
P 

D 

D 
c 

eb 

e.". 

E 

E n 

f 

f v 

f v 

g 

Gr 
x 

h 

AH c 

I 
0 

I 
s 

I 
S). 

J 

k 

Ita 
k s). 

Kn 

L 

pre-exponential factor 

mass transfer number, C Qp 'foGO - hc.u) / Lr 

radiosity at fuel surface 

radiosity at boundary layer edge 

mixture specific heat 

diffusion coefficient 

dimensionless heat of combustion, Qr IotJD/hUl 

black body emissive power 

spectral emissive power 

black body emissive power 

nth exponential integral 

similarity stream function in boundary layer 

particulate carbon volume/flame volume 

time rate of change of f v 

gravitational acceleration 

Grashof number, ~ (T .. - TeID) XJ /14. z. Teo 

enthalpy, Planck's constant, heat transfer coefficient 

heat of reaction per gm of fuel 

initial intensity 

radiative intensity at fuel surface 

spectral soot radiance 

normalized Shvab-Zeldovich variable, radiosity 

thermal conductivity, imaginary index of refraction 

Boltzmann constant 

spectral absorption coefficient 

Knudsen number 

beam path length, characteristic dimension 

vii 



L 
P 

m 

it 
e 

H 
p 

n 

nk 

N 
o 

Pr 

r 

r 
p 

Re 
x 

t 

T 

u 

v 

x 

effective latent heat of pyrolysis 

complex index of refraction, n(l - ik), exponent 

local mass flux 

molecular weight of species i 

excess pyrolyzate 

total mass flux 

volumetric mass generation rate 

real index of refraction, exponent 

imaginary index of refraction 

total particle concentration 

radiation parameter, r,,~/ rr ti 
momentum 

Prandtl number, via 
volumetric heat generation rate 

conduction flux 

radiation flux 

heat of reaction per gm of oxygen 

d i i 1 1 a . /~T...+ mens on ess radiation f ux, ~ v 

particle radius 

mass consumption number, lOGO Vf Mf / \wn 11. Mo 

Reynolds number, u.x/v. 
time 

temperature 

x-direction velocity 

y-direction velocity 

streamwise direction coordinate 

transverse direction coordinate 

mass fraction of species i 

viii 



ix 

Greek Symbols 

Shvab-Zeldovich fuel-oxygen variable 

Sbvab-Zeldovich oxygen-enthalpy variable 

boundary layer thickness 

emissivity 

transformed normal coordinate 

dimensionless temperature, TIT. 

absorption coefficient 

mean free path 

viscosity 

stoichiometric coefficient or kinematic viscosity 

transformed streamwise coordinate 

,buoyancy parameter 

density 

Stefan-Boltzmann constant 

optical thickness, K..Y; transmissi vi ty 

stream function 

pentagamma function 

hexagamma function 

Subscripts 

b bead 

bl boundary layer 

' .. c characteristic 

e excess 

ex external 

f fuel 

fl flame 

ft fuel in the transferred (pyrolyzed) material 



x 

g gas phase 

i species i, inside 

m mean 

max most probable 

o oxygen 

p pyrolysis, product, particle 

s soot 

v fuel surface 

wn value at the vall vithout radiation 

x x component 

y y component 

& boundary layer thickness 

00 ambient, rQferenCQ. 



." 

1 

1. PROBLEM STATEMENT 

1.1. 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 CO2 and H20 emissions are negligible compared with 

soot emission (3) which is characterized by f , the fraction of the v 

flame volume occupied by solid carbon particles (4,5). 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 has therefore been necessary to measure in situ flame carbon 

particles. Probe samp~ing 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 in 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 (9,14,15,25), it is 

apparent that optical techniques have some advantages over intrusive 

sampling. Regardless of the technique used, the measurement of fv in 

large scale fires and I.C. engines is difficult, if not impossible. 

Thus a calculation scheme must be devised for predicting f and 
v 

df /dt from first principles, and without f measurements. 
v v 



2 

1.2. Review 

The processes of soot formation, growth and oxidation in free and 

forced flow flames, both premixed and diffusion controlled, laminar and 

turbulent, have been the subject of several extensive studies. A 

comprehensive survey of the relevant literature is outside the main 

focus of this work, and the reader is referred to recent reviews on the 

subject (3,26-53) to supplement the presentation here. 

The importance of fuel structure to sooting was one of the 

earliest notes in the research on laminar diffusion flame sooting 

(42,54-57). Glassman and co-workers (58) have shown that fuel 

structure is important although the C/H ratio is not in itself 

significant (11,59). This ratio is still used, however, for 

correlating experimental results.' The sooting tendency increases along 

the series paraffins-(mono-diolefins)-benzenes-naphtalenes. Aromatic 

rings are very important in soot formation and have been found to 

greatly enhance sooting under predominantly pyrolytic conditions 

(60,61). Harris et ale (62) argue that although the concentration of 

monocyclic aromatics is important to soot nucleation, it is not the 

sole critical factor. The fuel and flow field configuration are also 

important. Frenklach et ale (63) add that formation of the first 

aromatic ring is the bottleneck in sooting. 

In diffusion flames, the parent fuel decomposes rapidly as it 

approaches the flame zone, and various hydrocarbon products are formed 

(64-73). The major pyrolysis products are C2H2, C2H4 , CH4 , 

C3H6, and C6H6• Polycyclic aromatic hydrocarbons, PAH, have 

also been found in low concentrations «10ppm) (63,65,66,69,70,72). 

There is evidence that PAH play an important role in the pre-particle 
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chemistry, and particle inception (75-83). Frenklach and coworkers (63) 

have shown in their shock tube studies of acetylene pyrolysis that PAR 

do playa very important part in soot mass growth. They point out that 

PAH formation reactions are essentially irreversible, and have a 

disrupting effect on the chains of reversible reactions in which H 

atoms reactivate aromatic molecules. As for the role of PAR in 

pre-particle chemistry, recent studies of PAH dimerisation by Miller, 

Smyth and Mallard (84) indicate that homogeneous PAR nucleation alone 

does not yield sufficient nucleation sites to account for soot 

formation, and that several other irreversible reactions must be 

necessary. 

Ionic mechanisms are as important as thermal pyrolysis in the soot 

formation process. Oxidation by OH plays an important role in the 

initial stages of sooting through depletion of pre-particles and 

nuclei. There is evidence (85,86) that soot formation in premixed 

flames can only occur after OH has dropped to its equilibrium value. 

Also (87,88), OH dominates soot oxidation in flame gases, with reaction 

probabilities P ~ 101.-30~, except under very lean or low temperature 

conditions when O2 oxidation becomes significant, and under fuel rich 

-3 conditions when oxidation by CO
2 

and H20 (P - 10 ) becomes 

significant. The onset of sooting generates a much higher number 

density than is found in aged soot. Subsequent soot growth progresses 

through simultaneous coagulation, surface growth, and oxidation. There 

is evidence that the main surface growth species is C2H2 , with 

polyacetylenes playing an important part (89-94). The hypothesis of a 

gaseous condensate in surface growth is supported by the experimental 

observation that higher pressures promote sooting (53,95,96). The high 



reactivity of the soot surface can accelerate C2H
2 

decomposition 

and subsequent dehydrogenation of the soot. 

During their lifetime soot particles, under the influences of 

diffusion, convection, and thermophoresis collide and coagulate. The 

importance of this effect is now well established (8,12,75-79,97-104). 

Coagulation results in larger, chained particles (7,105), decreasing 

the number density, but not significantly affecting f. The 
v 

morphology of the soot is therefore affected by mechanisms which 

control coagulation. It is found that additives which ionize readily 

will suppress soot formation by reducing the concentration of ionic 

precursors via charge exchange (106). Additives which catalyze oxidant 

formation will also suppress soot formation through the subsequent 

oxidation of the smallest nuclei and particles. Recent studies of soot 

formation in shock tube oxidation of several hydrocarbons (allene, 

acetylene, 1-3 butadiene, toluene, benzene, and chlorobenzene) led 

Frenklach et ale (107) to conclude that adding oxygen does not alter 

the route to soot formation, but only promotes or inhibits it through 

competitive reactions. 

Kinetic models have been developed, and correlations carried out 

in attempts to describe net soot formation rates (25,108-112). Tesner 

et ale allow for formation and destruction, but no coagulation in their 

parametric model, while Surovikin (103) allows for three stages, viz: 

1) formation of "radical nuclei", 2) the growth of the radical nuclei 

into "particle nuclei", 3) surface growth of the particle nuclei. The 

4 
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first stage has the highest activation energy, and the last, the 

least. Harris et a1. (89,90) press strong claims that C2H2 is the 

surface growth species, and have determined the growth rate to be a 

constant independent of the stoichiometry, and explicitly and 

implicitly independent of the particle diameter. Their surface growth 

correlation was first order in C2H2, with a rate constant in rich 

-4 -5 premixed ethylene/air flames of 10 - 10 g/s/cm2. Glassman and 

coworkers (25) have also correlated soot production and surface growth 

in propane and ethylene counterflow diffusion flames and their growth 

rates and rate constants agree substantially with those of Harris et 

5 

al., and Kent et ale (111). They carried out Arrhenius correlations on 

their growth data and obtained activation energies of 31 kcal/moland 

46 kcal/mole for propane and ethylene respectively, for the overall 

soot formation process. By concentrating solely on the high growth 

rate regions near the flame fronts, they arrived at activation energies 

of 16 kcal/mole for the surface growth activation energy, in comparison 

with results of 22 kcal/mole from species analysis by Bockhorn et ale 

(.13) , and 25 kcal/mole from reactions of C2H2 and C6H6 with 

carbon at 1200-1300K, by Tesner et ale (112). Earlier correlations of 

. reciprocal flowrate vs l/T by Glassman and Yaccarino (58), yielded 

energies between 80 kcal/mol and 118 kcal/mol for the overall sooting 

process. Research continues on the various regimes of soot formation 

to find appropriate kinetic models for the particulate formation 

process and its control. 



1.3. Focus 

The primary thrust of this work is to couple soot volume fraction 

measurements with calculated velocity, species and temperature fields. 

The goal is to develop a heuristic for calculating soot volume 

fractions, which could be added to well established predictive schemes 

(113) for other diffusion flame field variables. Simple empirical 

models are sought, which will use calculated variable fields to predict 

soot loading in boundary layer flames and ultimately in fires, 

consistent with the goal of fire radiation prediction. Earlier soot 

formation studies (Glassman et ale 58, Harris et ale 62, Kent et ale 

111, Beier et ale 114) have required measurements of f for carrying 
v 

out correlations. Such measurements are difficult in laminar flames 

and quite impractical in large scale fires; so that a scheme is needed 

for predicting f and df /dt from first principles. This work is 
v v 

devoted towards developing a numerical scheme for calculating the 

temperature and other flow field variable in a sooting flame, and using 

these to obtain soot concentrations and generation rates. 

1.4. Outline 

In the following chapters, the problem formulation, property 

assumptions, problem solutions, results, correlations, and discussions 

are presented in logical progression. 

The mathematical model for a radiating boundary layer flame is 

presented and solved. The dimensionless parameters of import are 

discussed and the transport and radiative properties needed for the 

solution are presented for the six fuels studied: toluene (C
7
H

a
), 

cyclohexene (C6HlO)' iso-octane (CaHla), cyclohexane 

6 



(C6H12), n-heptane (C7H16), and polymethyl-methacrylate 

(C
5

Ha0
2
)n or pmma. 

Back substitution is used to obtain dimensional variable profiles, 

and the fields around the soot particles are given. The particle 

temperature is compared with the local gas temperature, and the 

particle trajectories are calculated including the effects of 

thermophoresis. Comparisons are also made with corrected thermocouple 

temperature measurements. 

The soot volume fraction data is presented along with a brief 

discussion of the technique used to obtain it. The soot mass flow and 

net generation rates are obtained, carbon conversion in the boundary 

layer is discussed, and a simple Arrhenius expression is shown to 

describe f over most of the soot ~egion starting from the flame 
v 

sheet. The report closes with a discussion of results and comparison 

with other researchers, conclusions and a statement of future work. 

7 



2. MATHEMATICAL FORMULATION 

2e1 Introduction 

Classical studies of boundary layer diffusion flames have 

neglected radiation. As a first step toward a better understanding of 

radiation heat transfer in fires and to isolate the effects of 

radiation in flames from the complexities of turbulent fluid motion, an 

analysis is made of a laminar, combusting boundary layer. This report 

extends previous studies which neglect radiation in combusting boundary 

layers (Emmons, 115-120). The model includes an external radiant 

energy flux to facilitate future extension to a compartment fire, where 

hot ceiling and walls also transfer radiant energy to the fuel surface. 

Viskanta (121) and. Sparrow and Cess (122) are among the many 

authors who have discussed the interaction of convection and radiation 

in an inert boundary layer. Tamamini (123) included radiation in his 

model of vertical wall fires, but he emphasized the modeling of 

turbulence. Kinoshita and Pagni (124) obtained a similarity solution 

for an opposed flow diffusion flame with radiation.Sibulkin, 

Kulkarni, and Annamslai (125) included radiation in their model of a 

burning vertical surface in the approximation of local similarity. Liu 

and Shih (126) added radiation to an analysis of boundary layer 

combustion, but their assumption of a constant mass fraction of fuel at 

the surface is not accurate. Backovsky (127) assumed the flame 

radiative emission to be a fraction of the heat released by combustion, 

but this fraction has not been determined from fundamental principles. 

Recently, Tien and Lee (6), and de Ris (2) reviewed previous work on 

8 
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thermal radiation from flames. Related experimental work has been 

reported by Beier and Pagni (16,128) and Bard and Pagni (15). 

In a steady, laminar, combusting boundary layer, a pyrolysis zone 

separates a flame zone from the fuel surface, as shown in Fig. 2-1. A 

soot layer is on the fuel side of the flame zone. Through the 

transparent ambient gas the combusting layer exchanges radiation with a 

distant black wall, which is maintained at a specified temperature • 
. 

This .investigation, which treats forced and free flows separately, 

examines the effects of radiation on the local fields, and excess 

pyrolyzate escaping downstream at the top of the fuel slab. A 

numerical solution is obtained for a steady, laminar, radiating, 

combusting, boundary layer over a pyrolyzing fuel slab and the 

solutions for the local fields are used to calculate the soot mass 

fluxes and generation rates within the boundary layer. 

2.2. Problem Formulation and Dimensionless Solution Parameters 

The mathe~tical model used for the sooting boundary layer flame 

is that of Beier et al. (114,129). The model describes a laminar 

boundary layer in which chemical reactions occur simultaneously with 

heat, mass and momentum transfer and in the presence of thermal 

radiation. The equations used to model these coupled processes are the 

usual momentum, mass, species, and enthalpy conservation equations, 

with the added difficulty of a radiation flux term in the enthalpy 

equation. The radiation term destroys similarity, and complicates the 

solution because it is dominated by particulate radiation at the soot 

temperature. In order to include this radiative sink term in the gas 

energy equation, one must determine the relationship between the 

particulate and gas temperatures. This relationship is established in 



x 
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Fig. 2-1 
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the next section, and the resulting boundary layer model is discussed 

in detail in the appendix. 

2.2.1. Energy balance on a soot particle 

The average particle sizes, r ~ 30 nm, for the flames studied are 

an order of magnitude less than the gas mean free path,,," , so that the 

particle flow field is free molecular. 

11 

The convective heat transfer coefficient for a particle maintained 

at T in free molecular flow at T is 
s g 

[2.2.1-1] 

The measured temperature in the center (y - 4 mm) of the soot region in 

Fig. 4-1, for n-heptane, at x ... 4 em, is .... 1400 K •. For air at this T: 

1/4 nc .. 0.25 mol/cm2s, 

-4 k - 8.9 x 10 W/cm K. 
g 

c .. 26.1 J/mol K, A - 3 x 10-5 em and 
v 

Thus, h ~ 1/4 nc c - 6.5 W/cm~, which v 

is in good agreement with rarefied gas calculations (130). Using 

continuum properties gives an approximate h - k /l 
.. g 

which is high by a factor of 4. 

2 - 29 W/cm K, 

The particle Biot number, with k - 0.6 W/cm K, is hr/k - 3 x 
s s 

10- 5 so there are no thermal gradients in the particle. Therefore, a 

lumped system energy balance can be written as: 

[2.2.1-2] 

where i indexes all the radiation and reaction energy sinks (sources) 

on the particle surface. Nondimensionalizing with Eq. [2.2.1-11 gives 

the characteristic particle time as ~ - ec'\4hA. With f~ 1.8 g/cm3 , 
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-6 2-7 c ~ 0.7 J/gK, VIA :¥ r/3 -10 cm and h ;;; 6.5 'rI/cm K, ~~ 10 s 

-2 which is sufficiently less than the flow time,4.x/u - 10 s, so that 

the unsteady term in Eq. [2.2.1-2] can be neglected. 

Consider first a balance between convection and radiation, like a 

thermocouple correction with large h, 

[2.2.1-3] 

with E ..... 1 and Ts "" 1400 K. Radiation from CO2, H20 and other 

soot exerts a negligible warming influence because of small optical 

-3 -2 paths, €. ...., 3 x 10 and e - 10 • The fuel surface and g s 

ambience have temperatures too low to contribute to radiation. The 

fact that the soot is slightly cooler than the gas is consistent with 

the experimental temperature profile in Fig. 4-1 which implies an 

energy flow from gas to soot and then out of the system via radiation. 

The magnitude of T - T is also consistent with literature values s g 

(131). 

The data in Table 6-6 assist in estimating the effect of 
. 

exothermic condensation on T. An f maximum of 55 ppmls implies a v 

mill "Ii 10-4 g/cm3a. If the absorbed species is assumed to have a 

molecular weight of 25 glmol and an absorption enthalpy of -25 

-4 2 2 
kcallmol, -q b - 10 kcallcm s or 0.4 'rI/cm. This will as. 

only warm the particle by T - T - - q b Ih -0.06 K. Similar s g a a 

results are obtained if the growth species is identified as one mole 

-3 percent of acetylene with a reaction probability of 10 (90). 

Consider finally other surface reactions: 



2.CO 
'

A l.l = 3q kt:.aL/moLa. [ ] UrT 2.2.1-4 

H.a.O +C - c.o + Hz. ,aH = 32 kcal/molq; [2.2.1-5] 

OH -t -1 C ,1lH -= -~~ kCQ.I{mola. . [2.2.1-6] 

Assuming mole fractions of 0.1 and reaction probabilities of 10-3 

( ) -. 2 • ., 87 for both CO2 and H20 gives q (CO~) -4.0 W/cm and q 
2 2 -4 

(H O)~ -3.3 W/cm. Assuming an OH mole fraction of 10 and a 
2 

() 
.11 I 2 reaction probability of 0.3 87 gives q OH~ 1.2 W em. These 

give a net surface cooling of Ts - Tg ... Lei" i/h - -0.9 K. We 

conclude that in a 1400 K gas the soot particle temperature is ~ 1396 

K, i.e., T ... T within 0.3 percent. This is a consequence of Kn > 
s g . 
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1 and would not hold far downstream nor for initially larger particles, 

such as coal powder (132). 

The reader is now referred to the appendix for a detailed 

discussion of the boundary layer model. 

2.2.2. Dimensionless solution parameters 

A numerical solution has been carried out using the methods stated 

in the appendix. The dimensionless conservation equations contain 9 

dimensionless parameters which govern the character and scaling of the 

variables: B, r , D , N
R

, E, Pr, f} ,e, and E. • The p cex w w 

solutions were carried out using Pr-O.73,S "1.0, and f. "1.0, and ex w 

the values for B, r , D , NR, and T shown in Table 2-1, with e pew 



Table 2-1. 

Fuel 8 r D 
p c 

Toluene 5.5 0.09 26 
(C1HS> 

Cyclohexene 5.9 0.08 36 
(C6H10> 

Iso-octane 6.3 0.08 28 
(C8H1S) 

Cyclohexane 6.1 0.08 31 
( C

6
H

12
) 

n-Heptane 5.6 0.08 29 
(C1H18> 

Polymethyl- 1.5 0.22 5.1 
methaccryiate 
(C5US02)n 

Summary of Fuel and Flame Properties 

Temperatures, K 

Surface Flame Soot T ,ppm 
v 

385 2270 1360 4.0 

351 2290 1390 0.94 

373 2225 1400' 0.40 

355 2240 1310 0.31 

373 2250 1350 O.lS 

150 2075 1230 0.13 

e,m -1 

7.0 

1.6 

0.64 

0.54 

0.32 

0.20 

NR 

0.13 

0.03 

0.012 

0.010 

0.006 

0.004 

f-' 
.po 
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The mass transfer number, B, is the ratio of reaction heat release 

to the effective latent heat of pyrolysis. It measures the efficiency 

with which the heat of reaction is used to pyrolyze fresh fuel, and 

therefore controls the pyrolysis rate, with greater pyrolysis rates for 

higher B. The values of B range from B~1.5 for PMMA (typical for solid 

fuels) to B-6.3 for iso-octane. The liquid fuels studied have similar 

B numbers (B-5.5-6.3) and similar pyrolysis rates, which are about 4 

times those shown for PKKA in Fig. 2-2. 

The mass consumption number, r .. b.~Mf/Yf Y M is 
P ~ wn 0 0 

a measure of relative available oxygen to stoichiometrically required 

O2, and it controls the excess pyrolyzate fraction. The values of 

r lay in the range 0.08 <r <0.22, with the liquid fuels again 
p p 

clustered around r -0.08. Less available oxygen means lower rand 
p p 

a greater fraction of pyrolyzed fuel escaping unburnt. Therefore, for 

the same location,s, a lower r implies higher excess pyrolyzate as 
p 

may be seen from Fig. 2-3 by comparing the ordinates at ~/Na=O.Ol on 

the Na-O.l curve with !/NaaO.1 on the Na-O.Ol curve. 

The dimensionless heat of combustion, D=QpY~/hw, controls the c 

flame temperature and is coupled into the velocity field through 

buoyancy. Increasing D raises the flame temperature, increasing the c 

buoyancy forces and the fluid velocity. This enhances heat convection 

to the fuel surface, and increases the pyrolysis rate as shown in Fig. 

2-4. 

The radiation parameter Na:lll(, k..o/O"T3 arises from 

non-dimensionalising the radiative flux term in the conservation 

equation. In the optically thick case, Na indicates the ratio of 

conduction heat transfer to optically thick radiation. In our boundary 



16 

If) 0 

d 
It) 

I CD 
N -I • --

J ii 
..J 

J 
CD 
x 

J -J e 
I 0-- )( 

I d .. 
z 

e: - I 0 
0 e: I l-e: Q) - 0 e· en N 
0 I I 

<[ - 0 N 
"C 0 .... 

I a.. :E c . - Q) . 
:E .... "0 0- W 

C'I 
I .~ a.. 0 0 )( en ~ z a: w I -If) 3: I 

<> I 0 ~ I d 

I> 
« 

I w a: 
I-
en 

0 

~~~~~=C~~~L-~~~-L~o 
~ 0 ~ 0 
q q g 
o 0 d 

(~w-s/5~) d~ 'Xn1.::1 SStfW 1tf:)01 



17 

If) (II 
N 

0 
Q) 

I I N -I , 
I ---I I 

Q) 
..J 

_I en 
10 x 

01 JQ 
11a: I 0 -I II 

0 

ZI I a: 0 0 
Z . 

I I 0 

I J 
I 

M 

I a:: I . 
N 

I I Z 
'""- . 

I I 41.1 0'1 ..... 
rz.. 

I I 
I I If) 

0 
I I d 
I I 
II 

~ 
_lO 

II ~ od 
U I 

I I 
I I , 

0 
0 0 

UA (3) d~ / (})a~ '31tfZA 10~Ad a3N~n8Nn 



18 

(0 '3 ) ~O 'Xn1.:1 
.... 

3AI.Ltt latt~ 3:>tt.:l~ns N 
CD 

0 0 0 N 
0 Q -0 0 (\J tt') ~ 

, 
(\J I I I Ill) -Q) 

I 0 ....J 
IX) 

I x 

I 
I 
I 
I 
I - 0 0 I I - 0 ~ 

I -, -... - I I I 0 ~ - a: I 

I ~I z N 

~I "- . 
I ~ O'l 

I ..... 

I ~ 

I 

ti I If) 

I 0 
I d 
I -I 0 OU &nO - -I 

....,. - I 
I a: 

I 0 

I I 
.. 

~ tt') (\J 0 

0 0 0 0 

(O'~)~- '3.1tt~ SISA10~Ad ltt .101 



19 

layers, however, the optical depths are small - ~ «1 -, so that this 

interpretation no longer applies. In this case, another parameter, g = 

21/ixGr-1/4, is proportional to the optical thickness and the 
x 

2 ,r 4 
ratio Na/! = (~~/o)(4~~ ) )is now the measure of local 

conduction to optically thin radiation. 

As radiation becomes less and less important, Na->O and ~ ->0, 

the solution tends towards the non-radiative similarity solution. In 

this limit, the influence of radiation shows up through dependency of 

the solution variables on Na_ and S. As can be seen from Figs. 2-4 

and 2-5, increasing Na results in increased pyrolysis rates due to 

the increased net radiative flux to the surface (negative => towards 

surface). The non-radiative solution is given by ~ ->0 or f(O,O). The 

increase in flux is mitigated by the lowering of flame temperature due 

to increased radiative loss, and the resultant decrease in 

convection. 

From inspection of Figs. 2-3 and 2-5., the effects of radiation are 

seen to be strong for Na =O.l, and very weak for Na=O.OOl. Thus 

Na « 0.1 is a plausible criterion for neglecting radiation. 

2.3. Effects of buoyancy in Forced Flow 

The high temperature gradients in combustion gases give rise to 

significant buoyancy forces. As a result, it is erroneous to neglect 

buoyancy in the analysis of combustion in forced flow. Calculations 

have been done on forced flow combustion of PKKA, taking the effects of 

buoyancy into consideration. These mixed flow calculations (133,134) 

do not include radiation but do account for finite reaction rates at 
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the flame. The emergent parameters in the analysis are ~2 -

(Gr mIRe n)1/2 and ~ .. (Re n + Gr m)1/2n, with 
x x r x x 

m-2,n-5 for a horizontal surface. ~2 indicates whether the variable 
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profiles are more nearly free or forced, while ~ is the scaling factor 

that determines the magnitudes of the physical variables. For PMHA in 

forced flow, with an oxygen mass fraction of Yox-0.35 , and at x-4cm, 

-6-1, with U~2m/s,1I-1.1axlO m- /sec, Tfl"3300 K, and T -300 K, we get 

94, 3 Grx = 4. 5xl0 , Re;c -Ux/)} - 6. axlO ), and ~1"3. axl0 , which 

implies that the flow has passed the threshold (3
2

1\00 10-3) for mixed 

flow. A confirmation of this may be seen from Fig. 2-6, comparing the 

results of a pure forced flow analysis including radiation, with the 

results from a mixed flow analysis excluding radiation but including a 

finite rate of reaction at the flame. It ma~ be seen that the 

x-velocity fields disagree by up to 30~, as do the temperature fields. 

For this reason, the analysis of forced flow f data was not v 

undertaken. Part of the discrepancy can be attributed to radiative 

losses from the hot (T -750K) PKMA surface. w 

2.4. Inclusion of Radiation 

2.4.1. Role of radiation 

The inclusion of radiation in the analysis destroys similarity, 

and makes solution more difficult. In some cases, e.g. most of the 

laminar boundary layers studied here, since the optical paths are so 

small the added complexity is not justified, and radiation should have 

been neglected from the start. In several cases, however, and in all 

fires of interest, radiation makes such a difference in the solution, 

and is so important in transferring out the heat of reaction, that it 
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must be included. Thus accounting for radiation in our relatively 

simple laminar boundary layer flames is a necessary step towards 

. learning how to handle it in larger flames. 

The main source of radiation in a sooting flame is the soot 

itself. The radiation lowers the temperature profiles in the sooting 

region, smoothing out the overall temperature profile (especially at 

higher optical depths). Since buoyancy forces are a consequence of 

density differences, the effects of radiation are coupled into the 

momentum equation and mass conservation through the density. Thus the 

velocity profiles are also affected by the radiation. All correlations 

involving temperature and velocity are affected by radiation. 

Specifically, any correlation of the form udZ/dx=Aexp(-E/RT) for a 

reaction which proceeds at some fixed finite rate will yield different 

E and A for different T profiles, since the correlation depends 

exponentially on T, while u changes less radically with T. Reactions 

at the flame, (e.g. co -> CO2 ) will now proceed more slowly for the 

lowered temperatures, allowing more interdiffusion of oxidizable and 

oxidizing species, and a broader flame zone. It is therefore necessary 

to find a criterion that determines when radiation is important enough 

to be included in the analysis. This criterion is addressed later on 

in this chapter, after we have obtained an expression for the radiative 

flux, to be used in determining average radiative properties for the 

mathematical model. 

2.4.2. Solution to the equation of transfer 

Consider l-dimensional radiation in an absorbing-emitting soot 

layer with temperature profile T(y) and soot volume fraction profile 

f (y). The equation of transfer is 
v 



dL,. 
d~ 

= [2.4.2-1] 

where I ~ spectral soot radiance, and k ~ spectral absorption s,. SA 
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coefficient. The boundary condition for no radiation incident at y=L 

is Is~ (L) ~ O. Solving this boundary value problem yields the 

spectral and total radiative intensities at the fuel surface with no 

radiation incident from outside the"boundary layer as (135): 

[2.4.2-2] 

eb'). -
.2:11 C, and 

[2.4.2-3] 

where the soot exists for 0 < Y < L. 

[2.4.2-4] 

where 

uJ(+) 
I (r=) 

[2.4.2-5] 



and 

V)( 

~ (xj := Co L fv to\:) dt [2.4.2-6] 

2 -13-2 Also, c-speed of light, C1 = hc = 6 x 10 W/cm , C2 = 

2 2 
hc/~= 1.44cm K, h = Planck's constant, and C =36 n k/[(n -

o 

(nk)2 + 2)2 + 4n 4 k 2]. man(l-ik) is the refractive index of 

soot and the polygamma functions are given by: 

w(n) 
T (..:r) [2.4.2-7] 

Now, the pentagamma function,~~l+x) is well approximated in our area 
IIJl~) . 

of interest by T (I+)()"'~ exp(-3.6x) (Yuen & Tien, 4), giving the 
15 

following approximation for the hexagamma function: 

Thus 

~ -3-b11"4 eXpC-3obX.) 
15 

L(.o)::. 2.CoC, 
C; 

[2.4.2-8] 

[2.4.2-9] 

This flux expression is used in Section 3.3 to find the average 

radiative properties of the boundary layer: ~ the absorption 
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coefficient, f the average soot volume fraction and T the v s 

equivalent isothermal soot temperature. 

Let us now return to the problem of when to include radiation. 

2.4.3. Criteria for including radiation 

The traditional criterion for determining the importance of 

radiation is the optical depth, !Co L = t, along the mean beam length L. 

Radiation is not important if ~L «1. As discussed earlier in the 

nondimensional analysis of boundary layer radiation, two parameters 

arise which have a direct bearing on the importance of radiation: NR 

, and , and as may be surmised from Figs. 

2-3, 2-4, and 2-5, radiation is not important when NR «0.1. In the 

optically thin case, NR Ij1 .is the ratio of conduction heat transfer 

to radiation, so that ~~/NR - > 0 implies radiation is getting less 

important. Thus an auxilliary condition for neglecting radiation is 

that 3" INa « 1, or S ---+ 0 faster than NR ---+ O. On the basis 

of these criteria, only toluene needs the radiation correction, since 

all other fuels have NR «0.1. This was indeed the case for the 

liquid fuels. For iso-octane (NR~0.012), n-heptane (NR=0.006), and 

cyclohexane (NR=0.010), there was less than a 10 K difference between 

the adiabatic {no radiation)and actual (plus radiation) flame 

temperatures. For toluene, the difference was > 70 K. Cyclohexene 

showed a difference of - 30 K, which taken together with its NR = 

0.03 indicates the onset of strong radiative effects. 

In the case of some fuels like PMHA, NR « 0.1, but due to high 

fuel surface temperatures, T , there is significant radiative loss. 
w 
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In such cases a criterion may be obtained from studying the boundary 

conditions. For no radiation, the radiation flux terms must disappear 

from the boundary condition so that 

[2.4.3-1] 

In this limit, 

[2.4.3-2] 

Thus with 

= Nt.cw [2.4.3-3] 

the condition is 

LL.. I [2.4.3-4] 

= [2.4.3-5] 



This is just the ratio of radiative flux to conduction flux at the 

surface, which must be much less than unity in order to neglect 

radiation. 

For very high NR, inclusion of radiation is dictated by the soot 

while for low NR, inclusion is dictated by surface conditions. The 

criteria for including radiation are presented graphically in Fig. 

2-7. Figure 2-7a shows the criteria for deciding when flame radiation 

is important, while Fig. 2-7b does the same for wall radiation. 

In Fig. 2-7a, the curve represents Tad - Tfl = 30 K, where 

Tad = flame temperature without radiation, and Tfl = flame 

2 
temperature with radiation. The ratio 3 /NR represents the ratio 

of flame radiation to conduction. In the optically thick limit, NR 

plays this .role. Since 3 is approximately the optical depth, and NR 

3 = I(, k./U"Too , we see that increasing abscissa implies increasing Ie, , 

while increasing ordinate implies increasing optical depth. For NR > 

0.2, flame radiation is important because the soot volume fraction, 

fv is high, and viee versa for NR < 0.02. c2 -4 When ~ /NR > 10 , 

radiation is important because the optical depth is large (S is 

2 -5 
and/or fv is big). The reverse is true for 1 /NR < 10 • 

In Fig. 2-7b, the curve represents QR/{D
c
-l) ~ 0.1. Since 

4 
Q

R 
is .the dimensionless net radiation from the wall = q .. /~ , 

and (D -1) = (Qp~ - h ) /h is the dimensionless net heat of c w w . 

big 

reaction, the ratio QR/{Dc-l) signifies the importance of wall 

radiation in "wasting" the heat of reaction. The higher this ratio, 

the greater the heat loss by wall radiation. The quantity 

;:; !, E.." (6~ - e~ ') 
~ (6111 -1 ) (= "3 (g!-t) 

~ ((}",-I) 
[2.4.3-6] 
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is the ratio of net radiation from the wall to heat conduction at the 

wall. (9. 4 - e 4) OY' (e 4 - 1) on the other hand is the 
w ex w 

dimensionless net radiation from the wall toOO. Thus increasing 

abscissa implies a hotter wall relative to~, while increasing ordinate 

implies an increasing ratio of radiation to conduction at the wall. 

Thus NR > 1 implies wall radiation is important (compared with cw 

conduction), and should be included in the analysis. The opposite is 

true for NR < 0.1. Even when radiation is less than conduction at cw 

the wall, a very hot wall (relative to the ambient) will cause 

significant heat losses. Thus radiation is important for (e 4 - 1) 
w 

4 > > 1, whi le the reverse is true for (a - 1) 1-

For both high wall radiation and high flame radiation, Tfl < 

Tad' . In the case of high flame radiation, losses fl'om the flame soot 

acts as a sink for the heat of reaction, cooling the flame. In the case 

of high wall temperatures, the energy used to heat up the wall is lost 

too and this acts as a sink, resulting again in a cooler flame. The 

six fuels investigated are located on Figs. 2-7a and b for conditions 

at x = 6cm (x = 4 cm for toluene.). 

2.5. Conclusions 

A mathematical model has been presented for radiating boundary 

layer flames in free flow. An energy balance on soot particles showed 

that the soot and gas temperatures were equal allowing the soot 

radiative sink to be included in the gas energy equation. The 

reSUlting conservation equations were simplified, nondimensionalized 

and solved. Nine dimensionless parameters were found to control the 

solution: B, r p ' Dc' NR,3', Pr, Gr, 6ex ' and alii. The B number 
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dictates the pyrolysis rate, r dictates the excess pyrolyzate, D 
p c 

determines the flame temperature and influences.convective heat 

transfer, NR and{determine the extent to which the variable fields 

are affected by radiation, andg and e represent radiative ex w 

interractions with surrounding radiators, in this case the ambient and 

the fuel surface. Pr - 0.73 was used with e - 1. ex 

The effects of buoyancy were studied, and found to be very 

pronounced in forced flow systems. The analysis of radiating flames in 

forced flow was therefore postponed until buoyancy can be properly 

accounted for. 

The role of radiation was discussed and as it is the dominant mode 

of heat transfer in large fires the necessity to include radiation in 

the analysis of flames wasre-emphasized. The equation of radiative 

transfer was solved for an absorbing~emitting soot layer, with soot and 

temperature profiles f (y) and T(y), and the surface flux was 
v 

obtained for later use in determining the average radiative properties 

of the boundary layer. 

Finally, three criteria were established for deciding when to 

neglect radiation in the analysis of a neglect flame. Two of these, 

2 NR«O.l and ~ /Nr«l were obtained from nondimensionalizing the 

conservation equations and studying the effects of the controlling 

solution parameters. The third,~(€{,4 - 1)E
w

/NR(9w-l) ~ 1, 

is the limit in which radiation becomes negligible in the boundary 

condition. 
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3. TRANSPORT AND RADIATIVE PROPERTIES 

3.1. Introduction 

The key transport property assumptions made in the simplification 

and solution of our boundary layer model include a constant mixture 

specific heat, cp ' and a constant density-viscosity product,~, for 

the entire boundary layer. 

The constant c assumption removes the difficulties associated 
p 

with the dependence of c on temperature and species, and has been 
p 

shown to give satisfactory results (136). This simplifies the energy 

equation greatly, reducing its coupling with the species equation, and 

allowing application of the usual Shvab-Zeldovich enthalpy-species 

transforms of the Appendix. 

The constant ~ assumption also removes the difficulties 

associated with the dependence of ~ on temperature and species, 

reducing the coupling of the momentum equation to the species and 

energy equations. The overall formulation in terms of a stream 
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function and Shvab-Zeldovich transforms is greatly simplified. Both eM 
and c are discussed in this chapter, and values are presented for 

p 

all the fuels studied. 

Accounting for radiation also required some simplifying 

assumptions. Radiation was treated in our analysis by considering the 

soot laden gas as a homogeneous gray gas with constant absorption 

coefficient, ~ , throughout the boundary layer, i.e. ~ -~ for 0 < y 

<8~ , a mean soot volume fraction, f , and an isothermal soot 
v 

temperature, Ts. These properties are also discussed. 



3.2. Average Gas Phase Properties 

The gaseous properties that need specification for solving the 

boundary layer model are c the specific heat, and oA, the p' c: 

density-viscosity product. These properties are discussed below. 

3.2.1. Heat capacity, c 
p 

Our analysis uses a single value of c for the combustion of 
p 

each fuel in air, assumed constant throughout the boundary layer. 

Since the boundary layer is neither homogeneous nor isothermal, this 

assumption calls for some averaging. The best average value for c 
p 

was found by excluding radiation from the analysis, and adjusting the 

c until the peak calculated temperature matched the adiabatic flame 
p 

temperature obtained from the Stanjan equilibrium code (Stanford 

University). The values of heat capacity for all the six fuels are 

presented in Table (3-1), and lie in the range c -1.40tO.03 J/gK. By 
P 

comparison, the value of c for air at 2300K is c =1.4J/gK, and at 
p p 

2200K, cp(air)-1.37J/gK. (CRC' handbook). 

3.2.2. Viscosity 

The boundary layer model is also simplified by the assumption that 

the product (~ is everywhere constant. This product and the reference 

kinematic viscosity,~_ , are related in the analysis through the 

reference density, e. ' as: eu. .. f:v/lO The value used for e.. was the 

density of air at 292K -1.19Kg/m3. ~ was obtained by including 

radiation in the analysis, and matching the physical coordinate plots 

of the flame standoff with photos of the flame shape, andeu was 

obtained from 17. and eo. A value of fp=7.0 g2/sm4 emerged as 
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Table 3.1. Average Transport Properties in Free Flow 35 

ew jJ-w ewfw c p 

T (K) 3 (mg/m s) 2 2 ~ Fuel (Kg/m ) (g /s m (kJ/kg K) w 

Toluene 385 0.90 a 8.2 9.1 b 
8.4 7.6 1.39 

Cyclohexene 357 0.97 8.3 b 8.0 1.38 

Iso-Octane 373 0.93 6.9 a,b 6.4 1.38 

Cyclohexane 355 0.98 8.1 7.9 1.40 

n-Heptane 373 0.93 7.4 6.9 1.43 

Polymethyl- 750 0.46 14.0 6.5 1.41 
methacrylate 

Refs.: a) Thermoehlsical Proeerties of Matter. TPRC Data Series 
Vol. 11, ViscositI. Touloukian, Y.S., Saxena, S.C., 
Hestermans, P. 

b) Data Book on Hldrocarbons: Aeplication to Process 
Engineering. D. Van Nostrand Company, Inc., 1950, 
J.B. Maxwell. 



adequate for all the fuels tested.(~h)(air,300K)= V_ 11.568x10-:-5 

1 0 2 4 m Is =0.31). By comparison, for air at 2200K,~=10.5 g Ism 

(137) • 

Since p.,.u.'" T- Y
2., the average e-u- should correspond to a value at 

low T, well inside the boundary layer. That this is the case may be 

seen from Table 3-1, listing the values of e~ for all the fuels at the 

wall temperature, T~. The average e~ is reasonably close to rw;Uw, 
where t is the density at the fuel surface, andfiw, the viscosity of 

the fuel gas at the vaporization temperature, Tw (Table 3-1). ew is the 

density of air at Tw since we have assumed eT=constant in the analysis. 

This is also consistent with the fact that the local pyrolysis rate is 

proportional to (~)1/2 so that wall conditions determine ~. 

Thus both ~,u and c may be obtained beforehand for use in the 
p 

calculations as cp (air,2250K), and ~~ (fuel vapor, Tw)' 

3.3. Average Radiative Properties 

The radiative analysis required specification of constant average 

values for ~ , T , and Ts. To extract the best constant ~ 
v 

approximation from our data, the equation of transfer was solved (Chap. 

2) following Grosshandler and Hodak (135) for an absorbing-emitting 

soot layer with arbitrary soot volume fraction, f (y), and 
v 

temperature, T(y), profiles. The total radiative intensity at the fuel 

surface with no radiation incident from outside the boundary layer is: 

1.-:/ 
[ {(r)dr)~' , [3.3-1] 
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where the soot exists for 0 ~ y' ~ L. 

2 -13 2 C1 = hc = 6 x 10 W/cm and C2 = hc/~ = 1.44 cm K. Now 

the radiation problem is simplified by assuming a constant absorption 

coefficient,~ , all through the boundary layer. In terms of a mean 

soot volume fraction, T , and a mean temperature, T, JC, may be written 
v 

The mean soot volume fraction, f , is 
v 

found in terms of the f profile, f (y), and the temperature 
v v 

profile, T(y), by equating the actual unhomogeneous radiative flux to 

the surface given by Eq. [3.3-1] to the surface flux from a homogeneous 

medium. A mean soot radiation temperature is found in the optically 

thin limit from the definition of emmisivity e. = 1 - exp(-,,-q z "'L, 

with a mean beam length equal to the thermal boundary layer 

thi~knes8, ~th' by setting the homogeneous flux obtained above equal 

- ... 
to E.(f"T where <r is the Stefan-Boltzmann constant. This gives T in 

terms of the profiles T(y) and f(y). The results are: 
L L -!I' 

~ :: 

L T(~') t"C,J lxp [ -3·', ~ fa £(r)dr 7 ci~ I 
[3.3-2] 

lb;rt!}) dy 

and 
d: . 

27T4GC f<O -li [1_ 3·' ell TCy) Iv [6~ -yJ ely 
C' T = ~ 

15 D 15 
[3.3-3] 

3·G G & ... (riez. 

so that 
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[3.3-4] 

Iteration quickly converges to f , T, and ~ at each x-station. 
v 

The f(,(x) were averaged to give an homogeneous equivalent i. for the 

boundary layer. The current results are as. shown in Table 2-1, along 

with the required fuel properties. These~ give NR, also shown in 

Table 2-1, which are small. 

3.4. Conclusions 

Average transport and radiative properties have been specified for 

the sooting flames studied, and rules have been established for 

obtaining these properties •. The constant specific heat was found to be 

c -1.40tO.03 for all the fuels, corresponding to c for air at the 
p p 

flame temperatures of 2200K-2300K. The e,u. produc t was found to be f# ~ 
7g2/m

4
s, and this value is a good approximation to ~(i~), the 

value at the vaporization temperature for all the fuels studied. The 

absorption coefficient, average soot temperature, and average soot 

volume fraction are listed for all the fuels in Table 2-1. The values 

are consistent with the initial assumptions that the boundary layers 

examined are optically thin. 

• 
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4. MEASURED AND CALCULATED TEMPERATURES 

4.1. Introduction 

Temperature profiles have been obtained for the radiating boundary 

layer flames studied. Both numerical and experimental profiles have 

been obtained and are discussed in this chapter. The numerical 

profiles were calculated with the model presented in the appendix, 

using a constant c for each fuel, and treating the soot as a gray 
p 

gas. The experimental profiles were obtained by Ang and Mataga (139), 

using Pt/Pt-13Rh thermocouples and have been corrected for radiation, 

conduction, convection, and soot deposition. The design of the 

thermocouples allowed their a!ignment along isotherms, and removed the 

need for conduction corrections. 

The calculated and measured profiles are presented and compared, 

including a discussion of the thermocouple measurements and 

corrections. 

4.2. Calculated Temperature Profiles 

The temperature profiles are presented with other profiles in Fig. 

4-1. The profiles beneath the flame generally bow away from the 

physical coordinate axis with a peak of T-2200K- 2250K (Table 2-1) at 

the flame, and decrease very steeply outside the flame to ambient. The 

5 gradients are 0(10 Kim). The soot lies in the region 1000K < T < 

T Experimental profiles have also been obtained using a 2mil flame· 

Pt/Pt-131.Rh thermocouple, with a 5mil bead, and have been included for 

comparison in Fig. 4-1. Due to the assumption of constant ~ , the 
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local radiation has been smoothed out, resulting in temperature 

overestimates in, and underestimates outside the soot region. The sharp 

peak in the calculated profile is a result of the flame sheet 

approximation. The peak temperature, T
fl

, changes downstream, 

decreasing by as much as lOOK between x=2cm and x-llcm for PMHA. The 

reason for this decrease is the higher optical depth downstream, 

resulting in increased radiative loss from the soot in parallel with 

the surface radiation. Due to the similarity in the thermodynamic 

properties of the liquid fuels, their flame temperatures are very 

close. 

4.3. Thermocouple Temperature Measurements 

Temperature measurements have been made in n-heptane diffusion 

flames in air. The profiles were obtained by Ang and Mataga (139), 

using 2mil Pt/Pt-131.Rh thermocouples with 5mil spherical beads as 

determined by S.E.M. The measurements were corrected for radiative 

losses from the bead, while conduction corrections were eliminated by 

aligning the special thermocouple design parallel to the flame width 

(along an isotherm). 

4.3.1. Soot accumulation 

In the soot zone, soot accumulates on the thermocouple bead, 

decreasing its temperature relative to the gas. The effects of this 

accumulation were circumvented by quickly moving the bead into 

position, and extrapolating the temperature to the initial value at 

that position (140). 

4.3.2. Radiation correction 

The thermocouple bead experiences radiative interchange with the 

ambient air at T=~ • The surface of the fuel soaked wick is at T , 
w 



and the soot laden gas around it is at T. The ambient and the wick 
s 

are treated as two infinite black walls, while the hot gas is treated 

as a gray gas wi th constant absorption coefficient, I(, .• In the soot 

laden gas, ~NO(1.0m-1), while a~~O(5-10)x10-3m, so 
. 2 

that t = expl-Gs",) -1-1<.8-4k "" 1 :"t ,while I-exp(-I<.~) -K..&s, ... 10- ... E.
s

'" 

a. The net energy balance on the bead thus becomes 
s 

h(T -T ) ... "q~ 
g b ~ 

, 
J 

where subscript b=bead, g=gas. Doing the flux balance gives the net 

radiative flux into the bead as 

't.. = k'~ -: 6. [E.b-E ... FbooD ~c, ... ,f~b\oi.l-Es~sF",~ 1 
Ab 

where E .. crT: , E =0-1: , E .. a-1: , and E ... cTT: ,F =F '% 
b w ClG s· bw boo 

1/2. Fba is established by considering the bead radiating into two 

homogeneous hemispheres of soot, with mean beam lengths d1, d2, where 

d1+d2 ... bth , the thermal boundary layer thickness. Using a value 

Nu=2 for the Nusselt number gives finally: 

T -T ... 
g b 

I C -I It - ~T~ ] -3" ~s S _Ie.. 

The gas conductivity, k , was curvefitted as a function of 
g 

temperature, Tb , for use in these calculations. 

4.3.3. Error analysis on thermocouple measurements 

The balance between convection and radiation at the thermocouple 

bead may be written: 
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[4.3.3-1a] 

or 

[4.3.3-1b] 

where the subscripts b=bead and g=gas. The fractional uncertainty of 

~T may be expressed as 

(~;r = E~j' -t (~f + (~)'" + H·(~r '[4.3.3-2] 

2 4 where CiS is the Stephan-Boltzmann constant =5.6697 Wlcm K +0.057. 

(156). For an. estimate of the various variances, let us tak~ a 

thermocouple film temperature of T
f

=(T
b

+T
g

)/2=1500K. We have at 

V -4 2 this temperature,C b=0.2±51. (138), =2.3xl0 m Is, kg=lW/c~ 

K±l1. (137), and taking velocities around the bead to be Vat ~ loOmIs 

and a bead diameter d
b
=0.127 mm±31., we have Red=u~dlv=0.55. Using 

this together with Pr=0.73 gives (157): 

An alternative correlation for Nu at low Re gives: 

Nu. :. 2·00 + ~ + (~fln ecz + (¥J{/n t + '/ - ~::) Yo ':l'ln Re 
~ 2.-25 

Thus Nu=2.25+0.02. Since h= NUkg/d
b

, we get: 

t:Y' (~:)' + {a;:r +(a;;y = /'1'3'rl' = J/ 

1- O(R./) 
(4.3.3-4J 

[4.3.3-5] 

oro-b/h = 3.31.. With a voltage resolution of 1 microvolt for the 
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thermocouple (~lK), we have U;b/Tb ~ 0.1%, and 

Finally, 
1. 

~.,..,+.c.i) 

(ibt~..,.)1-
== 

2. "l.. u
Tb 

-+ 0-6 .,. 

CTb +b....,.)~ 

Typically, T - 10AT, so that 
b 

]
yz. = @,Ol + 0'3(, 

Thus a 1% experiment is theoretically possible. 

[4.3.3-6] 

(4.3.3-7) 

[4.3.3-8] 

However, 

instrumentation errors, extrapolation errors in finding initial bead 

temperatures in the soot zone, flame fluctuations and errors in the 

thermocouple positioning will make this difficult to realize. 

4.4. Comparison of Measurements with Numerical Calculations 

Corrected thermocouple data is presented in Fig. 4-1, as 

are the error bars. The data is also presented in Fig. 4-1 along with 

the calculated profiles. As previously discussed (section 4.2), the 

calculated temperatures in the figure were obtained by adjusting the 

gas specific heat to match the adiabatic flame temperature at the peak, 

after radiation had been removed from the calculations. Using this 

value of c , radiation was then included in the system, assuming a 
p 

constant absorption coefficient,~, for the entire boundary layer. 

44 

Since the soot profile is local, this method of accounting for the soot 

radiation smoothes out the radiation, 



causing temperature overestima~in the soot region, and underestimates 

outside the flame. The depression of the thermocouple data in the soot 

region is due to the heat sink of local soot radiation. The data shown 

have a correction of~ lOOK near the flame. Other effects that 

contribute to the differences between the calculated and measured 

profiles include finite flame kinetics, and interdiffusion of fuel and 

oxidant, as well as incomplete conversion to CO
2 

at the flame. These 

have the effect of lowering the flame temperature. Another effect is 

the preferential oxidation of Rh from the Pt/Rh alloy at high 

temperatures, causing a lower reading for the junction voltage, and a 

lower temperature reading (170). Instability of the flames further 

downstream also affects the accuracy of the measurements, especially 

near the main reaction zone, with its strong temperature gradients. 

4.5. Conclusions 

Temperature profiles have been calculated for the radiating 

diffusion flames of six fuels in free flow: C7HS' C6H10 ' 

CSH1S ' C6H12 , C7H16 , and PMKA. The calculations assume a 

constant c and constant absorption coefficient for each fuel, and 
p 

infinite kinetics at the flame. Experimental profiles have also been 

obtained using Pt/Pt-13Rh couples in n-heptane and iso-octane flames in 

free flow. The experimental profiles were corrected for radiation, 

conduction and convection, by carrying out an energy balance on the 

bead. The effects of soot accumulation on the bead were cdtected for 

by quickly moving the thermocouple into place and extrapolating to the 

initial temperatures at that position. The temperature correction near 

the flame is - lOOK. 
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A comparison of the experimental and calculated temperatures shows 

an overestimate in the soot zone, and an underestimate outside the 

flame. This disagreement can be attributed in part to the use of a 

constant absorption coefficient which smoothes out the effects of the 

local radiation, underestimating the radiative sink in the soot layer, 

and putting a sink where no soot exists. The temperature discrepancies 

were in the range lOOK-200K, and the flame temperatures were of order 

Tft2250K. Any sigUificant improvement on these results requires the 

use of appropriately localized sink terms in the soot layer so that the 

radiative losses only exist there. 

The difference between the real and adiabatic flame temperatures 

indicate that radiation is of little importance in most of the srstems 

studied. In the cases of PMMA and toluene,however, the radiative 

losses are important: toluene because of high soot volume fractions, 

and PKKA because of high surface temperatures. The effects of 

radiation are evidenced by the decrease of Tfl with streamwise 

distance ("" lOOK for PKMA between x=2 and x=lOcm), and the increase of 

Yfw with same (·3~ increase for toluene between x=2cm and x=4cm). 
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5. FLOW FIELD PROFILES 

5.1. Introduction 

Solutions have been obtained for the velocity and species fields 

for the boundary layers studied, and the results are presented in the 

present chapter (171). The velocity fields are determined and used to 

construct streamlines. The effects of thermophoresis on soot particles 

is determined through a force balance between viscous and 

thermophoretic forces, and an expression is derived for the 

thermophore tic slip velocity. The deviation of the particles from gas 

streamlines is then calculated, and the particle trajectories 

generated. A discussion of the transverse velocity field and its 

importance to sooting is also presented. 

5.2. Species Profiles 

Profiles have been obtained for the fuel, product, neutral and 

oxygen in the assumed 1-step reaction, F+O+N => P + Heat + N. The 

species profiles (Fig. 4-1) show that the product species (Y ) 
P 

diffuse to the surface, where Y
f 

=0.82, Y =0.13, Y =0.05 are w nw pw 

typical. The soot exists throughout the range 0.25 > Y
f 

> 0.05. 

Radiative effects are also evident in the fuel mass fraction at the 

wall. Due to increased radiation, the mass fraction at the wall 

increases downstream by about 2-31. for C7H8 between x=2cm and 

x=4cm. The soot profile generally straddles the converging streamline, 

Figs. 4-1, 5-1a, 5-2, so that the high reactivity of the soot surface 

could contribute to the fuel breakup process (91-94,141,142). 
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5.3. Velocity Profiles 

5.3.1. Streamwise velocity profile. u. 

The u-velocity profile (Fig. 4-1, 5-2) peaks near the maximum of 

the f profile, well inside the flame, as expected for low r 
v p 

fuels. The peak is O(1-2m/s), and increases downstream to accommodate 

the additional mass flux from the fuel surface and the ambient. Both 

the u and v velocity profiles play an important part in shaping the 

f profile through convection, as shown in the trajectory plots of 
v 

Figs. 5-1 and 6-2. Due to the comparatively small temperature 

gradients in the streamwise direction and the magnitude of u, the 

thermophoretic correction to this profile is negligible (section 5.4). 

5.3.2. Transverse velocity, v. 

The v-velocity profile plays a crucial role in the soot profile 

and sooting processes. The v-velocity is obtained from the stream 

function according to: 

[5.3.2-1a] 

[5.3.2-1b] 

where f(!,7) is the nondimensional stream function, and $ '1 are the 

dimensionless streamwise and normal coordinates respectively: 

. 
J 

[5.3.2-2] 
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Using d5/dx = 3/4x, and 

Vif 'j 

~ =- -.1. + 6r; Q.. ((~&o) cll.f 
O~ ~ X.f2 DX.)o cJ [5.3.2-3] 

we get: 

Upon using the definition of 3 to substitute for x wherever it appears 

explicitly, we arrive at: 

_(>0/ _ ~6/4[ ~ -t ~ 'dF + 7:f t'K. 0 rc~eo) d", _ 116 Gr-: -v+ ] 
~ - /C ~ g G~. o~ ()? g ~ J~ tI T x 

[5.3.2-5] 

The expression for ev/~ given in Ref. (115) is incorrect as it 

fails to differentiate the density integral. The expression 

~J 

~' i e"dt 
[5.3.2-6a] 

should read 

[5.3.2-6b] 

where e*=f/foo' v*-v/u., y-*=y/L, Re"'~L/v, x*= x/L, and f'=df/cit1. L is 

the characteristic dimension. 

The v-velocity is positive at the surface due to pyrolysis (Fig. 

4-1). It falls to zero near the inner edge of the soot layer, and 

remains negative as is required for free flow boundary layers. The 



negative v peak at the flame is over an order of magnitude less than 

the positive u maximum. The fact that v is negative throughout the 

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

formed there. It further implies that the number density profile will 

peak in the middle, instead of near the formation zone at the flame 

(Figs. 6-2 and 6-3). The soot profile also peaks in the middle, due to 

the combined effects of surface growth and convection. The particle 

radius, r ,profile (Fig. 6-3) shows that r at the flame is max max 

largely independent of streamwise location, suggesting newly formed 

particles, while r at the inner edge of the soot'zone increases max 

with x, consistent with coagulation along the particle trajectories. 

The small v-velocity (Ivl < 10cm/s) and high transverse temperature 

5 gradie!lts (""10 K/m) make thermophoresis important (v -v '" 
- s g 

-2cm/s) especially near the converging streamline: compare the 

streamlines in Fig. 5-1a with the trajectories in Fig. 5-1b. The 

negative v-velocity also aids in bringing the products of combustion 

inwards to help in possible pyrolysis and oxidation in the soot layer 

(91-94). 

5.4. Thermophoresis and Particle Trajectories 

The presence of strong transverse temperature gradients in the 

boundary layer causes significant thermophoresis. A force balance was 

carried out on a typical particle, between the viscous force, F , and 
v 

the thermophoretic force, F
t 

(143): 
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[5.4-1] 

where 

(J + 3C.3;\. /2 r )( J + 2 t + 2. C, '). /21' ) 

Fv - 67T jA- Ur / 1+ ~,.(A +PJe- ?oC
r /?) [5.4-2] 

Here, r is the radius of the particle, A is the gas mean free path, and 

the constants (143) are C1=4.36, C2=1.17, C3=2.28, A=2.4, B=O.82, 

and C=O.44. U represents the relative velocity between the particle 

and the gas medium, k is the gas conductivity, and k the soot 
g s 

conduc ti vi ty • 

5.4.1. Streamwise thermophoresis 

The force balance for the streamwise momentum is: 

= -I'fls'a + 61i jJ{l1rU,)'f' 
K'I(A f6e-C/J:,,) +-1 

/2 iT)/, rC2 1 (-1: + C /(,,) 
-----'---.;;~---. . [5.4.1-1] 
( It" ?t:.; If" X If 2 ~ + 2. C, J<.,,) 

k..s 

Non-dimensionalising this balance with characteristic quantities 

If we let p = m gt, we get c . s c 

u , 
c 
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[5.4.1-3] 

The initial conditions are: 

[5.4.1-4] 

,t = u /g c c 

... ms /67f1< r , then we get: 

+ [5.4.1-5] 

[5.4.1-6] 

The characteristic time, t ... m /60 r ... e 4 ffr 3
/67f).L.r' may 

c s s'" 
-5 be evaluated using r~50nm, Kn%10,~ =~(air,1400K)=5.3xl0 kg/ms 

and ~s=1.8X103kg/m. The result is 

/- 8 )( /0 3 )( -!-rr ~ (5JC../O-')2. 0-8 
-=- /-8 'X / se.c. 

This time is much less than characteristic flow times of!J. x/u ~ 

-2 cm/(lm/s) ~ 10 sees. Thus d/dt --> 0, and in this steady state 

[5.4.1-7] 

SinceV'T tV 103K/m, and T is O(103K), and since u = gt 
x c c 
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~10-7m/s, then substitution in the above yields u 
g 

-5 ",10 m/s so that u = u 
s g 

to well within 10- 2%. 

5.4.2. Transverse thermophoresis 

- u s 

55 

The equation of motion for transverse particle motion in free flow 

is: 

£ijL 
dt 

61f)J.(Vg-Vs) r 

with p (0) = m v. Non dimensionalising as before, we get 
y s g 

I + ~ (At &e.-C/ Kn ) 
+ .[5.4.2-2] 

where v* = v/v , t* = tit ,v = gm 16~r, t = gv , and c c esc c 

all terms are the same as before. Again, the characteristic time is of . 

-8 0(10 sec.) so that d/dt -> 0, and we get the following expression 

for the thermophoretic velocity slip: 

- 2v C" (~ + C, K,,){ /1- K.r, (A tBe- C
/
K,,)) ?;f 

( I ~ 3(,3 Kn ) ( 1+ 2. !:g -I- 2 C, K" ) 
Cr 

[5.4.2-3] 

Just as for u, the k /k ratio has negligible effect here, since 
g s 

the Knudsen number, Kn is of 0(10). On the other hand, VT ...., 105 Kim 

so that v - v is of 0(-2cm/sec), while -10cm/s < v < Scm/s, with 
s g 

the thermophoretic velocity clearly dominating near the converging 

streamline. 

The effects of thermophoresis on the soot volume fraction, f , 
v 

most probable radius, r ,and particle number density, N , 
m~ 0 



profiles may be visualized by comparing the plot of Fig. 5~la excluding 

thermophoresis, with Fig. 5-1b showing particle trajectories with 

thermophoresis for iso-octane in air. f profiles (circles) at x = 2 
v 

cm and x = 6 cm have been included on the plots. The presence of soot 

at T < 1100K is probably due to the thermophore tic effect, and the 

effect contributes to the peaks in the f and N profiles. v 0 

5.6. Conclusions 

The gas velocity profiles and species fields have been determined 

for 6 laminar diffusion flames. The thermophoretic effect has been 

accounted for and particle trajectories calculated. The thermophoretic 

slip is entirely negligible in the streamwise velocity, but is of great 

importance in the transverse velocity, dominating near the converging 

streamline, where it is of O(-2cm/s). The v-velocity lies in the range 

-15cm/s < v < 5cm/s. The resulting particle trajectories are seen to 

greatly affect the soot volume fraction profiles, dictating where the 

peaks lie. The negative sign of the v-velocity also implies that 

particulates found near the flame were formed there, and that inbound 

soot might playa significant role in pre-flame decomposition due to 

the high reactivity of the soot surface. 

The produce profile peaks at the flame where a balance exists 

between particle formation and oxidation. Since v is negative near the 

flame, particulates found near the flame must hav~ been formed there. 

The balance between formation and oxidation at the flame determines the 

initial number of soot nuclei, and the ultimate soot loading since 

reactions away from the flame tend to affect the soot size (instead of 

the number density) through condensation and coagulation (7,25,114). 
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The high reactivity of the soot surface may contribute to the 

progressive breakup of the fuel between the wall and the flame. 

Due to increased radiation, the local pyrolysis rate and the fuel 

mass fraction at the wall both increase downstream (while the 

temperature decreases). The presence of soot at low temperatures is 

partly due to convection and thermophoresis. Thus a definitive 

conclusion about the minimum temperature and fuel mass fraction needed 

to form soot cannot be drawn from this study. 
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6. SOOT FORMATION 

6.1. Introduction 

Soot volume fraction measurements have been made for six fuels: 

C7H8 , C6H
10

, C8H18 , C
6

H
12

, C
7
H16 , and PMMA in both 

free and forced flow, using a multiwavelength extinction technique 

(128,144). The technique is discussed briefly in this chapter, 

together with the free flow results. 

The f data has been coupled with calculations of variable field v 

profiles from the mathematical model of chapter 2 and the Appendix, and 

used to study soot formation rates within the boundary layer. This 

study is also presented below, together with the curvefits to the soot 

data. 

6.2. Experimental Soot Data 

6.2.1. Measurement technique 

The multiwavelength extinction technique used is described in 

detail by Beier et ale (128,144), and is outlined here. A 

monochromatic beam of intensity I(A) passing through a polydisperse 

aerosol suffers attenuation according to 

where 10 is the initial intensity along a path of length L. The 

aerosol extinction coefficient,!, is given by: 

= J t10 NCr') Q{ m, r /).) 7T r"d., 
() 

where Q is the Mie extinction efficiency for spherical particles, 
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m=n(l-ik) is the complex refractive index of soot, and N(r) is the soot 

size distribution. The analysis assumes a Gamma size distribution 

with ~/r = 1/2, giving the well-behaved two parameter form, 
m 

[6.2.1-1] 

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

Integration gives 

[6.2.1-2] 

The authors claim no great advantage for this technique over several 

good al.ternate 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 Hie extinction theory. 

Attempts to approximate the extinction coefficient usually overestimate 

f (14,15). The criticism (21) that Lee and Tien's optical 
v 

properties are inaccurate in the ultraviolet is correct. However, this 

is an optional consequence of intentionally eliminating H electrons to 

reduce the number of fitted parameters. Accuracy at longer wavelengths 

is excellent since their optical properties are based on transmission 

and emission measurements for large C/H ratio in situ diffusion flame 

soot in the visible and infrared (15,17). 

D'Alessio (10) argues that interference from PAH fluorescence 

affects the accuracy of the extinction method used by Lee and Tien for 

59 



their properties. More recent studies (9,74) indicate, however, that 

PAH and soot particles are not spatially coincident in the flame, with 

the PAH typically exhausted before any soot is detected. Thus the 

interference due to PAH fluorescence is expected to be very small. 

6.2.2. Soot data: f , r and N profiles 
i'"4IIax 0 

The volume fraction profiles shown in Fig. 6-1 are a small portion 

of the available data (128,144). At each point, a size distribution in 

the form of Eq. [6.2.1-1] has been obtained from 300 laser extinction 

measurements at > 3 visible wavelengths. The largest source of error 

is the slight unsteady fluctuation of these free flames, especially for 

x > 6 cm, which gives error bars on f of the order of the scatter . v 

shown (15"L). 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 determinations require a 

knowledge of the velocity and temperature fields, this report is 

restricted to free flows. All of the free f data is summarized by 
v 

the cubic fits in Table 6-1 which lists the coefficients and limits for 

the expression (171), 

3 . 

? ~j~ [6.2.2-1] 
(=0 

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 

(toluene attentuated the lasers completely beyond 4 cm) or too clean 
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Table 6-1. Empirical Fits to Soot Volume Fraction Data As Given 
by Eq. [6.2.2-1] for Yi < Y < Yo 

Fuel x(cm) aO' a
1 

a
2 

a 3 y i (mm) y (mm) 
0 

Toluene 2 - 1.51 l e95 1.23 -0.26 0.8 5.6 .,; 

(C
7

H
8

) 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 
(C6H

l0
) 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 - 3.33 2.35 -0.45 0.024 2.5 5.9 
(C

S
H

18
) 4 - 4.64 2.87 -0.42 0.013 2.S 6.4 

6 - 6.08 4.05 -0.69 0.033 2.7 7.0 
S - 4e69 3e75 -0.72 0.040 2.2 7.7 

Cyclohexane 2 - 4.82 3.69 -0.82 0.056 2.7 4.7 
(C6H

12
) 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 
(C7H

16
) 4 - 5.31 3.48 -0.68 0.042 3.6 6.0 

6 - 6.S6 4.15 -0.75 0.042 3.4 6.6 
S - 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 
methacrylate 6 - 0.39 0.63 -0.10 -0.0062 0.8 4.1 
(C

5
H

8
0

2
) 8 - 0.03 0.52 -0.13 0.0058 0.5 4.9 

10 - 0.10 0.56 -0.16 0.0117 0.8 3.9 
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(PMHA before 4 cm) to monitor in more detail with this technique. 

Cubic curvefit coefficients for the total number density,N , are also o 

listed in Table 6-2 and 

9 -3 
(x 10 cm ) 

The limits for yare the same as in Table 6-1. 

[6.2.2-2] 

The"f profile shows a characteristic peak in the middle, 
v 

tailing off towards the flame and the wall. The negative v-velocity in 

most of the soot zone implies that the soot near the flame was formed 

there. The peak is due in part to formation, and in part to transport 

(see Fig. 6-2). The tail near the wall generally straddles the 

converging streamline so that the highly reactive soot surface may play 

an important part in the pre flame-front pyrolysis (89-94,141,142). 

Our particle size data in free flow indicate a range of 20nm-50nm for 

the most probable particle radius, r • These values also agree max 

with the range (20nm<D<80nm) obtained by Glassman's group (25), and 

fall within the range r<160nm reported by Kuhn & Tankin (131). The 

data of Kuhn and Tankin showed a larger upper bound for radius in their 

experiments on propane diffusion flames over axisymmetric burners, and 

a likely result of coagulation. The particle radius (r ) profile 
. max 

shows that r at the flame is independent of streamwise location, 
max 

in agreement with the idea that only newly formed particles are present 

there. r at the inner edge of the soot zone increases with x, 
max 

consistent with coagulation along trajectories, and older particles at 

inner edges of the zone. 
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Table 6-2. Empirical Fits to Soot Total Number Density Data as Given 
by Eq. [6.2.2-2] 

Fuel x(cm) bO b
l 

b2 b3 

Toluene 2 - 6.20 8.05 -1.05 0.004 
4 -32.7 33.5 -8.47 0.649 

Cyclohexene 2 -18.2 15.7 -3.65 0.249 
(C6H

10
) 4 7.06 -6.82 2.28 -0.212 

6 -12.3 7.97 -1.31 0.063 
8 - 1.96 0.60 0.337 -0.050 

10 2.81 0.77 0.359 -0.039 

Iso-Octane 2 -14.5 9.27 -1.54 0.065 
(C8H

18
) 4 - 2.69 -0.15 _ 0.710 -0.098 

6 -15.9 9.47 -L51 0.068 
8 -10.2 7.25 -L32 0.071 

Cyclohexane 2 - 3.24 1.67 -0.0268 -0.038 
(C6H12) 4 5.24 -5.85 2.05 -0.210 

6 3.76 2.05 -0.198 -0.003 
8 lLl 5.94 -0.837 0.032 

10 -5.23 -0.147 -0.118 

n-Heptane 2 -82.4 7L4 -20.1 1.85 
(C7H16) 4 -20.5 13.3 -2.74 0.181 

6 -24.7 14.4 -2.60 0.151 
8 -14.4 7.57 -L15 0.051 

10 - 8.8 3.87 -0.342 -0.004 

Polymethyl- 4 - 3.48 4.40 -0.937 -0.004 
methacrylate 6 - 3.37 5.08 -L52 0.234 

8 - 0.25 L54 -0.427 0.025 
10 - 2.89 5.55 -2.27 0.288 
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The observed total particle concentrations of N Nl0
9/cc are 

o 

slightly less than those reported by Glassman and coworkers (N N 
o 

1010/cc), (25,58) and Kent et ale (NN1010/cc - l011/cc ) 
o 

(111). The total number density profile, N , shows a peak like the 
o 

f profile. One would expect the numbers to be highest at the flame, 
v 

which is the source, and to decrease with distance along a trajectory, 

as coagulation proceeds~ The convergence of trajectories and 

streamlines downstream, however, appear to act against this creating a 

peak in the profile, so that it has one maximum, instead of decreasing 

monotonically with y. Haynes and Wagner (7), and Vansburger et ale 

(25,146) have reported higher number concentrations near the flame 

zone, which decreases monotonically with distance from the flame front. 

6.3. Carbon Conversion in the Boundary Layer 

The utilization of fuel carbon has been investigated in the free 

flow boundary layer diffusion flame. The excess pyrolyzate fraction, 

soot mass flow rate, pyrolyzed carbon 7. converted to soot, pyrolyzed 

carbon 7. consumed in the flame, and the gas phase carbon pyrolyzate 

excess fraction have been examined for six fuels, and the results are 

presented in Table 6-3 (114). Columns one and two list the fuels and 

downstream locations. The total pyrolyzate between the leading edge 

and x is listed in column 3, assuming 1 meter of uniform width into the 

two-dimensional flame. In column 4 is listed the fraction of the total 

pyrolyzate that remains unconsumed at x. This excess pyrolyzate 

fraction was - 867. for the liquid fuels, and 567. for PMMA, the fuel 

structure-high r and low Band D numbers- playing a part in 
p 

lowering the excess pyrolyzate for PMHA. The excess pyrolyzate 
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Table 6-1. 

Downstream Total 
coordlnate,x pyrolyzate 

ruel (cm) (g/s) 

Toluene 2 0.39 
(C 7" R) 4 0.63 

Cyclohexene 2 0.36 
(C5" 1O ) 4 0.61 

6 0.83 
8 1.02 

Iso-Octane 2 0.36 
(CR" 18 ) 4 0.62 

6 0.82 
8 1.04 

Cyc:lohexane 2 0.36 
(Cf," 12 ) 4 0.60 

6 O.RI 
R 1.00 

10 1. 21 

n-lieptane 2 0.35 
(C

7
H

I6
) 4 0.58 

(, 0.79 
8 0.97 

10 1 . 1 I. 

Polymethyl- 4 0.27 
methacrylate (, 0.36 

(C 5" R0 2 ) R 0.42 

Summary of Soot Formation Experimental Results 

Soot mass flow 
rate 

~I Pyrolyzed 
Excess Jr,uf.d:J carbon 
pyrolyzate • converted to 
fraction .(mg/s) soot (7.) 

0.86 59.6 16.8 
0.86 83.9 14.6 

0.86 6.7 2.1 
0.86 17.8 3.3 
0.86 30.0 4.1 
0.86 38.8 4.3 

0.86 2.9 1.0 
0.86 7.8 1.5 
0.87 13.3 1.9 
0.87 21.0 2.4 

0.86 1.3 0.4 
0.86 5.0 1.0 
0.86 10.0 1.4 
0.R6 13.3 1.5 
0.86 15.4 1.5 

0.86 0.61 0.2 
0.86 2.2 0.5 
0.86 4.6 0.7 
0.R6 7.5 0.9 
0.86 9.8 1.0 

0.57 1.7 1.0 
0.56 3.2 1.5 

0.56 5. 1 2.0 

r 

Pyrolyzed 
carbon 
consumed In 
flame (7.) 

14 
14 

14 
14 
14 
14 

14 
14 
13 
13 

14 
14 
14 
14 

1 '. 

14 
14 
14 
14 
14 

4] 
44 

44 

Gas phase 
carbon 
pyrolyzate 
excess fracllon 

0.69 
0.71 

0.84 
0.83 
0.82 
0.82 

0.85 
0.85 
0.R5 
0.85 

0.86 
0.85 
0.85 
0.84 
0.8 1• 

0.86 
0.86 
0.85 
0.85 
0.85 

0.56 
0.55 

0.54 

'" ' -...J 



increases downstream for the liquid fuels as the soot radiative flux 

increases. In the case of PMMA)however, there is a reversal of this 

trend. The net radiation to the PMHA flame from the surface decreases 

downstream as the flame standoff and optical depth increase. Here, 

both \IT (heat convection) and Tfl decrease as do the mass ame 

pyrolysis rate and the excess pyrolyzate fraction. The increase in 

optical depth and flame radiation appears insufficient to stop this 

decrease in excess pyrolyzate. 

Since the f are measured with more precision than the detailed 
v 

N(r), the integral is preferred. The soot mass flux within the 

boundary layer at x is 

• 1/ 

rn.s [6.3-1] 

The dot product of velocity with the area in the x-plane eliminates any 

uncertainties due to the y-velocity, leaving only the more accurately 

known particle x-velocity, which is identical to the gas x-velocity 

(Ch. 5). The soot density, e, , is taken as 1.8 gm/cm3 • The results 

of Eq. [6.3-1] for all the fuels studied in free flow are shown in 

Table 6-3. Column 5 tabulates the integral on the right of Eq. [6.3-1] 

again with one meter of uniform flame width. Dividing this total soot 

flux in the boundary layer at x by the carbon portion of column three 

gives the fraction of the carbon pyrolyzate converted to soot, which is 

expressed as a percent in column 6. The fraction of carbon pyrolyzate 

burnt in the flame is given in column 7 and is simply one minus the 

excess pyrolyzate. The last column of Table 6-3 gives the fraction of 

carbon pyrolyzate that is neither consumed in the flame nor converted 
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to soot, but rather continues downstream as gas phase fuel species. 

Based on the soot flux and the % carbon converted to soot, the 

fuels rank from toluene to PMMA, just as they did with f • The 
v 

greater the % carbon converted to soot, the greater the heat sinking by 

flame radiation, and therefore the greater the difference between the 

adiabatic and actual flame temperatures. Greater conversion to soot 

also means greater variation of Yfw with x, higher pyrolysis rates, 

slightly higher velocities due to increased mit, and greater flame 

variation with x. The high wall temperature of PMMA also causes a high 

difference between Tfl and T d. ame a 

6.4. Soot Production Rates in The Boundary Layer 

An integral formulation is useful to obtain the net soot mass 

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 

J ~m;: dv [6.4-11 
ell 

where ~ is the soot density, here taken as 1.8 gm/cm3 (147), and i 
s 

indexes all generation and destruction processes. The system is 

steady, so the first term on the right goes to zero. 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 is adopted. 

There is no contribution to the control surface integral from the fuel 

or flame surfaces since f = 0 there, so that the net soot generation 
v 

is the difference in the flux through the xl and Xo planes, i.e., 
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[6.4-2] 

The size dependent thermophoretic force is eliminated by the dot 

product and only the x-velocity enters this equation. For an observer 

in steady motion, both f and df /dt depend on the spatial location v v 

(nonuniformity of particle number density), and the local gas density 

(fixed number of particles crowding into a smaller volume)" The 

spatial dependence of df /dt is the usual convective term: df /dx v v 

* dx/dt =udf /dx. The density dependence may be calculated by first 
v 

neglecting thermophoresis, and considering the motion of soot laden. gas 

from [x,~] to [x+dx,~+d~]. The particles in an initial volume, V, end 

up .in a volume V+dV, where by mass conservation 

.::. de <?T ::: c.on&a"t) . [6.4-3] 

In any frame of reference having a relative velocity, u l' to the re 

soot, gradients in the soot flux, (U"«L*f ), will cause an f 
v v 

accumulation rate even if f =constant everywhere in the lab frame. 
v 

Since our calculations are along particle trajectories, with u 1=0, re 

we conclude that along such trajectories, thermophoresis does not 

contribute to df /dt, and that the change in f due to density 
v v 

gradients is given by df If. = de/~. Thus: v v 

_ .!:k. ~T ) 
T oS 

where u is the velocity along the trajectory s. 
s 

[6.4-4] 
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Table 6-4 summarizes the soot generation rate data for all six 

fuels. The calculated and experimental flame temperatures are given in 

columns 3 and 4. Valid experimental flame temperatures are limited by 

flame instability to x < 6 cm. The calculated flame temperatures for 

n-heptane, cyclohexane and iso-octane are sufficiently close « 10 K) 

to the adiabatic flame temperature, so that radiation could have been 

ignored in these systems. The < 200 K difference between the 

approximate calculated and experimental temperatures is reasonable. 

Columns 5 and 6 show good agreement between experimental flame standoff 

distances and those calcula ted wi th '))00 ~ 5 mm 2, s. Comparing y fl 

with y from Table 6-1 gives the displacement between the flame and o 

the outer edge of the soot region. Column 7 gives the total soot mass 

flow rate in the boundary layer from the integral' on the right of Eq. 

[6.4-2] at each x, assuming uniform flow for one meter normal to the 

x-y plane. 

The last three columns move from this integral approach to the 

trajectory calculations discussed in the next section. 

6.5. ParticulateTrajectories 

The particles deviate slightly towards the surface from the gas 

streamlines, shown along with f profiles in Figs. 5-1 and 6-3, due 
v 

to thermophoresis (143). In free flow, the streamlines show that 

particles generated near the flame will be convected toward the 

converging streamline along the inner edge of the soot layer. Thus 

young distributions are expected near the flame and aged distributions 

near the surface. This is verified by the most probable sizes and 

number densities given in Figs. 6-4a and b for the same system as Figs. 
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Table 6.4. 

X(CIII) T (K) T (K) 
max fl 

calc calc. exper. 

Toluene 2 2260 2080 
4 2230 

Cyclohexene 2 2300 2100 
4 2290 2090 
6 2280 
8 2280 

Iso-Octane 2 2240 2050 
4 2235 2050 
6 2230 
8 2230 

Cyclohexane 2 2250 2060 
4 2245 2050 
6 2240 
8 2240 

10 2240 

n-Heptane 2 2240 2080 
4 2240 2060 
6 2240 2040 
8 2240 

10 2240 

PolYlliethyl- 4 2060 1910 
methacrylate 6 2050 1940 

8 2040 

Flame Temperatures and Soot Generation Rates 

Y fl (1111) Yfl (11m) Soot "a .. <i /f ) v v lIax 

exper. Plow Rate 
-1 

(sec ) 
(II&/S) 

6.2 6.1 53 90 
1.5 74 

6.2 6.0 5.7 76 
7.3 7.5 16.2 73 
8.2 26.7 102 
8.8 34.2 117 

6.2 6.2 2.6 117 
7.5 7.4 7.2 131 
8.4 11.8 147 
9.0 18.8 

6.2 6.1 1.1 105 
7.3 7.5 4.4 87 
8.2 8.8 161 
8.8 11.8 98 
9.2 13.7 

6.1 6.0 0.5 75 
7.2 6.9 1.9 106 
8.0 7.5 4.0 112 
8.6 6.5 109 
9.0 8.5 

4.6 4.3 1.4 131 
5.0 4.9 2.7 136 
5.3 4.3 

E 

(kcd/mole) 

61.6 

66 
58 
46 
57 

(57) 

45 
46 
53 

(44) 

46 
62 
47 
55 

(55) 

40 
53 
51 
52 

(51) 

40 
51 

(37) 

A 

(GHz) 

18.0 

21.0 
1.1 
0.07 
1.1 

(0.08) 

0.04 
0.05 
0.26 

(0.03) 

0.06 
2.91 
0.07 
0.45 
0.43 

6.3xl0 -3 

0.21 
0.15 
0.14 
0.12 

0.02 
0.37 -3 

(6.1xl0 ) 

-....J 
N 
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5-2 and 6-3. All of the particles extant at 2 cm accumulate by the 

inner f at 10 cm. The most probable radius grows from ~ 30 nm at 2 
v 

cm to ~ 45 nm at 10 cm as shown in Fig. 6-4a. This over a factor of 

76 

two increase in the mass of the most probable particle in ~ 0.05 sec is 

reasonable from coagulation theory (24,148,149) for these number 

densities. The decrease in NO from 2 cm to 10 cm in the neighborhood 

of y = 3 mm in Fig. 6-4b also indicates coagulation. Some formation or 

growth also occurs as noted in Table 6-3 and Fig. 5-2; f doubles 
v 

near y = 3 mm between 2 cm and 10 cm. On the flame side of the soot 

region little change in r or N is observed in Figs. 6-4, 
max 0 

consistent with the idea that this is all newly formed soot. We are 

anxious for the mixed flow with radiation analysis to be completed so 

that we can move on to the forced flow data where error bars are 

reduced due to greater flame stability and variation of Y provides 
o 

a wider temperature range. 

Figure 6-2 (171) traces the streamwise evolution of the particle 

trajectories, including the effects of thermophoresis, for an 

iso-octane flame in air (the same system in Fig. 5-1). The solid 

horizontal line is the flame sheet and experimental soot profiles have 

been superposed on the soot region at four x stations. The effects of 

particle motion on soot concentrations are illustrated. New soot and 

the largest generation rates exist nearest the flame. The soot profile 
,e 

peak is formed partly by convection, while older particles accumulate 

toward the fuel surface. These observations are confirmed by particle 

size and concentration data (14-16,128,114). 



6.6. Arrhenius Correlation for The Soot Formation Rate 

Numerical temperatures 

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

global models for the individual terms on the left of Eq. [6.4-2]. 

Until this is possible, a simple Arrhenius function is postulated 

• III 
rYJs - [6.6.1-1] 

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

providing the best fit using calculated temperatures. The change in 

f between v the x stations along an average particle trajectory gives 
. 
f as v 

( Um lJ.+" 
tvrn As 

[6.6.1-2] 

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

lines so that only small variations are averaged in f ,u, Y
f vm m m 

and T. The good agreement between the data and the functional form m 
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of Eq. [6.6.1-1] is shown by the linearity and tightness of the data in 
. 

Fig. 6-5 for iso-octane and n-heptane. The mean fv near Yo between 

Xo and xl is listed at Xo in Table 6-5 column 5. This net 

generation rate decreases rapidly from the maximum value shown as y 

decreases, with f (Yi) < 0.1 f (y). Clearly for these 
v v 0 

flows, the maximum generation rates are near the flame. The last two 

columns of Table 6-4 list the Arrhenius fit parameters along each 

trajectory from Eq. [6.6.1-2] using calculated temperatures and 

velocities. The best fits throughout the outer two-thirds of the soot 
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region are shown in parentheses and plotted in Fig. 6-5. The energies 

are reasonable (7,25,37,112). Using experimental temperature profiles, 

with calculated velocities, gives much lower values, i.e., E =29 a 

kcal/mole and A=5xl06 Hz for n-heptane. For the inner third of the 

soot region, nearer the fuel surface and containing older particles, 

the data deviate from the Arrhenius form, suggesting different 

mechanisms may be operative. 

Experimental temperatures 

Arrhenius correlations have also been carried out using 

experimental temperature profiles (instead of the numerical values) 

with calculated velocity and Y
f 

profiles. The results for n-heptane 

6 are E =29kcal/mol, and A=5x10 Hz, compared with 
a 

8 E =51kcal/mol;A=1.2x10 Hz for the numerical temperatures. The 
a 

reason for the difference is the disagreement in the temperature 

profiles ~t the location of the soot radiative sink. The difference 

between the experimental and calculated temperature profiles is least 

at the flame (~100K-200K), and increases towards the inner regions of 

the correlation (1700 < T < 2200). As a result, and relative to the 

purely numerical plot, all points in the present Arrhenius plot are 

displaced towards lower T, with the cooler points suffering the 

greatest displacement. Thus the slope and the intercept both decrease. 

The experimental velocity profiles are not expected to be significantly 

• less than the present calculations, so that f stays practically the 
v 

same. It is expected that when the localization of the radiation is 

properly done, the calculated and experimental temperatures, and their 

E and A will achieve better agreement. 
a 



6.7. Similarity of Soot Production Rates 

Values of the soot formation rate f = udf Ids have been 
v v 

calculated for cou:ellating soot production. Values for all six fuels 
. 

are listed in Table 6-5. f is maximum at the site of particle 
v 

inception near the flame, y , and decreases by over an order of 
o 

magnitude towards the inner edge Yi' of the soot layer as the 

• 2 
particles age. f (max) is of order 10 /sec for the fuels tested. 

v . 
As expected, the fuels rank with f just as they did with f , with v v 

• 
C7HS having the largest fv' followed in descending order by 

C6H10 , CSH1S ,C6H12 ,C7H16 , and PMMA. The normalized . 
production rate, f /S, where S is the soot surface area per unit 

v 

volume, has also been calculated for all the fuels. S is found using 

9 2 r =30nm and N =10 Icc, giving S=O.ll em Icc. The maximum 
max 0 

f /S lies in the range (3-30)"u. m/s for all the fuels tested (Table 
v 

6-5) • Due to the similarity of Nand r values for all the o max 
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fuels, the ranking is again the same as with fv. There is some 

uncertainty in what single value of S to use for the boundary layer, so 

that f /f may be the better correlation parameter. v v 

These results are in fair agreement with the values of f /S = 
v 

(3xl0- 4 - 9xl0-4 ) em/sec reported by Glassman and coworkers in 

propane and ethylene counterflow diffusion flames in air (25). The 

• -4 results also compare wi th f /S -;, 0.5xlO cm/sec obtained by Harris & 
v 

Weiner (90) for their work in rich premixed ethylene/air flames, as 

• -4 well as f /S~(0.2-2.0)xl0 em/sec calculated by them for the data 
v 

of Kent et ale in a Wolfhard Packer ethylene/air diffusion flame (111). 

Normalized values of f /f [Eq. 6.4-7] along different v v . 

trajectories have been plotted against y/y for n-heptane and max 
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. 
Table 6-5. Soot generation rates f = u df ds where u is the v s v s 

velocity along the streamline, s. 

minimum maximum 
• • • Fuel )(cm) y (mm) f (PPM/s) y (mm) f (PPM/s) v v 
.. Toluene 2 2.01 7.40 4.67 346 

4 

Cyclohexene 2 3.34 0.35 4.67 84.4 
4 2.63 17.9 6.35 86.0 
6 3.41 16.0 7.55 71.0 
8 2.98 35.6 7.43 92.0 

Iso-Octane 2 2.79 0.25 4.71 55.5 
4 2.88 17.8 5.66 58.1 
6 4.56 16.7 6.43 59.6 

Cyclohexane 2 2.94 8.39 4.02 39.6 
4 2.80 4.77 4.87 44.3 
6 3.42 0.93 6.26 57.4 
8 4.10 0.99 6.49 51.3 

n-Heptane 2 3.57 13.2 3.87 16.9 
4 3.65 0.48 5.30 26.5 
6 3.39 4.60 6.03 31.2 
8 3.36 8.03 6.47 29.4 

Polymethyl- 4 1.39 0.60 3.06 24.5 
methacrylate 6 2.19 3.86 3.76 28.4 

8 2.39 3.78 11.9 
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iso-octane in Fig. 6-6. Two groups of trajectories, 01 and 02 are 

plotted for iso-octane, and three groups h1, h2,and h3 for n-heptane. 

01 and h1 trajectories go from x=4cm to x=6cm, 02 and h2 go from x=6cm 

to x=8cm, and h3 trajectories go from x=8cm to x=10cm. In these plots, 

the y-coordinate refers to the begining of the trajectories, and Ymax 

is the maximum y-coordinate in each group of tr~jectories ( Yo in 

Table 6-1). For example, y (01) refers to the begining point of max 

the highest trajectory plotted for iso-octane between x=4cm and x=6cm. 

A single maximum (f If ) is used for each fuel, and the values are 
v v 

listed with the figure «f If) =112/sec for n-heptane, and v v max 

130/sec for iso-octane). As may be seen in this figure, the soot 

generation process near the flame appears to be self similar, scaling 

according to the flame height with results from different trajectories 

(and fuels) falling together. No such similarity shows up in the plot 

of f data. 
v 

6.8 Error Analysis on Soot Data 

Exhaustive error analysis of their multiwavelength extinction soot 

data (f , N ,r ) by Bard (158)., and Beier (159) suggests that v 0 max 
• • 
f If is a better correlation parameter than f IS. The analysis v v v 

by Bard yields relative dispersions of ~ Ir =33~ for PMMA, and max max 

11~ for iso-octane,~ IN = 10~ for PMMA and 32~ for iso-octane, 
o 0 

and Gf If =5.9~ for PMMA and 2.1~ for iso-octane. Beier, whose v v 

data was used in the present study, estimates a conservative upper 

bound of 15~ for both rand f deviations, and 50~ for N max v 0 

deviations. 
3 

Although f =18.62N r ,it can be seen that the v 0 max 
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Fuel 

Table 6-6. Parameters for normalized production rate plot. 

t * = f If . normalized f * = t */f *max v v v' v v v 

Trajectory ymax(mm) ftt -1 plot" (sec ") 
v max 

iso-octane 4cm-6cm 5.7 130 01 
6cm-8cm 6.3 130 02 

n-heptane 4cm-6cm 5.2 112 hl 
6cm-8cm 5.9 112 h2 
8cm-l0cm 6.5 112 h3 
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errors in Nand r cancel to some extent while propagating into 
o max 

f • 
v 

The errors in f are less than indicated by the r3 and . v max 

N dependencies. The deviations are given by: 
o 

(Ci 1£)2 ~ ( UJ y- -to ( 7 - ~A)~ ( ~::~) 

(V;/S't = (!if)~ t ( 6 - ~J ( cr;::5 
where 

A S40Qe )(t- 01.. 5.e xp(-.3 c(J~IC) dO( 
o 

A' 

Qext = Hie extinction efficiency, 

A ~ wavelength of probing laser beam, 

~ = extinction coefficient, 

0( = 21fr/"). 

[6.8-1} 

[6.8-2} 

[6.8-31 

[6.8-41 

[6.S-5} 

Since the fractional uncertainty in N is always greater than that in o 

f : ON IN > (k.f If, we see by inspection of eqs. [6.7-11 v 0 0 v v 

- [6.7-31 that the fractional uncertainty in S is greater than or equal 

to that in f. This because o;lS lies between O-:f If and v . v v 

C;; IN • 
o 0 



6.9. Prediction Of Soot Loading 

The Arrhenius correlation (eq. [6.6.1-2]) for f has been 
v 

integrated along particle trajectories, starting from f =f (min) at 
v v· 

the onset of the trajectories at T=2000+50 K. The integrated 

expresssion is: 

[6.9-1] 

where local values are used for Yf' T~ and u • 

• 
Due to the averaging of f to get ~he overall Ea for each fuel, 

v . 
this expression underestimatesAf along the high f trajectories 

v v 

nearest the flame. This is evident in Fig.6-7 showing experimental 

f (0), curvefits to experiment (--), and calculations using eq. 
v 

[6.8-1] (_._). The overall agreement is quite good nonetheless. 

6.10. Conclusions 

Experimental soot data, f the soot volume fraction, r the v max 

most probable radius, and N the number density, have been presented 
o 
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along with a discussion of the experimental method used to obtain them. 

The data have been fit with cubic polynomials and used with calculated 

temperatures, velocities and species mass fractions to study soot 

production and carbon conversion in the boundary layer. The parameters 

of the fit are presented as is an integral formulation for soot mass 

conservation in the boundary layer. The ~ carbon consumed in the 

flame, ~ carbon converted to soot, and ~ carbon in the excess 

pyrolyzate were discussed for the six fuels studied. 
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An expression was derived for the soot production rate, taking the 

effects of density gradients into consideration. The fuels rank with 

• f just as they did with f • 
v v 

The soot production rates f If v v 

were normalized and plotted against normalized transverse coordinate, 

and were found to exhibit self similarity, scaling according to the 

flame height. 

The soot production rates, normalized by the specific soot surface 

area per unit volume were also calculated. The surface specific soot 

production rates lie in the range 3-30~/s in fair agreement with 

earlier works by Vansburger et ale (25), Kent et ale (111), and Harris 

et ale (90). 

A simple Arrhenius correlation was introduced for calculating 

f , and was found to describe sufficiently the temperature dependence 
v 

of the soot growth over the temperature range 1700K < T < 2200K. The 

energy parameter is of 0(50 kcal/mole) and the pre-exponential is of 

O(lGHz). Particulate trajectories were determined including the 

effects of thermophoresis, and the Arrhenius forms integrated along 

these trajectories to predict soot concentrations. The predictions 

were found to agree well with experiment. 



7. CONCLUSIONS 

7.1 Summary 

A mathematical model has been presented for radiating boundary 

layer flames of six fuels in free flow: C7HS' C6H10 , CSH1S ' 

C6H12 , C7H16 , and (C
5
H

S
0

2
)n. An energy ba"iance on soot 
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particles showed that the soot and gas temperatures are equal allowing 

the soot radiative sink to be included in the gas energy equation. The 

resulting conservation equations were simplified, nondimensionalized 

and solved. 

The effects of buoyancy were studied, and found to be very 

pronounced in forced flow systems. The analysis of radiating flames in 

forced flow was therefore postponed until buoyancy can be properly 

accounted for. 

The role of radiation was discussed and as it is the dominant mode 

of heat transfer in large fires, the necessity for learning to include 

radiation in the analysis of flames re-emphasised. The equation of 

radiative transfer was solved for an absorbing-emitting soot layer, 

with soot and temperature profiles f (y) and T(y), and the surface 
v 

flux was obtained and used in determining the average radiative 

properties of the boundary layer. 

In the resulting analysis of a combusting boundary layer with 

radiation, the pyrolysis rate depends on nine dimensionless parameters 

and the intensity of an external flux. Since D , a dimensionless 
c 

heat of combustion, controls the flame temperature, the amount of 

radiation emitted by the combusting layer depends strongly on D. In 
c 

addi tion, ~ , an optical thickness of the boundary layer, and NR, a 



radiation parameter, affect emission from the combusting layer. A 

dimensionless wall temperature, el.lh and wall emissivity, ew , control 

surface emission. As in previous models without radiation, the 

boundary layer combustion is influenced by B, a mass transfer number, 

r , a mass consumption number, and weakly by Pr, the Prandtl number. 
p 

The pyrolysis rate depends strongly on B, while the amount of 

combustible gases escaping downstream is dominated by r. Although 
p 

the excess pyrolyzate depends on the length of the fuel surface 

through~, this dependence is much weaker than the dependence on r • 
p 

The flame temperature and surface fuel mass fraction vary slowly with 

streamwise position, increasing or decreasing depending on NR• Both 

Tfl and Yfw are independent of x in the absence of radiation. 

The effects of hot surroundings in a compartment fire have been 
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introduced through an incident radiative flux, which can often dominate 

since the boundary layer is optically thin and most of this incident 

radiation strikes the fuel surface. An increase in the radiative heat 

flux is partially offset by an associated decrease in the convective 

heat flux. 

Measured soot volume fractions lead to absorption coefficients 

which give good agreement with experimental local pyrolysis rates. 

Three criteria were established for deciding when to exclude 

radiation in the analysis of a flame. Two of these, Nr«O.l and g~/Nr 

«1 were obtained from nondimensionalizing the conservation equations 

and studying the effects of the controlling solution parameters. The 

is the limit where radiation is 

negligible in the boundary conditions. 
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Average transport and radiative properties have been specified for 

the sooting flames studied, and rules have been established for 

obtaining these properties. The constant specific heat was found to be 

c =1.4otO.03 for all the fuels, corresponding to c for air at the 
p p 

flame temperatures of 2200K-2300K. Thee~ product was found to be e)4~ 

7g2/m4s, and this value is a good approximation to e~(~), the 

vaiue at the vaporization temperature for each fuel studied. The 

absorption coefficient, average soot temperature, and average soot 

volume fraction were presented for all the fuels. The values are 

consistent with the initial assumptions that the boundary layers 

examined are optically thin. 

Temperature p.rofiles have been calculated for all the flames 

studied. The calculations assume a constant c and constant 
p 

absorption coefficient for each fuel, and infinite kinetics at the 

flame. Experimental profiles have also been obtained using Pt/Pt-13Rh 

couples in n-heptane and iso-octane flames in free flow. The 

experimental profiles were corrected for radiation, conduction and 

convection, by carrying out an energy balance on the bead. The effects 

of soot accumulation on the bead were corrected by quickly moving the 

thermocouple into place and extrapolating to the initial temperatures 

at that position. The temperature correction near the flame is - lOOK. 

A comparison of the experimental and calculated temperatures shows 

an overestimate in the soot zone, and an underestimate outside the 

flame. This disagreement can be attributed in part to the use of a 

constant absorption coefficient which smoothes out the effects of the 

local radiation, underestimating the radiative sink in the soot layer, 

and putting a sink where no soot exists. The temperature discrepancies 
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were in the range lOOK-200K, and the flame temperatures were of order 

Tfi 2250K. Any significant improvement on these results requires the 

use of appropriately localized sink terms in the soot layer so that the 

radiative losses only exist there. 

The difference between the real and adiabatic flame temperatures 

indicate that radiation is of little importance in most of the systems 

studied. In the cases of PMMA and toluene, however, the radiative 
/ 

losses are important: toluene because of high soot volume "fractions, 

and PMKA because of high surface temperatures. The effects of 

radiation are evidenced by the decrease of Tfl with streamwise 

distance (- lOOK for PHMA between x=2 and x=lOcm), and the increase of 

Yfw with same (-31. increase for toluene between x=2cm and x=4cm). 

The gas velocity profiles and species fields have also been 

determined for the six laminar diffusion flames. The thermophore tic 

effect has been accounted for and particle trajectories calculated. 

The thermophore tic slip is entirely negligible in the streamwise 

velocity, but is of great importance in the transverse velocity, 

dominating near the converging streamline, where it is of O(-2cm/s). 

The v-velocity lies in the range -15cm/s < v < 5cm/s. The resulting 

particle trajectories are seen to greatly affect the soot volume 

fraction profiles dictating where the peaks lie. The negative sign of 

the v-velocity also implies that particulates found near the flame were 

formed there, and that inbound soot might playa significant role in 

pre-flame decomposition due to the high reactivity of the soot 

surface. 

The product species profile peaks at the flame where a balance 

exists between particle formation and oxidation. Since v is negative 
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near the flame, particulates found near the flame must have been formed 

. there. The balance between formation and oxidation at the flame 

determines the initial number of soot nuclei, and the ultimate soot 

loading since reactions away from the flame tend to affect the soot 

size (instead of the number density) through condensation and 

coagulation (7,25,114). The high reactivity of the soot surface may 

contribute to the progressive breakup of the fuel between the wall and 

the flame. 

Due to increased radiation, the local pyrolysis rate and the fuel 

mass fraction at the wall both increase downstream (while the 

temperature decreases) for high D , low r fuels. The presence of 
c p 

soot at low temperatures is partly due to transp.ort. Thus a definitive 

conclusion about the minimum temperature and fuel mass fraction needed 

to form soot cannot be drawn from this study. 

Experimental soot data, f the soot volume fraction, r the v max 

most probable radius, and N the number density, have been presented 
o 

along with a discussion of the experimental method used to obtain them • 

. The data have been fit with cubic polynomials and used with calculated 

temperatures, velocities and species mass fractions to study soot 

production and carbon conversion in the boundary layer. The parameters 

of the fit are presented as is an integral formulation for soot mass 

conservation in the boundary layer. The t carbon consumed in the 

flame, t carbon converted to soot, and t carbon in the excess 

pyrolyzate were discussed for the six fuels studied. 

An expression was derived for the soot production rate, taking the 

effects of density gradients into consideration. The fuels rank with 

• 
f just as they did with f. The normalized soot production rates 

v v 
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(f If )/(f /f) were plotted against normalized transverse 
.vv v v max 

coordinate, and found to exhibit similarity scaling with the flame 

heighto 

The soot production rates, normalized by the specific soot surface 

area per unit volume were also calculated. The surface specific soot 

production rates lie in the range 3-30pm/s in fair agreement with 

earlier works by Vansburger et ale (25), Kent et ale (111), and Harris 

et a1. (90). 

A simple Arrhenius correlation was introduced for calculating 

• f , and was found to sufficiently describe the temperature dependence 
v 

of the soot growth over the temperature range 1700K < T < 2200K. The 

energy parameter is of 0(50 kcal/mole) and the pre-exponential is of 

O(lGHz). Particulate trajectories were determined including the 

effects of thermophoresis, and the Arrhenius forms integrated along 

these trajectories to predict soot concentrations. The predictions 

were found to agree well with experiment. 

Soot studies from several researchers have been presented and 

their results compared with this study. Despite the differences in 

configuration varying from rich premixed ethylene/air flows to 

ethylene/air diffusion f lames on Wolfhard Packer burners, various 

liquid fuels on free standing wicks, axisymmetric propane burners. and 

counter-flow propane/air and ethylene/air diffusion flames, there is 

remarkable agreement in the results. The soot volume fraction data, 

number densities and particle sizes showed good agreement between 

results from propane/air and ethylene/air stagnation flow flames on the 

one hand, and free standing diffusion flames used in this study for 
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other. 

The results from different studies of net soot formation rates, 

• • 
f , and normalized formation rates, f /S also showed good agreement 

v v 

although there is some uncertainty in the values to be used for the 

specific soot surface area, S. These results, taken with the agreement 

in number density, size and soot volume fraction data suggest 

fundamental processes in soot formation, which are independent of 

burner configuration and only slightly dependent on the fuel 

structure. 

The results from Arrhenius correlations were not quite as 

encouraging however. For the overall sooting process, this study 

obtained E ~ 50 kcal/mole for the fuels examined, while Glassman and 
a 

coworkers got E =31kcal/mole for propane and E =46kcal/mole for 
a a 

ethylene. The overall process includes both initial particle formation 

and surface growth, which may have significantly different temperature 

dependencies (E). The surface growth process has been attributed to 
a 

C
Z
H2 condensation, and the energy parameter obtained by various 

researchers for that process alone are in better agreement, ranging 

between 16 and 25 kcal/mole (13,25,112). The condensation process 

which is responsible for most of the soot mass thus appears weakly 

dependent on the fuel, and less temperature dependent than the overall 

sooting process or fuel pyrolysis (25). 

The concensus between different workers, suggests fundamental 

processes in soot formation that are independent of fuel or 

configuration. The extent to which these processes occur may differ 

between systems, causing differences in total f , but the basic 
v 
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processes e.g. inception at the flame, surface growth by condensation 

(maybe of acetylenic species), and coagulation appear to be the same. 

7.2. Future Work 

Future work is scheduled on two fronts to elucidate soot formation 

processes, and enable calculation of soot formation rates from first 

principles. Experimentally, 2-dimensional velocity profiles are being 

obtained by Laser Doppler techniques, and temperature measurements by 

thermometry. These measurements will allow for better characterization 

of the flow field, for better comparison with calculations, and will be 

used in checking the assumed Arrhenius forms. Analytically, the 

radiation model is being improved to allow localization of radiation. 

The radiation term (dqR/dy) will be removed from the energy equation, 

and the similarity temperature and velocity solutions perturbed 

iteratively by the addition of a radiative term. The assumption of 

infinite reaction rate at the flame will also be relaxed, especially 

for the high oxygen fraction flames, to allow for interdiffusion of 

fuel and oxidant species, and broader flames. Finally, the effects of 

buoyancy ar"e being introduced into forced flow analysis, and radiation 

is being included, as it is important in the higher oxygen flames. 

.. 

'. 
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APPENDIX 

INTRODUCTION 

In a steady, laminar, combusting boundary layer, a pyrolysis zone 

separates a flame zone from the fuel surface, as shown in Fig. 2-1. A 

soot layer is on the fuel side of the flame zone. Through the transparent 

ambient gas the combusting layer exchanges radiation with a distant black 

wall, which is maintained at a specified temperature. This investigation 

examines the effects of radiation on the local fields, and excess 

pyrolyzate escaping downstream at the top of the fuel slab. 

The chemical energy lost to the system in the formation of soot is 

neglected, since the fraction of fuel carbon converted to soot is small 

for most fuels (151). In this model the dominant effect of the soot 

particles is radiative heat transfer. One-dimensional radiative transfer 

is used which is consistent with the boundary layer approximations. An 

optically thin approximation simplifies the radiation terms in the energy 

equation, and the equations are solved by numerical methods. From 

measurements of soot volume fraction in combusting boundary layer 

(129,16,128), the optical thickness of the soot layer is small, ~ < 0.1, 

even for very sooty fuels. In the model spectrally gray, homogeneous 

.medium with a constant absorption coefficient throughout the boundary 

layer is assumed. This assumption will be improved in future work. The 

value of the absorption coefficient is obtained here from measured soot 

volume fractions on the fuel side of the flame zone. The experimental 

techniques are described elsewhere by Beier (129); Beier and Pagni 

(16,128); Bard (150) and Bard and Pagni (151). 
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FREE FLOY COMBUSTION 

Analysis 

As in the previous studies of a combusting boundary layer 

(115,116,118-120,124) assumptions include unity Lewis number, transport 
.. 

properties independent of composition, and no dissipation. A single-step 

reaction to summarize the relatively fast chemical changes is given by 

[A-I} 

The equations used to model the flow are the conservation equations for 

mass, momentum, enthalpy, and species (114,129) 

O(e~) + oC~v) 
=0 ox. o~ [A-2a} 

etA. au + evdl.( = " (faLL) + ~(~-e) 
()7- Qd o~ o~ [A-2b] 

eu ~h t- ello~ _ ;). (k dh) , '" ()'l.. 
ox o~ - o~ cp ,,~ + t - Q ~ 

[A-2c] 

eu %1 -t evo'{; = ~J (eD ~~ ) +tY\'; 
~~ 

[A-2d] 

where 
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T 
h = 1 ~dT 

Too 

The one-dimensional radiative flux, positive away from the surface, is 

given by 

Ts 
t( ... 2. 8W E3 Cr.) - 255 fl T5-1 ) T 2. i ~J:o(x,t) Ef,Clt-t/) cit 

o [A-3a] 

and its derivative is 

where 1. :a ~y. In Eq. [A-3a] the first term, 2.8w~(:{,) ,is the radiant 

energy leaving the fuel surface, which is attenuated due to absorption by 

the medium. The remaining terms represent the incident energy from the 

distant wall and the combusting boundary layer. The first two terms in 

Eq. [A-3b] represent local absorption of energy originated at the fuel 

surface and the distant wall. The last term denotes energy emitted by an 

elemental volume. The boundary conditions are: 

at ~o) u.::.O, 

m, ~ --eD d~/O:J 
Yft -I{.w 

[A-4a] 

[A-4b] 

[A-4c] 



The source terms q"' and m'~' in Eqs. [A-2c] and [A-2d] can be 
1. 

eliminated by defining the Shvab-Zeldovich variables 

r:- h/flpJlotvto -10/1101'10 
~:: 'ft. 11f. Nf - Yo/'YD No 

since 

• III • 1/1 

~ :. tnl 

Qp lI~No ?IfN, 

• I~ 

- mo "- ')',M. 

[A-5] 
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The fuel mass fraction changes along the wall, because the varia tion of 

radiation does not follow the same similarity form as the conduction heat 

transfer to the wall. Since we assume constant mixture specific heat, the 

enthalpy at the walland :tw. are constant in this analysis. Pitz (136) 

found that a constant mixture specific heat gives satisfactory results 

when the results are compared to a more detailed calculation where the 

mixture specific heat is a function of species and temperature. 

Normalized Shvab-Zeldovich.variables have the form 

[A-6] 

where)~ indicates the value at the wall when radiation is neglected. 

For a given fuel the value of fow~ is known, since the mass fraction of 

fuel at the wall without radiation is given by 

[A-7] 

As in previous studies (116,124), the mass consumption number, 
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[A-8] 

represents the ratio of the relative available oxygen to the 

stoichiometrically required oxygen. From the definition of the enthalpy 

and Eqs. [A-5] and [A-61, expressions for the enthalpy and dimensionless 

temperature are 

h/hw ~ Dc -W,-I);;' ) 'J ~ ~ff 
h/h~ '" - {Dc-I)J of Dc (/f-jr;J:J;'- I ~jfl [A-9a] 

f} - (I- r. 9w - i )( hlhw ) 
[A-9b] 

Since negligible variations in mixture molecular weight and pressure are 

assumed, e T = constant. The transformation variables, 3 and 7 ' and the 

transformed stream function are chosen as 

[A-10] 

[A-ll ] 

[A-12] 

Since the boundary layer thickness, 8 , is approximately proportional to 

x/Gr-l/4, the streamwise coordinate, 3-iAK.b is proportional to the 
x -

optical thickness of the boundary layer. The conservation equations and 

the boundary conditions in this new coordinate system are 
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[A-13a] 

[A-13b] 

II n F'I (f I dJ;. Yp' af) 
~ + 3 r,. ~ :: fr f a.§ - ~. [A-13c] 

f '(1,0) =0 

[A-14a] 

[A-14b] 

[A-14c] 

U.(3,OO) ==0 
[A-14d] 

aQe. 
where 01: is given as a function of 5 and 1 by Eq. (A-17) , 

The prime denotes derivative with respect to7. Since the optical 

thickness of the boundary layer is small the usual interpretation of NR 

as the ratio of heat transfer by conduction to optically thick radiation 

does not apply. However, with :3"".2~/(.S , a measure of the local ratio of 

conduction to optically thin radiation can be found in the group NRt 'Sl. , 

rewritten as 

where • The numerator corresponds to conduction, and the 

• 
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denominator represents the energy flux emitted by a one-dimensional medium 

without self-absorption. 

The optically thin approximation neglects absorption by the medium of 

its own emitted radiation, while permitting absorption of surface or 

external radiation. This assumption is valid for lr~41. The exponential 

integrals, ~Lt) and ~(:l), are approximated by 

and 
[A-15] 

The substitution. of Eqs. [A-15] in Eqs. [A-3a] yields 

1: 16 
'f~CSI'() = fwCt-2·d-~('-lroT.11:) r2{eo(~,t)dt -.ztebC~,t)dt 

[A-16 ] 

Differentiation of Eq. [A-16] with respect to ~ gives 

- ~£ '" zBw + 256 - 4e.bt'£, r.) [A-17 ] 
de: 

These expressions assume that the soot and gas temperatures are equal 

(T =T). This equality is established in Section 2.2.1 through an 
s g 

energy balance on a typical soot particle. For gray diffuse surfaces the 

radiosity at the fuel slab and edge of the boundary layer are respectively 

[A-18] 

The optically thin approximation is valid for all values of the 

absorption coefficient consistent with laminar flames. If the 
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coordinate transformation, Eq. [A-I0], is inverted, the optical thickness 

of the boundary layer is recovered as 

[A-19] 

The optical depth varied from very small values at the beginning of the 

slab to an order of 0.1 at the end for the highest value of NR• When 

Eqs. [A-16] and [A-17] are substituted into Eqs. [A-13] and [A-14], the 

problem is reduced to finding the solution of three coupled differential 

equations for f,J(, and J~. The equations contain nine parameters that 

govern the character of the solution field. B, rp' Dc' NR,S ' Pr, 

e. , e""" a nd ~. ex 

The expressions for the local pyrolysis rate, total pyrolysis rate, 

conduction heat flux at the surface and surface fuel mass fraction are: 

[A-20] 

. -1/'1 
-Mp(lc} Gr,; 

llh f~ ))/JO 
[A-21] 

[A-22] 

[A-23] 

I 

Thus, Jj(s,O) represents a dimensionless conduction heat flux, 

and Ji.{~/O) indicates a surface mass fraction relative to ~lIo1n. If the 

streamwise coordinate is set to zero,3::0, in Eqs. [A-13] and [A-14], 
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these equations revert to those for a non-radiating combusting boundary 

layer. Thus any dependence on indicates an effect of radiation. 

The parameters Band r affect the radiation heat transfer t.o the 
p 

surface slightly. However, -fL~JD) is strongly dependent on the value of 

B as found in the nonradiative solution. The flame location and height 

(152,153) retain their dependence on r • 
p 

The excess pyrolyzate is obtained by calculating the downstream flux 

of the fuel between the slab and the flame 

[A-24] 

Transforming Eq. [A-24] to the (3,1) coordinate system and normalizing on 

M (x) in Eq. [A-21] yields the unburned fraction of the total pyrolyzate 
p 

of 0 to 3' ' 

where 

x 

Mp = L m," Cx)dx. 

The surface heat flux by conduction and the surface fuel mass fraction are 

obtained from Eqs. [A-9] and [A-6] respectively. 

RESULTS AND DISCUSSION 

The equations are solved by finite difference methods. Two-point 

backward differences replace the ~-derivative, i.e. a~;01 ~ (f",-t-, )/Ll5 

give a set of coupled ordinary equations at each streamwise 

, to 
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station. An iterative, finite difference method developed by Newman 

(154) is used to solve this system of non-linear, ordinary differential 

equations. The boundary conditions at infinity are imposed at some 

finite 10cation,1~7~ , which is sufficiently far from the boundary 

layer edge. After the equations are linearized on the basis of a trial 

solution, the derivatives are replaced by finite central differences. 

The resulting set of linear algebraic equations can be readily solved, 

because the coefficient matrices have a tri-diagonal structure. In an 

iterative process, a new solution is used as the trial solution to 

obtain a second approximation, and the process is repeated. 

The parameters chosen for computation in Figs. 2-3 to 2-5 (B = 1, 

rp =s 0.1, Dc =s 5, ~:::Z ,etJ(:'/ ,NR = 0.01) do not represent a 

particular fuel, but rather are typical of small and therefore weakly 

radiating flames on synthetic polymer solids and foams. In previous 

studies (116,124), the dominant parameter affecting the excess fraction 

of total pyrolyzate was the mass consumption number, r. This strong 
p 

dependence on r also applies with the inclusion of radiation (114). 
p 

Radiation from the flame decreases the flame temperature in the 

streamwise direction. The flame location moves inward for ~ = 1 and 

outward for ~ =s 2. Equations [A-13] and [A-14] describe a combusting 

boundary layer without radiation when 3 =s O. Thus, the profiles at 3 = 

o are the similarity solution without radiation. The movement of the 

flame can be explained as follows. The assumption of a single step 

reaction requires the fuel and oxygen to diffuse into the flame at 

relative rates determined by the stoichiometric ratio. In the 

streamwise direction Y
fw 

decreases for eex. = 1, which gives a larger 

value of the available oxygen, Yo~/Yfw' relative to the 

.. 
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stoichiometrically required oxygen. To compensate the flame location 

moves inward. In addition, the decrease in the pyrolysis rate below the 

value corresponding to no radiation enhances the inward movement. A 

similar explanation applies to the outward movement with Sex= 2, i.e., 

T ~ 2T~, corresponding to an external radiation source. The excess ex 

fraction varies with~, since Y
fw 

and the flame location changes as 

previously explained. For the higher value of NR, the mass fraction 

of fuel at the wall increases with the streamwise coordinate and the 

flame location moves away from the surface. The excess fraction 

increases, since it contains the integral of the fuel-velocity product 

between the fuel surface and the flame location. The opposite trends 

appear for the lower values of NR, i.e., Yfw and 1A decrease with ~, 

decreasing the excess fraction. As in previous studies (153,155), an 

increase in the excess fraction occurs with an increase in B, D or 
c 

e. In free flow a change in the flame temperature causes a change ex 

in the fluid motion. An increase in D raises the flame temperature, 
c 

which increases the buoyancy forces and thus the upward fluid 

velocity. Since the increase in fluid motion enhances the heat 

transfer to the fuel surface, an increase in the pyrolysis rate occurs, 

as shown in Fig. 2-4. The values of -f(O,O) represent the 

nonradiative, similarity solution and depend weakly on D • 
c 

Unlike the results for forced flow (114) in Fig. 2-5 the 

dimensionless pyrolysis rate, -f(3,0), decreases in the streamwise 

direction over the entire range of NR• Again this is due to the 

coupling between the velocity and temperature. An increase in NR, 

which corresponds to an increase in the absorption coefficient, 

increases the radiation from the flame and thereby lowers the flame 



temperature. With the decrease in flame temperature, the upward fluid 

velocity and the conduction heat transfer to the fuel surface are 

reduced. Thus an increase in NR gives a smaller increase in the 

pyrolysis rate than the result in forced flow (114). 

Without radiation the excess fraction of total pyrolyzate is 

larger for free flow than forced flow (116). This result applies with 

the inclusion of radiation. The external radiant flux, NR and D , 
c 

influence the excess fraction. 
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Table 6-3 

Table 6-4 

Table 6-5 

Table 6-6 

Summary of fuel and flame properties (114). 

Values of average boundary layer properties,e)l and 
c in free flow. 

p 

121 

Empirical fits to soot volume fraction data as given by 
Eq. (6.2.2-1) for y. < Y < y (171). 

1 0 

Empirical fits to soot number density data as given by 
Eq. [6.2.2-2) for the same y limits as Table 6-1. 

Summary of soot formation experimental results (114). 

Flame temperatures and soot generation rates (171). 

• Soot generation rates f = u df Ids where u is 
v s. v s the velocity along the stream11ne, s. . 

Parameters y and (f If ) for Fig. 6-7. 
max v v max 



Figure 2-1 

Figure 2-2 

Figure 2-3 

Figure 2-4 

Figure 2-5 

Figure 2-6 

Figure 2-7 
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FIGURE CAPTIONS 

Schematic diagram of a steady, two-dimensional, laminar, 
radiating combusting, boundary layer flame with soot on 
a vertical pyrolyzing fuel slab. 

Experimental and theoretical local mass flux rates for a 
pyrolyzing slab of PMHA in free flow, Y = 0.23. ox, 

Excess 
== 1.0, 

and Pr 

fraction of total pyrolyzate in free flow, 
D == 5.0, a == 2.0, e = 1.0, t =1, c w ex w 
== 0.73. 

for 

Variation of surface values with 
B == 1.0, r == 0.1, NR == 0.01, e 

D for free flow, for 
c e-

p w = 2.0, = ex 
1.0, ~ = 1, and Pr == 0.73. 

w 

Variation of surface values with NR in 
B == 1.0, r == 0.1, D = 5.0, e = Z.O, pew 

free flow, for 
eex = 

1.0, t = 1, and Pr == 0.73. 
w 

Comparison of variable fields calculated 
(mf) with kinetics and no radiation, and 
flow with radiation (R) and no kinetic~. 
PMHA with Y = 0.35, in forced flow at 

OCIJ 

for mixed flow 
pure forced 
The system is 

u"",= 1.5 mis, 
for x == 4 em, T = 5000 K, v = 0.3 mis, max max 
f v 

max 
= 10 ppm. 

Regions in parameter space where radiation is 
significant (compared with conduction), and must be 
included in flame analysis. Values are shown for 
toluene (.), cyclohexene (Y), iso-octane Ul), cyclo
hexane (O),n-heptane (D), and PMMA ,.). 
(4) NR = I(, kDD jer~; 3 = 2Yq(.,X. Gr)(-l/+ ,..., fA ~~ 

B 

.L '" 2.",Srrt: ... radiant emission wi thout self absorption 
N.. /t..T.",/tS conduction heat flux ," 

Flame radiation is important for N >0.2 (high f ) 
or S2./ NR>5xl0- S (high optical dept~). Points o~ 
solid curve have T d-Tfl~ 30K, where Tad = flame 
temperature without raolation and Tfl = flame 
temperature with radiation. 



Figure 4-1 

Figure 5-1 

Figure 5-2 

Figure 6-1 

Figure 6-2 

Figure 6-3 

Figure 6-4a 

(b) N~UJ = s(e~-I) 
Nit (9w-l) 

'" (radiat.-ve. flux frOM WQ!( ) 

(cofldl.tcLron flu,,- out or wall ) 

Surface radiation is important for N~w?l or 
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(tt-l»lO. Points on solid curve represent Q~/cDc-J)"'lH. 

Calculated n-heptane/air free flow boundary layer 
profiles at x = 4 cm for the x and y velocities, u and 
v; the fuel, oxygen, product and inert mass fractions; 
and T/Tad calculated (- . - . ) and experimental 

(.) with T di b i = 2250K. a a at c 

Calculated gas streamlines (a) and particulate 
trajectories (b) for soot particles, detected at x = 2 
cm for iso-octane in air. The trajectories include 
thermophoresis. Experimental f profiles are 

v 
superposed with a 0-2 ppm scale at x = 2 cm and x = 6 
cm. Note the effects of thermophoresis on the inner 
boundary of the soot region. 

Detailed variable fields for n-heptane in free flow at x 
= 4 cm, T = 2300K. max 

Experimental soot volume fraction profiles and cubic 
curve fits for several fuels in air at a downstream 
location of x = 8 cm; PMMA ~), n-heptane (0), iso
octane (0), cyclohexene ~). 

Calculated trajectories of soot particles detected at 
x = 2 cm, 4 cm, 6 cm, and 8 cm downstream locations for 
iso-octane in air. Experimental f profiles are 

v 
superposed with a 0-2 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. 

Calculated streamlines superposed on experimental soot 
profiles at x = 2 cm, 4 cm, 6 cm, and 8 cm downstream 
of the leading edge for n-heptane in air. 

Profiles of the most probable particle sizes, showing 
larger particles in regions where aged particulates 
would be expected according to the streamlines in Fig. 6 
-3, for x = 2 cm (0 ), x = 6 cm (.1.), and x = 10 cm (0). 



Figure 6-4b 

Figure 6-5 

Figure 6-6 

Figure 6-7 
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Profiles of the total particle concentrations, allowing 
smaller concentrations in regions where aged 
particulates would be expected according to the 
streamlines in Fig.6-3, for x = 2 cm (0 ), x = 6 cm (A), 
and x = 10 cm (0). 

An Arrhenius correlation of soot generation rates for 
n-heptane, cyclohexene, PHMA, iso-octane and 
cyclohexane. The mean E4shown here are listed on Table 
6-6 in parentheses. Sample data are given only for 
n-heptane and iso-octane for clarity. Note that 
calculated temperatures are used; experimental 
temperatures give Eds smaller by half. 

Normalized soot production rate 
[(f If )/(f If) ] as a function of v v v v max 
normalized transverse coordinate (yly ) for 
n-heptane (h) and iso-octane (0), form~~ajectories 
between x = 4 cm and x = 6 cm (01, hl); between x = 6 cm 
and x = 8 cm (02, h2), and between x = 8 cm an~lx = 10 
cm (h3). The values of (f If) are 112 sec _y v max 
for n-heptane and 130 sec for iso-octane. The 
y correspond closely to the y of Table 6-1, and max 0 

are listed in the text. Note the coincidence of 
different trajectories and different fuels. The 
y-coordinate re'fers to the beginning of each se t of 

~rajectories, as does Ymax' 

Soot volume fraction profiles at x = 8 cm for 
iso-octane, showing experimental data (0), curve fit to 
experimental (~ and calculations using eq. 6.8-1 
(_._.) for trajectories starting out from T = 
20001: 50 K. 
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