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Abstract

A new approach to modeling soot formation and oxidation in non-premixed hydrocarbon

flames has been developed and subjected to an initial calibration. The model considers only the

phenomena essential for obtaining sufficiently accurate predictions of soot concentrations to

make CFD calculations of fire radiation feasible in an engineering context. It is generalized to

multiple fuels by relating the peak soot formation rate to a fuel’s laminar smoke point height,

an empirical measure of relative sooting propensity, and applying simple scaling relationships

to account for differences in fuel stoichiometry. Soot oxidation is modeled as a surface area

independent process because it is controlled by the diffusion of molecular oxygen into the zone

of active soot oxidation rather than being limited by reaction of OH � radicals with the

available soot surface area. The soot model is embedded within a modified version of NIST’s

Fire Dynamics Simulator and used for a comparison of predicted and measured temperatures,

soot volume fractions, and velocities in laminar ethylene, propylene, and propane flames. The
see front matter r 2004 Elsevier Ltd. All rights reserved.
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Nomenclature

Af flame surface area (m2)
BR soot constant (dimensionless)
cp constant-pressure specific heat (kJ/kgK)
C2 Planck’s second constant (mK)
CkR constant relating fv and T to ks [(mK)

�1]
D diffusivity (m2/s)
f mixture fraction soot formation function (kg/m3 s)
fv soot volume fraction (m3 soot/m3mixture)
g temperature soot oxidation function (dimensionless)
g acceleration of gravity vector (m/s2)
h sensible enthalpy (kJ/kg)
h1 enthalpy of formation (kJ/kg)
hT total enthalpy ðh þ h1Þ (kJ/kg)
DHc heat of combustion (kJ/kg)
k thermal conductivity (W/mK)
‘s laminar smoke point height (m)
‘f flame height (m)
L pathlength, mean bean length (m)
M molecular weight of a single species (kg/mol)
M mean molecular weight of a gas mixture; M ¼ ðSY i=MiÞ

�1 (kg/mol)
N soot number density (particles/m3)
p1 reference pressure (101,300 Pa)
p0 background pressure (Pa)
Pr Prandtl number (dimensionless)
_Q heat release rate (W or kW)

Q volumetric flow rate (cm3/s)
R universal gas constant (8.314 J/molK)
S Stoichiometric oxidant to fuel mass ratio (dimensionless)
Sc Schmidt number (dimensionless)
T temperature (K)
u velocity vector (m/s)
V velocity (m/s)
X mole fraction (dimensionless)
Y mass fraction (dimensionless)
Z mixture fraction (dimensionless)

Greek symbols

k emission/absorption coefficient (m�1)
l wavelength (mm)
m viscosity (kg/m s)
n Stoichiometric coefficient (dimensionless)
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r density, general (kg/m3)
r2 density, two-phase (kg/m3)
rg density, gas-phase (kg/m3)
s Stefan–Boltzmann constant (5.67� 10�8W/m2K4)
t characteristic time (s)
s viscous stress tensor (kg/m s2)
w local nonadiabaticity (dimensionless)
wr global radiative fraction (dimensionless)
c multiplying factor in mixture fraction soot polynomials, equal to Z/Zst

(dimensionless)
_o formation rate (kg/s)

Subscripts

f flame
F fuel
g gas or gas-phase
H high
i species i

L low
P peak
r radiation
s soot, smoke point, stoichiometric mass ratio
sp smoke point
so soot oxidation
sf soot formation
st stoichiometric
T transferred
N ambient

Superscripts

ð Þ
00 per unit area

ð Þ
000 per unit volume

ð_Þ per unit time

Abbreviations

Exp. experimental
FDS fire dynamics simulator
HAB height above burner
HRR heat release rate
ID inner diameter
PAH polycyclic aromatic hydrocarbon
Pred. Predicted
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basic approach, though promising, is not yet mature and several suggestions for future work

are presented.

r 2004 Elsevier Ltd. All rights reserved.

Keywords: Soot; Soot formation; Soot oxidation; Smoke point; Non-premixed combustion; Diffusion

flames; Computational fluid dynamics; Fire dynamics simulator; Flame radiation
1. Introduction

Computational Fluid Dynamics-based fire models are particularly well suited for
the study of fire behavior. However, most codes need further development and
validation against experiment in the areas of soot formation and oxidation before
they can be used to reliably predict flame heat transfer, the burning of condensed
fuels, and fire growth. Continuum thermal radiation from soot particles accounts for
the majority of flame radiation, with spectral gas radiant emission being less
important in all but lightly sooting fuels. Therefore, a realistic description of the
evolution of soot through the flame envelope is one of the many components
necessary to accurately calculate radiation from non-premixed flames. Consequently,
a fire model’s treatment of soot formation and oxidation has a profound influence on
its predictions of mass burning, flame spread, and fire growth because at hazardous
scales these processes are driven by thermal radiation. However, no universal soot
model exists, and most of the previously developed soot models are impractical for
use in fire safety engineering due to their complexity, computational cost, or large
number of fuel-specific parameters that are not easily obtained.
In this paper, experimental findings are exploited in the development of a new

approach to modeling soot formation and oxidation in non-premixed (diffusion)
flames. The new soot model is incorporated within a modified version of NIST’s Fire
Dynamics Simulator (FDS) [1,2] and used to predict soot formation/oxidation and
radiation from laminar non-premixed flames by direct numerical simulation (DNS).
By generalizing the model to multiple fuels and keeping its computational cost to a
minimum, the new soot model is appropriate for use in fire safety engineering where
a variety of fuels are encountered and long calculation times are often impractical for
hazard analysis or design purposes.
2. Soot formation in non-premixed flames and its relation to the laminar smoke point

There exists a large body of scientific literature on the chemical mechanisms of
soot formation in non-premixed flames. As discussed in Appendix A, there is
evidence for at least two mechanisms of soot formation: (1) Hydrogen Abstraction
with acetylene (i.e., Carbon) Addition (HACA) to the available surface area of the
growing soot particles, and (2) addition of polycyclic aromatic hydrocarbons
(PAHs). These competing mechanisms are distinctly different because the HACA
mechanism is controlled by heterogeneous surface reactions whereas the PAH
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mechanism is controlled by homogeneous gas-phase reactions. These chemistry
issues are complex and still far from resolution.
Fortunately, from an engineering standpoint, the problem of soot formation in

non-premixed flames is made tractable by their inherent simplicity. The location of
the flame front and peak temperature is controlled by the stoichiometry of the
reactants rather than complex chemical kinetics that govern premixed flames.
Overall heat release rates are controlled by diffusion of reactants to a thin flame
sheet separating the fuel from the oxidant. Diffusion times are much greater than
chemical kinetic reaction times which govern local heat release rates, and the
simplicity created by this large ratio of times is the basis for the success of the Shvab-
Zel’dovitch [3] model of non-premixed flames. It also underlies Bilger’s success [4] in
correlating concentrations of major species in terms of the local mixture fraction (the
local fraction of mass in the gas-phase that originated in the fuel stream) across non-
premixed flames for a wide range of overall flame heat-release rates. Since the soot
formation/oxidation times in non-premixed flames are much greater than the main
heat release reaction times, one need only consider the diffusion times and soot
formation/oxidation times, while regarding the main heat release chemical reaction
time as being instantaneous.
In non-premixed flames, each set of reactants (i.e., fuel and oxidant) provides a

unique chemical environment for the formation of soot. What varies from flame to
flame for a given set of reactants is the ratio of the soot formation/oxidation time to
the diffusion (i.e., flow) time. One can quantify this ratio for a particular fuel by
considering its buoyant laminar ‘‘candle-like’’ flame burning in air. Increasing the
flame height increases the residence time and allows more time for the flame to
produce soot. Once formed, this soot requires additional time to oxidize in the upper
parts of the flame if it is to be entirely consumed below the flame tip. As soot travels
through the flame (in a Lagrangian sense), it radiates away energy and cools the
flame gases. At the ‘‘smoke point’’ flame height, radiative heat loss from the flame
approaches 30% of the total heat release [5], flame gases have cooled just sufficiently
to prevent further oxidation of soot, and the soot formation/oxidation time becomes
equal to the diffusion time. A fuel’s smoke point is the maximum height of its
laminar flame burning in air at which soot is not released from the flame tip. It is a
unique measure of a hydrocarbon fuel’s sooting propensity and has long been used
by aviation engineers as an empirical measure of a fuel’s relative sootiness [6]. In this
work, the smoke point is introduced as the single most important ‘‘fuel property’’ for
an engineering model of soot formation.
There is a large body of literature establishing correlations between the smoke

point and soot formation or flame radiation in non-premixed hydrocarbon flames.
This literature includes: (1) correlation of the peak soot volume fraction and
characteristic soot formation growth rates of buoyant laminar flames at their smoke
point [7–10]; (2) peak soot volume fractions of turbulent buoyant fuel jets [11] and
turbulent pool fires [12]; (3) radiant fractions from buoyant turbulent fuel jets [13];
(4) incompleteness of combustion from small-diameter pool fires [14]; and (5) smoke
release from turbulent buoyant flames [15]. Rules for the smoke point of mixtures of
hydrocarbons in terms of the components have been developed for both liquid [16]
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and gaseous fuels [17]. A conceptual understanding of the smoke point mechanism
[7] combined with knowledge of its pressure dependence [18] formed the basis for
successfully predicting the pressure dependence of radiation from both laminar and
turbulent flames [19]. Of perhaps greater significance is the development of general
correlations of radiation from both laminar [5,17] and turbulent [20] non-premixed
flames in terms of only the smoke point of the supplied fuel mixture, the
stoichiometric oxidant to fuel mass ratio, and the adiabatic stoichiometric flame
temperature of the reactants. The latter correlations hold over the full range of tested
ambient oxygen concentrations. Tewarson [21] summarizes use of the smoke point
for predicting fire properties of gaseous, liquid, and solid fuels.
The general consistency of these correlations based on the smoke point is striking:

no crossovers in ranking are observed. For engineering purposes, once the smoke
point of the fuel, stoichiometric mass ratio of the reactants, and adiabatic
stoichiometric flame temperature are known for a given set of reactants, the release
of soot and radiation may be obtained from available correlations. From a
combustion engineering viewpoint, these three quantities summarize the essential
fundamental combustion properties of the non-premixed fuel/oxidant system. These
arguments are based almost solely on empirical evidence. As such, it is hard to know
their limitations. To fully establish the proposed simplified concept for non-premixed
flames, one must have a mathematical model to examine its assumptions, quantify its
limitations, and make predictions for untested situations of both scientific and
practical interest. This is the subject of the following sections where a new soot
model based on the smoke point is introduced and used to calculate soot formation
and oxidation in small-scale flames of several fuels. Although the model is applied
only to small laminar flames in this paper, it can be applied to large eddy simulations
of larger turbulent flames using statistical probability density function methods to
account for unresolved subgrid-scale fluctuations. The required mathematics and a
demonstration of an earlier version of the current soot model applied to LES of a
100 kW buoyant turbulent diffusion flame are presented in Appendices B and J of
Lautenberger [22].
3. A new approach to modeling soot formation in non-premixed flames

We have attempted to develop a model for soot formation and oxidation that
considers only the phenomena essential for obtaining sufficiently accurate
predictions of soot concentrations to make CFD calculations of flame radiation
from non-premixed flames of an arbitrary hydrocarbon fuel feasible, thereby
retaining simplicity and minimizing computational expense. Future work that
compares model predictions with experimental heat flux measurements should allow
one to establish what constitutes a sufficiently accurate prediction. Appendix A
provides support to the current modeling approach by giving a brief review of soot
formation and oxidation in non-premixed flames, and describing the experimental
data and soot formation/oxidation theories that were contemplated during
development of the new model.
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The postulated model deviates from the classical view of soot formation and
oxidation because processes of nucleation, inception, coagulation, and agglomera-
tion are not explicitly considered. This minimizes computational expense because it
avoids solving a conservation equation for the soot particle-number density. The
basic form of the soot model was inspired by the work of Kent and Honnery [23].
They correlated soot growth rates with mixture fraction and temperature in laminar
ethane and ethylene flames by combining the mixture fraction and velocity fields
obtained from numerical flame simulations with experimental soot and temperature
measurements. The result was a parametric soot model with which the soot
formation rate could be estimated from only the local mixture fraction and
temperature. However, this model was applicable only to ethane and ethylene, and
used detailed experimentally determined soot formation maps.
In the proposed model, soot formation and oxidation rates are calculated as

analytic functions of mixture fraction and temperature. The model is generalized to
multiple hydrocarbon fuels by relating a fuel’s peak soot formation rate to its
laminar smoke point height and applying simple scaling relationships to account for
differences in fuel stoichiometry. It is not necessary to establish fuel-specific model
constants because the smoke point height has been measured for many fuels,
including gases, liquids, and solids [24]. The model assumes that the ‘‘bands’’ of
mixture fraction space over which soot formation and oxidation occur are identical
for all fuels when normalized by the stoichiometric value of mixture fraction. This
bold simplification neglects any details in fuel-specific chemistry not already
incorporated in the smoke point or fuel stoichiometry.
Of all the soot models in the literature, the current model is perhaps most

similar to the two equation model of Moss and Stewart [25]. Their soot forma-
tion model contains simple expressions for quantifying particle nucleation, surface
growth, and coagulation; it uses three fuel-specific empirical constants that
control the rates of each of these three processes. The rate of nucleation and
surface growth are linearly proportional to the concentration of a ‘‘critical pre-
cursor species’’. This is taken as the total hydrocarbon mole fraction as determined
from a detailed chemistry numerical simulation of a counterflow flame and tabulated
as a function of mixture fraction. In this way, the rate of inception and surface
growth become functions of mixture fraction and temperature, as in the present
model. Soot oxidation is attributed to OH and treated as a surface area dependent
process.
There are several critical differences between the new model presented here and

that of Moss and Stewart [25]. First, the specific soot surface area is neglected in both
the formation and oxidation source terms. This eliminates the need to solve a
separate conservation equation for the soot number density, reducing the
computational cost of the soot model by approximately 50%. Second, soot
formation is not attributed to the presence of precursor species; rather, it is specified
as an explicit function of mixture fraction without consideration of the parent fuel
beyond differences in stoichiometry. Third, there are no fuel-specific constants; the
laminar smoke point height is used to account for differences in sooting behavior of
different fuels.
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3.1. Basic model formulation

As discussed in Appendix A, it is likely that both heterogeneous (surface area-
dependent) and homogeneous (surface area-independent) soot formation processes
contribute to the total soot formation rate in non-premixed hydrocarbon flames.
Heterogeneous processes are more important in lightly sooting flames than in heavily
sooting flames. In order to retain simplicity and reduce the number of adjustable
constants, the model postulated here considers only homogeneous (volumetric) soot
formation because most fuels of interest to fire protection engineers are moderately
to heavily sooting, with the notable exception of lower alkanes, alcohols, and some
cellulosics. This model is not capable of reproducing the blue zone that occurs in
lightly sooting flames without a modification to suppress soot formation at short
flame residence times low in the flame.
Soot oxidation is treated by a global, fuel-independent mechanism that is a

function of mixture fraction and temperature. Although soot oxidation has
traditionally been modeled as a surface area-dependent process, in this work it is
modeled as a homogeneous process because diffusion of molecular oxygen is
apparently the controlling process. As discussed in Appendix A, the experimentally
observed [7–11] similarity of axisymmetric diffusion flames at their smoke points
corroborates the claim here that soot oxidation is controlled by the diffusion of
molecular oxygen rather than the surface area of soot. If the surface area were
controlling, the observed similarity would never be achieved for the wide range of
tested fuel smoke points. A recent numerical modeling study has established the
inadequacy of traditional surface area-dependent models for soot oxidation [26].
The net rate of soot formation _o000

s (kg/m
3 s) is calculated as

_o000
s ¼ _o000

sf þ _o000
so (1)

The soot formation and oxidation rates in Eq. (1) are determined from the product
of an analytic function of mixture fraction and an analytic function of temperature

_o000
sf ¼

_f
000

sfgsf ðTÞ; (2)

_o000
so ¼

_f
000

soðZÞgsoðTÞ: (3)

In Eqs. (2) and (3), _f
000

sf ðZÞ and _f
000

soðZÞ have units of kg soot/(m3mixture s). The
temperature functions, gsf ðTÞ; and gsoðTÞ; are dimensionless factors that account for
the temperature-dependency of soot formation and oxidation, respectively. Several
analytic forms of these functions were considered. General polynomials were selected
due to their ability to approximate a variety of shapes.

3.2. Analytic soot formation functions

Experimental measurements were consulted for guidance in selecting the general
shapes of the soot formation and oxidation functions. Kent and Honnery [27] give a
soot formation rate map for a laminar ethylene diffusion flame in which the
volumetric rate of soot formation [kg soot/(m3mixture s)] is plotted in terms of
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mixture fraction and temperature. This map is analogous to _f
000

sf ðZÞgsf ðTÞ þ
_f
000

soðZÞgsoðTÞ in Eqs. (2) and (3). The soot formation rates [27] show an
approximately parabolic trend in mixture fraction and a less-discernable trend in
temperature, but also approximately parabolic. Peak soot formation rates occur at
mixture fraction values between 0.10 and 0.15, and over the temperature range
1500–1600K. The stoichiometric mixture fraction for ethylene burning in air is
0.0629.
Consistent with the trends discussed above, the analytic soot formation mixture

fraction function _f
000

sf ðZÞ was chosen as a polynomial that rises from a formation rate
of zero at a mixture fraction of ZL to a peak formation rate at a mixture fraction of
ZP and then falls back to zero at a mixture fraction of ZH. The polynomial was
forced to be third order (four coefficients). Its coefficients are determined by
specifying ZL, ZP, ZH, and _f

000

sf ðZpÞ and then solving the resultant set of linear
equations. Fig. 1 shows typical shapes of the mixture fraction polynomials. In order
to generalize the model to multiple fuels, the values of ZL, ZP, and ZH for each
polynomial are related to the fuel’s stoichiometric mixture fraction Zst (between 0.05
and 0.10 for most fuels in air) by a parameter c of order unity. As an example,
ZP ¼ csf ;ZPZst is the mixture fraction value at which the peak soot formation rate
occurs. These c constants are normalized mixture fraction values and are assumed
fuel-independent (see Section 5).
The analytic soot formation temperature function gsf ðTÞ was selected as a third

order polynomial normalized between zero and unity. It takes on a value of zero at
TL, rises to a peak value of 1 at TP, and falls back to 0 at TH. TL can be interpreted as
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the minimum temperature at which soot forms, TP is the temperature at which the
soot formation rate reaches its peak, and TH is the temperature above which no soot
forms. Typical shapes of the temperature functions are given in Fig. 2.

3.3. Analytic soot oxidation functions

Soot oxidation in non-premixed flames is controlled by the diffusion of oxygen
into the zone of active soot oxidation rather than being controlled by the reaction of
OH � radicals impinging on the available soot surface area. Neoh et al. [28]
demonstrated the importance of soot oxidation by OH � radicals and concluded that
it was the principal oxidant under the conditions studied. Measurements of Puri et
al. [29,30] show that the OH � concentration decreases strongly in the presence of
oxidizing soot particles. The measurements also show that molecular oxygen
concentrations remain very small in regions of active soot oxidation. The paucity of
oxygen suggests that soot oxidation in non-premixed flames is controlled by the
diffusion of oxygen into the soot oxidation zone at temperatures high enough for the
oxygen to react with H � to form OH � radicals. Soot oxidation should therefore
occur at values of mixture fraction where OH � is present. The range of mixture
fractions relative to the stoichiometric mixture fraction is found from the
measurements reported by Smyth [31] for a methane flame on a Wolfhard–Parker
burner which show that peak OH � concentrations occur slightly to the oxidant side
of stoichiometric. This was used as guidance for placing the soot oxidation function
in mixture fraction space. The final location of the oxidation reaction in mixture
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fraction space and its magnitude were determined through the laminar flame
calibration exercise described in Section 5. No attempt was made to account for the
effect of a fuel’s H:C ratio on OH � concentrations or to account for the change of
collision efficiency between OH � and soot particles as they age.
Similar to the soot formation functions, the soot oxidation mixture fraction

function falls from a value of zero at ZL to its peak negative value at ZP, and then
rises to a value of zero at ZH. For simplicity, the oxidation rate was assumed linearly
proportional to temperature, with no oxidation occurring below a critical value. The
maximum soot oxidation rate calculated by the model may therefore be stronger
than the ‘‘peak’’ oxidation rate because the soot oxidation temperature function may
take on values greater than unity, whereas the formation temperature function is
normalized between zero and one. A typical mixture fraction oxidation function is
shown in Fig. 1, and a dimensionless soot oxidation temperature function is shown
in Fig. 2.
4. Incorporating the new soot model with FDS

The soot model described conceptually above was incorporated within a modified
version of FDS1,2. NIST’s FDS1,2 does not explicitly solve the energy equation, but
uses it to determine the divergence of the velocity field. Here, instead, we explicitly
solve an energy equation for the total (chemical plus sensible) gas-phase enthalpy, hT
and soot enthalpy, hs. This simplifies the inclusion of temperature dependent specific
heats and the evaluation of the local temperature in terms of the local enthalpy and
mixture fraction. In the absence of soot and radiation, hT is a conserved scalar
depending only on the local mixture fraction. However in the presence of soot and
flame radiation hT is no longer a conserved scalar because a parcel of fluid
experiences the accumulated effect of prior heat loss by radiation and change in
sensible energy from the formation and oxidation of soot. The local temperature is
evaluated from the gas-phase enthalpy and mixture fraction. This temperature is
then used with the equation of state to evaluate the divergence of the velocity field
and the resulting dilation that drives the buoyant flow.
The governing equations solved by the modified code are summarized in Eqs.

4–20. The kinematic viscosity is calculated as a function of mixture fraction and
temperature for a multi-component fluid. Gaseous species and enthalpy diffusivity is
inferred from the viscosity ðrgD ¼ m=ScÞ by assuming a Schmidt number equal to 0.9
and unit Lewis number ðPr ¼ ScÞ: The diffusion of soot occurs exclusively by
thermophoresis. Soot is treated as the second phase of a two-phase fluid. It remains,
however, in local thermal equilibrium with the gas. To simplify the model, soot is
assumed to have the same C:H ratio as the supplied fuel. Fuel releases its heat of
formation into the gas-phase during the formation of soot. Soot releases its heat of
combustion while it is oxidized.
Both soot formation and flame radiation are very sensitive to temperature; so it

must be computed accurately. One achieves good agreement with flame temperature
measurements [31] by assuming the products of combustion consist only of H2O and
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CO2 and providing a small enthalpy correction that transfers energy from the fuel
side to the oxidant side near the flame sheet to account for the net diffusion of highly
energetic low molecular weight species diffusing from the fuel side to the oxidant side
of the flame [22].
Soot formation reaction

CxHyðgÞ ! CxHyðsÞ þ MFDHsf : (4)

Fuel and soot oxidation reactions

CxHy þ n0O2O2 ! n00CO2CO2 þ n00H2OH2O þ MFDHc: (5)

Conservation of mass

�
1

rg

Drg
Dt

¼ r � u ¼
DZ

Dt

@T

@Z

����
hT

þ
DhT

Dt

@T

@hT

����
Z

 !
�
1

M

DZ

Dt

dM

dZ
: (6)

Conservation of momentum

rg
@u

@t
þ ðu � rÞu

� �
þ rp ¼ rgg þ r � s: (7)

Conservation of soot

@ðr2Y sÞ

@t
þ u � rr2Y s þ r2Y sr � u ¼ 0:55r �

Y sm
T

rT þ _o000
s : (8)

Conservation of mixture fraction

@ðrgZÞ

@t
þ u � rrgZ þ rgZr � u ¼ r � rgDrZ þ _o000

Z : (9)

Conservation of total enthalpy

@ðrghT þ r2Y shsÞ

@t
þ r � ðrghTuþ r2Y shsuÞ ¼ r � rgDrhT þ 0:55

hsY sm
T

rT

� �

þ _o000
sf hf � hsð Þ þ

_o000
so

MF
ðMFhs þ MO2n

0
O2

hO2 � MCO2n
00
COhCO2

� MH2On
00
HO

hH2OÞ � _q000
r: ð10Þ

Definition of total gas enthalpy

hTðTÞ ¼
X

i

Y i h�
i þ

Z T

T0

cpðTÞ dT

 !
: (11)

Ideal gas equation of state

rg ¼
p0M

RT
: (12)

Two-phase (total) density

r2 ¼
rg

1� Y s
: (13)
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Loss (gain) of mixture fraction with the formation (oxidation) of soot

_o000
Z ¼ � _o000

sf ðsoot formationÞ

_o000
Z ¼

MF
n0
O2

MO2
þMF

_o000
so ðsoot oxidationÞ: (14)

Radiant heat loss in Eq. (10) is given by

_q000
r ¼ 4ksT4; (15)

where the absorption coefficient, k; is the sum of gas-phase and soot contributions

k ¼ kg þ ks: (16)

The gas absorption coefficient, kg; is evaluated prior to the main calculation in terms
of the local temperature and mixture fraction using the narrow band radiation
model, RADCAL [32]

kgðZ;TÞ ¼

Z 200 mm

1 mm
kðT ;L;PH2O;PCO2PF; lÞ dl; (17)

where the partial pressures of water vapor, carbon dioxide, and fuel (PH2O; PCO2 ; and
PF) are calculated from the background pressure p0 and the mole fractions of each
species as determined from the complete combustion state relations. The pathlength
L in Eq. (17) is the mean beam length, which for the present tall laminar flames is
twice the characteristic radius of the flames and scales according to [19]

L ¼ 2rf ¼ 8:13
D2

1‘f
g

� �1=4
; (18)

where D1 is the ambient diffusivity.
For most fuels, the gas phase contribution to the total absorption coefficient is an

order of magnitude less than that attributed to presence of soot particles. The
spectral absorption–emission coefficient, ksl; of soot in the small particle limit is
proportional to the soot volume fraction divided by the wavelength l

ksl ¼
Bsf v
l

; (19)

where Bs is a dimensionless constant. The proportionality constant Bs becomes 4.9
for the soot complex index of refraction m ¼ 1:57� 0:56i that is commonly used for
reporting soot volume fraction measurements in flames. Eq. (19) is valid for a
discrete wavelength, but soot emits over all wavelengths. Integrating the soot
emission over all wavelengths, Tien et al. [33] obtain the following expression for the
soot absorption–emission coefficient

ks ¼ 3:6BRf vT=C2 ¼ CkRf vT ; (20)

where C2 is Planck’s second constant. Eq. (20) was used in this work with CkR ¼

1226 ðmKÞ
�1; consistent with BR ¼ 4:9 and how experimental measurements are

usually reported.
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5. Initial model calibration for a single ethylene flame

A calibration exercise was performed to determine the optimal soot model
parameters for a 212W laminar axisymmetric non-premixed ethylene flame [31]
burning on a 1.1 cm diameter fuel tube with an 87mm/s coflowing air stream. That
is, the soot model constants were adjusted until optimal agreement between
prediction and experiment was obtained. DNS simulations were performed with
cylindrical coordinates using a grid spacing of 0.25mm in the radial direction and
0.5mm in the axial direction. Simulations performed with a finer mesh showed little
variation, and thus the current results are considered grid-independent. A
comparison between the measured temperature, soot volume fraction, and velocity
profiles and the optimized model predictions is presented in Figs. 3–6. Eq. (21) was
used to calculate the soot volume fraction profiles from the soot mass fractions (Eq.
(8)) where the soot density is assumed to be rs ¼ 1800 kg=m3

f v ¼
r2Y s

rs
: (21)

Based on these simulations, a set of global parameters is suggested. The (fuel-
independent) c values that yielded optimal agreement between prediction and
experiment are given in the first three rows of Table 1. Recall that the c values are
used to establish the fuel-independent ranges of normalized mixture fraction over
which soot formation and oxidation is assumed to occur. Also given in Table 1 is the
peak soot formation and oxidation rates that provided the best agreement, denoted
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as _f ðZPÞ: The optimal values of the parameters controlling the temperature
polynomials are given in Table 2. Note that dgsoðTLÞ=dT is the slope of the linear
soot oxidation temperature function. The comparison between prediction and
experiment shown in Figs. 3–6 was performed using the parameters listed in Tables 1
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and 2. The analytic soot formation map generated using the parameters from Tables
1 and 2 is presented in Fig. 7. This is a graphical representation of the soot formation
rate as a function of mixture fraction and temperature that was found to give the
best predictions in the 212W ethylene flame.
The values of the optimal parameters in Tables 1 and 2 were determined by a

manual calibration exercise and should be considered initial approximations. The
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calculations were made assuming a zero specific heat for soot and the heat liberated
by the oxidation of unit mass of soot is equal to the heat liberated by the heat of
formation of unit mass of CO2. This approximation is presumably self-compensating
for lightly sooting fuels but perhaps more severe for moderately to heavily sooting
fuels.
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Table 1

Optimal mixture fraction polynomial constants for 212W ethylene flame

Parameter Soot formation Soot oxidation

cZL
1.05 0.56

cZP
1.77 0.84

cZH
2.15 1.05

_f ðZPÞ 1.10 kg/m3 s �0.85 kg/m3 s

Table 2

Optimal temperature polynomial constants for 212W ethylene flame

Parameter Soot formation Soot oxidation

TL 1375K 1375K

TP 1625K —

TH 1825K —

dgsoðTLÞ=dT — 0.006K�1

C.W. Lautenberger et al. / Fire Safety Journal 40 (2005) 141–176158
6. Generalizing the model to other hydrocarbon fuels

The soot formation and oxidation model postulated herein contains thirteen
adjustable constants (see Tables 1 and 2). Due to this large number of parameters,
acceptable agreement between prediction and experiment can usually be achieved by
adjusting different combinations of parameters. In general, the usefulness of a model
decreases as the number of adjustable constants is increased [34]. However, a model
retains its practicality if the constants are global, or if nonglobal constants can be
estimated from simple rules or empirical material properties. This is the approach
taken here: all constants listed in Tables 1 and 2, with the exception of the peak soot
formation rate, are assumed fuel-independent. The inherent assumption is that the
range of normalized mixture fraction over which soot formation occurs does not
depend on the parent fuel. Although this approximation may not be capable of
accurately reproducing detailed soot volume fraction profiles in laminar flames, it
should be capable of capturing global trends. Keeping in mind that this model is
intended for use in engineering calculations of radiation from fires, the ability to
capture global trends is more important than the ability to reproduce detailed soot
volume fraction profiles in small flames.
The smoke point flame mechanism provides the formula for the peak soot

formation rate for a given fuel. The critical smoke point flame height for the release
of soot occurs when the flow time, tfs; for fuel atoms traveling from the burner orifice
to the flame tip equals the radiant cooling time, trs: As the flow time increases, soot
concentrations increase causing greater radiant heat loss and shortening the time for
the flame to lose 30% of its heat and release unburned soot. The cooling time is the
product of the radiant fraction, wrs and the heat content per unit volume of flame
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gases, ðDHc=ðS þ 1ÞÞrf ; divided by the mean radiant emission rate per unit volume of
flame gases

trs 

wrsðDHc=ðS þ 1ÞÞrf

_q000
rs

: (22)

An overbar signifies an average over the entire flame; while the subscript ‘‘s’’ denotes
the critical condition at the smoke point. The flow time for the buoyant flame is

tfs 


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2‘s

gðDrf=rf Þ

s
: (23)

The radiant emission from the soot can be calculated as

_q000
rs ¼ 4ð3:6ÞBRsT5

fs f vs=C2: (24)
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Setting trs ¼ tfs and eliminating _q000
rs between Eqs. (22) and (24), and then substituting

for tfs; one obtains the characteristic soot formation rate

Df vs
Dt

ffi
f vs
tfs

¼
wrsðDHc=ðS þ 1ÞÞC2

4ð3:6ÞBrsT5
fs

rfgðDrf=rf Þ
2‘s

" #
: (25)

The terms in square brackets are of primary interest. For hydrocarbon fuels burning
in air, the terms in the front of the square brackets are insensitive to fuel type and
depend almost exclusively on the adiabatic stoichiometric flame temperature.
Specifically: (1) the radiant fraction at the smoke point, wrs depends only on the
adiabatic stoichiometric flame temperature [5]; (2) the ratio DHc=ðS þ 1Þ is quite
insensitive to fuel type for flames burning in air; (3) the temperatures, T fs at
homologous positions throughout flames at their smoke point are almost identical
for hydrocarbons burning in air [10]; (4) the remaining terms in front of the square
brackets do not depend on fuel type.
The ratio rf=‘s inside the square brackets increases with the square of pressure.

This comes from the facts that rf is proportional to pressure while the smoke point
height, ‘s; is inversely proportional to pressure for hydrocarbon flames burning in air
[18]. There is a considerable literature supporting the soot formation rate being
inversely proportional to the smoke point flame height of the fuel [7,9,11,15]. The
remaining expressions in Eq. (25) are independent of pressure.
Eq. (25) does not suggest that the soot formation rate is proportional to the

acceleration of gravity, g. This would be impossible. The molecules participating in
the soot formation process cannot be directly affected by gravity but can only be
affected by the local flame chemistry. Instead as gravity increases the flames must
become taller to maintain them at the smoke point with flow time equal to the
radiation cooling time.
Buoyancy of the flow gDrf=rf ¼ gðr1 � rf Þ=rf probably depends on the

molecular weight of the fuel—decreasing with increasing fuel molecular weight.
The ambient density, r1; is independent of fuel molecular weight; whereas the fuel
or flame density, rf ; increases with molecular weight. The exact dependence on
molecular weight is not apparent from this formula; however, we presume here that
the appropriate peak soot formation rate is inversely proportional to the fuel
molecular weight.
The above analysis applies to pure hydrocarbons burning in air. It has been

established [35,36] that soot formation rates are also linearly proportional to the
mass fraction of fuel in the fuel supply stream, YFT: One finally arrives at the
following expression for the peak soot formation rate:

_o000
sf ;P ¼ 1:1

0:106

‘s

� �
28

MF

� �n
p0
p�

� �2
YFT kg=m

3 s: (26)

In Eq. (26), the peak soot formation rate is given as a function of the background
pressure p0 normalized by the reference pressure p� (101.3 kPa), the smoke point
flame height for a pure fuel ‘s; and the fuel’s molecular weight MF: The proper
numerical value of the exponent n in Eq. (26) is uncertain, but we use n ¼ 1 in this
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work. The constant in the first parenthetical term is the laminar smoke point height
of ethylene (0.106m) and the constant in the second set of parentheses is ethylene’s
molecular weight. The leading constant was selected so this expression matches the
peak soot formation rate of the laminar 212W atmospheric pure ethylene flame
burning in air (1.1 kg/m3 s) given in Table 1.
One can apply Eq. (26) to mixtures of hydrocarbon fuels by assuming linear

superposition of hydrocarbons (and n ¼ 0 in Eq. (26)) to obtain

1

‘s
¼
1

M

X
i

XFiMFi

‘si
¼
X

i

YFi

‘si
: (27)

Gill and Olson [16], and Markstein [17] showed that the smoke point height of a
fuel mixture follows the relation for both liquid and gaseous fuels. In Eq. (27), YFi is
the mass fraction of species i in the fuel stream and ‘si is the smoke point height for
the respective pure fuel species.
7. Predictions using the generalized model

The generalized model was given a cursory test by comparing its predictions to the
measured soot absorption cross-section per unit height as (m) in laminar ethylene,
propylene, and propane flames [7,31]. The soot absorption cross-section per unit
height is a measure of the total integrated amount of soot present at a given height in
the flame and is a more global test of the soot model than the detailed profile
comparisons shown above. Table 3 gives the experimental configurations of the
flames included in the data sets [7,31], and Table 4 gives the smoke point data for
ethylene, propylene, and propane. In Table 3, Va is the air coflow velocity in
millimeter per second, VF is the fuel velocity in mm/s, and QF is the fuel flowrate in
Table 3

Experimental configurations of flames used for comparison of prediction and experiment

Fuel Burner ID Va VF QF HRR

(mm) (mm/s) (mm/s) (cm3/s) (W)

Ethylene [7] 6 50 21.5 2.43 134

Ethylene [7] 6 50 32.3 3.65 201

Ethylene [7] 6 50 43.0 4.86 268

Ethylene [7] 6 50 53.8 6.08 335

Propylene [7] 6 50 5.1 0.58 46

Propylene [7] 6 50 7.7 0.87 69

Propylene [7] 6 50 10.3 1.17 93

Propylene [7] 6 50 12.9 1.46 117

Ethylene [31] 11 86.6 39.8 3.85 212

Ethylene [31] 11 86.6 41.4 4.00 220

Ethylene [31] 11 106 45.8 4.43 244

Ethylene [31] 11 106 47.6 4.60 253

Propane [31] 11 86.6 26.5 2.57 213
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Table 4

Laminar smoke point data for ethylene, propylene, and propane

Fuel Formula ‘s (m) _Qsp (W)

Ethylene C2H4 0.106 212

Propylene C3H6 0.029 69

Propane C3H8 0.162 303

C.W. Lautenberger et al. / Fire Safety Journal 40 (2005) 141–176162
cubic centimeters per second. The corresponding heat release rate is listed in the
rightmost column.
The first eight flames in Table 3 were investigated by Markstein and de Ris [7].

They are axisymmetric ethylene and propylene flames burning on a 6mm ID fuel
tube with a coflowing air stream. The soot absorption cross-section per unit height
was measured via laser light extinction (l ¼ 0:94 mm) as a function of height above
the burner. The last five flames listed in Table 3 are from data compiled by Smyth
[31]. The Smyth data sets included detailed soot volume fraction profiles. In order to
allow for direct comparison with the Markstein and de Ris data [7], the soot
absorption cross-section per unit height asl was calculated from the detailed soot
volume fraction profiles [31] at each height in the flame by evaluating the radial
integral in Eq. (28)

asl ¼
Z 1

0

2prksl dr: (28)

The effective absorption coefficient ksl is determined from the soot volume fraction
profiles at the wavelength used to obtain the experimental data. Eq. (28) was also
used to express the predicted soot volume-fraction-profiles in terms of the radially
integrated soot absorption cross-section.
The significance of these experimental measurements [7,31], and the reason that

they were chosen as a test of the present soot model, is that the experimental soot
absorption cross-section per unit height profiles exhibit similarity when normalized
by _Q= _Qsp and plotted as a function of the flame height normalized by the smoke
point height. The measured soot absorption cross-section profiles fall on the same
curve when plotted after being normalized in this manner. This is true below values
of H=‘f � 0:6 where H is the height above the burner and ‘f is the flame height
ð‘f ¼ ‘s _Q= _QspÞ: Differences at greater values of H=‘f are attributed to the transition
from a nonsmoking to a smoking flame.
A comparison between the predicted and measured soot absorption cross-section

per unit height for the Markstein and de Ris flames [7] is shown in Figs. 8 (ethylene)
and 9 (propylene). Similarly, the comparison between prediction and experiment for
the Smyth flames [31] is given in Figs. 10 (ethylene) and 11 (propane).
It can be seen from data shown in Figs. 8 and 9 that the peak magnitude of the

soot absorption cross-section is predicted relatively well, and the predicted profiles
exhibit the same similarity that is observed experimentally. However, the predicted
profiles peak at lower values of H=‘f than the experimental profiles. The peak of the
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soot cross-section profiles corresponds to the transition from soot formation to
oxidation, which occurs at mixture fraction values close to stoichiometric. Since the
mixture fraction conservation equation contains a source term of opposite sign to the
soot formation/oxidation source term, soot formation corresponds to a sink of
mixture fraction and ‘‘pushes’’ the mixture fraction closer to its stoichiometric value.
In flames where soot formation is overpredicted, the mixture fraction will approach
its stoichiometric value more quickly than it should. This causes the transition from
soot growth to soot oxidation to occur lower in the flame, explaining why the peak of
the soot profile occurs at a lower value of H=‘f than seen experimentally. This
highlights the highly coupled nature of the processes being modeled here.
Figs. 10 and 11 show a comparison of prediction and experiment in the ethylene

and propane flames reported by Smyth [31]. These flames were established on a fuel
tube with an ID of 11mm, whereas the Markstein and de Ris flames [7] used a burner
with an ID of 6mm. The predicted and measured ethylene data show a high degree
of similarity when scaled by the smoke point heat release rate, consistent with our
hypothesis that the smoke point is the controlling parameter for soot formation. In
the ethylene flames, the predicted and measured amounts of soot match quite well
low in the flame. This is to be expected because the soot model parameters were
calibrated for the 212 W ethylene flame [31] on this 11mm ID burner. The transition
from soot formation to oxidation does not occur as quickly in the simulations as in
the experiments, indicating that the soot oxidation component of the model needs
adjustment.
Comparison of prediction and experiment for the propane flame, which is lightly

sooting and has a smoke point of 16.2 cm, shows that the model predicts that far too
much soot is formed low in the flame. This is expected because surface area-
dependent soot formation is increasingly important in lightly sooting flames. The
model used here does not consider heterogeneous soot formation and contains no
mechanism to suppress homogeneous soot formation at short residence times. These
results indicate that the model should not be used without modification for flames
less sooty than ethylene, i.e., fuels with a smoke point height greater than �11 cm.
This includes several of the lower molecular weight normal alkanes such as
methane, ethane, propane, butane, pentane, and heptane. However, the model
should apply to the majority of all normal alkanes, substituted alkanes, cyclic
alkanes, normal alkenes and polyolefins, cyclic alkenes, dienes, normal alkynes, and
aromatics as most have smoke point heights less than 11 cm (see Appendix K of
Lautenberger [22]).
8. Concluding remarks

A new framework intended for engineering calculations of soot formation/
oxidation and flame radiation from non-premixed flames of hydrocarbon fuels has
been developed and subjected to an initial calibration. The basic approach, though
promising, is not yet mature. The purpose of disseminating this research in its
current state is to encourage others to enhance and simplify the model, make use of
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the ideas contained in this paper, and proceed forward in an area for which there is
currently no entirely tractable solution for engineering calculations.
Conceptually the model is rather simple. Soot and gas are described as separate

phases. The local state of gas within the flame is expressed in terms of two canonical
variables, (1) the mixture fraction and (2) the chemical enthalpy that reflects the
effect of any prior energy loss (gain) by radiation. The reactant stoichiometry and
smoke point are model parameters. The model conforms to the large body of data in
the literature showing that the fuel smoke point correlates the release of radiation,
smoke and CO from turbulent non-premixed flames.
Simplicity is achieved by the recognition that soot oxidation in non-premixed

flames is controlled by the diffusion of oxygen into the zone of active soot oxidation
rather than being limited by reaction of OH � radicals impinging on the available
soot surface area. This control by diffusion explains: (1) the observed near perfect
similarity of soot distributions in laminar smoke point flames for different fuels, as
well as, (2) the dependence of soot formation and oxidation on the Kolmogorov
microscale in turbulent non-premixed flames.
The rate of soot formation of a fuel is inferred directly from an understanding of

the smoke point mechanism. Other than the smoke point, the model uses fuel-
independent properties, making it easy to apply to different fuels including fuel
mixtures. In contrast to most earlier empirical models of soot formation, the model
presented here considers only homogeneous (surface area-independent) soot
formation, thereby eliminating the need to solve a conservation equation for the
soot number density and minimizing computational cost. It is likely that surface
area-dependent soot formation is important in lightly sooting fuels, but becomes less
important for heavily sooting fuels. This model is therefore appropriate for use with
sooty fuels, which are often of interest in fire safety engineering due to their increased
radiative transfer.
An initial calibration exercise in a small-scale laminar ethylene flame was used to

establish global values for the model parameters. A test of the model’s applicability
to other fuels was performed by using the global model parameters to examine the
radially integrated amount of soot as a function of height above the burner in
ethylene, propylene, and propane candle flames at several fuel flow rates [7,31]. The
results, though encouraging, indicate that future work is required.
9. Suggestions for future work

Due to the drastic simplifications and approximations made here, we encourage
future theoretical, experimental, and numerical work to guide refinement of these
assumptions. In particular, computations using the temperature-dependent soot
reaction enthalpies given in Eq. (10) could be used in lieu of the fixed values actually
employed here to determine if such a simplification is reasonable. Additional
experimental measurements in diffusion flames would be useful, because the model
parameters have physical significance and could potentially be measured for
different fuels. For example, the soot inception temperature, the maximum
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temperature above which soot no longer forms, and the range of stoichiometry over
which soot forms are all required model input parameters that could be measured
experimentally for different fuels and compared to the values suggested in this work.
These measurements could then confirm or refute the hypothesis that soot formation
region given by the normalized mixture fraction is invariant from fuel to fuel.
Theoretical work, used as a complement to experimental measurements, also has

the potential to help improve this model. The ‘‘blue zone’’ at the base of lightly
sooting non-premixed flames cannot be captured by this model in its present form. In
this region, soot formation is initially delayed and likely subject to surface area
control, so the rate of appearance of soot precursors must be considered.
Additionally, theory suggests that the soot oxidation rate is restricted by the
Arrhenius expression for the decomposition of O2 by the radical H � , but linear
dependence is used here for simplicity. It may be possible to show that an Arrhenius
temperature dependency is superior and should be used. The volumetric (soot
surface area-independent) oxidation rate proposed here could be investigated with a
combined experimental, theoretical, and numerical study.
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Appendix. Review of soot formation and oxidation

The main paper presents a smoke point-based model of soot formation and
oxidation in non-premixed flames. It provides a new approach to a subject having a
long history and extensive literature. In Appendix A, we review some of this
literature, discuss some difficulties, and justify the need for a new approach to this
important subject.
Much of the knowledge of the chemistry of soot formation and oxidation comes

from measurements made on premixed flames. Premixed flames have relatively rapid
gas-phase reaction rates due to their large concentrations of free radicals. In the
presence of these fast gas-phase reactions, the rate-limiting steps for soot formation
and oxidation typically include the mass transfer processes between solid and gas-
phases such as particle nucleation, surface growth and oxidation. In such
circumstances, the available soot surface area limits the formation and destruction
of soot and becomes an integral part of the mechanism controlling soot formation
and oxidation.
In contrast, soot formation in non-premixed flames is usually controlled by gas-

phase processes. In non-premixed flames, reactions are limited primarily by diffusion
of gaseous reactants to the flame sheet. The main heat releasing reactions occur in a
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thin sheet comprising a narrow range of mixture fraction. Elsewhere in the flame,
gas-phase reaction rates are slowed by the presence of hydrocarbons that tend to
scavenge H � atoms and other free radicals. This picture is consistent with the
observation of almost ‘‘frozen’’ conditions occurring on the fuel-rich side of
hydrocarbon diffusion flames. In this frozen zone, the concentrations of species are
primarily determined by the nature of the supplied reactants and the local mixture
fraction while being insensitive to the overall heat release rate of the flame. This
simplifies the description of the chemical environment for the formation of soot in
regions separated from the main reaction zone, i.e., in regions where the chemical
and thermal environments are determined by the local mixture fraction and enthalpy
(temperature). It is therefore not surprising that the spatial distributions of the soot
volume fraction in non-premixed flames exhibit similarity when scaled by only the
smoke point of the fuel [7–10]. The more traditional view thinks of soot formation as
being controlled by surface reactions wherein soot particles are nucleated in the main
heat-release reaction-zone and then move by convection and thermophoresis into
fuel-rich zone where most of the soot growth occurs by surface reactions.
Viewed from the above perspective, one anticipates soot formation in non-

premixed flames being gas-phase controlled on the fuel-rich side in the presence of
significant hydrocarbons, and surface area controlled in the narrow heat-release
reaction-zone where the concentrations of free radicals are high. The relative
importance of these two mechanisms depends on the particular fuel and oxidant. For
moderate to sooty fuels, the subject of the main paper, soot forms predominately in
the hydrocarbon-rich zone. Methane, being quite chemically stable and lightly
sooting, is at the other extreme. It does not even have a meaningful smoke point.
Soot in methane flames forms largely in the high temperature ‘‘wings’’ and is
presumably surface area controlled. As a general trend, for most fuels, soot tends to
form increasingly in the wings as one increases the ambient oxygen concentration,
whereas in oxygen depleted atmospheres, soot tends to form predominately in the
hydrocarbon-rich core.
The model presented in the main paper postulates soot forming immediately upon

the mixture fraction falling within its soot formation range provided the temperature
is within the soot formation range. As such, it does not account for the finite time it
takes for the fuel molecules to break apart, form aromatic rings, and then nucleate
particles. One observes this delay by the presence of a blue zone at the base of the
flame. Methane has a particularly large blue zone at base of its flame, but the blue
zone is much less prominent for sooty fuels.
In a similar manner, a finite time is required for soot to form in the hydrocarbon

rich zone. Upon insertion of a probe into this zone, one observes the thermophoretic
deposition onto the probe of a brown liquid that under a microscope appears
spaghetti-like. Unlike soot, the brown condensate in the flame is transparent to laser
light. Subsequently, as the liquid carbonizes to form soot, it becomes visible to laser
light. Dobbins [37] quantified the phenomenon for an ethylene flame.
From the above discussion, it is apparent that soot formation occurs by a variety

of detailed chemical mechanisms. The possibility of competing chemical mechanisms
complicates the situation. Frenklach [38] reviews much of the recent literature on the
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chemistry of soot formation. He emphasizes that to establish detailed chemical
models of the evolution of soot one must accurately describe both the chemical and
thermal gas-phase environment.
In view of such complexities, it helps to recall that from an engineering viewpoint,

it is the release of radiant heat, smoke, and products of incomplete combustion that
is most important. These releases are all well correlated by the fuel smoke point,
which in turn is quite simply explained by the model presented in the main paper.
The model, while approximate, captures the essential chemistry and physics needed
for engineering applications.

A.1. Traditional modeling approaches

Several models for soot formation in non-premixed flames already exist, and
Kennedy [39] has provided an excellent review of work before 1997. These models
rely on empirical data. Some models make direct use of experimentally measured or
inferred quantities [23,27]. Other models indirectly use experimental measurements
for calibration, where model parameters are adjusted until agreement between
prediction and experiment is obtained [25]. These models do not have a set of ‘‘rules’’
that explains how to determine the model constants for an arbitrary fuel. One
shortcoming of this type of approach is that these models are usually appropriate for
use only with a specific fuel, oxidant, pressure, and combustor. Extension of a model
beyond the operating conditions for which it was developed may lead to unreliable
predictions. Therefore, this type of model is impractical for use in fire safety
engineering where a variety of fuels is encountered.
Most empirical soot models contain expressions to quantify a limited number

phenomena usually considered important for soot formation and oxidation. As
pointed out by Lindstedt [40–42], it is generally agreed among traditional modelers
that a simplified model of particulate formation in diffusion flames should account
for the processes of nucleation/inception, surface growth, coagulation/agglomera-
tion, and oxidation. For this reason, most models explicitly consider these processes.
This paradigm is based on the classical view of soot formation in diffusion flames
where incipient soot particles with diameters on the order of several nanometers
form in slightly fuel-rich regions of the flame by inception or nucleation. These
particles then undergo surface growth, perhaps by the Hydrogen Abstraction by
C2H2 Addition (HACA) mechanism [43], with H � atoms impacting on the soot
surface to activate acetylene addition, thereby increasing the mass of existing soot
particles. Since HACA is initiated by H � atoms, it is likely to be most important in
the main flame reaction zone where H � atom concentrations generally exceed
equilibrium values. As discussed in the main paper, there is an alternative route to
soot through Polycyclic Aromatic Hydrocarbons (PAHs), which becomes important
in hydrocarbon-rich regions (away from the main reaction zone) where the H � atom
concentrations are low. This soot growth occurs concurrently with coagulation,
where small particles coalesce to form larger primary particles, and agglomeration
where multiple primary particles line up end-to-end to form larger structures
resembling a string of pearls. Soot particles may be transported toward the flame
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front where they pass through an oxidation region in which the mass of soot is
decreased by oxidation reactions with gas-phase molecules. Any soot not completely
oxidized is released from the flame envelope as ‘‘smoke’’ [44].
Most traditional models of soot formation and oxidation provide a means to

quantify each of the phenomena outlined above. They are embedded within a CFD
model that provides the necessary flowfield quantities such as species concentrations,
temperature, and velocity. Typically, conservation equations are solved for the soot
mass fraction Ys (or the soot volume-fraction, fv) and the soot number density, N.
The soot conservation equation contains separate terms to account for the increase
in fv attributed to either particle inception/nucleation or surface growth. Conversely,
a term is included to account for the sink of fv ascribed to soot particle oxidation.
Models that explicitly consider particle inception/nucleation and coagulation/
agglomeration must also solve a conservation equation for the number density that
includes a source representing particle inception, and a sink representing particle
coagulation/agglomeration. The rates of particle inception, coagulation, agglomera-
tion, surface growth, and oxidation are then quantified through the postulated
expressions that constitute the soot model.
Reilly et al. [45,46], citing their experimental findings in acetylene diffusion flames

using Real-Time Aerosol Mass Spectrometry, have questioned whether the above
classical view of soot formation embodied in these models is representative of the
actual physical and chemical phenomena of soot formation in non-premixed flames.
It is fair to ask whether a successful soot model, particularly one intended for
engineering calculations, must include expressions for each of the components
identified above. Lindstedt [42] showed that his predictions of soot volume fraction
in three counterflow ethylene flames were relatively insensitive to the particular form
of the nucleation model used after fitting the models to data. This casts doubt on
whether the nucleation is part of the controlling mechanism of soot formation in
non-premixed flames. Additional problems with this classical view are presented
below.

A.2. Physical and chemical factors affecting soot formation

The specific soot area is important if heterogeneous surface reaction between soot
particles and the gas-phase is the dominant mechanism for soot growth. If this was
the case, one would expect the rate of soot addition to be proportional to the soot
surface area available for growth. To account for the observed decrease in
proportionality to the specific soot surface area (m2 soot/m3 mixture), scientists have
introduced the concept of soot aging. The dependence of soot formation rates on a
particle’s history is explained by the notion that as a soot particle ages, the number
of active sites on its surface capable of supporting chemical reactions may change
due to annealing. It would have been simpler, instead, to have attributed the
observed decrease in reactivity to control by gas-phase processes.
Bonczyk [47] investigated the effect of ionic additives on particulate formation in

non-premixed flames. His results showed an order of magnitude increase in the soot
number density with only a slight increase in the soot volume fraction, indicating the
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available soot surface area is not part of the controlling mechanism in the flames
studied. Delichatsios [48], relying heavily on experimental observations, has also
postulated that homogeneous gas-phase reactions and not heterogeneous surface
growth reactions are the controlling mechanisms of soot formation in diffusion
flames. He showed that the results of several experimental studies could not be
readily explained if the rate of soot formation is dependent on the specific soot
surface area.
It is likely that both surface area-dependent and surface area-independent

mechanisms contribute to the overall rate of soot formation in diffusion flames. As
part of the present work, we investigated a model that considered surface area-
dependent, surface area-independent, or both mechanisms of soot formation. When
using only surface growth, the ‘‘wings’’ (soot that forms low in the flames far from its
axis) could be reproduced reasonably well, but the soot loading at the ‘‘core’’ (near
the flame axis) was underpredicted for ethylene flames. This is consistent with the
study of Liu et al. [26] where it is noted that soot formation models based on surface
area-dependent growth by acetylene addition underpredict the soot loading along
the flame axis. Similarly, we found that when using only a volumetric growth
mechanism, the soot loading at the core of methane flames could be reproduced, but
far too much soot was predicted in the wings. We found that the additional
adjustable constants in a soot formation model that considered both mechanisms
could reproduce the soot volume-fraction profiles reported by Smyth [31] for
axisymmetric methane, propane, and ethylene flames reasonably well. However, with
competing soot formation mechanisms, the conceptual simplicity of having the soot
formation rate being dependent only on the fuel smoke point flame height was lost.
This conceptual simplicity is supported by the analytical arguments of Section 6 and
the literature [7,9,15,19,49]. For this reason, we chose a model that contains only a
volumetric growth mechanism. The presumption here is that homogeneous processes
are the dominant soot formation mechanism for moderately to heavily sooting fuels.
In summary, the above arguments have led to the surmise that the abundance of

H � radicals near the outer wings of the diffusion flame cause the soot to form there
by the HACA mechanism [43] subject to surface area control. In the core regions,
where negligible H � atoms are present, soot generation takes place primarily
through the formation of PAHs subject largely to gas-phase control. Hwang and
Chung [50] reached a similar conclusion through an experimental and computational
study of ethylene counterflow diffusion-flames that was conducted to examine the
relative importance of acetylene and PAHs in soot growth. They reported that
satisfactory agreement between predicted and measured soot mass growth rates
could be obtained if two separate pathways to soot formation were considered. They
concluded that the HACA mechanism is the dominant mode of soot formation in the
high temperature regions, but coagulation between PAH and soot particles is
quantitatively important in the low temperature regions. The latter may account for
up to 40% of the contribution to soot formation in these counterflow flames [50].
This basic hypothesis is also supported by the experimental study of Zelepouga et

al. [51] in which laminar co-flow methane flames were doped with acetylene and
PAHs. For the flame burning in a 21–79% mixture of O2–N2, the peak soot
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concentrations were increased by approximately 40–75% when the flames are seeded
with 1.0 carbon percent (C%) pyrene (a PAH), but only by 15–50% when seeded
with 3.7C% acetylene. The seeding levels are reported in C% to account for the
different C:H ratios of the various additives. A larger increase in soot volume
fraction was induced by doping the flame with acetylene than with pyrene low in the
flame near the high-temperature reaction sheet. However, the pyrene induces a much
larger increase in soot volume fraction compared to acetylene at greater distances
from the reaction zone and near the core. This indicates that different soot formation
mechanisms are dominant in different regions of this flame.
Zelepouga et al. [51] also made measurements for different amounts of additives to

methane non-premixed flames in different ambient oxygen atmospheres. In the case
of added acetylene, the fractional increase in soot was proportional to the added
acetylene with proportionality remaining the same with increased ambient oxygen.
In the case of pyrene, the fractional increase in soot was also proportional to the
added pyrene, but the proportionality constant increases strongly with increased
ambient oxygen concentration. The acetylene result implies that the path for soot
formation in methane flames always goes through acetylene for methane burning in
air or oxygen-enriched air, whereas the pyrene result indicates the role of PAHs
differs in different regions of the flame having different sensitivity to ambient
oxygen. Near the flame sheet, the HACA mechanism [43] (dependent on the
available surface area) may be controlling; yet near the core, a mechanism involving
growth by PAHs that is independent of surface area becomes significant. It is worth
pointing out that Zelepouga et al. [51] investigated only lightly sooting methane

flames and that the relative importance of the PAH route increases for sootier fuels.

A.3. Factors affecting soot oxidation

Soot oxidation is usually modeled as a heterogeneous process where the oxidation
rate is proportional to the available soot surface area. Several species have been
linked to soot oxidation in hydrocarbon diffusion flames, most notably OH � , O2,
and O � . There has been a considerable debate over the relative importance of these
oxidizing species. Neoh et al. [28] clearly demonstrated the importance of soot
oxidation by OH � radical, particularly on the fuel side of stoichiometric. They
concluded that under the conditions studied, OH � was the principal oxidant, with
molecular oxygen becoming important only for O2 concentrations above 5%. The
H � radical usually occurs in low concentrations so it is of less concern here. These
results have recently been confirmed for diffusion flames [52].
Puri et al. [29,30] experimentally studied the oxidation of soot and carbon

monoxide in laminar axisymmetric methane, methane/butane and methane/1-butene
diffusion flames. They measured OH � radical as well as the CO and soot
concentration profiles at several axial positions and found that the OH �

concentrations are far higher than their equilibrium values wherever hydrocarbons
have been consumed. In general, OH � reacts more readily with CO than with soot.
This explains why CO tends to be consumed first. The presence of soot, however,
significantly depresses OH � concentrations in soot-laden regions. Molecular oxygen
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concentrations remain very small in regions of active soot oxidation. This is
important from a modeling perspective. It means that the generation of OH � and
therefore the consumption of CO and soot are controlled by the diffusion of O2 into
the soot oxidation zone rather than being controlled by the surface area of soot. This
suggests that the rate of soot oxidation is a function of the mixture fraction. When
the radiant heat loss from the soot cools the flame below approximately 1400K, the
generation of OH � decreases and soot oxidation slows to the point of releasing soot.
Once the soot leaves the active flaming region, its oxidation is likely to be surface
area controlled.
One may gain further understanding of soot oxidation process by considering the

following simplified soot oxidation reaction mechanism:

Csoot þOH� ! COþH � (A.1a)

COþOH� ! CO2 þH � (A.1b)

O2þH� ! OH � þO � (A.1c)

O � þH2O! OH � þOH � (A.1d)

H � þOH � þðMÞ ! H2Oþ ðMÞ (A.1e)

The above reactions collectively sum to:

Csoot þO2 ! CO2: (A.2)

The first four reactions (Eqs. (A.1a–A.1d)), being bimolecular, are relatively fast for
temperatures above 1400K. However, Eq. (A.1e) is a three-body recombination
reaction that is quite slow because it requires the simultaneous collision of three
molecules. Its slowness leads to a build-up of H � and OH � radicals far above their
equilibrium values. The super-equilibrium concentration of radicals leads to the
immediate consumption of any molecular oxygen that manages to diffuse to the
reaction zone. When the temperature decreases below 1400K, the recombination
reaction 1e continues, while reaction (A.1c) between O2 and H � slows to become the
rate-limiting reaction for the entire mechanism. In such circumstances, the
concentration of molecular oxygen builds up. Meanwhile, fewer radicals are
generated and the soot and CO oxidation reactions, (A.1a) and (A.1b), slow down
leading to the possible release of any soot or CO that had not been previously
oxidized.
The above mechanism of soot oxidation in diffusion flames can be modeled by a

volumetric soot oxidation rate that depends principally on the gas-phase
composition with its maximum near stoichiometric. The temperature-dependence
should be roughly proportional to the rate controlling reaction (A.1c), O2+H �-
OH �+O � . This will allow for the release of soot under conditions of strong radiant
cooling. The experimentally observed [7,10-11] similarity of axisymmetric diffusion
flames at their smoke points corroborates the claim here that soot oxidation is
controlled by the diffusion of molecular oxygen rather than the surface area of soot.
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If the surface area were controlling, the observed similarity would never be achieved
for the wide range of tested fuel smoke points.
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