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A new soot model is presented, which has been developed for CFD applications, combining accuracy and
efficiency. While the chemical reactions of small gas phase species are captured by a detailed chemical
kinetic mechanism, polycyclic aromatic hydrocarbons (PAHs) and soot particles are represented by sec-
tional approaches. The latter account for important mechanisms such as the formation of sections, their
oxidation, the condensation of acetylene, and the collisions between sections. The model has been
designed to predict soot for a variety of fuels with good accuracy at relatively low computational cost.
Universal model parameters are applied, which require no tuning in dependence of test case or fuel. Soot
predictions of ethylene, propylene, kerosene surrogate, and toluene flames are presented, which show
good agreement with the experimental data. Furthermore, the importance of the correct choice for ther-
modynamic data of PAHs and soot is highlighted and the impact of heat radiation is discussed.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction predictions in non-premixed flames [11–14]. However, in combus-
Soot can be found in a variety of combustion applications de-
spite the fact that it is known to be an important pollutant. Not
only does it affect the environment but also human health [1–4].
In addition, it may cause technical problems such as locally ele-
vated heat loads for the combustor walls due to heat radiation
[5–7]. Although soot has been studied over the last decades by a
variety of research groups, it is still far from being completely
understood [8]. During combustion of hydrocarbons it is formed
in fuel-rich regions of the flame within a given temperature range.
However, fuel rich conditions are very difficult to avoid, especially
in the case of liquid fuels. Hence, it is important to better under-
stand soot formation and the involved chemical processes in order
to decrease soot emissions in practical applications.

Various soot models have been published in the past. The sim-
plest among them are empirical models, which are usually re-
stricted to the choice of fuel and to specific operating conditions.
Nevertheless, once correctly tuned, they allow sensitivity analyses
at low computational cost [9,10].

Semi-empirical models include PAH and soot chemistry in a
simplified way. Their chemical mechanisms take major soot
growth species such as acetylene or even aromatics into account.
The flamelet approach, for example, where species concentrations
are linked to scalars such as mixture fraction, allows reasonable
ion Institute. Published by Elsevier
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tion systems where premixing effects and strong turbulence-
chemistry interactions are involved the applicability of this ap-
proach is limited.

More analytical but computationally expensive methods use
detailed finite-rate chemistry for molecular species, while soot
particles are lumped in one way or another. For the interface
between gas phase and soot different techniques exist. While in
simplified models soot is directly formed from acetylene
[11,12,15–17], more detailed models use aromatic species such
as benzene [18,19], naphthalene [20], or even pyrene [21,22].

One of the most basic ways of lumping soot is found in two
equation soot models, where soot is represented by two variables
only, e.g. soot mass fraction and soot number density [16,19,
23–26]. Although these models contain no information about the
soot size distribution, they allow predictions in soot volume frac-
tion, number density, and mean particle size. Depending on the
underlying chemical mechanism, promising CFD results have been
achieved in the past with these models even for complex 3D con-
figurations [27,28].

A more detailed lumping technique is the method of moments
[15,29,30]. Here the soot size distribution is described by its mo-
ments, for which transport equations are solved. Although the cor-
rect description of the physical size distribution function includes
an infinite number of moments, the moments of most interest
are usually only those of low order [31–33]. Moreover, assuming
a logarithmic size distribution, already the first three moments
suffice for a complete description [34]. But this assumption is not
generally valid [35–39]. Instead, a priori information about the
Inc. All rights reserved.
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Nomenclature

A surface area
c stoichiometric coefficient
C concentration
d diameter
fv soot volume fraction
k Arrhenius reaction rate
k0 constant of Arrhenius reaction rate
kB Boltzmann constant
m mass
M molecular mass
Na Avogadro constant
Nr number of reactions
Nsp number of species
O0 reaction order of educt
Sa chemical source term of species a
Sr chemical source from reaction r

T temperature
Ta activation temperature
u axial velocity
Y mass fraction
a exponent of Arrhenius reaction rate
b collision frequency
g oxidation efficiency
/ premixing ratio
c collision efficiency
m stoich. coeff.: forward (’) and backward (’’)
q density

sub- and superscripts
i, j, k general index for sections
s soot
a, b general species index
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shape of the distribution function is needed in order to determine
the required number of moments.

One of the most detailed lumping techniques is the sectional
approach [20–22,40,41]. Here soot particles are lumped into sec-
tions, which are then treated as ‘‘virtual’’ species with averaged
properties. The great advantage of this technique is that any kind
of size distribution can be captured and that different sized parti-
cles may have different properties like reactivity, for example. Fur-
thermore, sections can be treated in analogy to real species in
many regards. Especially in combination with other models, such
as heat radiation or turbulence chemistry interaction, this analogy
is a great advantage as far as the effort of implementation is
concerned. However, such methods are mostly applied to rather
simple test cases like laminar flames because the involved compu-
tational effort is usually relatively high.

Particle tracking techniques [35,42], where soot particles are
not lumped by properties but by number, may reach an even high-
er degree of detail depending on the number of stochastic particles
used.

The model described in this work features a sectional approach,
so that soot size distributions can be predicted at any point of the
flame without a priori knowledge of the shape of the distribution
function. In order to reduce the computational effort, PAH mole-
cules are also captured by a sectional approach. Furthermore,
PAH and soot sections with radical branches are not treated sepa-
rately, resulting in a skeletal global reaction formulation.

The model is applied to a variety of fuels and flames showing its
capability to predict soot with good accuracy at acceptable compu-
tational cost without the need of any tuning. With respect to the
combination of accuracy and efficiency, this model bridges the
gap between very detailed and computationally low cost models.
In this regard, it is not the purpose of this work to show higher
accuracy than very detailed soot models when applied to laminar
flames but to significantly reduce the computational cost in order
to be able to calculate more complex test cases.
2. Numerical model

All presented results have been obtained by means of steady
state simulations using the DLR in-house Code THETA – an incom-
pressible flow solver for finite-volume grids, which has been opti-
mized for combustion problems. It features a multigrid algorithm,
dual grid technique, a stiff-chemistry solver, and parallelization via
domain decomposition.
The soot model consist of three sub models describing molecu-
lar gas phase species, polycyclic aromatic hydrocarbons (PAHs),
and soot. In order to improve the compatibility with other models
and to reduce the computational cost, the chemical source term is
represented in a global Arrhenius like formulation in all sub
models

Sa ¼ Ma

XNr

r¼1

m00a;r � m0a;r
� �

Sr : ð1Þ

with

Sr ¼ k0Taexpð�Ta=TÞ
YNsp

b¼1

C
O0b;r
b : ð2Þ

All sub models respect mass conservation also regarding their
interaction.

2.1. Gas phase chemistry

The chemical kinetic mechanism of the gas phase consists of the
base mechanism mentioned in [43], which has mainly been de-
rived from the works by Slavinskaya et al. [44,45]. It considers
molecular species up to the first aromatic ring including benzene,
toluene, and their radicals. For the kerosene surrogate flame, con-
sisting of volumetric 12% toluene (C7H8), 23% isooctane (C8H18),
and 65% n-decane (C10H22), a sub mechanism is added, which has
been derived from another work by Slavinskaya et al. [46], where
this surrogate has first been proposed.

The base mechanism as well as the kerosene surrogate sub
mechanisms have already extensively been validated in the past
by different authors [43,47,46]. The conjunction of the two mech-
anisms has been validated for ignition delay with respect to Jet A-1
fuel.

2.2. PAH chemistry

All aromatic molecules with a molecular mass between 100 and
800 g/mol are considered PAHs (Polycyclic Aromatic Hydrocar-
bons). They are represented by three logarithmically spaced PAH
sections with a scaling factor of two as demonstrated in Fig. 1.
For reasons of computational efficiency, radical PAHs are not con-
sidered separately but a global formulation is chosen.

During the current work the intra sectional mass distribution
function, describing the mass distribution within one PAH section,



Fig. 1. PAH and soot distribution.
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is assumed to be constant in particle number density. For analyzing
purposes a mass distribution function being constant in mass is
also supported. Based on the distribution function the calculation
of mean molecular masses and stoichiometric coefficients is
straightforward. An example can be found in the work by Pope
and Howard [48]. The impact of the choice of distribution function
on mean molecular masses, stoichiometric coefficients, or soot pre-
dictions has already been discussed elsewhere [23,43,48]. Species
specific data such as H/C ratio or enthalpy values are inter- and
extrapolated from 43 reference PAHs taken from the work by Yu
et al. [49] (see Figs. 2 and 3). These are six ring PAHs, ranging from
benzene up to tetrabenzoperylene. Transport properties have been
obtained using a similar procedure with data by Richter et al. [21].
The authors are aware that thermodynamic data of same sized
PAHs may differ but this data is only used to calculate mixture
properties. Since in the considered test cases PAH concentrations
are rather small, an error originating from the fitting procedure
has only little effect on the mixture. In contrast, backward reaction
rates should not be calculated based on the fitted data because in
this case the error amplifies exponentially.

PAH chemistry is divided into four sub mechanisms, namely
PAH0 gas phase interaction, C2H2 condensation, PAH collision,
and PAH oxidation reactions.

PAH0 gas phase interactions consider all reactions of the gas
phase with the first PAH section, PAH0, including oxidation. In
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Fig. 2. Inter- and extrapolation of the mass specific heat capacity. Reference PAHs
(thin gray), PAH0 (black dash), PAH1 (black dash dot), PAH2 (black solid).
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Fig. 3. Averaging of the mass specific enthalpy of formation. The average value from
reference PAHs (symbols) is used for PAH0–PAH2 (line).
the current work 19 reversible reactions have been used, which
are summarized in Table 1. These reactions have been derived from
the detailed kinetic mechanisms by Slavinskaya and Frank [45] and
Richter et al. [21], describing polycyclic aromatic growth from ben-
zene, toluene, and their radicals. Reversible reactions are used at
this point in order to capture the high reversibility of PAH forma-
tion reactions. Reverse reaction rates have been calculated based
on the original reactions before lumping. In order to meet mass
conservation, stoichiometric coefficients need to be added to the
PAH0 side as a function of its mean molecular mass.

All further sub models of PAH chemistry have been derived
from the work by Di Domenico et al. [19,50] and were enhanced
in several aspects. Since the H/C ratio diminishes for growing PAHs,
hydrogen abstraction is included in growth reactions in order to
fulfill atom conservation. Furthermore, instead of only accounting
for same sized PAH collisions, now, all PAH sections may collide
with one another. Stoichiometric coefficients are no longer calcu-
lated based on approximated ratios but depending on the intra sec-
tional distribution function and atom conservation. All mass source
terms beyond the upper bound of the PAH range are fed to the first
soot species while source terms at the lower bound have already
been accounted for by the PAH0 gas phase interaction model.

Consequently, PAH growth via C2H2 condensation reads

PAHi þ C2H2 ! c1PAHi þ c2PAHiþ1 þ c3H2 ð3Þ

representing a global formulation of the well-known HACA mecha-
nism [51,52]. For the last PAH section this reaction leads to the first
soot section SOOT0 instead of PAHi+1. Although the authors are
aware of the reversibility of PAH growth reactions [53], this mech-
anism is regarded irreversible due to the high uncertainty of back-
ward reaction rates. However, the reversible character of PAH
growth has at least partially been captured by the PAH0 gas phase
interaction model mentioned above.

With j 6 i the PAH collision model reads

PAHi þ PAHj ! c1PAHi þ c2PAHiþ1 þ c3H2: ð4Þ

Again this reaction leads to soot instead of PAHi+1 in case i = 2.
Although it is known that for small PAH the backward reaction

rate of Eq. (4) may become important, this reaction has been
Table 1
PAH0 gas phase interaction reactions. Units are mol, cm, s, and K.

k0 a Ta

A�1 þ C2H4 ¼ PAH0 þ H 2.51E+12 0.00 3095.00
A�1 þ C3H4 ¼ PAH0 þ H 1.00E+16 0.00 16600.00
A�1 þ C3H3 ¼ PAH0 6.46E+12 0.00 0.00
A�1 þ C4H2 ¼ PAH0 þ C2H 2.00E+11 0.00 0.00
A1 + C2H = PAH0 + H 1.00E+12 0.00 0.00
A1 + C2H3 = PAH0 + H 7.90E+11 0.00 3200.00
A1 þ A�1 ¼ PAH0 þH 1.10E+23 �2.92 7450.00
A1 þ A�1 ¼ PAH0 2.000e+26 �3.90 3180.344
C7H7 + CH2 = PAH0 + H 2.40E+14 0.00 0.00
C7H7 + C3H3 = PAH0 + 2H 6.00E+11 0.00 0.00
C7H7 + C2H2 = PAH0 + H 3.200e+11 0.00 3522.53
PAH0 þH ¼ A�1 þ C2H2 2.00E+14 0.00 4882.00
PAH0 þ O ¼ A�1 þ HCCO 2.10E+07 2.00 950.00
PAH0 þ O ¼ A�1 þ CH3 þ CO 1.92E+07 1.83 110.00
PAH0 + O = C7H7 + HCCO 2.00E+13 0.00 2000.00
PAH0 þ OH ¼ A�1 þ CH2CO 2.18E�04 4.50 �500.00
PAH0 + OH = A1 + HCCO 2.44E+03 3.02 5574.00
PAH0 + OH = C7H7 + CH2O 1.40E+12 0.00 0.00
PAH0 + OH = C7H7 + CH2CO 1.00E+13 0.00 5000.00
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modeled irreversible due to the high uncertainty of the backward
reaction rates. The Arrhenius reaction rate for the forward reaction
can be written

k ¼ 2:2Naci;jbi;j ð5Þ

with 2.2 being the average van der Waals enhancement factor
according to Harris and Kennedy [54] and Miller [55]. Na is the Avo-
gadro constant, ci,j the collision efficiency, and bi,j the collision fre-
quency. For ci,j a constant value of 0.3 was chosen [19] while for
bi,j a general calculation procedure has been implemented in THETA
using the equations mentioned by Fuchs [56]. In his work a general
formulation of collision frequencies is given for all Knudsen num-
bers. Since this formulation is rather complex, the resulting reaction
rate has been fitted to Arrhenius parameters in a preprocessing step
using the least square method. The approach of a blending function
between continuum and free molecular regime afore mentioned by
El-Asrag and Menon [57] or by Hu [58] is not used because it is less
accurate and the advantage of lower computational cost is irrele-
vant as the preprocessing calculations require only seconds.

The fitting error in the whole Knudsen number range is always
smaller than 5% and disappears for the free molecular regime be-
cause here

bi;j ¼
pkBðmi þmjÞ

2mimj

� �0:5

ðdi þ djÞ2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
k�0

T0:5; ð6Þ

holds [40,59,55], which is already in Arrhenius formulation
(k0 ¼ 2:2Naci;jk

�
0; a ¼ 0:5, and Ta = 0). For the test cases discussed

in this paper, the Knudsen number is always greater than one for
PAH–PAH collisions and therefore the calculated collision frequen-
cies are identical to Eq. (6).

The PAH oxidation mechanism takes O2 and OH oxidation into
account by the reactions

PAHi þ O2 ! c1PAHi�1 þ c2PAHi þ c3H2 þ 2CO; ð7Þ

PAHi þ OH! c1PAHi�1 þ c2PAHi þ c3H2 þ CO: ð8Þ

For i = 0 it follows that c1 = 0 because PAH0 oxidation leading to
molecular species has already been captured by the PAH0 gas phase
interaction model.

All Arrhenius coefficients of the discussed PAH sub models are
summarized in Table 2.

2.3. Soot chemistry

The soot model accounts for all species heavier than the last
PAH species and makes use of a sectional approach, as well. All sec-
tions are logarithmically spaced with a default spacing factor of
two as shown in Fig. 1. In order to reduce the computational cost,
radicals are not treated separately, which yields a global represen-
tation of soot reactions. The default number of soot sections is 25
leading to a maximum possible particle weight of 2.7 � 1010 amu.

For the H/C ratio of soot particles the distribution mentioned by
Richter et al. [21] has been fitted to a function of particle mass as
Table 2
Arrhenius parameters of the PAH model taken from Di Domenico et al. [19]. Units are
mol, cm, s, and K.

k0 a Ta

PAH–C2H2 growth 3.98E+07 0.0 5100
PAH–PAH collision 0:66 Na k�0 0.5 0

PAH-oxidation
O2 2.0E+06 0.0 3800
OH 2.1E+07 0.0 2300
given in Eq. (9). It is needed in order to correctly predict the stoi-
chiometric coefficients for a matter of element conservation.

H=C ¼ 0:4405M�0:10524 ð9Þ

Patterson and Kraft [60] studied the impact of different aggregate
structures of soot particles. Deviations in soot predictions were
found, comparing the spherical particle model and models which
conserve surface area during coagulation. A detailed consideration
of different aggregate structures in a sectional model can be real-
ized by solving two transport equations per section as done by
Dworkin et al. [22]. Assuming spherical primary particles, they
solved equations for primary particle number density and for soot
aggregate density. Consequently, twice the number of transport
equations are necessary for the soot model, which significantly in-
creases the computational effort. But since promising results have
been obtained in the past also without the consideration of aggre-
gate structures [20,21,41], different particle shapes are not ac-
counted for in favor of computational time savings. Therefore, all
particles are assumed to be spherical with a density of 1800 kg/m3.

In analogy to the PAH model the intra sectional mass distribu-
tion function is assumed to be constant in particle number density
by default but distribution functions constant in mass are also sup-
ported and may be different from the distribution function used for
PAH sections.

Using a numerical method where transport equations are
solved for any kind of energy (usually enthalpy) and temperatures
are calculated subsequently from it, soot enthalpy values should be
defined with care. Very little data about soot enthalpies exist in the
literature especially for small soot particles. The simplest approach
in this regard is to neglect soot in the calculation of the mixture en-
thalpy [61]. This is identical to assuming that soot enthalpies equal
zero. However, in strongly sooting flames this assumption may
lead to an unphysical temperature rise because the mass trans-
forming to soot will loose all of its enthalpy to the environment.
As soot mainly consists of carbon, it may seem appropriate to
use the thermodynamic properties of amorphous carbon but this
approach is limited, too, because young soot also contains an
important amount of hydrogen. Furthermore chemical bonds with-
in soot particles may differ strongly from those found in amor-
phous carbon. Another common approach is to use the mass
specific enthalpy values of some fundamental PAH species (usually
the last PAH of the mechanism), since soot is formed from PAHs
[20,21]. However, also this assumption is limited and may intro-
duce significant errors in the calculation of the flame temperature.
Due to these uncertainties we decided to define thermodynamic
properties of soot in a way that they do not significantly alter the
flame temperature. In consequence, the mass specific enthalpy val-
ues of the major soot growth species, acetylene, have been applied.

Figure 4 shows the impact of the choice of soot enthalpy on the
temperature in a fuel-rich ethylene/air mixture with / = 4 in an
isobaric adiabatic perfectly stirred reactor auto-igniting at an ini-
tial temperature of T = 1200 K at atmospheric pressure. Heat radi-
ation is neglected, because in this example we only want to focus
on the transfer of chemical energy. Plotted are temperatures and
soot volume fractions versus time calculated with and without
soot model. We notice that the zero enthalpy approach yields an
important temperature rise of roughly 300 K compared to the sim-
ulation without soot model. The higher temperature in turn lowers
the overall soot production. Furthermore, it can be observed that
the rise in temperature occurs already at soot concentrations
below 1 ppm, which is not unusually high for conventional
atmospheric pressure flames. The thermodynamic data of the last
PAH also leads to a temperature rise but it is difficult to judge at
which extent this rise is physical or not because soot growth reac-
tions may also be exothermic [62]. The temperature rise caused by
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soot formation disappears if the mass specific enthalpy of acety-
lene is used. Since now the bulk of mass transforming to soot has
the same enthalpy as the major soot growth species, the slight
deviations from the calculation without soot model are due to
hydrogen abstraction, oxidation and the contribution of aromatics.
The thermodynamic data of amorphous carbon (taken from Bur-
cat’s data base [63]) in contrast yields a very strong drop of the
temperature with final temperatures as little as the initial temper-
ature of the combustion process. Similar trends resulting from
these approaches can be observed with any other hydrocarbon fuel
which is supported by the model. The wide range of possible tem-
peratures demonstrates the high uncertainties regarding thermo-
dynamic data of soot particles and the strong need for reliable
experimental data.

While molecular diffusion is considered for PAHs, it is neglected
for soot. Instead thermophoresis is taken into account, which
causes small aerosol particles (like soot) to follow a drift velocity
against the temperature gradient. The drift velocity is independent
of particle size [64,65] and for the free molecular regime it can be
derived that

v th � �0:55 m rT=T; ð10Þ

which is applicable up to the transition regime (Kn � 1) [66]. In the
continuum regime (Kn < 1) though, the thermophoretic velocity
strongly depends on the ratio of heat conductivities of the sur-
rounding gas to the one of the particle [65]. The latter one is uncer-
tain in the case of soot. However, since common thermophoresis-
sensitive test cases (that we want to consider) are usually in the free
molecular or the transition regime, vth is calculated according to
Eq. (10).

Heat radiation from soot is captured with the assumption of an
optically thin medium according to Di Domenico et al. [19]. This
approach accounts only for heat emission, while heat adsorption
is neglected. Since soot is only found in small regions of the flame,
radiated heat is unlikely to be reabsorbed, justifying the approach.
More accurate radiation models exist, such as the spherical har-
monics method, the discrete ordinates method, or the Monte Carlo
method [67–69]. However, the radiation model used is by far the
most cost-efficient one because it requires only a simple additional
source term in the energy equation. In this regard, Liu et al. [70]
compared temperature and soot predictions of a laminar ethylene
diffusion flame using different heat radiation models. The devia-
tion between the approach of the optically thin medium and the
discrete-ordinates used in their work was found to be small for
the case studied.

Soot chemistry is modeled using four different mechanisms,
which have been derived from the work by Di Domenico et al.
[19], namely soot growth via condensation of C2H2, soot growth
via collisions with PAH molecules, soot coagulation, and soot oxi-
dation. The formation of the first soot section SOOT0 has already
been captured by the PAH chemistry model. In analogy to the
PAH chemistry, stoichiometric coefficients are determined based
on the intra sectional mass distribution function and the H/C ratio
given in Eq. (9).

The model for soot growth via condensation of C2H2 reads

SOOTi þ C2H2 ! c1SOOTi þ c2SOOTiþ1 þ c3H2: ð11Þ

With the corresponding reaction source term

Sr ¼ k0Taexpð�Ta=TÞAs
i ½C2H2� ð12Þ

and

As
i ¼ pNad2

i ½SOOTi� ð13Þ

follows

k0;i ¼ k0pNad2
i ð14Þ

to give the general expression mentioned in Eq. (2).
Soot growth via PAH collision can be written

SOOTi þ PAHk ! c1SOOTi þ c2SOOTiþ1 þ c3H2; ð15Þ

with

Sr ¼ 2:2ci;kbi;kNa½SOOTi�½PAHk� ð16Þ

in analogy to Eq. (5). For the collision efficiency ci,k a constant value
of 0.3 was chosen as in the previous work by Di Domenico et al.
[19]. D’Anna and Kent [20] suggested a possibility to estimate
collision efficiencies for soot particles as a result of attractive and
repulsive van der Waals forces, which can be described by the Len-
nard–Jones 6–12 intermolecular potential. Nevertheless, there are
still uncertainties to this approach, in particular in conjunction with
a simplified sectional model which does not treat radicals
separately. Moreover, in the past, other authors [40,21] obtained
reasonable results with constant collision efficiencies as well. As
far as the calculation of the collision frequency bi,k is concerned,
the same procedure has been used as mentioned in Section 2.2 for
PAHs.

With j 6 i the global reaction for soot coagulation can be written
as follows

SOOTi þ SOOTj ! c1SOOTi þ c2SOOTiþ1 þ c3H2 ð17Þ

with

Sr ¼ 2:2ci;jbi;jNa½SOOTi�½SOOTj�: ð18Þ

Since soot particles are rather big, it is assumed that every collision
leads to coagulation. For the collision efficiency of soot particles ci,j

in Eq. (18) this assumption yields a constant value of 1. Arrhenius
reaction rates can then be calculated in direct analogy to the
PAH–soot collision model.

Finally, the soot oxidation model is described by the equations

SOOTi þ O2 ! c1SOOTi�1 þ c2SOOTi þ c3H2 þ 2CO; ð19Þ

SOOTi þ OH! c1SOOTi�1 þ c2SOOTi þ c3H2 þ CO; ð20Þ

with

SOX
r ¼ gOXkOX

0 TaOX
exp �TOX

a =T
� �

As
i ½OX�: ð21Þ



Table 3
Arrhenius parameters of the soot sub mechanisms derived from Di Domenico et al.
[19]. Units are mol, cm, s, and K.

k0 a Ta

Soot – C2H2 growth 350pNad2
i

0.0 12100

Soot – O2 oxidation 742pNad2
i

0.5 19800

Soot – OH oxidation 1:15pNad2
i

0.5 0

Table 4
Summary of chemical mechanism.

Standard Kerosene sur.

Species Reactions Species Reactions

Base mechanism 43 304 43 304
Kerosene sub mechanism – – 16 68
Soot and PAH model 28 499 28 499

Total 71 803 87 871

Table 5
Initial temperatures used for the WSR simulation. Units are K.

/ = 1.8 / = 1.9 / = 2.0 / = 2.1

Temperature 1803 1850 1810 1823
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Here, OX may stand for either O2 or OH. Together with Eq. (13) this
yields

kOX
0;i ¼ gOXkOX

0 pNad2
i ; ð22Þ

where gOX represents the oxidation efficiency with values of 1.0 and
0.13 for O2 and OH, respectively [19].

In Table 3 Arrhenius parameters are given for those models
where a universal expression exists.

The dimensions of the resulting overall mechanism are shown
in Table 4. The bulk of PAH and soot reactions is due to soot coag-
ulation because every soot section may collide with every other. As
a result, a reduction of soot sections can significantly reduce the
number of global reactions. For example, 20 soot sections instead
of 25 will reduce the number of global reactions to 359, which is
adequate for most weekly sooting flames with maximum soot vol-
ume fractions around 1 ppm. However, in the present work 25 sec-
tions have been used for all test cases as a matter of generality.

3. Results and discussion

In this section model predictions for different laminar test cases
will be discussed. Among these are zero-dimensional test cases,
premixed one-dimensional flames, non-premixed axisymmetric
flames, and partially premixed axisymmetric flames.

3.1. Predictions of Particle Size Distributions

Manzello et al. [71] studied PAH growth and soot inception in a
well-stirred reactor (WSR) followed by a plug flow reactor (PFR).
Air was supplied at a constant flow rate of 175 SLPM and ethylene
(C2H4) fuel was fed to the WSR at equivalence ratios of / = 1.8, 1.9,
2.0, and 2.1 with an uncertainty of D/ = ±3%. The temperature of
the PFR was on the order of 1400 K. For the WSR section only mea-
surements for / = 2.0 are reported (T = 1723 K) with uncertainties
in temperature measurements of ±10%. Soot particle size distribu-
tions were measured using a dilution probe at the bottom most
sampling port of the PFR.

For the calculations perfect mixing in the WSR and PFR is
assumed and effects of the flow field are neglected. Thus, both
reactors can be represented by two perfectly stirred isothermal
reactors at atmospheric pressure. Residence times inside the reac-
tors are 11 and 18 ms for WSR and PFR, respectively. One of the
greatest uncertainties for the simulation is the choice of initial
temperature of the WSR as demonstrated by Blacha et al. [43].
Bhatt and Lindstedt [72] suggested to use estimates from laminar
flame calculations with temperature corrections resulting in tem-
peratures of 1803, 1763, 1723, and 1823 K for / = 1.8, 1.9, 2.0,
and 2.1, respectively. For the present work temperature ranges
were analyzed using Bhatt’s values with a deviation of ±5%. Initial
temperatures resulting in best agreement with the experiment are
summarized in Table 5.

In Fig. 5 calculated soot size distributions are compared with
the experimental data. While for / = 1.8 the model fails to repro-
duce the measurements, good agreement is found for / = 1.9, 2.0,
and 2.1. The reason for the difficulties of the model at / = 1.8 is
mainly due to the fact that this condition is very close to the soot-
ing limit, which in general represents a big challenge to predict.
This drawback should be kept in mind for future model
improvements.

The sensitivity of the model to the choice of intra sectional dis-
tribution function has also been investigated. As mentioned before,
the intra sectional distribution function directly affects the mean
molecular mass of a section as well as stoichiometric coefficients.
Hence, reaction rates are affected, too. However, for the current
test case the impact is negligible as shown in Fig. 5.

Since the measurements were restricted to a minimum diame-
ter of approximately 3 nm, the local minimum of the soot size dis-
tributions in the region of very small soot particles could not be
resolved experimentally. However, Zhao et al. [38,39] observed
similar size distributions with local minima in the region of very
small particles in laminar premixed ethylene flames. Singh et al.
[37] explained that the minimum of bimodal soot particle distribu-
tion functions may be caused by the competition of soot inception
and coagulation. According to our model this mechanism is also
prevailing in the current test case as shown in Fig. 6. Here the size
distribution resulting from the full model is compared to those ob-
tained by excluding specific soot sub models inside the PFR. A sim-
ulation without soot oxidation has not been included in the graph
because its impact is negligible. Also the impact of C2H2 condensa-
tion and coagulation with PAHs is very small, showing little effect
on the general shape of the distribution. In contrast, coagulation
reactions, which consume small particles to form bigger ones,
cause a decline and a shift of the size distribution to the right. At
the same time, soot formation leads to a strong rise in the number
of small particles because new soot particles are continuously
formed due to the fuel rich conditions. Therefore, in concordance
with Singh et al. [37], the local minimum is a result of the concur-
rence of soot formation and coagulation reactions – one promoting
small and the other big particles.
3.2. Laminar premixed ethylene, propylene, and toluene flames

Tsurikov et al. [73] studied laminar premixed flames at pres-
sures between 1 and 5 bar for ethylene (C2H4), propylene (C3H6),
and toluene (C7H8) using a water cooled flat flame burner. In order
to reduce oxidation and heat losses at the edges of the flame, a
shielding non-sooting flame surrounded the sooting one. Temper-
ature measurements have been conducted using SV-CARS and soot
volume fractions have been determined by LII. Reported
uncertainties for temperature and soot volume fraction are ±3%
and ±30%, respectively. All measurements are considered to only
depend on the height above the burner, showing negligible gradi-
ents in radial direction. Therefore, calculations could be performed
in one-dimensional space. The grid consisted of 600 hexahedrons
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Fig. 5. Soot size distributions for different degrees of premixing /. Symbols for measurements in the PFR by Manzello et al. [71] and lines for simulations, namely behind the
WSR (dashed), in the PFR (solid), and in the PFR using an intra sectional distribution function constant in mass for soot particles (dash dot).
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with smaller grid cells close to the burner, where the axial gradi-
ents are high. Because the heat flux from the flame to the burner
surface is unknown, temperatures are not predicted but directly ta-
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Fig. 6. Soot size distributions for / = 2.1. Calculated profiles behind the WSR (thick
solid) and in the PFR (thin solid) are compared to PFR-simulations without soot
formation (dash dot), without C2H2 condensation (dash), without PAH soot
collisions (dot), and without soot coagulation (dash dot dot).
ken from the experiment. All further boundary conditions for the
one-dimensional test case can be found in Table 6.

Calculated soot volume fractions for the ethylene flames
(flames 1–6) are compared with measurements in Fig. 7. Except
for flame 2, very good agreement can be observed showing devia-
tions in final soot volume fraction smaller than a factor two. Soot
volume fractions for flame 2, however, are overpredicted by a
factor 4. One reason for this strong deviation might be the
Table 6
Boundary conditions for laminar premixed flames studied by Tsurikov et al. [73].

Case Fuel Pressure (bar) / u (m/s)

Flame 1 C2H4 1.0 2.30 0.073
Flame 2 C2H4 1.0 2.50 0.073
Flame 3 C2H4 3.0 2.30 0.248
Flame 4 C2H4 3.0 2.50 0.250
Flame 5 C2H4 5.0 2.05 0.221
Flame 6 C2H4 5.0 2.40 0.213
Flame 7 C3H6 1.0 2.23 0.049
Flame 8 C3H6 1.0 2.46 0.049
Flame 9 C3H6 3.0 2.10 0.038
Flame 10 C3H6 3.0 2.30 0.038
Flame 11 C3H6 5.0 2.30 0.023
Flame 12 C7H8 1.0 1.91 0.022
Flame 13 C7H8 1.5 1.88 0.021
Flame 14 C7H8 3.0 1.75 0.012
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Experimental data by Tsurikov et al. [73] (filled symbols) and simulations (lines
with open symbols). Different symbols for flame 12 (square), 13 (circle), and 14
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‘‘unflatness’’ of flame 2 in the experiment, which can be derived
from the LII image of the experimental data [73]. If the radial gra-
dients in this flame are no longer negligible and fluxes in radial
direction need to be taken into account, one-dimensional calcula-
tions become erroneous.

In Fig. 8 predictions and measurements of soot volume fractions
for the propylene flames (flames 7–11) are shown. Except for flame
9, good agreement can be observed showing deviations in final
soot volume fraction smaller than a factor two. According to the
experimental data a reduction of the premixing ratio from / = 2.3
(flame 10) to / = 2.1 (flame 9) leads to a fivefold reduction in soot
volume fraction, which could not be reproduced by the model. A
general deficiency of the model for rich fuel/air mixtures can be ex-
cluded though because flame 11 shows excellent agreement be-
tween simulations and measurements.

Soot predictions for the toluene flames (flames 12–14) are
plotted in Fig. 9 along with the experimental data. Good agreement
is found in all three cases but the deviations are greater than for
the ethylene and propylene flames. Soot volume fractions are over-
predicted by a factor of 2–3 but the trend in soot rise for rising
pressures is very well predicted.
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Fig. 8. Profiles of soot volume fraction for laminar premixed propylene/air flames.
Experimental data by Tsurikov et al. [73] (filled symbols) and simulations (lines
with open symbols). Different symbols for flame 7 (square), 8 (delta), 9 (circle), 10
(diamond), and 11 (gradient).
In summary the qualitative behavior of soot production is well
reproduced for 12 out of 14 premixed flames studied in the work
by Tsurikov et al. [73]. In most cases soot levels tend to be overpre-
dicted and the onset of soot appears slightly too early. It is uncer-
tain, if this is caused by difficulties in predicting major soot
precursor species, since no measurements are available for acety-
lene, benzene, or even toluene. Another reason could be the PAH
submodel because the reversibility of PAH reactions, which is only
partially accounted for, might be responsible for the delayed onset
of soot in the experiment. However, the predicted dependence of
maximum soot volume fraction on pressure and premixing ratio
is in good accordance with the experimental data.

3.3. Non-premixed laminar ethylene jet flames

Santoro et al. [74] studied the sooting behavior of non-pre-
mixed laminar jet flames. Their burner consisted of an 11.1 mm in-
ner diameter fuel nozzle surrounded by a 101.6 mm outer air
passage and extending 4 mm beyond the exit plane of the air
passage. In order to shield the flame from the environment, it
was enclosed by a 405 mm brass cylinder.

Calculations of Santoro’s ‘‘flame 2’’ have been performed
because a large amount of experimental data is available for this
test case, which has often been cited and reproduced in the past
by different authors [75–78]. In addition, also Santoro’s ‘‘flame 4’’
has been simulated in order to evaluate model predictions for
slightly smoking flames. The boundary conditions of these flames
are summarized in Table 7.

In Fig. 10 the computed axial profile of soot volume fraction is
compared with the experimental data by Santoro et al. [74],
McEnally et al. [75], and Köylü et al. [76]. The deviation between
the different experimental data in maximum soot volume fraction
of more than 40% reflects the high uncertainties of soot volume
fraction measurements for this test case. Hence, with regard to
this uncertainty, excellent agreement between simulation and
measurements is achieved.
Table 7
Boundary conditions for two laminar non-premixed jet flames studied by Santoro
et al. [74].

Case Fuel Pressure (bar) ufuel (m/s) uair (m/s)

Flame 2 C2H4 1.0 3.98 8.9
Flame 4 C2H4 1.0 5.05 13.3
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In Fig. 11 radial profiles of soot volume fraction are compared
with experimental data by McEnally et al. [75]. Whereas good
agreement is found for positions 10 mm and 50 mm above the bur-
ner, at 30 mm soot volume fractions are overpredicted by more
than a factor of two. However, the radial position of the peak in
soot volume fraction is well predicted and soot is found in the
same regions as in the experiment.

For flame 2 Santoro et al. [74] also performed temperature mea-
surements using thermocouples. In Fig. 12 radial profiles from the
experiment are compared to the simulation. Although the flame
front is very well resolved for all heights above the burner, along
the axis deviations seem to be rather high. However, especially
close to the burner thermocouple measurements on the centerline
of the flame are known to experience high measurement uncer-
tainties. In contrast the overprediction of temperatures further
downstream at 50 mm above the burner is due to the underpredic-
tion of soot in these regions. Here, the underpredicted soot levels
lead to a lower heat radiation flux and in consequence to higher
temperature levels.

Santoro pointed out that the oxidation rates of soot appear to
be directly controlled by the local temperature, which is
strongly affected by radiative heat transfer. Therefore, heat
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Fig. 11. Radial soot volume fraction profiles for Santoro’s flame 2. Experimental
data by McEnally et al. [75] (filled symbols) and simulations (lines with open
symbols). Different symbols for heights above the burner: 10 mm (triangle), 30 mm
(square), and 50 mm (circle).
transfer has to be modeled with care in order to correctly pre-
dict soot in the downstream region of the flame, where soot
oxidation reactions become relevant. Especially in the case of
smoking flames soot oxidation is very sensitive to heat radiation
because soot particles are transported to oxygen-rich regions in
high concentrations. In this regard integrated soot volume frac-
tions along the axis have been calculated for flame 2 and 4. The
simulations have been conducted using the original heat radia-
tion flux and one being twice as big. The computations are com-
pared with the experimental data in Fig. 13. In case of flame 2
the original heat radiation flux seems adequate, since good
agreement with the experimental data is observed. A heat flux
twice as big causes lower temperatures and an overprediction
of soot towards the end of the flame due to reduced oxidation
rates. In contrast, the soot concentrations in the downstream re-
gion of flame 4 cannot be reproduced with the original heat
radiation model because oxidation rates are still too high. Only
by doubling the heat flux, adequate model predictions are
achieved. This demonstrates the high sensitivity of soot predic-
tions with respect to the radiation model for strongly sooting
flames.
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3.4. Partially premixed laminar ethylene jet flames

McEnally and Pfefferle [79] performed experimental studies on
a set of confined laminar partially premixed ethylene/air flames at
different equivalence ratios / = 3, 4, 6, 12, 24, and 1. The experi-
mental data has been collected exclusively along the centerline
of the flame. Selected species have been measured using probes
as well as LIF. Temperatures have been determined with thermo-
couples and soot was captured by LII. All test cases have been sim-
ulated and good agreement with the measurements is observed.
Representatively, only the cases / = 3, 6, and 1 are discussed. Be-
cause of its minor concentration, Argon has been neglected leading
to the boundary conditions given in Table 8.

As shown in Fig. 14, the calculated temperatures are in good
agreement with the measurements. Also key species to the soot
model such as acetylene and benzene are well predicted (see
Figs. 15 and 16) for all three equivalence ratios. This agreement
is a fundamental requirement in order to be able to evaluate the
quality of the PAH and soot submodels as they strongly depend
on these species.

In Fig. 17 profiles of soot volume fraction are presented. Good
agreement with the experiment is found for all three premixings.
The maximum deviation in peak soot volume fraction is within a
factor of two. However, the region of high soot concentrations
seems to be broader for the simulation. Reasons for the earlier soot
onset might be found in an insufficient modeling of the reversibil-
ity of PAH reactions as mentioned before. Likewise, deficiencies in
the gas phase reaction mechanism cannot be excluded. The later
decline in soot volume fraction is certainly due to deviations in
the oxidation process. However, the oxidation process is not solely
a function of rate coefficients, which could be tuned but it is also a
function of the involved gas phase species and the heat radiation
model as shown before. Nevertheless, the general agreement is
good, in particular regarding that no single parameter of the model
has been tuned.
Table 8
Inflow conditions for McEnally’s partially premixed flames. Units are m, s.

Case Fuel (fully developed pipe flow) Coflowing air

�u YC2 H4 YO2 YN2 T u YO2 YN2

/ = 3 0.3579 0.1216 0.1403 0.7381 400
/ = 6 0.2639 0.1740 0.1004 0.7256 420 0.3317 0.23 0.77
/ =1 0.1629 0.3059 0.0 0.6941 450
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Fig. 14. Temperature profiles along the center line for the partially premixed flames
by McEnally and Pfefferle [79]. Experimental data (filled symbols) and simulations
(lines with open symbols). Different symbols for premixings / = 3 (triangle), / = 6
(circle), and / =1 (square).
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and simulations (lines with open symbols). Different symbols for premixings / = 3
(triangle), / = 6 (circle), and / =1 (square).
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In Fig. 18 calculated soot size distributions at the axial position
of maximum soot volume fraction are shown for all three premix-
ings. Since smaller values of / yield less particles for inception,
soot growth and coagulation reactions are slower leading in turn
to smaller particles. Although the maximum in number density is
smaller for high values of /, the integrated number densities are
roughly on the same order of 10161/m3 for all three flames. How-
ever, when comparing these results, it should be kept in mind that
for high values of / the maximum soot concentrations are found in
the flame wings while for higher premixings it is found on the axis
of the flame [43].

The evolution of the soot size distribution along the center line
is given in Fig. 19 for / = 6. Up to 4 cm above the burner soot incep-
tion clearly dominates the shape of the size distribution, which is
reflected by the high concentration of small particles. At the point
of maximum soot volume fraction soot inception is still present but
coagulation dominates the process leading to a local maximum for
bigger particles. Further downstream soot inception becomes neg-
ligible because the distribution function no longer peaks for small-
est particles. At 5 cm above the burner the number concentration
of the smallest particles even drops below 10121/m3 due to growth
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Fig. 18. Calculated soot size distributions at the axial position of maximum soot
volume fraction for the partially premixed flames by McEnally and Pfefferle [79]. /
= 3 (dash), / = 6 (solid), and / =1 (dash dot).
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Fig. 19. Calculated soot size distributions for the / = 6 flame by McEnally and
Pfefferle [79] at different axial positions, namely 3 (dash), 4 (dash dot), 5 (dash dot
dot), 6 (dot), 7 (long dash), and 8 cm (long dash dot) above the burner. Solid line for
position of maximum soot volume fraction.
reactions (including coagulation). With increasing distance to the
burner soot oxidation becomes more and more important, which
manifests in the recovering of smallest particles at 6 and 7 cm
above the burner. The shift of the distribution function from 7 to
8 cm above the burner reflects the final domination of oxidation
reactions beyond the 7 cm position.

3.5. Non-premixed laminar kerosene jet flame

Moss and Aksit [11] studied the sooting behavior of a laminar
non-premixed flame burning a kerosene surrogate consisting of
volumetric 77% n-decane and 23% mesitylene. The nitrogen diluted
fuel is injected by a 10 mm fuel tube, which is surrounded by
coflowing air. The authors of the current work are not aware of a
reliable kinetic mechanism in the literature for mesitylene which
is valid between 300 and 2100 K. Thus, the kerosene surrogate
mentioned by Slavinskaya [46] is used, which consists of volumet-
ric 12% toluene (C7H8), 23% isooctane (C8H18), and 65% n-decane
(C10H22). All boundary conditions are summarized in Table 9.

In Fig. 20 radial profiles of the soot volume fraction are shown.
While at 15 mm the model yields higher values than the measure-
ments, for positions 30 mm and 45 mm they are smaller. The devi-
ation in maximum soot volume fraction, however, is always within
a factor 2 except for the 15 mm position, where it is 2.4. At all three
positions the model predicts the radial peak in soot volume frac-
tion roughly 20% closer to the center line. Furthermore, the evolu-
tion of soot formation seems to be faster in case of the simulation,
which manifests in higher soot volume fractions at low heights
above the burner and in an earlier decline further downstream.
However, the general agreement between simulation and experi-
mental data is very promising. Moreover, it has to be kept in mind
that different kerosene surrogates are used. The higher soot levels
in the experiment at the axial positions 30 mm and 45 mm above
the burner might be explained by a higher amount of aromatic
Table 9
Boundary conditions for the laminar non-premixed kerosene surrogate jet flame by
Moss and Aksit [11].

Fuel mass fractions Flow properties

C7H8 C8H18 C10H22 N2 Tfuel ufuel Tair uair

0.035 0.082 0.291 0.592 540 K 0.13 m/s 366 K 0.63 m/s
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Fig. 20. Radial profiles of soot volume fraction for the laminar flame by Moss and
Aksit [11]. Experimental data (filled symbols) and simulation (lines with open
symbols). Different symbols for heights above the burner: 15 mm (square), 30 mm
(circle), and 45 mm (triangle).
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species (namely mesitylene) in the fuel, which can directly enter
the path of PAH formation without having to decompose.

In Fig. 21 radial temperature profiles of the simulation are com-
pared to the experimental data. Good agreement is found close to
the burner while further downstream temperatures tend to be
overpredicted especially close to the axis. The reason for this
disagreement is uncertain and cannot solely be linked to the soot
model because soot is overpredicted along the axis and should
therefore lead to lower temperatures. Incertitudes in boundary
conditions and the heat radiation model might be the cause, but
also the fact that different fuels have been used.

In Section 2.3 the importance of the choice of soot enthalpies
has been mentioned. In order to support this statement in the
context of laminar flames, two further calculations have been
performed with different assumptions for the enthalpy of soot
particles. One simulation was conducted neglecting soot enthalpy
and for the other one the mass specific enthalpy of the last PAH
section was used. In addition a fourth calculation with a doubled
heat radiation flux was realized. The results of all four simulations
are presented in Fig. 22. The doubled heat flux clearly lowers the
temperature in the sooting region resulting in a better agreement
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Fig. 21. Radial temperature profiles for the laminar flame by Moss and Aksit [11].
Experimental data (filled symbols) and simulation (lines with open symbols).
Different symbols for heights above the burner: 15 mm (square), 30 mm (circle),
and 45 mm (triangle).
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Fig. 22. Radial temperature profiles at 35 mm above the burner for the laminar
flame by Moss and Aksit [11]. Experimental data (symbols) and simulations (lines),
namely reference calculation (solid), hs = 0 (dash), hs ¼ hPAH2 (dash dot dot), and
doubled heat flux (dash dot).
with the experimental data. In contrast, the zero enthalpy ap-
proach leads to a temperature rise, which is about three times
higher than the temperature drop caused by the doubled heat flux.
Using the mass specific enthalpy values of the last PAH section in-
stead, lowers this temperature rise but it still remains significant.
This clearly shows that for strongly sooting flames the choice of
soot enthalpies can become as important as the choice of heat
radiation model. In particular, the strong impact of uncertain soot
enthalpy values may ruin the accuracy of a detailed and computa-
tionally expensive heat radiation model.
4. Conclusion

A soot model has been presented based on a relatively slim
chemical kinetic mechanism for the gas phase and a skeletal sec-
tional approach for soot and PAH species. Soot volume fractions
are well predicted for premixed, non-premixed, and partially pre-
mixed laminar flames covering a variety of fuels. In particular,
the dependence on premixing ratio and pressure has been well
captured with a deviation from experimental data within a factor
of two for most cases. Flames showing maximum soot volume frac-
tions as small as 0.5 ppm and as big as 20 ppm are reproduced,
which demonstrates the wide range of applicability of the model.

The impact of important soot sub mechanisms on the soot par-
ticle size distribution was investigated. It has been shown that the
local minimum of bimodal particle size distributions is caused by
the interaction of soot formation and coagulation reactions, one
mechanism promoting small and the other big particles. For an axi-
symmetric partially premixed flame the calculated particle size
distributions allowed to identify dominating mechanisms of the
soot model at different heights above the burner along the axis
of the flame.

Furthermore, the importance of the choice of soot enthalpy has
been pointed out and the need for more accurate thermodynamic
data has been addressed.

Moreover, the influence of radiated heat on soot oxidation rates
has been shown. This emphasizes the need for accurate heat radi-
ation models in order to improve soot predictions in the down-
stream region of strongly sooting flames.
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