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Abstract

In this work, we present a detailed model for the formation of soot in internal com-
bustion engines describing not only bulk quantities such as soot mass, number den-
sity, volume fraction, and surface area but also the morphology and chemical compo-
sition of soot aggregates. The new model is based on the Stochastic Reactor Model
(SRM) engine code, which uses detailed chemistry and takes into account convec-
tive heat transfer and turbulent mixing, and the soot formation is accounted for by
SWEEP, a population balance solver based on a Monte Carlo method. In order to
couple the gas-phase to the particulate phase, a detailed chemical kinetic mechanism
describing the combustion of Primary Reference Fuels (PRFs) is extended to include
small Polycyclic Aromatic Hydrocarbons (PAHs) such as pyrene, which function as
soot precursor species for particle inception in the soot model. Apart from provid-
ing averaged quantities as functions of crank angle like soot mass, volume fraction,
aggregate diameter, and the number of primary particles per aggregate for example,
the integrated model also gives detailed information such as aggregate and primary
particle size distribution functions. In addition, specifics about aggregate structure
and composition, including C/H ratio and PAH ring count distributions, and images
similar to those produced with Transmission Electron Microscopes (TEMs), can be
obtained. The new model is applied to simulate an n-heptane fuelled Homogeneous
Charge Compression Ignition (HCCI) engine which is operated at an equivalence
ratio of 1.93. In-cylinder pressure and heat release predictions show satisfactory
agreement with measurements. Furthermore, simulated aggregate size distributions
as well as their time evolution are found to qualitatively agree with those obtained
experimentally through snatch sampling. It is also observed both in the experiment
as well as in the simulation that aggregates in the trapped residual gases play a vital
role in the soot formation process.
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1 Introduction

The formation of soot and other particulate matter in internal combustion engines is a
common problem [1, 2]. While soot formation is usually associated with conventional
Diesel, i.e. Compression Ignition Direct Injection (CIDI) engines [3], gasoline Spark Igni-
tion (SI) engines are increasingly coming under scrutiny [2]. More generally, soot can also
be shown to be relevant in engines with other (multiple) Direct Injection (DI) strategies
such as partially premixed Diesel, partially stratified Homogeneous Charge Compression
Ignition (HCCI) [4], and Direct Injection Spark Ignition (DISI) engines [5].

Given the importance of direct injection technology for mixture preparation and com-
bustion control in modern engines, and the fact that stratified operation bears the pos-
sibility of locally fuel-rich mixtures, the formation of soot is an important factor in the
design of cleaner engines. Such development is assisted by detailed understanding of the
processes involved, to which modelling and simulation can contribute significantly.

The literature on soot modelling in engines has been largely restricted to Diesel en-
gines and to strongly simplified soot models, such as most frequently empirical ones,
e.g. [6, 7], or [8], but also models based on the method of moments, e.g. [9, 10]. The ma-
jority of methods has been incorporated into the Computational Fluid Dynamics (CFD)
code KIVA.

Among the works using moment methods, in [11], a two-variable description (soot
number density and volume fraction) has been implemented in KIVA coupled to detailed
chemistry by means of Representative Interactive Flamelets (RIFs). Although using only
two quantities is beneficial for computational expense, one drawback is for example that
the important influence of aggregate morphology, which is usually complex, on surface
area and collision diameter can only be captured through the use of empirical constants
and assumptions on the fractal dimension.

In [9], a review of pre-2005 work on soot modelling in engines is given, showing
that most models in the past have been based on simple, empirical expressions, many
essentially variants of Hiroyasu’s model [12, 13], and that the most complex ones have
been based on the method of moments. In particular, a need for more detailed but still
computationally affordable engine soot models is emphasized. In [9], a moment method,
using a presumed shape of the size distribution, and the assumption of spherical particles,
is integrated into KIVA. An 11-step surface growth and oxidation mechanism is used,
with acetylene as inception species. This work has been continued in [10] with improved
turbulence models. While this surface chemistry model is relatively detailed compared to
earlier work, a significant remaining shortcoming is the fact that the chemical composition
of the soot particles, which strongly affects their reactivity, is not accounted for. Instead,
an assumption on the reactivity must be made which is then not altered throughout the
simulation.

More recently, the focus has still remained on phenomenology and on using descrip-
tions based on only a small number of quantities, although improvements have been
made [14, 15, 16]. In [17], three empirical soot models of varying complexity imple-
mented in KIVA are reviewed and compared.

The aim of the present work is to develop a computationally cheap engine simula-
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tion code containing a highly detailed soot model which describes not only soot mass,
number density, volume fraction, and surface area but also the morphology and chemical
composition of soot aggregates.

As engine model we use the Stochastic Reactor Model (SRM) [18, 19, 20, 21, 22,
23, 24] which includes detailed chemical kinetics, and possesses sub-models for turbulent
mixing and convective heat loss, thereby accounting for inhomogeneities, i.e. stratification
in composition as well as temperature. The main strength of the SRM is its capability of
qualitatively predicting emission trends of CO, CO2, NOx, and unburnt hydrocarbons at
reasonable computational cost of 1-2 hours per engine cycle. This enables convenient
multi-cycle, sensitivity, and parameter studies.

For the simulation of soot formation we use SWEEP, a Monte Carlo based population
balance solver [25] which includes a large amount of detail on structure and composition
of soot particles. A number of algorithmic improvements and model extensions have been
implemented previously, such as a Linear Process Deferment Algorithm (LPDA) [26], an
Aromatic Site model for surface reactions [27, 28], and improved oxidation rates [29].
One of the most important features of SWEEP is its ability to accommodate up to thou-
sands of internal coordinates, or in other words highly detailed particle descriptions cover-
ing aggregate structure and chemical composition – problems which would be intractable
with moment or sectional methods.

In order to link the gas-phase to the particulate phase, we extend a detailed chemical
kinetic mechanism for Primary Reference Fuels (PRFs, mixtures of n-heptane and iso-
octane) used previously so that small aromatic species which function as soot precursors
are covered. This new fuel model is validated independently using a set of fuel-rich
premixed laminar flame experiments from the literature.

The integrated engine-soot model is applied to simulate an n-heptane fuelled Homo-
geneous Charge Compression Ignition (HCCI) engine operated at an equivalence ratio
of 1.93. A key advantage of such a setup, with model development in mind, is that the
complications relating to mixture preparation, in particular the notoriously difficult issue
of spray modelling, do not need to be considered. An additional reason for choosing this
study is, in contrast to many other studies in the literature, the availability of in-cylinder
soot data obtained through snatch sampling.

The paper is structured as follows. In the next section, the numerical models and the
extension of our chemical mechanism to include soot precursors are presented, and the
incorporation of the soot model into the SRM framework is explained. Subsequently,
we present results of numerical simulations in which the model is applied to simulate
an HCCI engine run under fuel-rich conditions and compare our results to experimental
measurements. Finally, we summarize our conclusions and outline how to extend the
model to engine operating modes utilizing direct fuel injection.

2 Model description

In this section, we briefly summarize the main features of the engine model as well as the
soot model, both of which have been described in detail elsewhere. Then, the extension of
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the chemical mechanism is explained, and the steps taken to integrate all the model parts.

2.1 Engine model

The Stochastic Reactor Model (SRM) engine code has been successfully employed in a
number of earlier studies (not involving soot formation) such as port fuel injected HCCI
combustion [20], single early direct injection HCCI [21], dual injection HCCI [19], multi-
cycle transient simulation and control [22], and has been coupled to the Computational
Fluid Dynamics (CFD) code KIVA [23].

The model was originally inspired by Probability Density Function (PDF) transport
methods [30]. It employs detailed chemical kinetics and possesses sub-models for turbu-
lent mixing and convective heat transfer. For the description of turbulent mixing we use
the Euclidian Minimum Spanning Tree (EMST) model [31], in which fluid parcels to be
mixed are chosen based on proximity in composition-enthalpy phase space.

Since it includes detailed chemistry, the SRM can qualitatively predict emission trends
of CO, CO2, NOx, and unburnt hydrocarbons at modest computational cost of 1-2 hours
per engine cycle, making possible convenient multi-cycle, sensitivity, and parameter stud-
ies.

An important concept within the SRM is what in previous work has been termed ‘sto-
chastic particle’. However, in order to improve clarity, we refer to them here more explic-
itly as SRM particles since in this work four different types of ‘particles’ play a role. The
number of SRM particles governs the precision of physical predictions. Asymptotically,
any such prediction should be independent of the particle number, and we find that for
many purposes 102 are sufficient.

2.2 Soot model

Figure 1: Types of functional sites on the edge of a PAH molecule.

Our model for the formation of soot is given by a detailed set of population balance

5



equations. The solver, which is based on a Monte Carlo method [32, 33], is implemented
in a library called SWEEP [25].

The soot model as it is used in this study, as far as the morphology of soot aggregates
is concerned, tracks for each aggregate the surface area Sa, the number NPP of primary
particles and for each primary particle j its diameter dPP

j . In addition to that, the chemical
composition of soot is modelled as follows: for each aggregate, the number C of carbon
atoms, the number H of hydrogen atoms, and the number NPAH of PAH molecules are
stored. As a further refinement, we use the Aromatic Site Counting Model [27], which
tracks for each aggregate the number of occurrences of each type of functional site on a
PAH. The site types considered here are free edge, armchair, zigzag, and bay sites, and
five-membered rings (Fig. 1), with numbers Ned, Nac, Nzz, Nbay, and NR5 respectively.
More formally, each soot aggregate is fully described by a vector

E =
(
C, H, Sa, Ned, Nac, Nzz, Nbay, NR5, NPAH, NPP, d

PP
1 , . . . , dPP

NPP

)
.

This statistical representation of PAHs and their functional sites is employed because
tracking every single molecule is computationally prohibitive.

We note that the number of internal coordinates used to describe soot aggregates in
our model can easily reach more than 103, so that Monte Carlo methods are ideally suited
for solving the corresponding population balance equations. Such high-dimensional prob-
lems are currently intractable with sectional or moment methods.

The modelled processes which soot aggregates undergo include the following: Incep-
tion, i.e. dimerization of pyrene molecules, condensation, i.e. addition of a pyrene mole-
cule taken from the gas-phase to an existing particle, and surface growth are the three
possible pathways in our model from the gas-phase to the particulate phase, i.e. when
molecules are held together in a particle through physical forces rather than chemical
bonds. In the particulate phase, coagulation and surface chemistry, including growth and
oxidation reactions on the surface of particles are taken into account. Details of the sur-
face chemistry are given in [28]. The rates of the surface reactions depend on the attacked
functional site and also the neighboring ones. This information can be provided through
statistical correlations obtained from Kinetic Monte Carlo (KMC) simulations [28]. For
the computational speed-up of surface reactions the Linear Process Deferment Algorithm
(LPDA) [26] is employed.

This detailed chemical description of soot aggregates allows for example to plot dis-
tributions of aggregate C/H ratio and (approximate) PAH ring count versus aggregate
collision diameter.

The physical population of soot aggregates is represented numerically by an ensemble
of stochastic soot particles, and, just as with the SRM, any physical prediction must be
asymptotically independent of the number of stochastic particles.

2.3 Chemical kinetic mechanism

Since the SRM simulates engine combustion employing detailed chemical kinetics, in
order to include a soot model, the chemical mechanism needs to be extended to include
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(a) Validation of benzene formation sub-mechanism against a fuel-rich n-heptane
flame [34].

(b) Validation of naphthalene formation sub-
mechanism against a fuel-rich propylene
flame [35].
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(c) Validation of PAH formation up to coronene
against a fuel-rich naphthalene flame [36].

Figure 2: Validation of the extended detailed chemical mechanism against flame experi-
ments.
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soot precursor species. The mechanism which served as starting point for this work is a
detailed kinetic model for Primary Reference Fuels (PRFs), i.e. mixtures of n-heptane and
iso-octane, used extensively in previous studies [19, 20, 21]. The chemical mechanism
describing the kinetics, which also features NOx chemistry, contains 157 species and 830
reactions.

These earlier simulation efforts were targeted at the prediction of quantities such as
pressure, CO, NOx, and unburnt hydrocarbon (HC) emissions in engines fuelled with
PRFs. Here, the formation of soot precursors including Polycyclic Aromatic Hydrocar-
bons (PAHs) and other highly unsaturated hydrocarbon species is of particular interest.
The modification and extension of the existing mechanism were built upon earlier flame
studies of commercial liquid fuels [37, 38, 39, 40]. The new, extended chemical mecha-
nism contains 208 species and 1002 reactions.

The validation (Fig. 2) of the extended mechanism was accomplished in four steps.

1. The fuel consumption rates and the evolution of intermediates were critically exam-
ined and substantially improved.

2. New reactions describing the formation of benzene were added to the mechanism.
A fuel-rich n-heptane flame [34] was taken as the reference experimental data and
the predicted results of selected species are shown in Fig. 2(a).

3. A new naphthalene formation sub-mechanism was added and was validated using
the measured concentrations of a fuel-rich propylene flame [35]. The predicted
concentrations of important soot precursors are compared with the measured values
in Fig. 2(b).

4. The final step involved the extension of the PAH chemistry up to coronene and
the measured profiles of a fuel-rich naphthalene flame [36] were compared as a
validation reference with the simulated profiles in Fig. 2(c).

Additionally, by comparing to the original PRF mechanism in homogeneous constant
volume calculations, we ensured that none of the alterations made significantly affect
ignition delay over a range of pressures, temperatures, and equivalence ratios.

2.4 Integrating the models

The main step of integrating the SWEEP population balance solver into the SRM code
consists of associating a population balance with each of the SRM particles and solving
them in every computational time step, i.e. solving the soot population balance is im-
plemented as an additional operator splitting step. Another key ingredient is to link the
gas-phase to the particulate phase by identifying one or more species in the new chemical
mechanism as inception and condensation species. Basic validity tests of the software
include stability with respect to the number of SRM particles, the number of stochastic
soot particles, and the size of the time step.

In this work, we exclusively use pyrene, a PAH with four benzene rings, as inception
and condensation species. This is a common assumption in the soot modelling literature,
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but less so in the engine community, where inception is more often based on acetylene
(e.g. [9]). Our new mechanism, containing aromatic compounds of up to seven rings, al-
lows investigating the influence of different inception pathways, which we defer, however,
to a subsequent study.

It turns out that aggregates present in the trapped residual gases play an important
role for operating conditions with non-negligible (internal or external) EGR rates, so it is
necessary to create an adequate infrastructure for recirculating population balances. Since
stochastic soot particles represent number densities, this requires in particular to ensure
the ensemble normalizations are adjusted appropriately for any change in volume, or oth-
erwise spurious re-sampling (doubling or contraction through uniform random deletion of
stochastic particles) of the ensembles will occur.

3 Experimental setup and measurements

Table 1: Engine specification and operating condition.
Bore 86 mm
Stroke 86 mm
Displaced volume 499 cm3

Compression ratio (CR) 12
EGR mass fraction 22%
Inlet valve opening (IVO) 2 CAD ATDC
Inlet valve closing (IVC) 228 CAD ATDC
Exhaust valve opening (EVO) -225 CAD ATDC
Exhaust valve closing (EVC) 3 CAD ATDC
Speed 600 RPM
Inlet temperature 412 K
Fuel/air equivalence ratio Φ 1.93

Experiments were carried out on an SI engine converted for single-cylinder HCCI
operation. The main advantage of operating in HCCI mode for a fundamental study on
soot formation in engines is that the complications arising from the direct injection process
such as droplet evaporation and mixing do not need to be taken into account.

The engine was run port-injected, fuelled with pure n-heptane, at an equivalence ratio
of Φ = 1.93. The fraction of trapped residual gases (internal EGR rate) was relatively
large at 22%, which, however, is useful in this particular study for charge dilution in order
to keep the total heat release and hence peak in-cylinder pressures reasonably small. In
addition to that, the engine was run throttled for the same reason. Main engine specifics
and operating parameters are summarized in Table 1.

Particle-laden in-cylinder gases were extracted through snatch sampling, accumulated
over a number of cycles in steady-state operation. The obtained aggregates were analyzed
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Figure 3: Experimental setup of in-cylinder snatch sampling measurements.

through a Scanning Mobility Particle Sizer (SMPS) and a High-Resolution Transmission
Electron Microscope (HR-TEM). A schematic of the experimental setup is given in Fig. 3.

4 Simulations, results, and discussion
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Figure 4: Comparison of measurements with simulation.

As the first step of applying the model, physical model parameters not easily accessi-
ble to measurement need to be calibrated, such as most importantly the turbulent mixing
time and the heat transfer constant. Some results of this tuning process are shown in Fig. 4
for in-cylinder pressure (Fig. 4(a)) and heat release rate (Fig. 4(b)), which show satisfac-
tory agreement. As far as purely numerical parameters are concerned, we chose to set the
number of SRM particles to 100, whereas the maximum number of stochastic soot parti-
cles in each SRM particle was set to 1024. The latter is required to be a power of two due
to a binary-tree based algorithm. In initial tests we ensured that main physical predictions
are at least stable with respect to perturbations in these numerical parameters. We found
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Figure 5: Simulated average soot quantities as function of crank angle.

that the number of stochastic soot particles per SRM particle is sufficient for low statistical
noise, due to the relative homogeneity of the considered fully premixed operating condi-
tion. We also found that while the dominant contribution to the CPU-time spent overall
still stems from solving the chemical kinetic equations, solving the population balance
can reach about the same computational cost.

Experimental results of this study, as well as findings in the literature [14], suggest
that aggregates recirculated in exhaust gases play an important role, as described in more
detail below, which we substantiated by preliminary simulations. For this reason, we
decided to conduct all our simulations over ten consecutive cycles, starting with trapped
residuals with typical gas-phase composition, but not containing any soot. All simulation
results presented in the following are taken from the tenth cycle unless stated otherwise.
When carrying out such studies, it becomes clear that low computational cost is highly
desirable. Even under heavily sooting conditions with large numbers of primary particles
per aggregate, one engine cycle consumes usually less than four hours of CPU-time.

Figure 5 shows a number of simulated average soot quantities as function of crank
angle. In Fig. 5(a), the total number of soot aggregates in the cylinder and their average
diameter is plotted. Ignition starts at about 9 CAD ATDC, which brings about rapid incep-
tion of a large number of small aggregates into an ensemble of large aggregates remaining
from the previous cycle. Fig. 5(b) shows the average number of primary particles per
aggregate and the average primary particle diameter. While averages can be useful, care
should be taken when drawing conclusions from them, as the underlying distributions can
possess a non-trivial shape.

In Fig. 6, the rates of all processes involving the particulate phase included in the
model are shown as function of crank angle. Inception, condensation, and coagulation are
shown in Fig. 6(a), growth via acetylene addition and free-edge desorption in Fig. 6(b), a
number of five-membered ring addition, conversion, and desorption processes in Fig. 6(c),
and oxidation via OH and O2 in Fig. 6(d). Free-edge growth and desorption are the dom-
inant processes, at least early in the formation phase. Note that, due to premixed fuel-rich
conditions, oxidation by OH is much more significant than by O2.

Figure 7 shows an experimental as well as a simulated aggregate both sampled at
about 16 CAD ATDC. In Fig. 7(a), an experimental HR-TEM image of a primary particle
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Figure 6: Rates of the soot processes considered in the model as function of crank angle.

is shown together with some indicated internal length scales. A simulated aggregate is
shown in a TEM-style projection in Fig. 7(b). The largest simulated primary particles are
about the same size as the ones in Fig. 7(a), which are also among the largest experimen-
tally. The size distribution of primary particles of the simulated aggregate is plotted in
Fig. 7(c). We note that it deviates significantly from the log-normal shape which has been
reported in the literature a number of times based on measurements in Diesel engines (see
for example [41]).

Figure 8 shows experimental as well as simulated in-cylinder aggregate size distribu-
tions at various crank angles. An early part of the cycle, ranging from just after the start
of ignition to about the time when peak temperature is reached, is shown in Figs. 8(a) (ex-
periment) and 8(b) (simulation), whereas the subsequent, later part of the cycle is shown
in Figs. 8(c) (experiment) and 8(d) (simulation). Both the shape of the distributions and
the trends of their time evolution agree well qualitatively. In particular, we recognize the
aggregates recirculated in trapped residual gases as a prominent feature.

Further size distributions are displayed in Fig. 9. Figure 9(a) shows the time evolution
of the aggregate size distribution between 5 and 65 CAD ATDC. In a later stage of the cy-
cle, as is well known, the distribution turns bimodal, since inception is present throughout
and large aggregates act as ‘vacuum cleaners’, rapidly coagulating with the small ones.
Again we note the presence of recirculated aggregates. In Fig. 9(b), aggregate size dis-
tributions at 10 CAD ATDC are plotted for ten consecutive cycles, where the first starts
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Figure 8: Experimental and simulated in-cylinder aggregate size distribution functions
at various crank angles.

(a) Time evolution of the size distribution. Prominent
feature: aggregates present in the trapped resid-
ual gases.
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(b) C/H ratio distribution later in the cycle.
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(c) Approximate PAH ring count distribution
shortly after ignition.
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(d) Approximate PAH ring count distribution
later in the cycle.

Figure 10: Simulated soot aggregate composition PDFs at two different crank angles.

without any soot present in the residual gases as mentioned above. We observe that the
distribution has stabilized and the statistical noise has decreased substantially by the tenth
cycle. Most importantly, we readily identify the aggregates larger than about 20 nm as
being recirculated for possibly several times before being emitted from the engine.

Figure 10 shows aggregate composition PDFs, in particular carbon to hydrogen ra-
tio and approximate PAH ring count versus aggregate collision diameter. Two distribu-
tions each are shown: shortly after the start of ignition (Figs. 10(a) and 10(c)), and about
20 CAD later (Figs. 10(b) and 10(d)). We observe that shortly after ignition, a noticeable
fraction of PAH molecules within soot aggregates have increased in size significantly,
whereas later in the formation phase, the composition of aggregates both in terms of C/H
ratio and PAH ring count is much more similar to that of pyrene. These results suggest
that condensation of pyrene is the main pathway of mass transfer from the gas phase to
the particulate phase in this case.
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5 Conclusions

We have developed a PDF-based engine simulation code which includes a detailed soot
population balance solver called SWEEP, describing soot aggregate morphology and chem-
ical composition. The engine code includes detailed chemical kinetics, a turbulent mixing
sub-model, and accounts for inhomogeneities in composition and temperature as a conse-
quence of convective heat losses.

Coupling the gas-phase to the particulate phase required the inclusion of soot precur-
sor species, i.e. small Polycyclic Aromatic Hydrocarbons (PAHs), into a gas-phase kinetic
mechanism for Primary Reference Fuels (PRFs). This lead to a detailed reaction scheme
with 208 species, which has been validated against premixed fuel-rich flame data.

The new model, being computationally relatively cheap, enables the study of size
distribution, morphology, and composition of soot aggregates formed over the course of
several engine cycles.

We used the integrated code to simulate an n-heptane fuelled, fully premixed HCCI
engine operated at an equivalence ratio of 1.93. We found that our simulated aggregate
size distributions as well as their time evolution qualitatively agree with those obtained
experimentally. It is also seen both in the experiment and in the simulation that, in the
considered case of about 20% EGR, soot emissions in terms of mass stem mostly from
recirculated aggregates, whereas in terms of number mostly from newly formed ones. The
simulation also shows that the largest aggregates are recirculated in the trapped residual
gases for possibly several cycles before being emitted from the engine.

Future work includes extending the combined model to operating modes using direct
injection. The engine model on its own has already been applied to a number of direct
injection cases [19, 21].

Acknowledgments

This work has been partially funded by the EPSRC, grant number EP/D068703/1. The
authors are grateful to Prof. Nick Collings for suggesting the collaboration. SM wishes
to thank Churchill College, Cambridge for a Raymond and Beverly Sackler Research
Fellowship.

16



References
[1] D. B. Kittelson. Engines and nanoparticles: a review. Journal of Aerosol Science,

29(5/6):575–588, 1998. doi:10.1016/S0021-8502(97)10037-4.

[2] P. Eastwood. Particulate Emissions from Vehicles. Wiley-PEPublishing Series. John
Wiley & Sons, 2008. published on behalf of SAE International.

[3] J. H. Johnson, editor. Diesel Particulate Emissions: Landmark Research 1994-2001.
Progress in Technology Series. Society of Automotive Engineers, Inc., Warrendale,
PA, 2002. SAE Order No. PT-86.

[4] P. Price, R. Stone, J. Misztal, H. Xu, M. Wyszynski, T. Wilson, and J. Qiao. Partic-
ulate emissions from a gasoline homogeneous charge compression ignition engine.
SAE Paper No. 2007-01-0209, 2007.

[5] P. Price, B. Twiney, R. Stone, K. Kar, and H. L. Walmsley. Particulate and hydro-
carbon emissions from a spray guided direct injection spark ignition engine with
oxygenate fuel blends. SAE Paper No. 2007-01-0472, 2007.

[6] S.-C. Kong, Z. Han, and R. D. Reitz. The development and application of a Diesel
ignition and combustion model for multidimensional engine simulation. SAE Paper
No. 950278, 1995.

[7] A. Kazakov and D. E. Foster. Modeling of soot formation during DI Diesel combus-
tion using a multi-step phenomenological model. SAE Paper No. 982463, 1998.

[8] G. J. Micklow and W. Gong. A multistage combustion model and soot formation
model for direct-injection diesel engines. Proceedings of the Institution of Mechan-
ical Engineers, Part D: Journal of Automobile Engineering, 216(6):495–504, 2002.
doi:10.1243/09544070260137426.

[9] S. Hong, M. S. Wooldridge, H. G. Im, D. N. Assanis, and H. Pitsch. De-
velopment and application of a comprehensive soot model for 3D CFD react-
ing flow studies in a Diesel engine. Combustion and Flame, 143:11–26, 2005.
doi:10.1016/j.combustflame.2005.04.007.

[10] S. Hong, M. S. Wooldridge, H. G. Im, D. N. Assanis, and E. Kurtz. Model-
ing of Diesel combustion, soot and NO emissions based on a modified eddy dis-
sipation concept. Combustion Science and Technology, 180(8):1421–1448, 2008.
doi:10.1080/00102200802119340.

[11] H. Pitsch, H. Barths, and N. Peters. Three-dimensional modeling of NOx and soot
formation in DI-Diesel engines using detailed chemistry based on the interactive
flamelet approach. SAE Paper No. 962057, 1996.

[12] H. Hiroyasu, T. Kadota, and M. Arai. Development and use of a spray combustion
modeling to predict Diesel engine efficiency and pollutant emissions (part 1 com-
bustion modeling). Bulletin of the JSME, 26(214):569–575, 1983.

17

http://dx.doi.org/10.1016/S0021-8502(97)10037-4
http://dx.doi.org/10.1243/09544070260137426
http://dx.doi.org/10.1016/j.combustflame.2005.04.007
http://dx.doi.org/10.1080/00102200802119340


[13] H. Hiroyasu and T. Kadota. Models for combustion and formation of nitric oxide
and soot in direct injection Diesel engines. SAE Paper No. 760129, 1976.

[14] J. Boulanger, F. Liu, W. S. Neill, and G. J. Smallwood. An improved soot formation
model for 3D diesel engine simulations. Journal of Engineering for Gas Turbines
and Power, 129(3):877–884, 2007. doi:10.1115/1.2718234.

[15] S.-C. Kong, H. Kim, R. D. Reitz, and Y. Kim. Comparisons of Diesel PCCI com-
bustion simulations using a representative interactive flamelet model and direct in-
tegration of CFD with detailed chemistry. Journal of Engineering for Gas Turbines
and Power, 129:252–260, 2007. doi:10.1115/1.2181597.

[16] S.-C. Kong, Y. Sun, and R. D. Reitz. Modeling Diesel spray flame liftoff, sooting
tendency, and NOx emissions using detailed chemistry with phenomenological soot
model. Journal of Engineering for Gas Turbines and Power, 129(1):245–251, 2007.
doi:10.1115/1.2181596.

[17] F. Tao, S. Srinivas, R. D. Reitz, and D. E. Foster. Comparison of three soot models
applied to multi-dimensional diesel combustion simulations. JSME International
Journal Series B, 48(4):671–678, 2005. doi:10.1299/jsmeb.48.671.

[18] S. Mosbach, M. Kraft, A. Bhave, F. Mauss, J. H. Mack, and R. W. Dibble. Simu-
lating a homogenous charge compression ignition engine fuelled with a DEE/EtOH
blend. SAE Paper No. 2006-01-1362, 2006.

[19] S. Mosbach, H. Su, M. Kraft, A. Bhave, F. Mauss, Z. Wang, and J.-X. Wang. Dual
injection HCCI engine simulation using a stochastic reactor model. International
Journal of Engine Research, 8(1):41–50, 2007. doi:10.1243/14680874JER01806.

[20] A. Bhave, M. Kraft, F. Mauss, A. Oakley, and H. Zhao. Evaluating the EGR-AFR
operating range of a HCCI engine. SAE Paper No. 2005-01-0161, 2005.

[21] H. Su, A. Vikhansky, S. Mosbach, M. Kraft, A. Bhave, K.-O. Kim, T. Kobayashi,
and F. Mauss. A computational study of an HCCI engine with direct injec-
tion during gas exchange. Combustion and Flame, 147(1-2):118–132, 2006.
doi:10.1016/j.combustflame.2006.07.005.

[22] S. Mosbach, A. M. Aldawood, and M. Kraft. Real-time evaluation of a detailed
chemistry HCCI engine model using a tabulation technique. Combustion Science
and Technology, 180(7):1263–1277, 2008. doi:10.1080/00102200802049414.

[23] L. Cao, H. Su, S. Mosbach, M. Kraft, and A. Bhave. Studying the influence of
direct injection on PCCI combustion and emissions at engine idle condition using
two dimensional CFD and stochastic reactor model. SAE Paper No. 2008-01-0021,
2008.

[24] M. Kraft, P. Maigaard, F. Mauss, M. Christensen, and B. Johansson. Investigation of
combustion emissions in an HCCI engine – measurements and a new computational
model. Proceedings of the Combustion Institute, 28:1195–1201, 2002.

18

http://dx.doi.org/10.1115/1.2718234
http://dx.doi.org/10.1115/1.2181597
http://dx.doi.org/10.1115/1.2181596
http://dx.doi.org/10.1299/jsmeb.48.671
http://dx.doi.org/10.1243/14680874JER01806
http://dx.doi.org/10.1016/j.combustflame.2006.07.005
http://dx.doi.org/10.1080/00102200802049414


[25] M. S. Celnik, R. I. A. Patterson, M. Kraft, and W. Wagner. Coupling a stochastic
soot population balance to gas-phase chemistry using operator splitting. Combustion
and Flame, 148(3):158–176, 2007. doi:10.1016/j.combustflame.2006.10.007.

[26] R. I. A. Patterson, J. Singh, M. Balthasar, M. Kraft, and J. R. Norris. The lin-
ear process deferment algorithm: A new technique for solving population bal-
ance equations. SIAM Journal on Scientific Computing, 28(1):303–320, 2006.
doi:10.1137/040618953.

[27] M. S. Celnik, A. Raj, R. H. West, R. I. A. Patterson, and M. Kraft. An aromatic site
description of soot particles. Combustion and Flame, 2008. in press.

[28] A. Raj, M. S. Celnik, R. A. Shirley, M. Sander, R. I. A. Patterson, R. H. West, and
M. Kraft. A statistical approach to develop a detailed soot growth model using PAH
characteristics. accepted for publication in Combustion and Flame, 2008.

[29] M. S. Celnik, M. Sander, A. Raj, R. H. West, and M. Kraft. Modelling soot formation
in a premixed flame using an aromatic-site soot model and an improved oxidation
rate. Proceedings of the Combustion Institute, 32, 2009. in press.

[30] S. B. Pope. PDF methods for turbulent reactive flows. Progress in Energy and
Combustion Science, 11:119–192, 1985. doi:10.1016/0360-1285(85)90002-4.

[31] S. Subramaniam and S. B. Pope. A mixing model for turbulent reactive flows based
on Euclidean minimum spanning trees. Combustion and Flame, 115:487–514, 1998.
doi:10.1016/S0010-2180(98)00023-6.

[32] M. J. Goodson and M. Kraft. An efficient stochastic algorithm for simulating
nano-particle dynamics. Journal of Computational Physics, 183(1):210–232, 2002.
doi:10.1006/jcph.2002.7192.

[33] M. Balthasar and M. Kraft. A stochastic approach to calculate the particle size
distribution function of soot particles in laminar premixed flames. Combustion and
Flame, 133(3):289–298, 2003. doi:10.1016/S0010-2180(03)00003-8.

[34] A. El Bakali, J.-L. Delfau, and C. Vovelle. Kinetic modeling of a rich, atmospheric
pressure, premixed n-heptane/O2/N2 flame. Combustion and Flame, 118(3):381–
398, 1999. doi:10.1016/S0010-2180(99)00011-5.

[35] B. Atakan, A. T. Hartlieb, J. Brand, and K. Kohse-Höinghaus. An experimental
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