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1. Introduction
Approximately ninety percent of heat and electricity generated on earth is produced
by combustion processes. Although the energy conversion methods which are alternative
to combustion are of great interest, the vision of complete replacing combustion with these
methods in the near future seems to be wishful thinking. Therefore, besides promoting and
developing new solutions for energy conversion which are not based on combustion, there
is strong need to make combustion processes more efficient and cleaner. This concerns
all combustion based power and energy systems such as industrial burners, gas turbines,
furnaces and reciprocating engines in all applications, i.e. automotive, marine and power
generation. While reciprocating engines for automotive applications are expected to be
continuously replaced by electric drives, the stationary gas engines have huge potential
as a backup power supply coupled with wind farms. Therefore, in the KNOCKY project
the focus is on development of large-bore stationary gas engines, especially on improving
efficiency while avoiding knocking combustion.
In piston engines combustion always takes place within a turbulent flow field. The
reason of this is that turbulence increases the mixing processes and thereby enhances
combustion. Furthermore, turbulent combustion in IC engines can be subdivided in terms
of mixing into premixed, non-premixed and partially premixed combustion. For example,
combustion in Spark-Ignition (SI) engines occurs under premixed conditions. In contrast,
combustion in Compression-Ignition (CI) engines take place under non-premixed or partially premixed conditions. These two different combustion modes require different control
measures as well as different optimization methods.
In SI gas engines fuel and oxidizer are mixed by turbulence for a sufficiently long time
before the electrical spark ignites the mixture. The deposition of electrical energy from
the spark ionizes the gas and heats it to several thousand Kelvins. Since this level of
temperature is much too high to allow the species present in normal combustion products
to exist, combustion reactions take place at the outer surface of the plasma channel where
the conditions are ideal for rapid chemical activity (temperatures of one thousand to a
few thousand Kelvins) [1,2]. These generate a flame kernel that grows at first by laminar,
then by turbulent flame propagation. Usually, the consequent turbulent flame front travels
through the combustion chamber until the whole mixture is burned. However, it is possible
that a portion of the end-gas (mixture of fuel, air and residual gas) can spontaneously
ignite ahead of the propagating flame. When this auto-ignition takes place, there is an
extremely rapid release of much of the chemical energy in the end-gas, causing very high
local pressures and the propagation of pressure waves of substantial amplitude across the
combustion chamber. These abnormal combustion phenomena, which are known as Knock
are of concern because they can lead to major engine damage.
4

Optimization of a combustion process in gas engines requires in-depth identification
and understanding of all related phenomena such as mixture formation, spark ignition,
turbulent flame propagation, flame quenching or knock. For many years numerical modeling has been used to support the development of IC engines, shorten the time span of the
development and minimize costs. Since CFD codes became commonly used in commercial
applications, the requirements on the predictive capabilities of the models have increased
significantly. Thanks to the increase of computational performance of modern CPUs,
phenomena that previously have been described by phenomenological models can now be
modeled with more detail and complexity. This study summarizes the current state of
combustion modeling approaches in terms of SI engines and report the progress of the
KNOCKY project in that area.
The report includes a review of spark ignition, combustion and knock models available in CFD codes. Additionally, a new approach for spark ignition modeling that was
developed within a frame of KNOCKY project is presented.
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2. Combustion modeling in IC engines
2.1. Conservation equations for reacting flows
Combustion involves multiple species reacting through multiple chemical reactions.
The basic set of equations for reacting flows comprises the classical Navier-Stokes, species
and energy transport equations. Following [3] the differences between these equations and
the usual Navier-Stokes equations for non-reacting cases are:
• a reacting gas is a non-isothermal mixture of multiple species which must be tracked
individually
• species react chemically and the rate at which these reactions take place requires
specific modeling
• since the gas is a mixture of different species, the transport coefficients (heat diffusivity,
species diffusion, viscosity, etc.) require specific attention
In order to apply the Navier-Stokes equations for a multi-species, multi-reaction gas
they require some additional terms. Firstly, species are characterized through their mass
fractions Yk or mole fractions Xk for k = 1 to N where N is the number of species in the
reacting mixture. The mass fractions Yk and mole fractions Xk are defined by:
Yk =

mk
;
m

W
Yk
Wk

Xk =

(2.1)

where mk is the mass of species k, m is the total mass of gas in a given volume and W is
the mean molecular weight of the mixture given by:
N

X Yk
1
=
W
Wk
k=1

(2.2)

with molecular weight of the species k given by Wk .
Thermochemistry
For a mixture of N perfect gases the pressure p and density ρ are determined by:
p=

N
X

pk ;

ρ=

N
X

k=1

ρk

(2.3)

k=1

where partial pressure pk is related to the temperature and density as:
pk = ρ k

R
T
Wk

(2.4)

where T is the temperature, R = 8.314 J/(moleK) is the perfect gas constant and ρk =
ρYk This leads to the well known equation of state for a mixture of N perfect gases:
p=ρ
6

R
T
W

(2.5)

where W is the mean molecular weight of the mixture given by:
N

X Yk
1
=
W
Wk
k=1

(2.6)

The enthalpy of a mixture is defined by the sum of the enthalpy of the single species,
multiplied by their mass fraction:
N
X

h=

hk Yk

(2.7)

k=1

where the enthalpy of species k can be described as:
Z T
cpk dT + δhof,k
hk =

(2.8)

T0

The mass enthalpy of formation of species k at temperature T0 is denoted as δhof,k . Usually
the standard reference state used to tabulate formation enthalpies and reference temperature is T0 = 298.15 K. With the specific heat capacity of the mixture at constant pressure
cp given by:
N
X

cp =

cpk Yk

(2.9)

k=1

the enthalpy equation for a reacting mixture is as follows:
Z

T

h=

cp dT +
T0

N
X

hof,k Yk

(2.10)

k=1

Chemical kinetics
The chemical reactions during a combustion process are described by a large number of
single reaction processes. The overall reaction rate and composition of the reacting mixture
can be be described by a chemical reaction mechanism. For a reaction mechanism with N
species and M reactions, the reaction processes are described by:
N
X

f
νkj
Mk

k=1

N
X

r
νkj
Mk

for j = 1, M

(2.11)

k=1

In this equation Mk is the symbol for species k and the forward and reverse molar
stoichiometric coefficients are denoted by ν f and ν r , respectively. The reaction rate of all
forward and reverse reactions is as follows
ωj = kf j

N
Y

f

[Xk ]νkj − krj

k=1

N
Y

r

[Xk ]νkj

(2.12)

k=1

where [Xk ] represents the molar concentration of species k, while kf j and krj describe the
forward and reverse coefficients of reaction j. The reaction rate coefficients constitute a
7

central problem of combustion modeling and they are usually modeled by the Arrhenius
equation:


Ej
kj = Aj T exp −
RT
βj


(2.13)

To calculate the reaction rate for each reaction j, the activation energy Ej , the temperature exponent βJ and the frequency factor Aj need to be provided in the reaction
mechanism. Finally, the chemical source term ω˙K is given by:
ω̇k = Wk

M
X

νkj ωj

with νkj = νkj r − νkj f

(2.14)

j=1

Stoichiometry
In order to describe the mixture composition in premixed flames, a scalar φ is introduced. The equivalence ratio φ defines the ratio of the fuel mass fraction YF and the
oxidizer mass fraction YO normalized by their stoichiometric ratio:
φ=

(YF /YO )
(YF /YO )st

(2.15)

Considering this definition, φ > 1 describes the mixture where the fuel is in excess and
φ < 1 describes the mixture where the oxidizer is in excess.
Conservation of momentum
The equation of momentum is the same in reacting and non-reacting flow:
∂ρui ∂ρuj ui
∂p
∂τij
+
=−
+
+ Fi
∂t
∂xi
∂xi
∂xj

(2.16)

where Fi is the body force, p is the static pressure and τij is the viscous stress tensor, that
can be defined as:

τij = µ

∂ui ∂uj
+
∂xj
∂xi



2
− µδij
3



∂uk
∂xk


(2.17)

with δij representing the Kronecker symbol and µ being the temperature dependent viscosity. Even though this equation does not include explicit reaction terms, the flow is
modified by combustion via the dynamic viscosity µ and density ρ which strongly change
with temperature.
Conservation of mass and species
The total mass conservation equation is the same as for non-reactive flows, because
combustion does not generate or consume total mass:
∂ρ ∂ρuj
+
=0
∂t
∂xj
8

(2.18)

The mass conservation for species k is written:
∂Jjk
∂ρYk ∂ρui Yk
+
=−
+ ω̇k
∂t
∂xi
∂xj

for k = 1, N

(2.19)

where Jik is the molecular diffusive flux of species k and ω̇k its reaction rate per unit
volume. The molecular transport processes that cause the diffusive fluxes are quite complicated. Full equations and approximations for diffusion velocities are given in [3]

Conservation of energy
It s possible to write multiple forms of energy conservation equation. A derivation and
summary of different forms of conservation equations for energy and enthalpy is given
in [3]. The conservation equation for the total enthalpy ht = h + ui ui /2 can be written as
follows:

∂ρht ∂ρuj ht
∂p
∂
=
+
+
Jjh + ui τij + uj Fj
∂t
∂xj
∂t ∂xj

(2.20)

where ui τij is the power produced due to viscous forces and uj Fj is the power produced
due to body forces.
Species molecular diffusivities are generally described using the Fick’s law as follows:
J jk = −

µ ∂Yk
Sck ∂xj

(2.21)

where Sck is the Schmidt number of the species k, defined as:
Sck =

µ
ρDk

(2.22)

and Dk is the molar diffusivity of the species k relatively to the major species. More complex expressions can be used to describe multi-species molecular diffusion including Soret
effects. However, species diffusion under temperature gradients and molecular transport
due to pressure gradients are usually neglected.
Enthalpy diffusion can be described according to the Fourier law:
Jjh

"
#

N 
µ ∂h X P r
∂Yk
=−
+
− 1 hk
P r ∂xj k=1 Sck
∂xj

(2.23)

where the Prandtl number P r compares the diffusive transport of momentum (viscous
forces) and temperature. It can be written as a function of the thermal diffusivity λ and
the constant pressure specific heat cp :
Pr =
9

µcp
λ

(2.24)

2.2. Averaging of conservation equations
The full numerical simulation of described conservation equations is limited to very
simple cases with low number of time and length scales present in the flow. The full
solution in this kind of cases is obtained by means of Direct Numerical Simulations (DNS).
In order to overcome difficulties with the direct solution, an averaging of the conservation
equations is introduced to describe only the mean flow field. As a result, local fluctuation
and turbulent structures are integrated in mean quantities and these structures are no
longer described in simulation. During averaging, each quantity f is split into a mean f
and a fluctuating component f 0 :
f = f + f0

with f 0 = 0

(2.25)

This averaging technique is widely used in non-reacting fluid mechanics but introduces
unclosed correlations that need to be modeled. The numerical procedure is called Reynolds
Averaged Navier-Stokes (RANS) modeling. In turbulent flames, fluctuations of density are
observed because of the thermal heat release. Reynolds averaging of the mass balance leads
to:

∂
∂ρ
+
ρui + ρ0 u0i = 0
∂t ∂xi

(2.26)

where the unclosed correlation between density and velocity fluctuation appears ρ0 u0i and
requires modeling. Reynolds averaging for variable density flows introduces many other
unclosed correlations between any quantity f and density fluctuations ρ0 f 0 . To avoid this
difficulty, mass-weighted averages (called Favre averages) are usually preferred:
f = fe + f 00

f
ρf
with fe =
ρe

and ff00 = 0

(2.27)

Favre averaging of instantaneous conservation equations yields:
Conservation of mass
∂ρ ∂ρe
uj
+
=0
∂t
∂xj

(2.28)

00 00
]
∂ρu
∂ρe
∂p
∂τij
ui ∂ρe
uj u
ei
i uj
+
=−
−
+
+ Fi
∂t
∂xj
∂xj
∂xi
∂xj

(2.29)

Conservation of momentum

Conservation of species
00 00
∂ρu]
∂Jjk
∂ρYek ∂ρe
uj Yek
j Yk
+
=−
−
+ ω̇ k
∂t
∂xj
∂xj
∂xj
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(2.30)

Conservation of enthalpy
00 00

]
∂ρu
∂p
∂  h
∂ρe
ht ∂ρe
uj e
ht
j ht
+
=−
+
+
Jj + ui τij + uj Fj
∂t
∂xj
∂xj
∂t ∂xj

(2.31)

The objective of turbulent combustion modeling is to propose closures for the unknown
quantities appearing in averaged conservation equations, namely:
00 00
]
Reynolds stresses (u
i uj )

An approximation of the Reynolds stress term is provided by the turbulence model.
Combustion models are usually based on turbulence modeling developed for non-reactive
flows (e.g. k−) rewritten in terms of Favre averaging. Heat release effects on the Reynolds
stresses are generally not explicitly taken into account.
00 00
^
Species and enthalpy turbulent fluxes (ue00i Yk00 ) and (u
i h s)

These fluxes are generally closed using a classical gradient assumption:
00 00
ρu]
j Yk = −

µt ∂ Yek
Sck t ∂xj

(2.32)

where µt is the turbulent velocity estimated frome the turbulence model and Sckt is a
turbulent Schmidt number for species k
Laminar diffusive fluxes (Jjk , Jjh )
These fluxes are usually small compared to turbulent transport and can be neglected
assuming large turbulence level.
Species chemical reaction rates ω̇k
Modeling these mean reaction rates is the objective of most studies on turbulent flames.
Some of the correlations used in turbulent combustion models are described in section ...
2.3. Principles of premixed combustion modeling
The structure of a laminar premixed flame is shown in Fig. 1. Fresh mixture (fuel
and oxidizer) and burnt gases (combustion products) are separated by a thin reaction
zone and strong temperature gradient with typical ratios between burnt and fresh gases
of about 5–7. A premixed laminar flame propagates towards fresh gases. Because of the
thermal fluxes corresponding to the temperature gradient, fresh gases are preheated and
start to burn. The local imbalance between heat diffusion and chemical consumption leads
to the propagation of the laminar flame front with speed sL , that depends on the mixture
physical and chemical properties.
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For a simple on-step irreversible chemical scheme where reactants are converted into
products, the flame is described using a progress variable c, such as c = 0 in the fresh
gases and c = 1 in the fully burnt state. The progress variable may be defined as a reduced
temperature or a reduced mass fraction as:
T − Tu
c=
Tb − Tu

YF − YFu
or c = b
YF − YFu

(2.33)

where T , Tu and Tb are respectively the local, the unburnt and the burnt temperatures,
while YF , YFu and YFb are the local, the unburnt and the burnt gas fuel mass fractions. YFb
is non-zero for fuel rich mixture. For the same molecular and thermal diffusivities (unity
Lewis number) and adiabatic combustion, the two definitions of c are equivalent and mass
and energy balance equations reduce to a single balance equation for the progress variable:


∂
∂c
∂ρc ∂ρui c
+
=
ρDc
+ ω̇
(2.34)
∂t
∂xi
∂xi
∂xi
where ω̇ is the chemical production rate of c (reaction rate) and ρDc is the molecular
diffusivity of c.

Figure 1. Structure of a laminar premixed flame [4].

For RANS, the Favre-averaged reaction progress variable transport equation is:


∂xe
c ∂ρe
uk e
c
∂
∂c
∂
+
ρDc
ρu00 c00
= ω̇ c +
−
(2.35)
∂t
∂xk
∂xk
∂xk
∂xk k
Averaging the progress variable transport equation results in additional unclosed terms
that require modeling. These terms are the molecular transport term and the Reynolds
12

flux. The simplest closure model for the molecular transport term is based on the assumption that the mass diffusivity ρDc is uncorrelated with reaction progress variable:


∂c
∂e
c
= ρDc
ρDc
∂xk
∂xk

(2.36)

in which an additional assumption has been made to allow for the replacement of the
filtered value c with the Favre-filtered value e
c inside the spatial derivative. . In reality,
the mass diffusivity ρDc is often a function of c, but more complicated modeling is rarely
justified in a view of more pressing modeling issues associated with other terms in the
transport equation.
In a turbulent premixed flame, fluctuations in the instantaneous velocity and reaction progress variable will occur due to the turbulence, and heat release ensures that an
upwards (downwards) fluctuation in c will be associated with an upwards (downwards)
fluctuation in u. Thus the physics ensures that u and c are statistically correlated. For
this situation the standard gradient model for turbulent scalar transport may be written
as:
ρu00k c00 = −ρDT

∂e
c
∂xk

(2.37)

where DT is a turbulent diffusivity. A difficulty arises at once, since the gradient model
predicts a negative value of the Reynolds flux when the mean progress variable gradient is
positive and vice versa. Thus the standard gradient transport model is not valid in general
for turbulent premixed flames. The countergradient transport can be only resolved with
solving separate balance equations for each component of Reynolds stress ρu00i u00j and
Reynolds flux ρu00i c00 . The Bray-Moss-Libby (BML) model [5] remains one of the most
successful closure approaches in this regard.

2.4. Regimes of turbulent premixed combustion
As the mean burning rate ω̇ cannot be obtained from an averaging of Arrhenius law,
a physical approach is required to derive models for turbulent combustion. Firstly, it is
necessary to identify premixed turbulent combustion regimes by comparing turbulence
and chemical characteristic length and time scales. This analysis leads to combustion
diagrams which are helpful to select and develop the relevant combustion model for a given
conditions.
The regimes of premixed turbulent combustion can be plotted on the well-known
Borghi diagram [6] later modified by Peters [7]. For turbulent premixed flames, The turbulence is represented by the velocity fluctuation magnitude u0 together with the integral
length scale lt , while the thermochemistry is represented by the laminar flame thickness δl
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and the laminar burning velocity sL . With turbulent integral length scale characteristics
estimated as τt = lt /u0 , the Reynolds number is:
Re =

u0 lt
u0 lt
=
ν
sL δl

(2.38)

Defining the chemical time scale τc as the ratio of δl and sL the Damköhler number
becomes:
τt
lt sL
=
(2.39)
τc
δl u0
The Karlovitz number Ka corresponds to the smallest eddies (Kolmogorov) and is the
Da =

ratio of the chemical time scale τc to the Kolmogorov time τk :
Ka =

τc
δl uk
=
τk
lk sL

The size lk and the velocity uk of Kolmogorov structures are:
 ν 1/4
lk =
; uk = (νε)1/4
ε

(2.40)

(2.41)

where ε is the dissipation of the turbulent kinetic energy k. With integral length scale lt :
 03 
u
(2.42)
lt =
ε
and using ν = δl sL , corresponding to an unity flame Reynolds number gives:
 0 3/2  −1/2
u
lt
Ka =
sL
δl

(2.43)

Reynolds, Damköhler and Karlovitz numbers are related as:
Re = Da2 Ka2

(2.44)

The Karlovitz numbers also compares the flame and the Kolmogorov lengths scales
as:

 2
δl
Ka =
(2.45)
lk
When δl > lk , Kolmogorov scales are able to enter and to thicken the flame pre-

heat zone. This situation occurs when the reaction thickness, δr , becomes larger than
the Kolmogorov size, lk , i.e. when the Karlovitz number reaches a transition value, Kaδ
corresponding to δr = lk :

Kaδ =

δr
lk

2


=

δr
δl

2  2
δl
lk

(2.46)

For most premixed flames, δr /δl ≈ 1/10, corresponding to a transition for Ka = 100
(Kaδ = 1)
The regimes of premixed turbulent combustion can be plotted on the well-known
Peters diagram [8] using the length scale (lt /δl ) and the velocity (u0 /sL ) ratio (Fig. 2).
The following regimes can be identified:
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• Ka < 1: Flamelet regime with two subdivisions depending on the velocity ratio u0 /sL
◦ Wrinkled flamelet for u0 /sL < 1. Since u0 can be considered as the rotation speed
of the large turbulent motions, turbulent structures cannot wrinkle the flame surface and interact with the flame front. The laminar propagation is dominant and
turbulence-combustion interaction is limited.
◦ Corrugated flamelet for u0 /sL > 1. In this case large turbulent structures become
larger than the laminar flame speed and start to wrinkle the flame front leading to
the formation of pockets of fresh and burnt gases.
• 1 < Ka ≤ 100(Kaδ < 1): Thin reaction zone. In this regime turbulent motions
affect and thicken the flame preheat zone. Simultaneously, they still cannot modify
the reaction zone which remains thin and close to a laminar reaction zone.
• Ka > 100(Kaδ > 1): Broken reaction zone. In this case both diffusion and reaction zones are affected by turbulent motions. No laminar structure could be longer
identified.

Figure 2. Regime diagram for turbulent premixed combustion (adopted from [7]).

2.5. RANS models for turbulent premixed combustion
2.5.1. Physical approaches to model turbulent combustion
A proper description of reaction rate closures for turbulent combustion has to be
developed from physical analysis. According to [4], most combustion models are derived
from one of the three following approaches illustrated in Fig. 3.
15

Turbulent mixing
One of the common assumptions in turbulent combustion modeling is that chemical
time scales are shorter than turbulent time scales (large Damköhler numbers). In that case
the reaction rate is limited by turbulent mixing expressed in terms of scalar dissipation
rates. The small scale dissipation rate of species controls the mixing of the reactants and
plays a dominant role, even for finite rate chemistry.
Geometrical analysis
In the geometrical analysis the flame front is a geometrical surface evolving in the
turbulent flow field and linked to the instantaneous iso-surface of a mass or mixture
fraction. In this situation, the flame is considered as an interface between fresh and burnt
gases in premixed combustion. Geometrical analysis is usually related to the assumption
that the flame is thin compared to the flow scales and each flame element behaves as a
laminar flame (flamelet assumption). In this situation, mean reaction rates are estimated
as the product of the available flame area per unit volume (the so-called flame surface
density) and the mean reaction rate per unit of flame area.
One-point statistics
This approach does not require assumptions on the flame structure. Mean reaction
rates are expressed combining instantaneous reaction rates from Arrhenius equation with
the joint probability density function leading to PDF modeling.

Figure 3. Modeling approaches for turbulent combustion [3].

2.5.2. Eddy Break-Up model
The Eddy Break-Up (EBU) model, firstly proposed by Spalding [9], is based on a
phenomenological analysis of turbulent combustion assuming high Reynolds (Re  1)
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and Damköhler (Da  1) numbers. It represents the turbulent mixing approach. The
underlying concept is that chemistry is fast and the mean reaction rate is mainly controlled
by the turbulent mixing time τt and progress variable fluctuations:
p
002
cf
ω̇ = CEBU ρ
τt

(2.47)

where the turbulent mixing time τt is estimated from the turbulence kinetic energy k and
its dissipation rate ε according to:
τt =

k
ε

(2.48)

002 can be estimated based on assumption of an infinitely
Progress variable fluctuations cf

thin flame front as:


002 = ρ (c − e
ρcf
c)2 = ρ ce2 − e
c2 = ρe
c (1 − e
c)

(2.49)

where progress variable can take only two values, c = 0 in fresh gases or c = 1 in burnt
gases, so that c2 = c. The final EBU model for the mean reaction rate, which is used for
practical simulations is:
ε
ω̇ = CEBU ρ e
c (1 − e
c)
k

(2.50)

or in terms of fuel mass fraction:
ε YeF
ω̇ F = −CEBU ρ
k YF0

YeF
1− 0
YF

!
(2.51)

where YF0 is the initial fuel mass fraction in the reactants stream, assuming excess of
oxidizer.
The simplicity of the EBU model comes from the fact that the reaction rate is written
as a function of known quantities without any additional transport equation. The reaction
rate in the model does not depend on the chemistry of combustion and is calculated
based on assumption of homogeneous and isentropic turbulence. EBU model tends to
overestimate the reaction rate, especially in highly strained regions, where the ratio of
ε/k is large (i.e. close to walls).
2.5.3. Flame Surface Density models
The Flame Surface Density (FSD) models are based on the geometrical analysis of
the flame front and provide an algebraic expression for the amount of flame surface area
per unit volume Σ at each point within the premixed turbulent flame brush. Under the
flamelet assumption, the mean reaction rate can be described in terms of flame surface
area, as the product of the flame surface density Σ and the local consumption rate per
unit of flame area [10]:
ω̇ = ρsL I0 Σ
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(2.52)

where ρ is the mean density in the reactants and I0 is a factor for the change in the local
burning velocity due to straining and curvature effects. The flame surface density measures
the flame front convolutions. A high flame surface density corresponds to a high turbulent
reaction rate at a given location. The advantage of this approach is a separation of the
thermochemistry represented by the SL and I0 quantities from the turbulence/combustion
interaction modeled by the flame surface density Σ. The challenge is to provide a model for
the flame surface density. It is usually done by solving the following balance equation [4]:


∂Σ ∂e
ui Σ
∂
νt ∂Σ
+
=
+ S1 + S2 + S3 − D
(2.53)
∂t
∂xi
∂xi σΣ ∂xi
where σΣ is the flame surface turbulent Schmidt number, νt is the turbulent kinematic
viscosity and S1 , S2 , S3 , D are different source and sink terms that require modeling. A
summary of models for closing these terms is given in [4] for different FSD models. For
example in the Extended Coherent Flame Model (ECFM) [11] the following closures were
incorporated:
• S1 , which represents the flame surface production by turbulent stretch is modeled as:
ε
S1 = αΓK Σ
k

(2.54)

where ΓK is the efficiency function in the ITNFS (Intermittent Turbulence Net Flame
Stretch) model [12] and α is a model constant
• S2 , which quantifies the production by the mean flow dilatation is modeled as:
S2 =

2 ∂e
uk
Σ
3 xi

(2.55)

• S3 , which models the effects of the flame thermal expansion and curvature:
2 1−e
c
S3 = sL
Σ
3
e
c

(2.56)

• D is a destruction term due to consumption:
D = βsL

Σ2
1−c

(2.57)

where β is a model constant
With some additional assumptions, such as equilibrium between source and sink terms
in FSD equation, the following correlation for the mean reaction rate can be derived [3]:
ω̇ = ρ

αε
(1 − e
c)
βk

(2.58)

recovering an EBU-type model. It shows that the EBU model can be viewed as a simplified
FSD model [3].
Flame surface density models have been applied in many CFD solvers to model the
turbulent premixed combustion. Also extension to non-premixed flames have been developed by Colin and Benkenida [13] in ECFM-3Z model.
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2.5.4. G-equation model
An alternative model for premixed turbulent combustion, based on the nonreacting
scalar G rather than on the progress variable, has been developed by Peters [7]. The
G-equation model is another model based on geometrical analysis of the flame front. An
equation for G can be derived by considering an iso-scalar surface:
G(x, t) = G0

(2.59)

As shown in Fig. 4, G(x, t) is defined in such a way that G > G0 defines the region
of burnt gas and G < G0 defines the region of the unburnt mixture. The choice of G0 is
arbitrary but fixed for a particular combustion event. This is called the level set approach.
The propagation of the flame front G0 can be described by the following transport
equation:
dxi
= ui + nsL
(2.60)
dt
where ui is the local flow velocity at the flame front, sL is laminar burning velocity and
n is the vector normal to the front in the direction of the unburnt gas:
n=−

∇G
|∇G|

(2.61)

Differencing equation (2.59) with respect to time and introducing equation (2.60) the field
equation can be written as:
∂G
+ ui · ∇G = sL ∇|G|
(2.62)
∂t
which is the G-equation introduced by Williams [14]. It is applicable to thin flame structures that propagate with a well-defined burning velocity. It therefore is well suited for the
description of premixed turbulent combustion in the corrugated flamelets regime, where it
is assumed that the laminar flame thickness is smaller than the smallest turbulent length
scale, the Kolmogorov scale.
According to Peters [7], the G-equation valid for thin reaction zones and corrugated
flamelets can be derived from an order of magnitude analysis of the leading order terms
for both regimes, leading to:
ρ


∂G
+ ρui · ∇G = ρs0L σ + (ρD) κσ
∂t

(2.63)

where σ describes the absolute value of the gradient of G
σ = |∇G|

(2.64)

and κ is the curvature of the G-surface:


∇G
κ=∇·n=∇· −
|∇G|
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(2.65)

Figure 4. Schematic representation of the flame front as an iso-scalar surface [7].

The extension of the G-equation to the entire computational domain where G 6= G0 is
performed by the transformation of the G-scalar field to a signed distance function:
|∇G| = 1

(2.66)

Applications of the G-equation in RANS of practical combustion systems requires the
e + G00 to the
use of a Favre-averaged form. Application of the Favre decomposition G = G
standard G-equation and derivation transport equations of the Favre mean and variance
of G are given in [7] leading to:
ρ

ρ

e

∂G
e = ρs0 |∇G|
e − ρDt κ
e
+ ρe
uk · ∇G
e|∇G|
T
∂t

002
g
∂G
002 = ∇ · (ρD ∇ G
002
002 ) + 2ρD (∇G)
g
g
g
e 2 − cs ρ εeG
+ ρe
uk · ∇G
t ||
t
||
e
∂t
k

(2.67)

(2.68)

where s0T is the turbulent flame speed, Dt is the turbulent diffusivity and cs is the model
e t) = G0 defines the location of the mean flame front, while
constant. The condition G(x,
002 represents the turbulent flame brush thickness. The required modg
the Favre variance G

els for sT and Dt are also derived and given in [7].
2.5.5. Probability Density Function models
Modeling turbulent premixed flames has been dominated by approaches based on
the phenomenology of flamelets. Nevertheless, it is clear that flamelet structure cannot
prevail everywhere. In flames close to extinction due to turbulent straining, or close to
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the flammability limits, the balance between reaction and diffusion is weakened and the
identification of a representative flame structure becomes difficult. In such situations a
Probability Density Function (PDF) might be advantageous since it makes no assumptions
on the structure of the flame. It quantifies the probability p(Y ; x, t) for a given location
x and time t, to find a variable Y (mass fraction, progress variable, temperature,...)
within the range [Y − ∆Y /2, Y + ∆Y /2]. The PDF fulfills the following relations, for the
probability, mean and variance of the variable Y :
Z
p(Y ∗ ; x, t)dY ∗ = 1

(2.69)

Y

Z

Y ∗ p(Y ∗ ; x, t)dY ∗ = Y (x, t)

(2.70)

(Y ∗ − Y )2 p(Y ∗ ; x, t)dY ∗ = Y 02 (x, t)

(2.71)

Y

Z
Y

where Y ∗ is the sample space variable corresponding to the random variable Y . The mean
burning rate, or any mean quantity may be estimated as:
Z
ω̇ Y (x, t) =
ω̇Y (Y ∗ )p(Y ∗ )dY ∗

(2.72)

Y

Probability density functions can be defined in any turbulent reacting flow field and
contain all the required information to describe unsteady effects. Quantities such as
ω̇Y (Y ∗ ) are provided from chemistry and laminar flame studies. The difficulty is to determine the PDF, which changes at every point in the flow field. Two main directions may
be chosen to build numerical models from PDF — to presume the PDF shape or to solve
a balance equation for the PDF.
BML model
One of the first presumed PDF models was the Bray-Moss-Libby (BML) model [15],
where the progress variable c was assumed to be bimodal and only two flow states are
considered: fresh gases (c = 0) and burnt gases (c = 1). The probability density function
of progress variable c is:
p(c; x, t) = α(x, t)δ(c) + β(x, t)δ(1 − c) + γ(x, t)f (c; x, t)

(2.73)

where α, β and γ denote the probability of having at location (x, t), fresh gases, burnt
gases and reacting mixture respectively. δ(c) and δ(1 − c) are respectively the Dirac
delta functions corresponding to fresh gases and fully burnt gases. Normalization of the
probability density function leads to:
Z 1
p(c; x, t)dc = 1
0
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(2.74)

α+β+γ =1
Z

(2.75)

1

f (c; x, t)dc = 1

(2.76)

0

with f (0) = f (1) = 0.
The BML model is developed assuming large Reynolds and Damköhler numbers. Since
the flame front is thin, the probability to be in burning gases area is low (γ  1) and
equations 2.74, 2.75, 2.76 give:
p(c; x, t) = α(x, t)δ(c) + β(x, t)δ(1 − c)

(2.77)

After averaging the balance equation for the mean progress variable c takes form:


∂
∂
∂c
∂ρc
+
(ρui c) =
ρD
+ ω̇
(2.78)
∂t
∂xi
∂xi
∂xi
and considering that the probability to be in burning gases γ has been neglected, the
mean reaction rate cannot be estimated, because:
Z 1
Z
ω̇(c)p(c; x, t)dc = γ(x, t)
ω̇(x, t) =
0

1

ω̇(c)f (c; x, t)dc ≈ 0

(2.79)

0

In order to overcome this problem authors of the BML model derived a balance equation
for c(1 − c):
∂
∂
∂
[ρc(1 − c)] +
[ρui c(1 − c)] =
∂t
∂xi
∂xi



∂
∂c ∂c
ρD
[c(1 − c)] + 2ρD
− 2cω̇ + ω̇ (2.80)
∂xi
∂xi ∂xi

Under the assumption that progress variable c is equal to zero or unity, leading to c(1−c) =
0, the balance equation reduces to:
2ρD

∂c ∂c
= 2ω̇ − ω̇
∂xi ∂xi

After averaging, the mean reaction rate equation takes form:


1
∂c ∂c
ρe
χ
ω̇ =
2ρD
−
2cm − 1
∂xi ∂xi
2cm − 1

(2.81)

(2.82)

where a progress variable cm is defined as:
R1

cω̇f (c)dc
cm = R0 1
ω̇f (c)dc
0

(2.83)

and ρχ = ρe
χ is the scalar dissipation rate of the progress variable c. With further assumption of linear relaxation of the fluctuations as:
002 /τ
ρχ = ρcf
t
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(2.84)

where τt is the turbulent mixing time, the balance equation may be derived and closed,
resulting in the following correlation for mean burning rate [4]:
ω̇ =

1
ε
ρ e
c(1 − e
c)
2cm − 1 k

(2.85)

recovering the EBU-type expression. Hence, the BML model may then be viewed as
a theoretical derivation of the EBU model, initially based on a phenomenological approach.
Compared to EBU, the BML model incorporates chemistry features through cm .
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3. Spark ignition modeling in IC engines
3.1. Ignition physics and modeling
During the spark ignition discharge three different modes may occur — plasma breakdown, arc dischage and glow discharge which all have particular electrical properties [1].
The first phase of the spark ignition is an instationary breakdown process that lasts
only tens of nanoseconds. During this time a highly conductive plasma channel is set up
between the electrodes with a diameter of 40 µm and temperature of up to 60000 K. The
consequence is the pressure rise up to 300 bar causing channel expansion with supersonic
speed and the shock wave release. During cooling, the initially introduced ionization and
dissociation energy is transformed into thermal energy. After the breakdown phase, the
arc discharge occurs. During this mode thermal dissociation of the gas molecules is predominant. Transport processes, such as particle diffusion, heat conduction and radiation
contribute to the temperature reduction to 4000–10000 K as well as to the further plasma
volume expansion. In the glow discharge phase typical kernel temperatures of 3000 K are
reached. In this phase, mainly heat conduction and diffusion processes are responsible for
the expansion velocities and hence, the plasma volume.
This description confirms that in a complete discharge process only a part of the
deposited energy is available for the initiation of the ignition, while the most of the energy
is lost due to heat conduction, plasma expansion and radiation. All of these processes
are strongly dependent on the electrodes temperature, geometry (width, shape and gap
size), local flowfield, turbulence or spark energy and power [16] affecting the flame kernel
formation and its structure. Finally, after the breakdown, chemical reactions must produce
enough energy to overcome heat losses and the kernel has to grow beyond a critical size
or quenching will occur [16].
The spark ignition process has been extensively studied and is well documented.
A number of publications on experimental investigation of the spark ignition can be
found [1, 16–24]. Although the ignition process is understood, its complexity makes numerical description difficult and a limited number of numerical studies on spark ignition
is available. It is desirable to include in the ignition model all occurring phenomena to
reflect the real process as close as possible. For example in [16] Thiele et al. presented
a model for the coupling of a two-dimensional cylindrical reactive flow with electrodynamics to study the ignition process and the early phase of the development of a stable flame
kernel, including the emission of the pressure wave by the expanding hot, conducting
channel. Their detailed description of the electric field revealed insight into the behavior
of the discharge process and showed that the influence of the shock wave on all processes
dominates during the first 5 µs and is then followed by a diffusion-controlled phase during
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which a flame front develops at the rim of the plasma channel. The results confirmed
that the model is capable to couple the electrical process with chemical reactions, flow,
and transport during spark ignition. However, the model considered only a small volume
around electrodes in a two-dimensional manner and cannot be considered for application
in full three-dimensional engine simulations.
3.2. Lagrangian models for flame kernel development
3.2.1. Descrete Particle Ignition Kernel (DPIK) by Fan et al.
The plasma breakdown, arc discharge and glow phenomena followed by the schockwave
propagation occur in a very short time (less than 10−6 s) and in a small domain, which
has a size ranging from the spark gap distance to the integral length scale [2]. Hence,
simulating ignition details in engine CFD calculations would require very fine meshes
and time steps, what may not be practical in commercial engineering applications. These
limitations lead to the development of phenomenological models for the spark ignition
and early flame kernel formation description. In order to account for ignition details, the
models are usually based on the tracking of the particles that can represent spark arc,
flame kernels or early flame surface propagation independently of the grid size.
One of the firstly proposed models based on the lagrnagian particles tracking was
the Discrete Particle Ignition Kernel (DPIK) model proposed by Fan et al. [25]. In the
paper authors described models for spray, spark plug, ignition, combustion and emissions
that they incorporated in the KIVA software. In ignition DPIK model the flame kernel
is assumed to be spherical and is described using particle markers (Fig. 5). This method
has the advantage of reducing the sensitivity of the results to grid size effects which are
unavoidable during the early stage of the ignition process when the flame kernel is smaller
than the grid size. However, the kernel size is not restricted to be smaller than the grid
size. Authors claim that with a mesh size of about 3 mm typical kernel size could be as
large as 10 mm.
In the model the initial kernel size is set to 0.5 mm [17] and particles move in the radial
direction with velocities that depends on the turbulence, equivalence ratio, temperature
and pressure in the spark region. The particle velocity components are calculated as:
"
r #
Tad
2
up =
sL +
k
(3.1)
T
3
where the parameter

Tad
T

accounts for thermal expansion effects, where Tad is the adia-

batic flame temperature and T is an estimated local gas temperature based on adiabatic
expansion:

T = Tk1

Pk1
Pk2
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1− γ1
(3.2)

Figure 5. The Discrete Particle Ignition Kernel (DPIK) model [25].

where Tk1 and Pk1 are the temperature and pressure at the start of the ignition, Pk2 is
pressure inside the kernel region after the start of combustion, γ is a constant between 1.3
and 1.4, k is the turbulent kinetic energy and sL is laminar flame speed from Metghalchi
and Keck [26] which accounts for equivalence ratio φ, residual gas fraction R and local
gas temperature T obtained from (3.2).
The flame kernel diameter in each step is calculated as follows:
"
r #
Tad
2
Dkernel = 2 ·
SL +
k · (t − t0 ) + D0
T
3

(3.3)

where (t − t0 ) is the elapsed time from the start of ignition and D0 is the initial kernel
size.
The kernel flame surface density in each cell is calculated as:
Σ=

2
Ncell πDkernel
θf
Ntotal Vcell 2π

(3.4)

where Ntotal is the total number of particles (3000 for threedimensional cases), Ncell is the
total number of particles in a specified cell, Vcell is the cell volume and θf is the sectional
angle of the mesh if the mesh represents only a section of the whole combustion chamber.
For simplicity, a one step reaction is adopted in the kernel flame growth process:
C8 H18 + 12.5O2 → 8CO2 + 9H2 O
The burn rate is calculated as:


dρi
ρf
ρO2
= −Cw · min
,
· ΣsL MWi Cst,i
dt
MWf Cst,f MWO2 Cst,O2

(3.5)

(3.6)

where MWi is the molecular weight of species i, Cst,i are sotihciometric coefficients, Cw
is used to account for the wrinkling effect of the kernel surface.
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After the kernel size reaches the order of the integral length scale the model switches
to the time scale combustion model also described by the authors [25].
Dkernel ≥ Ck lI

(3.7)

where Ck equals 3.5 and lI is the turbulence length scale related to the turbulence kinetic
energy k and its dissipation rate  by:
lI = 0.16

k 1.5
ε

(3.8)

with a turbulence field modeled using the RNG k − ε model of Han and Reitz [27].
The presented DPIK kernel model was tuned and validated against experimental data
for homogeneous SI engine from Hampson et al. [28]. Model results agreed well with the
experiments and the model was less sensitive to numerical grid resolution effects than other
existing ignition models. However, the new ignition model still does not account for such
ignition phenomena as plasma breakdown, arc discharge or especially glow phase. Furthermore, the spark plug heat transfer is not considered in the model, what can strongly
affect the flame kernel development and the whole combustion process.
3.2.2. Improvement DPIK model by Tan and Reitz
To improve the prediction accuracy of the spark ignition and combustion processes in
spark ignition engines Tan and Reitz [29] proposed improved ignition and flame propagation models and implemented them in the KIVA-3V CFD code. The flamelet combustion
model was based on G-equation [7] combustion model which tracks a discontinuous surface
and describes interface evolution. Transport equations for mean G and its variance G002 ,
which are related to the mean flame position and the flame brush thickness, respectively,
were formulated, and the instantaneous flame location within the flame brush was described by a PDF (presumed probability density function).
The ignition model was based on previously described DPIK model [25]. With this
method, even when the kernel size is smaller than the computational cell size, kernel
growth still can be tracked accurately. Thus, the use of a very fine computational mesh
to predict the spark ignition process is not needed.
The calculation starts after the breakdown period and the ignition kernel is assumed
to be spherical with radius of 0.5 mm. The ignition kernel flame is very thin and separates
the burned and unburned gas. The temperature and all reactive scalars jump from their
values in unburned mixture to the corresponding equilibrium values in the burned gas.
The pressure is assumed to be uniform inside and outside the kernel and the temperature
to be uniform inside the kernel. The kernel surface is located in front of the flame, and
thus, no heat transfer between the kernel and unburned gas is calculated.
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The model description starts with the ignition kernel mass-burning rate ṁk , which is
also the increase in the flame kernel mass:
ṁk =

dmk
= ρu Ak seff = ρu Ak (sT + splasma )
dt

(3.9)

where ρu is the unburned gas density, Ak is the flame kernel surface area and seff is the
effective kernel growth speed that consists of turbulent flame speed st and the so-called
plasma velocity splasma which results from the spark discharge energy.
The equation describing the kernel expansion rate (and the movement of the kernel
particles) derived by the authors of the model is as follows:
drk
ρu
= (st + splasma )
dt
ρk

(3.10)

where ρu is the unburnt gas density, ρk is the gas density within the flame kernel and
splasma is the plasma velocity obtained from the energy balance for the control volume
surrounded by ignition kernel surface:
splasma =

Q̇spk · ηeff
h

4πrk2 ρu (Uk − hu ) + p ρρuk

i

(3.11)

where Q̇spk is the electrical energy transfer rate to the kernel, ηeff is the efficiency of the
energy transfer [17] and Uk is the specific internal energy of the burned gas within the
flame kernel.
During the ignition kernel formation and initial development process, the turbulence
integral length scale is typically much larger than the kernel size, so that the kernel can
only sense the high-frequency fraction of the turbulent spectrum. The influence of kernel
size on the turbulent flame velocity sT is included through correlation for sT proposed by
Herweg and Maly in [17].
The species density changes are calculated by:
dρi
= Cw ρ(Yiu − Yib )Σst
dt

(3.12)

where flame surface density Σ is calculated as in equation (3.3), Cw is a constant chosen
to be equal to 10 to assure complete combustion inside the ignition kernel. Yiu and Yib are
the mass fractions of species i, in the unburned and burned gas respectively and ρ is the
gas density.
Once the ignition kernel exceeds a critical radius that is related to the integral turbulent length scale l of the flow field:
rk2 ≥ Cm1 l = Cm1 · 0.16

1.5k
ε

(3.13)

the ignition model switches to the G-equation combustion model with G-scalar field initialized according to the final flame kernel surface provided by the ignition model.
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Authors validated their models againste experimental data by Maly and Vogel [30].
In general, the agreement with the experimental data was considered to be satisfactory.
However, model underestimates the measured kernel radius, partially due to uncertainties
associated with the specification of the initial spark breakdown event.
3.2.3. DPIK based model by Falfari and Bianchi
Another model based on the DPIK was proposed by Falfari and Bianchi in [31]. In
their model, firstly, a lump model for the electrical circuit of the spark plug is used to
compute breakdown and glow energy. At the end of shock wave and very first plasma
expansion, a spherical kernel is deposited inside the gas flow at spark plug location. A
simple model allows one to compute initial flame kernel radius and temperature based
on physical mixture properties and spark plug characteristics. The sphere surface of the
kernel is discretized by triangular elements which move radially according to a Lagrangian
approach. Expansion velocity is computed accounting for both heat conduction effect at
the highest temperatures and thermodynamic energy balance at relatively lower temperatures. Turbulence effects and thermodynamic properties of the air-fuel mixture are
accounted for. One of the main differences and improvements in regard to the two previously described models is a possibility of spark restrikes depending on gas flow velocity
and mixture quality at spark location. The proposed 1D/Lagrangian ignition model is
closely coupled with the KIVA3 CFD solver.
The first part of the proposed ignition model is the electrical sub-model which provides
the initial conditions for the flame kernel expansion model. For simplicity the phase of the
electric arc and the plasma formation was not modeled. The electrical model computes
the breakdown energy and the electrical power released to the gas flow during the glow
phase. A the end of plasma shock wave dynamics after the breakdown event, a spherical
flame kernel of initial radius ri and initial temperature Ti is evaluated according to [32,33]
and deposited into the gas flow in the cell where spark plug is located:
  

1 Tb
Ti =
+ 1 Tu
k Tu

1/2


ri = 

(3.14)

E
k
 bd
·
k−1 p·d
gap 1 −

Tu
Ti

 
π

(3.15)

where the breakdown temperature Tb is assumed to be 60000 K.
The sphere representing the kernel is discretized by a set of triangular elements which
move radially depending on burning rate and thermal expansion. The flame kernel expan29

sion sub-model is based on Herweg and Maly model [17] where the kernel radius change
in time is based on ratio of unburnt to burnt density:



drk
ρu
Vk
1 dTk 1 dp
= sl · −
−
dt
ρk
Ak Tk dt
p dt

(3.16)

where pressure p in equation is assumed to be uniform in burned and fresh gases, while the
kernel temperature Tk evaluation is divided into two phases with a transition at Tk = 3Tad
as proposed in [34].
During the 1st phase when Tk ≥ 3Tad the flame kernel expansion is dominated by heat
conduction from burned to fresh mixture which prevails over the contribution given by
reaction rate. The temperature variation of the kernel is evaluated by solving the heat
conduction equation for the space-dependent plasma temperature Tpl according to [17]:
 2

∂Tpl
∂ Tpl 2 ∂Tpl
P − Q̇w
=α
+
(3.17)
+
2
∂t
∂r
r ∂r
ρcp Vk
which assumes that the heat is dissipated in all directions and the thermal diffusivity
is constant. The power P comes from the power released by electrical circuit and Q̇w
represents the heat power lost to electrodes. The solution of (3.17) provides the kernel
temperature space and time dependent evolution and is decoupled from main CFD solver
in order to account for sub-sycle time step. The kernel temperature Tk is taken as the
average distribution in space of the plasma temperature Tpl between r = 0 and r = rk at
a certain instant.
When the kernel temperature Tk drops below 3Tad the heat conduction from burned to
fresh gases becomes negligible. During the 2nd phase of the process the kernel temperature
is estimated by applying an energy balance equation for the open system, assuming that
the system is in thermodynamic equilibrium, the general gas law holds and the pressure
is uniform in burnt and fresh gases:


dhk
1 dQch dEele dQw
dp
hk dmk
=
+
−
+ Vk
−
dt
mk
dt
dt
dt
dt
mk dt

(3.18)

where Eele is the energy supplied by the spark plug, Qch is the energy contribution from
chemical reactions, Qw the energy lost at walls. The kernel temperature Tk , and the kernel
density ρk are derived from the specific enthalpy.
In order to couple mass and energy with the CFD solver firstly flame surface density
Σ is reconstructed in each cell:
Σi =

N M
Ξ XX
Ak,j
Vi i=1 j=1

(3.19)

with Ξbeing the flame wrinkling factor, M being the number of triangular elements lying
in i-th cell having an area Ak,j , N being the total number of computational cells where
the flame front is located and Vi being the volume of i-th cell.
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Then the mass and energy coupling with the main CFD solver occurs by computing
the fuel consumption rate in the i-th cell accordingly to the ECFM model [11]
ω̇k,i = ρu sL,k Σi

(3.20)

When the kernel radius reaches 2.0 mm, the switch to the flamelet ECFM main combustion model occurs. The ECFM takes as initial conditions for the flame surface density
Σ the latest value available in each computational cell occupied by the flame front.
Falfari and Bianchi validated their model with experimental data by Herweg and
Maly [17]. The model has shown to be capable of reproducing the physics of the ignition
process. A slight underprediction of the flame speed was present in almost all conditions.
It must be noted that present results have been achieved without the use of any tuning
parameter.

3.3. Arc and Kernel Tracking Ignition Model (AKTIM)
Previously described DPIK models [25, 29, 31] are based on the development of one
flame kernel and do not account for the details of the spark deposition and its interaction
with the flow which may affect early flame kernel development. Although in [31] some
parameters of the secondary electrical circuit were included, the electrical arc development
was not considered. Hence, it is questionable if the restrikes are modeled correctly.
For describing the early combustion phase in a more complete manner, Duclos and
Colin [35] developed a numerical model called AKTIM (Arc and Kernel Tracking Ignition Model). This model is based on four main submodels combined. The first submodel
describes the geometry of the spark plug and its interaction with the chamber flow, the
second one models the spark by a set of Lagrangian particles placed along the spark
path, the third one describes the secondary electrical circuit of the spark plug and the
fourth one describes the flame kernels kernels represented by Lagrangian marker particles.
Nowadays, spark plug geometry is usually included in the 3D CFD simluatins and the
original model for the spark plug will not be described.

The Electrical Circut Model
A simplified scheme of a classical inductive system is given in Fig. 6. When the switch
opens at the time of ignition, only 60% of the electrical energy stored in the primary
inductance is transfered to the spark plug. At ignition time the initial electrical energy
in secondary circuit Es (0), the resistance Rs and the inductance Ls are given as input
parameters. After a few µs the voltage reaches the breakdown voltage Vbd and a spark is
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formed between electrodes. During the next few µs an amount of electrical energy Ebd is
transmitted to the gas as in equation:
Ebd =

Vbd2
2
Cbd
die

(3.21)

Figure 6. AKTIM electrical circuit [35].

The main spark phase (glow phase) lasts a few ms, corresponding to the visible spark
observed in experiments. During this phase, the voltage between the electrodes Vie is given
by the relation:
Vie (t) = Vcf + Vaf + Vgc

(3.22)

where Vcf and Vaf are the cathode and anode voltage falls (constants) and Vgc is the
voltage along the spark path given by the relation:
Vgc = 40.46 · lspk i−0.32
p0.51
s

(3.23)

where lspk is the spark length, p is the pressure and is is the current in the secondary
circut given by:
r

2Es
Ls
while the electrical energy available on teh secondary circut is:
is =

dEs (t)
= −Rs i2s (t) − Vie is (t)
dt

(3.24)

(3.25)

During the glow phase the inter-electrode voltage Vie may reach the breakdown voltage
and new breakdown occurs: the previous spark vanishes and a new one is created. The
glow phase lasts as long as the electrical energy remains.
The Spark Model
At the instant of the breakdown a spark is initiated between the electrodes. In AKTIM
it is represented by a set of Lagrangian particles originally equally spaced between the
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electrodes. These particles are transported by the mean flow except the ones at the spark
extremities. An arc curvature effect is included, depending on the gas dynamics viscosity.
The distance between adjacent spark particles is maintained inside a given range so that
particles are added or removed permanently. In the case of strong convection at the spark
plug, the spark length can be many times larger than the inter-electrode distance die ,
involving a direct increase of the gas column voltage Vgc that can lead to a new breakdown.
In this case, the spark particles are suppressed and a new set of particles corresponding
to a new spark is initiated. The model is thus capable of handling multiple breakdown.
The Flame Kernel Model
The flame kernel is described using marker particles. However, unlike in the DPIK
model by Fan et al. [25], the set of particles does not represent a sole kernel. Each of
the total Nk particles represents the gravity center of a possible flame kernel, having a
statistical weight 1/NK . Each flame kernel is initially a sphere of imposed radius 0.005
mm. The evolution of each flame kernel is determined by its excess of energy E i and its
burned gas mass miK :

 i
 dmK = ρfr Ai si
eff L,eff
dt
i
 dEK = Q − Qi
e

dt

(3.26)

w

where Qe is the energy received from the electric circuit, Qiw is the energy lost to the walls,
ρfr is the fresh gas density, Aieff is the effective kernel surface and siL,eff is the effective
laminar flame speed. The effective flame surface is calculated as:
Aieff


= 4π

3mib
4πρiK

2/3
· Fstr

(3.27)

where Fstr is a convection factor and kernel density ρiK depends on the local burnt gas
density and and kernel excess of energy through:
ρiK

=

ρib


−1
i
EK
1+
cp,b Tb

(3.28)

The equation 3.27 uses the assumption that the flame kernel is spherical at the initialization. Afterwards, the surface is distorted both by the mean flow and the turbulent
fluctuations, which is accounted for with the Fstr coefficient. The effective laminar flame
speed is calculated with correlation proposed by Pischinger and Heywood [36]:
s
"
!#
i
1
T
δ
−
T
L
b
siL,eff = s0L 1 +
1+ K
−1
i
2
100 δL + rK

(3.29)

i
where rK
is the radius of the kernel and δL is the local laminar flame thickness. During

the glow phase, the surface of the burning kernel is deposited as flame surface density
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randomly in a cell contained into the kernel volume thus initializing the ECFM model.
When the combustion of flame kernel ends, further flame propagation is handled by the
ECFM model.
The original AKTIM model [35] was validated with experimental data from an optical engine [37] operating in PFI mode with a propane/air equivalence ratio of 0.9 at
1200 rpm. The spark timing was set to 25◦ CA BTDC. Simulations were performed with
KIVA-MB solver and ECFM combustion model. Results show a good agreement between
the model and the experiment. The model correctly simulates the increase in electrical
energy transferred to the flame kernel and the decrease in the flame kernel heat loss
when the convection at the spark plug is increased. It also shows that transition between
the AKTIM model and the 3D combustion ECFM model is weakly dependent on the
instant of transition proving that the flame kernel development is consistent with the 3D
combustion model.
3.4. Spark Channel Monitoring Models
3.4.1. Spark Channel Ignition Monitoring Model (SparkCIMM)
Another approach for spark ignition modeling in direct-injection gasoline engines was
proposed by Dahms et al. [38]. Based on high-speed imaging data showing complexity
of the spark discharge process (formation, turbulent stretching and wrinkling, multiple
restrikes) and ignition process (localized flame kernel formation and growth) they proposed to monitor local mixture ignitability along the spark channel over the duration
of a typical spark (2 ms), even after a flame kernel has been initiated. Whenever local
conditions along the spark channel permit ignition, a flame kernel is launched and tracked
as it grows and merges with other kernels to form the turbulent flame surface. The local
mixture-fraction variance is incorporated into both the early-kernel-growth model, and
the G-equation flamelet model that takes over once the flame surface can be resolved on
the computational grid. This approach yields early flame-location probabilities in much
better agreement with experiment than simpler ignition models that do not monitor the
mixture composition along the extended, moving spark channel or that ignore the effect
of the mixture fraction variance on the propagating flame.
The Spark-channel evolution
The spark channel is too thin to resolve by conventional computational grids. Hence,
similarily as in AKTIM model, the spark channel is modeled by computational particles
(size 50 µm) that define its shape and track its local mixture composition, motion and
turbulent wrinkling. As the local flow field elongates the spark channel, new particles are
introduced to maintain a uniform distribution along the channel. For each particle, the
34

local mixture fraction Zp is computed as the sum of the interpolated local mean mixture
002
fp and a random sub-grid turbulent fluctuation Z]
. Particle advection by the
fraction Z
sub,p

local flow field is modeled similarly as the sum of the interpolated local mean flow and
a random sub-grid turbulent velocity. Other particle quantities are interpolated from the
grid cell centers to the particle positions as illustrated in Fig. 7.

Figure 7. Procedure for evaluating the spark channel mixture stratification in SparkCIMM
model based on computational cell quantities [38].

The mixture ignitability (considering the local charge stratification, dilution, and temperature, which is particularly important near the spark plug) is computed at each particle location. For every particle encountering ignitable mixture, a small flame kernel
is launched. The ignitability criterion is based on the local Karlovitz number: Ka =
(vη /sl,ef f )2 < Kad [7], where vη is the Kolmogorov-scale eddy turnover velocity and
sL,eff = sL + splasma is an effective laminar burning velocity that includes the intrinsic
laminar burning velocity sl and a ”plasma” expansion velocity due to spark energy deposition. Ignition fails for high values of Ka, for which Kolmogorov eddies can disrupt
the inner reaction layer of the flame (the ”broken reaction zones” region in the regime
diagram for premixed turbulent combustion [7]).
The effect of restrikes on ignition is included in the model by resetting the spark marker
particles to their original locations when the spark channel exceeds a predefined length (10
mm) determined from experiments. Several restrikes may occur during the assumed 2-ms
spark duration, with additional small flame kernels initiated as local conditions permit.

Early flame-kernel development
When local conditions permit ignition at a particle position, a small (0.5 mm) flame
kernel is initiated, and its growth on the sub-grid scale is modeled including mixture-fraction
fluctuations. Multiple flame kernels grow spherically due to the turbulent flame speed, advect at the local flow velocity, and merge until they form a turbulent flame surface that
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can be resolved on the computational grid. Merging different flame kernels is modeled by
the enveloping flame surface of intersecting kernels.
The radius of each fame kernel is evaluated from:
r
3mk
rk = 3
(3.30)
4πρb
with ρb as the density of the burned gas and the flame-kernel mass mk obtained from
continuity equation

with sT,κ

dmk
= 4πrk2 ρu sT,κ
(3.31)
dt
being the turbulent burning velocity including the mixture-fraction variance

which is derived in the original paper [38].
The density in the burned gas can be significantly lower than the density of adiabatic
burned gas at temperature Tad due to the increased kernel temperature TK caused by
electrical energy deposition at rate Q̇spk . This effect is modeled following
dTK
ṁK
Q̇spk ηeff
1 dp
=−
(TK − Tad ) +
+
dt
mK
mK cp
ρb cp dt

(3.32)

where ηeff is the efficiency of the electrical energy transfer to the gas, cp is the specific
heat and p is the pressure. As soon as the flame can be resolved on the computational
grid, the G-equation approach is used to transport the mean turbulent flame surface [7].
The proposed ignition model includes several physical processes that have been shown
experimentally to be important for ignition under the highly stratified and diluted charge
conditions that characterize part-load spray-guided gasoline engine operation. Previously
described DPIK [25, 29, 31] and AKTIM [35] models do not include these physical processes. In the DPIK model, the spark channel structure is neglected entirely and a single
flame kernel grows spherically by spark-energy input and flame propagation without advection until it is large enough to be followed by a G-equation simulation. Both the DPIK
and AKTIM approaches ignore the effects of turbulent equivalence-ratio fluctuations on
early flame-kernel development.
The presented model is also based on some simplifications. Effect of liquid droplets on
the spark channel and energy transfer is neglected, although heat transfer from the flame
to liquid fuel is included. Energy deposited by the spark into the mixture is treated as
constant in time, whereas the DPIK and AKTIM approaches use time-dependent energy
deposition based on experiments. The restrike criterion here is also simpler than that
in AKTIM, which initiates a restrike when the voltage across the spark gap (from an
ignition-system model) exceeds the gas breakdown voltage.
3.4.2. Curved Arc Diffusion Ignition Model (CADIM)
Another ignition model based on tracking the spark channel was proposed by Schäfer
et al. in [39]. The model accounts for the spark-channel deflection and curvature, diffusion
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processes, chemical kinetics and the location and propagation of the first flame kernels.
Four submodels which simulate the spark-channel dynamics, ignition delay time, flame
kernel formation and transition to the combustion model are introduced. The model was
implemented into ANSYS-CFX CFD solver and combined with G-equation combustion
model for modeling the spark ignition process in internal combustion engines.
Particle evolution model
When the ignition crank angle is reached, a thin spark channel (dspk = 0.05mm) is
generated between spark electrodes as evenly distributed Lagrangian marker particles.
The particles are massless and one-way coupled to the flow field, which means that particle move according to the velocity interpolated from 3D flow. All thermodynamic and
chemical conditions are directly evaluated at the spark-channel marker particles.

Figure 8. Illustration of the spark channel curvature in CADIM model [39].

Ignition delay time
Under the assumption that the ignition process and the ignition delay time depend
only on the local temperature, pressure and mixture fraction, a simultaneous ignition along
the entire spark-channel should occur. However, experimental investigations presented by
the authors of the model suggests that the flame develops at a distinct position along
the deflected spark channel. Hence, they decided to derive and solve 1D mass and heat
diffusion equations with curvature terms in the normal direction to the spark channel
surface. An illustration of the spark channel curvature calculation for a single particle is
given in Fig. 8. The governing equations for the species and the temperature are written
as:

∂Yk
∂Yk
ρDk
− κK ρDk
+
∂K
∂K



n 
X
∂
∂Ym
∂Ym
∂Yk ∂Ym
−
Yk
ρDm
− κK Yk ρDm
+ ρDm
+ ṁk (3.33)
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(cp − cpk )
cp ∂K ∂K cp k=1
∂K ∂K k=1 cp
− κK

where K is the 1D domain in the normal direction to the spark channel surface, Yk is
the mass fraction of the species k, and κK is the spark surface curvature at the location
of given particle. Q̇e and Q̇w are heat input from the spark channel and wall losses,
both implemented as a boundary condition for 1D model. The solution of the equation
system is the temperature profile and species concentrations along the K-domain. A decreased overall curvature of the surface (corresponding to more deflected channel) results
in decreased heat and mass diffusion, which eventually leads to increased temperature
and shorter ignition delay. As soon as mixture ignites due to heat input from the spark
channel, an initial flame kernel is introduced at the location of the given particle.
Kernel growth and transition to combustion model
Initially introduced flame kernel is usually to small to be resolved on the regular engine
computational mesh. The initial growth of the kernel radius rk is calculated based on the
ratio of unburnt and burnt density multiplied by kernel expansion speed sK :
drk
ρu
= sK
dt
ρb

(3.35)

where sK is calculated as:



2
sK = max sL , sT − Dt
(3.36)
rk
where, sL is the laminar flame speed, sT is the turbulent flame speed, factor 2/rk accounts
for the curvature of the flame kernel and the turbulent diffusivity Dt considers influence
of the turbulence on the small flame kernel. During the kernel growth, the G-scalar in
G-equation model is computed by enforcing a spherical distribution with G0 located at
a distance rK from the ignition point. At the moment when flame kernel reaches the
threshold value defined by the user, flame propagation is handled by the G-equation
combustion model.
Authors of the model performed validation based on measurements from a BMW
turbo-charged 3-cylinder DISI engine. Available measurement were pressure traces and
flame contours during the combustion process measured with a special equipment. Comparison of measurements and calculations showed a good agreement under different engine
loads.
3.4.3. A comprehensive Lagrangian flame-kernel model by Cornolti et al.
The next recently developed model that is based on the spark channel tracking was
presented by Cornolti et al. [40]. Authors pointed out that already available approaches are
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mainly focused on several aspects of the ignition process but none of them accounts for all
the phenomena. For example, DPIK-derived models are very detailed in the computation
of flame surface density and initial thermal expansion of the ignited volume, but effects of
local flow and air-fuel ratio distribution are almost neglected. On the other hand, AKTIM
and Spark-CIMM describe very carefully how initial flame development is affected by
flow and turbulence, but effects of energy transfer on flame kernel growth are taken into
account in a simplified way. To present a comprehensive model of the ignition process in SI
engines the most advanced aspects of the available literature models have been combined.
In particular, the spark channel is represented by a set of lagrangian particles, which are
initially placed along the spark gap [38]. Particles are convected by the mean flow and,
for all of them, equations of mass and energy are solved. Specific sub-models estimate the
instantaneous amount of energy transferred from the electrical circuit to the kernels and
calculate the flame expansion velocity accordingly, taking into account the real properties
of the high-temperature gas [41]. At each time step, the flame surface density distribution
is reconstructed once particle positions and their radii are known [31]. Such quantity is
then used by the combustion model to calculate the fuel burning rate.

Particle evolution model
The breakdown is a strong non-equilibrium thermodynamic process which lasts for
a few nanoseconds, therefore it is not modelled. The initial temperature and diameter
of the particles are set with the presumed value assumed after the breakdown using
the equations suggested in the work by Song and Sunwoo [32] (similarily as in DPIK
model [29]). The temperatures obtained by these equations are of the order of 40000 K
and make the initial thermal expansion not negligible. Once particles are introduced in
the computational mesh, they are convected by the mean flow, with their position xp
changing as follows:
dxp
= Ug
dt

(3.37)

where Ug is the gas velocity at particle position. Lagrangian particles represent possible locations of a ignited kernel. For each of the kernels, mass and energy conservation
equations are solved. Both mass conservation and radius variation equations account for
contributions due to thermal expansion and turbulent flame speed and are described by
the modified equations from [31]:
dmp
ρk
= 4πrp2 ρu (sT + splasma )
dt
ρu

(3.38)

drp
ρu
= sT + splasma
dt
ρb

(3.39)

39

with rp being the particle radius and ρu the unburned gas density at particle position. sT
is the turbulent flame speed, which is computed from laminar flame speed sL at particle
position and flame wrinkinling Ξ:
sT = Ξ · sL

(3.40)

To compute the second RHS term in Equation (3.38), representing the flame kernel
expansion velocity due to energy transfer from the electrical circuit, it is necessary to
distinguish between the two different mechanisms governing flame kernel growth:
• heat conduction from the hot plasma channel to the unburnt mixture, during which
temperature distribution inside the flame kernel is not uniform
• expansion due to chemical reactions and heat transfer from the electrical circuit, during
which temperature is uniform inside the flame kernel and composition is at chemical
equilibrium.
Plasma channel model
When Tp > 3Tad heat conduction effects cannot be neglected in the gas surrounding
the ignited kernel. For this reason, temperature distribution and its effects on splasma need
to be modeled in detail. All the flame kernels related to the same discharge event are
assumed to have the same temperature distribution, which is computed by solving the
heat conduction equation for the space-dependent plasma temperature Tpl , similarly as
in [31] :
∂Tpl
=α
∂t



∂ 2 Tpl 2 ∂Tpl
+
∂r2
r ∂r


+

ηeff · Q̇spk
ρpl cp,pl · Vpl

(3.41)

where α is the plasma thermal diffusivity. A sub-cycling procedure is used to solve Equation (3.41), which is discretized on a 1D, axy-symmetric grid representing a sector of the
gas region that surrounds the spark electrodes. The mesh height is set to be equal to dgap ,
while the radial length of the domain is set to 1 cm, which is significantly higher than the
maximum diameter of the flame kernel that is reached during this phase. The grid size is
10 µm and the following initial and boundary conditions are imposed at spark time and
after each restrike event:

t = t0 : Tpl = Ti if
r = r : T = T
∞
pl
u

0 < r < ri ,

Tpl = Tu

if

r < ri

(3.42)

where Ti and ri are, respectively, the temperature and radius after the breakdown. Following Herweg and Maly [17], at each time step the flame kernel radius rk is identified
as the location where the adiabatic flame temperature is found in the spark-channel 1D
mesh. In this way, the expansion velocity splasma can be computed as follows:
splasma =

rk (t + δtCFD ) − rk (t)
δtCFD
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(3.43)

To properly solve Equation (3.41), temperature dependency of the plasma properties
such as thermal diffusivity αpl , heat capacity cp,pl and density ρpl need to be known. These
effects were taken into account by assuming thermodynamic and chemical equilibrium and
neglecting fuel contribution. In this way, it was possible to employ the thermodynamic and
transport properties functions provided in [41]. In their work D’Angola et al. computed
the composition, thermodynamics and transport properties of equilibrium air plasma in
a wide range of pressures and temperatures (0.01–100 atm and 50–60000 K). Then they
interpolated the results with a single complex function for each property and provided
the coefficients.
Expansion at Tp < 3Tad
At lower temperatures, when the flame kernel expansion is mainly governed by chemical reactions, the temperature Tp inside the flame kernel can be considered as uniform
and is computed through the following energy conservation equation:
dTp
mp
Q̇spk ηeff
1 dp
= − (Tp − Tb ) +
+
dt
ṁp
mp cp
ρb cp dt

(3.44)

with ρb being the burned gas density and Tb the adiabatic flame temperature. While splasma
is computed according to [29, 38]:
splasma =

Q̇ · η
i
h spk eff
ρu
2
4πrk (uk − hu ) + p ρk

(3.45)

where Q̇spk is the energy transferred from the electrical circuit, ηeff is the efficiency of the
energy transfer, hu is the specific enthalpy of the flame kernel, uk and ρk are the kernel
specific enthalpy and density, respectively.
Electrical circut submodel
The electrical circuit submobel is similar to the AKTIM model [35]. After the spark-time,
the primary switch is opened and the voltage across the electrode rapidly reaches the
breakdown value. After that, the primary circuit influence on the following evolution
of the current profile is negligible and the same equations as in AKTIM are solved for
secondary circuit. Once the current is and gas column voltage Vgc are known, the energy
release to the gas phase is computed as follows:
Q̇spk (t) = Vgc (t) · is (t)

(3.46)

Experiments from Herweg and Maly [17] illustrate that the flow field in the vicinity of
the spark plug significantly affects ηeff during both arc and glow discharge processes.
In particular, when the discharge channel is elongated by the flow field, the ratio of the
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column voltage Vgc to the anode and cathode voltage fall increases and the heat losses
to the electrodes decrease. Hence, the correlation proposed in [17] was employed in the
presented model. Restrike is assumed to take place every time the gas column voltage
becomes higher than a threshold value. In the proposed approach, when restrike occurs,
a new set of particles is placed along the spark gap. The old particles continue to evolve
inside the computational domain, but they lose the corresponding heat term in the energy
equation.

Figure 9. Plasma channel formation and evolution (a–c); restrike (d) and flame surface density
calculation (e) [40].

Flame surface density calculation
Once the particles are tracked in the computational mesh, it is necessary to reconstruct
the flame surface density distribution resulting from particle size and positions. This
operation is performed in several steps:
• A spherical triangulated surface is placed at any particle location.
• The radius of each sphere is adjusted to match the value of the representative particle.
• The flame surface is defined by the total amount of non-intersecting triangles of the
placed spheres.
• The number of triangular faces Nf belonging to each computational cell is identified.
• For any cell, the flame surface density ΣPis computed as follows:
N
Ai
Σk = i=1
(3.47)
Vcell
where Ai is the area of each triangle. An insight about how the flame surface density is
computed is provided in Fig. 9. Distribution of Σk is then used to estimate the reaction
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rate source term in the progress variable equation, according to the flame surface density
formulation. When one of the kernels radii reaches a threshold value (2 mm [31]), the combustion model switches to a complete Eulerian description and both the progress variable
and the Σ equations are solved. The Σ field is initialized with the profile provided by the
method previously described. The coupling between Eulerian gas phase and Lagrangian
ignition model is only done through the flame surface density distribution, while energy
from the electrical circuit is not transferred to the ambient gas, but only to the Lagrangian
particles. This choice was mainly motivated by the complexity that is required to compute
chemical equilibrium and gas properties in the 5000–50000 K range, accounting for proper
species composition in the burned gases.
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4. Knock modeling in IC engines
4.1. Description of knocking combustion
Increasing efficiency of the engines is observed in all engine industry sectors (i.e. automotive, heavy machinery, marine, stationary, etc.). Although in each sector it might have
different origin, it always leads to more severe thermodynamic conditions in the cylinder,
promoting occurrence of abnormal combustion phenomena, such as knock or super-knock.
The aspect of knocking combustion started to be investigated more intensively with the
development of downsized SI engines for automotive applications. However, this issue is
even more important in stationary large bore gas engines where the engine efficiency is
the key factor determining the market success. Therefore, knocking combustion becomes
the main challenge in developing more efficient engines.

Figure 10. End-gas auto-ignition leading to knock (adopted from [42]).

During a normal cycle in SI engine, a flame kernel is generated at spark timing (ST)
by the spark plug. Further turbulent flame propagation leads to an increase of pressure
and temperature of the end-gases that are located between the premixed flame front and
the cylinder walls. If the auto-ignition (AI) delay in part of the end-gases is short enough
to allow ignition prior to the complete consumption of these gases by the premixed flame,
knock can occur (Fig. 10). It is also possible that AI of the fresh gases can happen before
the ST and acts as spark itself, leading to the development of the premixed flame before
the ST. As the premixed flame develops earlier in a pre-ignition cycle, auto-ignition of the
end-gas can be often observed. If this AI event is weak, it is similar to the knock under
standard spark-ignition and it is still classified as knock. However, if a large amount of
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fresh gases autoignites suddenly before the ST, which leads to a fast and intense pressure
rise up to several hundred bars, the event is classified as super-knock. Flame speeds in
super-knock operating conditions can be over two orders of magnitude larger than the turbulent premixed flame speed [43]. Besides, the pressure levels recorded by pressure transducers indicate that the pressure rise can be sometimes larger than the constant volume
pressure increase observed in a homogeneous auto-ignition. These observations suggest
that super-knock is characterized by a deflagration to detonation transition (DDT) and
a theory of this phenomenon should be included in models of knocking combustion [43].

4.2. Knock models for 3D CFD RANS simulation
The detailed experimental study of knocking combustion is difficult and complex because of its possible destructive character. Such limitations motivate to use CFD for better
understanding knock and super-knock. First attempts to extend combustion models to
account for knock were done with RANS simulations. Lafossas et al. [44] used KMB 3D
CFD software with ECFM combustion model and implemented a knock model based
on precursor species transported with the flow. The precursor was calculated based on
auto-ignition delay correlation for Primary Reference Fuels (PRF) fuel and allowed to
predict timing and position of end-gas auto-ignition in the combustion chamber. Authors
adjusted ignition delay parameters according to experimental data from rapid compression machine. Then the model was tested against engine measurements always remaining
very close to the experimental results in regard to knock occurrence angle. Although
the model was able to predict AI, it did not account for auto-ignition induced pressure
wave and pressure fluctuations, which are characteristic for knocking combustion. Hence,
results obtained with the model could only be treated as a knock indicator without any
information on the intensity of the knock event.
In the next work Linse et al. [45] derived a knock model based on statistical approach.
Firstly, they introduced an ignition progress variable to determine the reactive state of the
unburnt fuel-air mixture and, therefore, the occurrence of auto-ignition. Then, statistical
information regarding the occurrence of auto-ignition was introduced by presuming the
probability distribution of the ignition progress variable to be a clipped Gaussian PDF.
The shape of the PDF was defined by the Favre mean and variance of the ignition progress
variable. The model was implemented into CFX 3D CFD solver and combined with the
G-equation model for flame propagation. Authors underlined that their model accounts
for both detailed chemistry (through tabulated kinetics) and the impact of mixture fraction and temperature fluctuations (through transport equation for the ignition progress
variable) on the ignition progress. The major benefit of described approach is that it
provides the ignition probability at each location in the combustion chamber. Based on
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the statistical information provided by the knock model, the mean knock onset and the
number of knocking cycles can be determined all within the limits of a RANS approach.
Authors of the models assessed the capacity to predict knock in SI engines based on simulations carried out for a turbocharged DISI engine. The simulated mean knock onsets
were in good agreement with experimental data. Moreover, the trend of the numbers of
knocking cycles with respect to a spark timing variation was well captured. The authors
of the model also noted that the proposed knock model will always lead to over prediction
of knocking cycles number, since the model provides only the probability of auto-ignition
and not detonation.
Shao and Rutland [46] proposed another approach for knocking combustion modeling
with RANS simulations. In contrast to two previously described models, authors used
a reduced chemical kinetics mechanism to model the end-gas auto-ignition. Combustion
simulations were performed with an improved KIVA-3V code and the G-equation combustion model. A proposed knock criterion was based on hydroperoxyl radical (HO2 )
concentration which shows obvious accumulation before AI and a sudden decrease after
AI. Authors validated their model on different engine cases and claimed that HO2 can
be a good knock propensity criterion. However, they also mentioned that since RANS
models are ensemble averaged, it is possible that there is a location, at which knock is
not detected based on RANS, but it can be considered as knock based on Large Eddy
Simulations (LES) due to detailed flame front obtained.

4.3. Knock models for 3D CFD LES simulation
In order to overcome shortcomings of knock modeling with RANS simulations, an
extensive study is continuously being carried out in knock modeling with LES. The main
benefit of LES application is the simulation of individual cycles, thus reproducing the
stochastic character of abnormal combustion. Several works have been dedicated knocking
combustion modeling in LES based on different considerations of end-gas auto-ignition
phenomenon [43, 47, 48] proving that for proper knock prediction it is crucial to resolve
cycle to cycle variations. Several authors have also discussed the possible relation between
strong knock events and deflagration to detonation transition (DDT) in highly charged
SI engines [45, 49–51]. This theory was also used by Robert et al. [43] for analysis of the
cycle to cycle LES engine simulations with focus on knocking combustion.
According to classification of combustion regimes by Zeldovich [52], two conditions
seem to be necessary to initiate a coupling between pressure waves and the AI front: a
smooth temperature gradient in the fresh gases surrounding the initial AI spot, and an
AI propagation velocity close to the sound speed. Based on these observations, Bradley
et al. [53] proposed two parameters representing the coupling conditions of a DDT. The
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first parameter ε is given by:
l/a
(4.1)
τe
with l being the length over which the temperature gradient is considered as constant,
ε=

a being the speed of sound and τe being the the excitation time which represents the time
to go from 5% to the maximal heat release. This non-dimensional parameter ε compares
the time for the pressure wave to travel for a distance l to the excitation time. It allows to
determine if the AI can feed the pressure wave and lead to the increase of its amplitude.
The second non-dimensional parameter ξ is proposed to compare the AI and pressure
wave propagation velocities. These two velocities have to be of the same order to expect
that a coupling mechanism takes place. The AI velocity is defined as the inverse of the
delay gradient ∂τ /∂x and the parameter ξ is expressed as:
ξ=

a
∂τ
=a
u
∂x

(4.2)

where u is the apparent auto-ignition propagation speed. Based on these two parameters,
Bradley et al. [53] proposed a diagram to locate the developing detonation peninsula
and distinguished three possible regimes (Fig. 11). In the deflagration zone (ξ > ξu ),
a classical flame propagation is observed, and no coupling occurs with the pressure wave.
In the thermal explosion zone (0 < ξ < ξl ), all fresh gases remaining in the combustion
chamber autoignite at the same time due to a negligible temperature gradient. Finally
in the developing detonation zone (ξl < ξ < ξu ), a coupling between pressure waves and
auto-ignition is observed, that is, a DDT can be observed.

Figure 11. Bradley diagram [43].

In [43] authors plotted values of ε and ξ at various grid points of the LES cases for
different spark timings. They showed that when the spark timing is more advanced and
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more grid points are close to AI. The large amount of points located in the detonation
zone proved that a DDT could be responsible for the high knock intensities recorded in
experiments. Authors also pointed out that due to strong assumptions the validity of the
method might be questionable under piston engine conditions. The main limitations are
listed below:
• Difficulty in estimating l
• The limits of the detonation peninsula are not universal and should only be considered
as transition regions from one regime to the other
• The pressure wave/heat release interaction takes place in a complex 3D field, which is
far from the hypothesis of a 1D DNS used to compute the diagram of Bradley
• The first AI spot is not necessarily responsible for the DDT
Independently from Bradley’s peninsula criterion, authors of the model performed
the simultaneous calculation of the premixed flame propagation with ECFM-LES and
auto-ignition with TKI-LES which allowed a direct analysis of the interactions between
pressure waves and AI heat release. This analysis was used to confirm occurrence of DDT,
and the applicability of Bradley’s theory to knocking combustion in practical applications.
Finally it was shown that DDT analysis based on Bradley’s theory predicts the change of
combustion regime as a function of the ST and roughly succeeds in predicting the location
and time of appearance of the DDT in the chamber. Unfortunately, the first AI spot is
not always responsible for the DDT. This means that using cold flow LES to calculate
the detonation indicator instead of a reacting LES as proposed by authors, would lead to
a failure of the indicator in many cases.
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5. Results of the work on ignition modeling in IC engines

5.1. Ignition model description
The literature review on the ignition models for 3D CFD combustion modeling in SI
engines has shown that in each model only particular aspects of ignition phenomenon
are accurately described while others are taken into account in a simplified way, or even
completely omitted. The aim of this work is to develop a comprehensive and predictive
ignition model, which provides for all aspects of the spark ignition process that have
influence on early flame kernel formation, growth and transition to the combustion model.
The model described in this study was implemented in AVL Fire 3D CFD solver and
combined with a G-equation combustion model for prediction of the flame propagation.
The required input from the user is information on the engine ignition system, such
as inductance (Ls ), resistance (Rs ) and energy stored in the secondary ignition circuit.
Additionally, the spark plug geometry need to be included in the 3D CFD mesh.
The ignition model is comprised of four different submodels: spark channel submodel,
electrical circuit submodel, ignition delay submodel and initial kernel growth submodel.
In the first submodel spark channel is represented by a set of lagrangian particles which
movement is calculated based on velocity interpolated from 3D domain. During the spark
movement electrical circuit and ignition delay submodels are solved simultaneously. The
result of the electrical circuit model is the heat transferred to the plasma channel and
its surroundings. In the spark channel temperature submodel the heat diffusion from the
spark channel towards surrounding mixture is calculated. Based on solution of 1D heat
equation with curvature terms, the temperature at the surface of the spark is calculated.
In the ignition delay submodel all necessary properties of the mixture are interpolated
from 3D domain and ignition delay time for these properties and temperature of the
spark surface is obtained from tabulated values. For an instantaneous value of ignition
delay time, a precursor of ignition is calculated. The ignition occurs for the lagrangian
particle at which the value of 1.0 is reached by the precursor. Details of these submodels
are given in sections 5.1.2, 5.1.3 and 5.1.4. As soon as the ignition of the mixture takes
place, the initial flame kernel is introduced at the given position of the spark channel. The
early stage of kernel growth and combustion is handled by the growth model described in
section 5.1.5. When kernel becomes large enough to be solved on the 3D mesh, a transition
from the growth model to the combustion model is performed. From this stage on, flame
propagation is handled by the G-equation combustion model.
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5.1.1. Spark channel model
The purpose of this submodel is a proper description of the spark channel and its
deflection during 3D engine simulation. The visible channel that is formed between the
spark electrodes at the instance of breakdown is a hot plasma consisting of gas atoms, ions
and molecules. The local flow field around the spark plug can drag this plasma channel
and significantly change its shape and length. Since representation of the cylindircal shape
of the channel on the standard 3D engine mesh is not possible, the spark channel in this
model is considered as evolving 3D curve represented by discrete Lagrangian particles
rni = (xni , yin , zin ), where i = 0, ..., m, denotes the particle number and n the discrete time
stepping. An example of spark channel represented by particles is given in Fig. 12. The
velocity vector field v for the curve movement is interpolated from 3D mesh for each
particle. The basic model for particles movement can be given by ∂t r = v(r), which
means that particles are moving independently on each other. Depending on the velocity
field, this type of movement can lead to self-intersections and irregular distances between
particles which will finally affect calculation of the local curvature.

Figure 12. Spark channel initialized with computational particles (left) and distorted spark
channel (right).

In order to overcome shortcomings of the simple movement model, an advanced scheme
for curve movement proposed by Mikula and Urbán [54] was implemented. This scheme
assures the smooth shape of the moving curve thanks to particles redistribution and
curvature regularization performed during the movement. An exemplary result of distorted
spark channel calculated with the implemented model is given in Fig. 12.
5.1.2. Electrical circuit model
A classical inductive ignition system comprises of primary and secondary circuits. In
the electrical circuit submodel the current in the secondary circuit is and the voltage
of the spark gas column Vgc are calculated in order to estimate the heat delivered to the
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spark channel. The primary circuit includes the battery, the switch, the primary resistance
and the primary inductance. The secondary circuit includes the secondary resistance, the
secondary inductance and the spark plug. In the presented model only the secondary part
of the circuit is represented similarly as in [35]. The energy available in the secondary
circuit Es is given as an input parameter. The change in energy available in the secondary
circuit Es with respect to time is described with the following equations:

 dEs (t) = −Rs · i2 (t) − Vie (t) · is (t)
s
dt
 0.5
i = 2Es
s
Ls

(5.1)

where Rs is the resistance of the secondary circuit, Vie is the inter-electrode voltage and
is is the current. The inter-electrode voltage is calculated with the following relation:
Vie = Vcf + Vaf + Vgc

(5.2)

where Vcf and Vaf are the cathode and anode voltage falls given by Kim et al. [55] and
Vgc is the gas-column voltage calculated as:
is 0.51
Vgc = Cgc · lspk iC
s p

(5.3)

where Cgc is the gas column constant, Cis is the current exponent constant and lspk
is the length of the plasma channel calculated with the spark channel evolution model.
When inter-electrode voltage Vie reaches the breakdown voltage Vbd , a restrike takes place.
The current spark channel disappears and a new one is formed between the electrodes.
Depending on the energy available in the secondary circuit, several restrikes can happen
during the single spark discharge event. Spark discharge process lasts as long as Es (t) > 0.
5.1.3. Temperature diffusion model
During the breakdown phase of the ignition process, the thin, cylindrical plasma channel is formed between the electrodes. The temperature and pressure of this channel rises
very rapidly up to values of 60000 K and several hundred atmospheres. Most of the
breakdown plasma energy is transferred to the surrounding gas within the small cylindrical volume into which the breakdown plasma expands. The breakdown phase is always
followed by the arc and glow phases during which the plasma energy is further transferred into the surrounding gas. Due to this energy transfer the temperature in the spark
channel decreases to about 6000 K during the arc phase and 3500 K during the glow
phase. Since the plasma temperatures are much too high to allow the species present in
normal combustion products to exist, combustion reactions take place at the outer plasma
surface where the conditions are ideal for rapid chemical activity (temperatures of one
thousand to a few thousand Kelvins) [1, 2]. This is the main assumption for the ignition
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delay time model described in this section. The main part of the model is solution of the
1D heat equation in normal direction to the spark channel surface in order to obtain the
temperature and corresponding ignition delay time.
In case of homogeneous combustion process in SI engine, no steep gradients in temperature and mixture composition can be found in the combustion chamber at the time of
ignition. If one assume that ignition delay time during the spark ignition process depends
on the local temperature, pressure and mixture fraction only, a simultaneous ignition
along the entire spark channel should occur. However, recent experimental studies on
ignition process in SI engines show that only a single flame kernel develops at the specific
location along the spark channel [38, 56, 57]. These observations lead to the conclusion
that additional effects influence the spark ignition process and the flame kernel formation. According to Schaefer [57] the deflection of the spark channel has an effect on the
the heat transfer and species diffusion in the normal direction to the plasma surface.
The curvature of the spark channel leads to an increased or reduced local energy transfer
depending on a convex or concave shape. To account for diffusion processes under the
influence of curvature he solved governing equations for temperature, species transport
and chemical reaction rates at the spark channel surface.

Figure 13. An exemplary result of 1D heat equation

In current work similar approach as in [39, 57] was incorporated. For simplification
only governing equation for temperature is solved in the normal direction to the spark
surface. Deriviation of the temperature equation with curvature terms is given in [39]. The
equation is solved for each particle representing the spark channel. With time advance,
the temperature at the spark surface is increased due to temperature gradient which
comes from the heat input. Simultaneously, temperature diffusion process towards the
unburned mixture counteracts temperature increase and specific temperature profile is
obtained over K-domain. An exemplary result of the temperature diffusion model for
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Figure 14. Example of temperature calculated at the spark channel surface

single computational particle is given in Fig. 13. The highest temperature is at the spark
surface and ignition is expected to take place there. Hence, the temperature calculated
on the spark channel surface is used for ignition delay calculation. An example result of
the temperature calculated at the spark channel surface is given in Fig. 14.
5.1.4. Ignition Delay model
In current work only temperature equation derived in [39] is solved in normal to the
spark channel surface. Since there is no governing equation for the species transport, it is
not possible to determine the ignition timing with a kinetic oxidation scheme. Instead, the
ignition delay after the spark deposition is calculated based on tabulated values of IDTs for
given mixture composition and properties. The convenience of this approach comes from
the fact that there is no need of solving the species transport equation and tabulated IDTs
for several different fuels are already available in AVL FIRETM database. It means that
the ignition model described in this study and implemented in AVL FIRETM software can
be used for any fuel that is included in the database. The IDTs are tabulated as a function
of temperature, pressure, equivalence ratio and residual gas fraction τ (T, p, φ, EGR).
Since temperature of the spark channel and mixture properties in the vicinity of the
spark plug are changing in time, it is necessary to provide a model that will account for
these changes and correctly predict the ignition based on tabulated IDTs. For this purpose
model for knock prediction proposed in [44] was adapted for calculating the delay between
spark deposition and appearance of the first flame kernel. Firstly, a precursor of ignition
is introduced for each particle of the spark channel. At every time step all values needed
for reading the IDT from the table are collected. As temperature input, the temperature
calculated at the spark plasma surface for given particle is used. Pressure, equivalence
ratio and residual gas fraction are interpolated from 3D domain for each particle. With
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these values an IDT is read from the table. Based on instantaneous value of IDT a change
of precursor is calculated every time step for every particle.

Figure 15. Example of precursor result on particles.

Figure 16. Initial flame kernel at calculated position.

Calculating the precursor with modified model of Lafossas et al. [44] allows to account for the history of changes in mixture composition, pressure and temperature. It
is important especially for temperature changes caused by the heat transfer from spark
channel to the surrounding mixture. Difference in curvature between particles will affect
the temperature calculated at the spark channel surface which will have impact on the
precursor and final position of ignition. It is expected that ignition will take place in
regions of high curvature due to increased temperature.
5.1.5. Kernel growth model
As soon as ignition criterion is reached (Precursor = 1.0) for any particle that represents the spark, a small flame kernel is introduced at the position of the corresponding
spark particle. Initial diameter of the kernel is set to 0.5 mm as suggested in [38]. For the
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G-equation combustion model, an initialization of the G-scalar is necessary by enforcing
a spherical distribution with G0 located at a kernel radius distance rk from the ignition
point. If the mesh resolution is fine enough, the following flame propagation can be directly
handled with the G-equation for RANS engine simulations [7], which is numerically solved
by the semi-implicit level set method with inflow-based gradient [58, 59]. However, if the
mesh resolution is to coarse to resolve the surface of the initial kernel, the kernel growth
can be handled with a 0D model as proposed by Schäfer [39].
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6. Summary and conclusions
The report briefly summarizes approaches for turbulent premixed combustion modeling in SI engines which are relevant for simulating large bore gas engines. As for the
knocking combustion, different approaches that are used to predict knock in RANS as well
as in LES codes were described. In the report the main focus was on different ignition
models, since combustion initiation in spark ignition gas engines is of crucial importance
in terms of efficient combustion and knock avoidance. In the report the progress of the
development of a new spark ignition model that was implemented into the AVL FIRETM
software is shown.
The model called AVL-CADIM takes into account and models several different phenomena that occur during the spark ignition process. Finally, the model was connected
with the G-equation combustion model for RANS engine simulations.
Development and application of the new ignition model is a huge step forward in gas
engines simulations as it provides more accurate description of the ignition process which is
one of the crucial elements in efficient and clean combustion process. The developed model
constitutes a solid basis for further work on combustion modeling, especially implementation of a model for knock prediction. Based on literature review provided in the report,
preferred approach to model knocking combustion is cycle to cycle LES simulations with
Bradley’s theory of DDT [53] or cycle to cycle LES simulations with auto-ignition model
coupled with the reactive flow [43] that would allow for a direct analysis of interactions
between pressure waves and auto-ignition heat release.
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