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Spray combustion can be simulated by solving hundreds of mathematical 
equations using high-performance computer clusters. Each of these equations 
describes an aspect of underlying physical and chemical processes. In this 
thesis, the simulation is used to study the spray combustion with multiple 
injections in engine conditions.
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Hothar, Catarina Lindén, Elna Andersson, Gity Yahoo, Julia Hansson, Isabelle
Frej, Vahid Tavanashad, Khashayar Kazemzadeh, Mojtaba Mahdavi, Meghdad
Yazdi, Hadi Mirhajian, Mehran Naseri and Hamid Ghanbari.

Most of all, I would like to thank my family. First, the love of my life, my
wife Zahra who was the greatest supporter and motivator in all my challenging
times. During all days and nights in which I had to work hard before the
deadlines, you were extremely patient and kind. We are so connected that
now after 10 years, I truly feel we are one person and all our successes and
achievements belong to both of us. Then, I would like to thank my parents for
their love and support throughout my life. Talking with you every single day is
the greatest joy that I have. I am dying to see you again and to be with you
all the time. I also want to thank my little son who changed my life and all my
priorities. After he was born, I learned how important small things in life are;
things like watching him when he laughs. Also, I want to thank my siblings for
their great emotional support throughout my life.

In the end, I acknowledge the Swedish Research Council (VR) for financial
support of my research and the Swedish National Infrastructures for Computing
(SNIC at HPC2N and PDC) for providing the computational resources.

vi



Popular science summary

In most vehicles, the mechanical energy is obtained by combustion of fuel in the
engine. To have clean and efficient combustion in engines, the fuel and air must
be well mixed before the combustion. In petrol engines, this mixing is done prior
to entering the engine; and then this premixed fuel-air mixture is compressed
and ignited by a spark. Conversely, in diesel engines, the pure air is compressed
to very high pressure and temperature. Then, the liquid fuel is directly sprayed
into this hot air and the fuel-air mixture is quickly ignited. This means that the
fuel may not have enough time to be mixed properly with air. Insufficient mixing
of the fuel and air in the diesel combustion leads to the formation of harmful
substances such as soot, which will be emitted to the environment. Better mixing
is key to reduce those emissions in diesel engines.

The use of diesel engines can be advantageous because of its thermal
efficiency, therefore, it is highly desirable to reduce emissions in these engines.
Reducing emissions can be done by improving the fuel-air mixing which can be
achieved by applying in-cylinder techniques such as multiple-injection. In this
technique, instead of injecting all of the fuel with one long injection, it is sprayed
in smaller amounts with multiple shorter injections. The interval between the
injections gives extra time for the fuel to be mixed with air. As a result of using
this technique, many other complicated physical processes in the combustion of
fuel will change.

Although it has been proven that multiple-injection techniques can poten-
tially be beneficial for better and cleaner combustion, the design of an optimum
injection timing to get the full potential improvements is not straightforward.
In such a design, there are many questions which an engine designer must an-
swer. For instance, is it optimal to split the long single injection into two equal
injections or into unequal injections? Is it better to have a shorter injection first,
and then a longer one, or vice versa? How many times shall the injection be
split? Two? three? or even more? These and many similar questions cannot
be answered without understanding the changes in the physical processes of
combustion as a result of using the multiple-injection technique. This thesis
strives to investigate those physical processes and expand this understanding.

To achieve the goal of this thesis, simulation of spray combustion with
multiple-injection in engine conditions is performed. The simulation is chosen
because it provides detailed information on diesel spray combustion, which is
hardly accessible for experimental measurements. For such simulations, hundreds
of mathematical equations are solved simultaneously, which can only be done

vii



using high-performance computer clusters. Each of these equations describes an
aspect of the physical and chemical processes in spray combustion. After it is
carefully made sure that the simulation can accurately resemble the real process,
different multiple-injection strategies are systematically examined. By applying
each strategy, the resulting changes in the combustion process are investigated.

The results show that splitting a single injection into two equal injections
can reduce the local fuel/air ratio which leads to cleaner combustion and reduces
soot emissions. Furthermore, it is shown that a small high-velocity post-injection
can push the near nozzle residue fuels, which can remain unburned, to further
downstream and reduce the unburned fuel emissions of the engine. It is also
shown that to get a better fuel/air ratio in the post-injection, the splitting
of injection should be retarded toward the end of injection. These and other
observations and conclusions of this thesis will help engine designers to design
cleaner and greener engines for more sustainable vehicles.
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Abstract

Combustion of fuel in diesel engines emits substances harmful to the environment
such as soot. These emissions can be reduced by either in-cylinder treatments or
after-treatments. One of the common in-cylinder treatments is multiple-injection,
which divides a single fuel injection to multiple smaller injections. There are
many open questions on the physical processes of the ignition, combustion and
emissions of diesel spray flame with multiple injections. The current PhD project
aims at studying these processes using large-eddy simulations (LES) and strives
to answer some of the open questions.

To develop a fast and robust LES tool for this study, a new method is
formulated for spray combustion simulation. This method is developed based
on the flamelet-generated manifold (FGM) method and the Eulerian stochastic
fields (ESF) method. The new ESF/FGM method relaxes some of the substantial
assumptions in conventional FGM, while it still keeps the computational costs at
a reasonable level for engineering applications. Additionally in this work, a new
reaction progress variable for FGM models is proposed by using local oxygen
consumption, and the advantages and limitations of this progress variable are
explored.

Spray-A from Engine Combustion Network (ECN) which is designed to
mimic modern engine conditions is chosen as the baseline case for simulations.
In this case, liquid n-dodecane, which is a diesel surrogate, is injected into a
high-pressure constant-volume vessel. The comparison of simulation results with
experimental measurements shows that the ESF/FGM method with the new
progress variable can predict the spray combustion characteristics such as ignition
delay time, ignition location, lift-off length, pressure rise and thermochemical
structure of the spray flame, accurately.

After validation of simulation results against experimental measurements,
the new ESF/FGM and other available turbulence-combustion simulation tools
are applied to simulate multiple-injection spray combustion. Different multiple-
injection strategies are investigated by systematically changing the injection
timing. The effects of applying each strategy on the ignition, combustion, mixing
and emissions are investigated. The results show that in split-injection and
post-injection strategies the major physical reason for reduction of soot is better
air entrainment and lower local equivalence ratio. It is shown that increasing the
dwell time and retarding it toward the end of injection can enhance this effect. On
the contrary, for the pre-injection strategies, shortening the ignition delay time
of the main injection reduces its pre-mixing and increases its soot formation. In

ix



these strategies, the high-temperature region from the pre-injection combustion
can increase soot oxidation of the main injection fuel, only if this region is not
cooled down as a result of air entrainment during dwell time. Therefore, in such
cases shortening the dwell time decreases net soot emissions.
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Chapter 1

Introduction

1.1 Motivation

The use of internal combustion engines (ICE) with fossil fuels are responsible for
powering a majority of heavy-duty commercial and passenger vehicles. A portion
of this market for passenger vehicles is gradually shifting from ICE with fossil
fuels to vehicles with more sustainable energy concepts [1]. Power generation
in these new vehicles are either combustion-based (e.g., biofuel vehicles), non-
combustion-based (e.g., electrical vehicles) or partially combustion-based (e.g.,
hybrid vehicles). As shown in Fig. 1.1, it is predicted that in 2040, 31% of
global passenger vehicles and 58% of new passenger vehicle sales will be electric
vehicles (EV) [2]. For heavy-duty vehicles, the trend of shifting from diesel
ICE to alternative solutions is much slower. It is estimated that in 2040 the
global share of EVs in heavy-duty commercials vehicle fleet is less than 10%.
Although the EV market is growing fast, it is forecasted that the vast majority
of heavy-duty commercial vehicles and a considerable share of passenger vehicles
will rely on ICEs in the upcoming decades.

However, in order to continue using ICEs, improvements with the emissions
must be made to meet the future emission regulations. For instance, Fig. 1.2
shows the progressive evolution of Euro I-VI emissions limits for heavy-duty diesel
engines [3–6]. According to the new proposed Euro VII [7], a greater restriction
on air pollutant emissions for all petrol and diesel cars will be developed by 2021
with the aim to achieve climate neutrality by 2050 [8]. This means that the ICEs
need to be optimised to meet the new restrictions and indicates the importance
of having ongoing research and development on ICEs to improve their efficiency
and reduce their emissions.

1
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Figure 1.1: EV share of global vehicle fleet and new vehicle sales by segment [2]

ICEs can be categorised into two main groups; spark-ignition engines (SI)
and compression-ignition engines (CI) [9]. In CI engines, the air is highly
compressed and maintained at a high temperature before the fuel is sprayed
near the end of the compression stroke which results in auto-ignition of the
mixture. The processes of injection, mixing with ambient air, auto ignition,
oxidation and post-combustion of spray play an important role in the final
efficiency, performance and emissions of the engines. Therefore, various aspects
of such spray combustion in engine conditions are in a significant focus in engine
research.
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Figure 1.2: The evolution of European emission standards for heavy-duty diesel engines, Euro I-VI [3–6].

1.2 Multiple-injection strategy

One of the spray injection strategies in CI engines is multiple-injection of the
fuel, which can potentially improve the performance of the engine and decrease
its emissions [10–19]. The multiple-injection method can be applied by splitting
a single-injection into multiple smaller injections with different combinations:
a short injection and then the main-injection, or two equal injections, or main
injection followed by a short injection (hereinafter called pre-, split or post-
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injection strategies, respectively). Each of these timings and strategies can be
optimised, for instance, by changing the duration and/or mass flow rate of each
individual injection. It has been observed that depending on the adopted strategy,
it may improve or diminish the performance of the engine and its emissions.

On the one hand, many studies show various benefits of some of the multiple-
injection strategies for engine performance and emissions behaviour. For instance,
Moiz et al. [20] studied the double injection of n-dodecane in a constant-volume
vessel and reported that the multiple-injection method can be beneficial for
combustion efficiency. As another example, O’Connor et al. [10] investigated
the effect of post-injection on unburned hydrocarbons (UHC) emissions and
reported a 34% reduction of UHC in comparison to a single-injection case at the
same load. Moreover, Hessel et al. [12] studied soot formation/oxidation for an
engine-like condition and concluded that a short post-injection leads to a lower
engine-out soot.

On the other hand, many other studies show potential adverse effects of
some of the multiple-injection strategies. For instance, Chen [14] showed that a
pre-injection strategy, in which an injection is split into a short first injection and
a long second injection, can reduce the NOX , CO, UHC emissions, whereas it
increases the soot emission [14]. As another example, Chartier et al. [21] showed
that a double injection can be beneficial on the reduction of UHC if only the
single injection splits into a large first injection and a small post-injection. Also,
Han et al. [17] showed that while an optimal split injection strategy can reduce
soot emission significantly, some other split injection strategies can increase it.

As these studies show, different multiple-injection strategies in different
engine conditions may change the underlying physical processes in spray com-
bustion and hence change their outcome. The high degree of freedom in design
of such strategies and the nonlinear effect of each parameter on the desired
outcomes make the optimised design of the multiple-injection difficult without
understanding the underlying physical processes. Consequently, many studies
are ongoing to develop such understanding [22–30]. These studies suggested a
variety of explanations for mechanisms by which a multiple-injection changes
the combustion of a diesel spray.

As an example, the suggested explanations in the literature for the decrease
of soot emission can be categorised into three main mechanisms [16]: (I) the
split injection enhances the mixing and reduces the local equivalence ratio before
the start of high-temperature combustion which acts in favour of reducing the
rate of soot formation (hereinafter called equivalence ratio effect) [31–33]; (II)
the second mechanism indicates that the heat release from the second injection
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increases the temperature of combustion and affects soot formation and oxidation
(hereinafter called the temperature effect) [34–37]; (III) finally, some authors
suggested that a split injection as such does not change the nature of combustion,
and each injection should be considered as stand-alone spray combustion [38–41].
In this explanation, the controlling factor is the duration of each injection which
is shorter when a single injection is split into multiple injections [16,39].

Another example is the suggested explanations for the increase of soot
emissions in pre-injection strategies in the literature which are sometimes dif-
ferent [11, 14]. It is not clear if this increase of soot in pre-injection strategies
is due to the increase of the soot formation process resulting from insufficient
fuel-air premixing time, the shortening of the ignition delay time (IDT), or the
lower soot oxidation rate as a result of lower local flame temperature. Skeen et
al. [42], reported a greater amount of soot in the second injection than what was
observed in the first injection. They suggested that the increase of soot is due to
the shorter IDT and lower local oxygen concentration for the second injection.
However, since they examined only one injection timing, they highlighted that
this conclusion may change by varying the pre- and main-injections duration
and dwell time. In a separate study on a similar case, Moiz et al. [43] reported
the same observation on the shortening of IDT and increase of the soot. To
explain these effects, they suggested various potential mechanisms which can be
dominant depending on the different operating conditions.

Depending on the major controlling mechanisms, an injection can be opti-
mised to achieve the best combustion emission behaviour. However, this requires
identifying which of the above-mentioned mechanisms has the major contribution
to the mixture formation, ignition and emissions of a diesel spray in an engine like
condition. In line with the described studies, this project is aimed to investigate
the spray combustion with multiple injections in IC engines conditions.

The multiphysics and multiscale processes of spray combustion in IC en-
gines take place in a confined space which makes the experimental diagnostics a
challenging task. Consequently, the numerical simulation methods have been
developed as an alternative for investigations of the combustion processes. Accu-
rate simulations can provide detailed temporal and spatial information which is
nearly impossible to be obtained from other methods. The simulations, therefore,
alongside the available measurements play an important role in spray combustion
research.

The spray combustion simulations of diesel fuel, which consists of large
hydrocarbons, involve modelling of a high number of chemical reactions which
interact with the turbulence in the engine chamber. To model this turbulence-
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chemistry interaction (TCI), a variety of methods have been developed. Some
methods such as the flamelet generated manifold (FGM), by relying on some
assumptions, can make the numerical simulations feasible for engineering appli-
cations. However, the assumptions in these methods make their predictability
limited to the conditions in which the assumptions are valid. On the other hand,
some other methods, such as Eulerian stochastic fields (ESF), which is a trans-
ported probability density function (PDF) method, do not rely on such major
pre-assumptions, hence, they can predict the behaviour of turbulent combustion
in different regimes and conditions. However, they are computationally very
expensive and less appealing for the applied engineering simulations.

1.3 Objectives

The objectives of this work are as follows.

• To formulate a new method for spray combustion, based on the ESF
method and the FGM method. The new ESF/FGM method benefits the
cost efficiency of FGM and accuracy of ESF to some extent. This method
has been developed recently and is further developed for spray combustion
in the current work.

• To address the issues with the chemistry tabulation of large hydrocarbon
fuels which exhibit complex oxidation pathways by introducing a new
progress variable as the FGM table entry.

• To identify differences in split-injection spray combustion with single injec-
tion spray combustion, in terms of local equivalence ratio, local temperature
and soot formation.

• To investigate the effects of various multiple-injection strategies with
different injection timings on jet-jet interaction of first and second injections
and fuel-air mixing.

• To analyse the effects of pre-injection with various durations and dwell
times on the ignition, combustion and soot emissions of the main injection.

• To examine the influence of post-injection on the mixture formation and
explain different possible effects on unburned hydrocarbon emissions.
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Numerical modelling

In this chapter, after presenting the governing equations for large-eddy simulations
(LES), the main difficulties of obtaining closure for the filtered reacting source
terms in turbulent combustion modelling are discussed. Then, by reviewing
some of the common TCI models, it is described how each model handles these
difficulties. Then, the new ESF/FGM approach is formulated and its advantages
and limitations in comparison to the reviewed TCI models are discussed. The
chapter is continued by introducing a new progress variable. Additionally, the
multiple-injection tracking method is described which is used for post-processing
purposes. Further details of numerical modelling for each simulation case can be
found in the corresponding papers.

2.1 Governing equations

The gaseous phase of reacting flow can be described mathematically by conser-
vation equations for mass, momentum, energy and species mass fractions, which
can be read as [45],

∂ρ

∂t
+
∂(ρui)

∂xi
= Ssρ, (2.1)

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj − τij ) +

∂p

∂xi
= Ssui , (2.2)
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∂(ρh)

∂t
+
∂(ρujh)

∂xj
− ∂

∂xj

(
λ
∂T

∂xj

)
=
∂p

∂t
+

∂

∂xj


ρD

Nsp∑

k=1

hk
∂Yk
∂xj


+ Ssh, (2.3)

∂(ρYk)

∂t
+
∂(ρujYk)

∂xj
− ∂

∂xj

(
ρD

∂Yk
∂xj

)
= ω̇k + SsYk k = 1, 2, ..., Nsp, (2.4)

where ui is velocity component along xi-direction; ρ, p and h are density, pressure
and enthalpy, respectively; λ is conductivity; Yk is the mass fraction of species
k, and Nsp is the number of species in the used reaction mechanism; D is the
diffusion coefficient; ω̇k is the reaction source term of species k; the terms with
superscript s are spray source terms; and τij is the viscous stress tensor obtained
from the strain rate as

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

)
. (2.5)

Additionally, the equation of state for ideal gases is:

p = ρRuT

Nsp∑

k=1

Yk
Wk

(2.6)

where Ru is the universal gas constant and Wk is the molecular weight of species
k.

Large-eddy simulations

In the LES, the large scales of turbulent motions are directly resolved while the
small subgrid scale motions are modelled. To do so, a filtering operator is applied
on the Navier-Stokes equations, resulting in a resolved filtered component and
an unresolved or subgrid scale (SGS) component. The filtering for the variable
φ can be expressed as

φ̃(x, t) =

∫
G(x− x′)φ(x′, t)dx′ (2.7)

where G is the LES filter. For the density-weighted terms, a Favre filtering is
used,

φ̃ =
ρφ

ρ
(2.8)
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Then, each variable can be decomposed into a Favre-filtered value and a SGS
fluctuations component,

φ = φ̃+ φ′′ (2.9)

The Favre-mean conservation equations for mass, momentum, energy and mass
fraction of species can be written as:

∂ρ

∂t
+
∂ρũi
∂xi

= Ssρ, (2.10)

∂ρũi
∂t

+
∂

∂xj
(ρũiũj − τ ij − τ sgsij ) +

∂p

∂xi
= Ssui , (2.11)

∂ρh̃

∂t
+
∂ρũj h̃

∂xj
− ∂

∂xj
(ρα̃

∂h̃

∂xj
+ Φsgs

h ) =
∂p

∂t
+ Ssh, (2.12)

∂ρỸk
∂t

+
∂ρũj Ỹk
∂xj

− ∂

∂xj
(ρD̃

∂Ỹk
∂xj

+ Φsgs
Yk

) = ˜̇ωk + SsYk k = 1, 2, ..., Nsp, (2.13)

where α = λ/ρCp is thermal diffusivity and τ sgsij is the subgrid scale stress tensor,
which is modelled using the one equation eddy-viscosity method. A gradient
assumption is used for SGS transport terms (Φsgs

h and Φsgs
Yk

), for instance,

Φsgs
h = ρ(ũj h̃− ũjh) = ρDt

∂h̃

∂xj
(2.14)

where Dt is turbulent diffusion coefficient. The spray source terms, Ssρ, S
s
ui and

Ssh, which account for the exchange rate of the mass, momentum and energy,
respectively, between liquid and gas are calculated using Lagrangian particle
tracking (LPT) modelling method (see section 2.4). The closure for the filtered
reaction source term (˜̇ωk) is discussed in the following.

2.2 Closure for the filtered reaction source term

What makes reacting flow simulations more challenging than non-reacting flow
simulations is the modelling of the filtered reaction source terms. Three major
difficulties for obtaining such closure are:
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(I) Finite-rate chemistry: The chemical oxidation pathway of hydrocarbons
from reactant to the final products is described by reaction mechanisms.
To calculate the reacting source terms, finite-rate chemistry calculations
are employed to numerically model the reaction mechanisms. These mech-
anisms for large hydrocarbons consist of hundreds of reactions or more,
which makes such calculations computationally expensive.

(II) Species transport equations: As an input for the finite-rate chemistry
calculations, the mass fraction of all species is required. For the CFD sim-
ulations, this means that a large number of additional transport equations,
one for each mass fraction, must be solved.

(III) Unresolved fluctuations: The filtered source terms that appear in the
LES framework is a non-linear function of the unresolved sub-grid variations
of species and temperature. Therefore, the unresolved sub-grid variations
must be accurately modelled.

To overcome these difficulties a variety of modelling approaches based
on different assumptions have been developed. Some of these TCI modelling
approaches are briefly described in the following. It should be clarified that
the current section does not cover all combustion modelling concepts. Only the
models which are relevant to the current project are reviewed.

2.2.1 Well-stirred reactor

In the well-stirred reactor (WSR) approach, it is assumed that the mixture inside
each computational cell is homogenously mixed. In other words, the effects of
SGS fluctuations on the reaction source terms are neglected, i.e.,

˜̇ωk = ω̇k(T̃ , Ỹα), (2.15)

where, k, α = 1, 2, ..., N . By this assumption, difficulty (III) is circumvented.
However, in this method no further simplification is made for the other two
difficulties. The difficulty (I) is taken care of by finite-rate chemistry calculation
as part of the solution, and the difficulty (II) is handled by numerically solving
filtered transport equations of mass fraction of species (Eq. 2.13). The introduced
error of the WSR simplification depends on the LES grid resolutions. Thus the
effects of the WSR assumption can be reduced by using a higher resolution in
LES.
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2.2.2 Partially-stirred reactor

The partially-stirred reactor (PaSR) model is similar to WSR model. The only
difference is that in this model the reaction rate in the cell is assumed to be
partially reduced as a result of SGS fluctuations. The reduced PaSR reaction
source term is described as

˜̇ωk = κω̇k(T̃ , Ỹα), (2.16)

where k, α = 1, 2, ..., N . The reduction factor, κ, is a function of a chemical time
scale (τc) and a mixing time scale (τmix) as

κ =
τc

τc + τmix
, (2.17)

where

τmix = Cmix

√
µeff
ρε

= Cmix

√
κ

ε

(ν
ε

)1/2
. (2.18)

Cmix is a model constant and must be pre-determined or calibrated.

In general, SGS fluctuations can either suppress the reaction or boost it.
However, in the PaSR model, only the suppression of reaction is modelled with a
major assumption, and it ignores the possibility for the boost of combustion as
a result of SGS fluctuation. The computation cost of the PaSR model is almost
the same as that of the WSR model.

2.2.3 Eulerian stochastic fields

The mathematical stochastic process refers to a randomly determined process, and
the stochastic methods are used in a wide range of applications. In the Eulerian
Stochastic Fields (ESF) method [46–50] which is a transported probability density
function (PDF) TCI modelling method, instead of the filtered scalars (Ỹk and
h̃), a number of Eulerian stochastic fields of these scalars are considered as Yk

(n)

and h(n), where n = 1, 2, ..., Nesf . The filtered scalars can then be calculated as
the ensemble mean of the Nesf notional fields,

Ỹk =
1

Nesf

Nesf∑

n=1

Yk
(n) (2.19)

and
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h̃ =
1

Nesf

Nesf∑

n=1

h(n). (2.20)

The transport equations of stochastic fields of h(n) and Yk
(n) can be written

as

ρdh(n) = dp − ρũi
∂h(n)

∂xi
dt + ∂

∂xi
(Γt

∂h(n)

∂xi
)dt

−1
2ρCφ(h(n) − h̃)ωsgsdt + ρ

√
2Γt
ρ
∂h(n)

∂xi
dW

(n)
i

+Sshdt n = 1, 2, ..., Nesf ,

(2.21)

and

ρdYk
(n) = −ρũi ∂Yk

(n)

∂xi
dt + ∂

∂xi
(Γt

∂Yk
(n)

∂xi
)dt

−1
2ρCφ(Yk

(n) − Ỹk)ωsgsdt + ρ
√

2Γt
ρ
∂Yk

(n)

∂xi
dW

(n)
i

+ρω̇
(n)
k dt k = 1, 2, ..., N n = 1, 2, ..., Nesf .

(2.22)

Equations 2.21 and 2.22 are solved in the ESF method instead of Eqs. 2.12
and 2.13 in the WSR and PaSR methods. The term Γt = µ

σ + µsgs

σsgs is the sum

of molecular and SGS diffusivity. The term dW
(n)
i represents a vector Wiener

process that is spatially uniform but different for each field. Here, dW
(n)
i is

approximated by time-step increment
√
dtη(n) and η(n) is a {−1, 1} dichotomic

random vector [46]. The terms involving Cφ are the micro-mixing terms [51]
modelled by the Interaction with Exchange to the Mean (IEM) model [52]. In
these terms, ωsgs is the SGS turbulent frequency modeled as ωsgs =

µ+µsgs
ρ∆2 , with

∆ being the filter width. In the implementation of the ESF method, it must be
assured that the added random values by the Wiener terms and micro mixing
terms in Eqs. 2.21 and 2.22 are cancelled out when calculating the ensemble
mean values.

In the ESF method, while each individual stochastic field does not have any
physical meaning nor represents any realisation of the real flow, the ensemble
mean and moment of stochastic fields represent the mean and moment of the
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filtered physical quantities. Furthermore, these fields represent the PDF of
subgrid scale fluctuations of the physical quantities.

The major advantage of using the ESF method is that the equations appear
in unfiltered form (see Yk

(n) and h(n)in Eqs. 2.21 and 2.22). Consequently, the
reaction source terms in these equations are in unfiltered and closed form (ω̇k).
Thus, they can be obtained directly from the finite-rate chemistry calculations
without the need to introduce further assumptions of modelling,

ω̇
(n)
k = ω̇k(T

(n), Y (n)
α ). (2.23)

The ESF method and similar transported-PDF methods treat the listed
difficulties (I)-(III) without relying on major presumptions. Lack of major
presumptions potentially enables these methods to capture different regimes of
combustion. However, due to the high number of additional transport equations
that need to be solved, the use of such methods can be computationally very
expensive. As a rule of thumb, the computation cost of the ESF method is Nesf

time more than that of the WSR method. Typically, at least eight stochastic
fields are considered [53].

2.2.4 Steady flamelet

All the above-described methods can be categorised as finite-rate chemistry-
based models, in which the reaction source terms are calculated alongside the
simulation. These methods are computationally expensive and they may be
unappealing for engineering applications. As a response to this, a different group
of methods have been developed using a conserved scalar-based approach. In the
simplest version of these methods (Burke-Schumann method), it is assumed that
all thermochemical scalars including temperature and mass fraction of species
can be described by one conserved scalar, i.e., mixture fraction (Z). The mixture
fraction is the ratio of the mass that originated from the fuel stream to the total
mass. Although the mass of fuel changes in combustion, the total sum of the
material from fuel streams does not change during chemical reactions. Therefore,
the mixture fraction is a conserved scalar. This means that the reaction source
term does not appear in its transport equation, which is an advantage in the
combustion simulation,

∂ρZ̃

∂t
+
∂ρũjZ̃

∂xj
− ∂

∂xj

[
ρD

∂Z̃

∂xj
+ Φsgs

Z

]
= SsZ . (2.24)
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By using the conserved-scalar-based approach, the discussed difficulties
of the filtered source term modelling are eliminated. This, however, is at the
cost of major assumptions, which limit the predictability of the simulations
to the conditions in which the assumptions are valid. The Burke-Schumann
assumption is valid if the reaction is infinitely fast. In such conditions, the reaction
happens in an infinitely thin layer of stoichiometric composition. Therefore, all
thermochemical properties can be described using local Z values.

A less restrictive conserved-scalar-based method is the flamelet approach [54].
The methods in the flamelet approach have been widely used in engineering
applications. These methods are built based on the assumption of scale separation
between flame scales and turbulent scales. This assumption is valid if the reaction
is fast (not necessarily infinitely fast) compared to the turbulent scale. In such
conditions, the reaction zone in the flame is thin compared to the small scales of
turbulence and hence retains the laminar structure. This thin reaction zone is
located in the vicinity of the stoichiometric mixture fraction. One can consider
a moving frame of reference attached to the isosurfaces of Z = Zst, in which,
one axis is normal to the isosurface. In such a frame of reference, as a result of
fast reaction, the change of temperature and other thermochemical properties
in the Z direction is much larger than that in the tangential direction. Thus,
the derivatives of thermochemical properties in the tangential direction can be
neglected. For the non-premixed combustion, by transforming the transport
equations of temperature and species to the mixture fraction coordinate and
neglecting the derivatives in the tangential direction, the flamelet equations are
derived,

∂ψi
∂τ
− ρχ

2

∂2ψi
∂Z2

= ω̇ψi , (2.25)

where ψi refers to thermochemical scalars such as the mass fraction of species
or the temperature; τ is the time; ρ is the density; χ is the scalar dissipation
rate and ω̇ψi is the chemical reaction rate. The flamelet equations are one-
dimensional time-dependent equations and they can be solved numerically for
given boundary conditions. The solutions can be tabulated in terms of χ, Z and
τ as an a priori step for CFD simulations. The required number of table entries
in simulations might lead to a table which is time- and memory-consuming to
retrieve information from. To reduce the table entries in the steady flamelet
model, it is assumed that the time derivative term in Eq. 2.25 can be neglected,

− ρχ
2

∂2ψi
∂Z2

= ω̇ψi , (2.26)
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The solution of the steady flamelet equations can be described as a function
of Z and χ,

ψi = Fψi(Z, χ), (2.27)

where F refers to the solution data from flamelet equations. To calculate the
filtered scalar (ψ̃i) the subgrid scale fluctuations of table entries must be taken
into account. To do so, the joint-PDF of Z and χ in unresolved scales for each
computational cell is required,

ψ̃i =

∫∫
Fψi(Z, χ)P̃ (Z, χ)dZdχ, (2.28)

where P̃ is the one-time one-point joint-PDF. Usually, a presumed PDF, such
as beta-function is used. Note that in the steady flamelet method, there is
no filtered reactive scalar. This makes the estimation of SGS fluctuation less
important. As will be discussed in the next section, the lack of a filtered source
term is not the case for some of the other flamelet methods such as FGM
method. The steady flamelet model is less computationally demanding than
finite-rate-chemistry methods. The results of this method can be acceptable in
non-premixed combustion cases where the structure of flame does not include
unsteady processes such as ignition. For instance, the steady flamelet method fails
to predict the flame lift-off length and ignition delay time which are important
features in many combustion devices including CI engines.

In steady flamelet TCI method, Eqs. 2.12 and 2.13 (i.e., Nsp equations),
do not need to be solved, which decreases the required computational cost
substantially. Furthermore, the finite-rate chemistry is replaced with a lookup
procedure, which further reduces computational costs. However, these are at the
cost of major assumptions which limit the reliability of the simulations.

2.2.5 Flamelet generated manifold

To enable the flamelet method to capture unsteady processes such as ignition, the
unsteady term in the flamelet equations (Eq. 2.25) must be included in the table
generation. To do so, the FGM method was introduced in Ref. [55], following
the idea of Flamelet Progress variable (FPV) method in Ref. [56]. In FGM, a
manifold is assumed for the process of combustion, which consists of two parts.
The first part represents the unsteady process and it consists of the solution of
Eq. 2.25 from unburned state (τ = 0) to fully burned solutions (τ → ∞), for
a chosen value of scalar dissipation rate (χu). The second part represents the
steady steady-state flame and it consists of solutions of Eq. 2.26, with varying χ.
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Thermochemical quantities which are obtained from the solution of the unsteady
flamelet equations for a given χ can be expressed as,

ψi = Fψi(Z, τ), (2.29)

and those from the steady flamelet equations as

ψi = Fψi(Z, χ). (2.30)

In the FGM method, to unify the unsteady and steady parts and generate a
manifold, a reaction progress variable (Y) is needed. Y is typically a weighted
sum of species mass fractions, hence, it is a function of Z, χ and τ ,

Y = Y(Z, χ, τ). (2.31)

The chosen Y must satisfy the monotonicity condition [57] for any given Z over
unsteady flamelet solutions, i.e.,

if 0 ≤ τ1 < τ2 <∞ → Y(Z, χu, τ1) < Y(Z, χu, τ2). (2.32)

and steady flamelet solutions, i.e.,

if 0 < χ1 < χ2 ≤ χu → Y(Z, χ1,∞) > Y(Z, χ2,∞). (2.33)

With such monotonic Y , all the quantities which are obtained from unsteady and
steady flamelets (Eqs. 2.29 and 2.30) can be mapped from τ and χ coordinates
to Y coordinate. Therefore the tabulated data (Eqs. 2.29 and 2.30) can be
unified and expressed as,

ψi = Fψi(Z,Y). (2.34)

Consequently, in the LES, in addition to the transport equation of Z (Eq.
2.24), the transport equation of Y must also be solved

∂ρỸ
∂t

+
∂ρũjỸ
∂xj

− ∂

∂xj

[
ρD

∂Ỹ
∂xj

+ Φsgs
Y

]
= SrY . (2.35)

Note that since Y is a reacting scalar, the method is not a pure conserved-
scalar-based. The use of a reacting scalar as table entry enables the method
to model a wider range of combustion conditions, such as ignition. However, it
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introduces the problem of closure for the filtered reaction source term. While
the unfiltered reaction source term (SrY) can be obtained from the solution of
the flamelet equations, the closure for the filtered source term in the Eq. 2.35
needs the presumption of subgrid scale PDF. Similar to Eq. 2.28, the filtered
terms can be calculated as

ψ̃i =

∫∫
Fψi (Z,Y) P̃ (Z,Y) dZ dY. (2.36)

Presumed PDF shape

In the conventional FGM method, it is assumed that the PDF of tabulation
parameters are statistically independent, i.e.,

P̃ (Z,Y) = P̃ (Z)P̃ (Y). (2.37)

Beta- and delta-distributions for the mixture fraction and progress variable are
typically considered,

P̃ (Z) = β(Z; Z̃, Z̃ ′′2), (2.38)

P̃ (Y) = δ(Y − Ỹ). (2.39)

Z̃ and Ỹ can be obtained from Eqs. 2.24 and 2.35, and the sub grid mixture

fraction variance (Z̃ ′′2) is usually estimated using an algebraic model,

Z̃ ′′2 = C∆2

∣∣∣∣∣
∂Z̃

∂xi

∣∣∣∣∣ , (2.40)

where C is a model coefficient and ∆ denotes the LES filter width.

Cooling effects in the FGM method

For spray combustion modelling using FGM, the cooling effect of spray evapora-
tion must be taken into account. One approach is to solve the enthalpy transport
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equation and calculate the temperature using the enthalpy and mass fraction
of species, as it was practised in Ref. [58]. The enthalpy transport equation
includes the spray source term, therefore, the energy exchange between the liquid
and gas phases, and the cooling effect of spray evaporation will be taken into
account. However in this approach, effects of the lower temperature on the
reaction source term is assumed to be negligible, which has been shown to be a
reasonable assumption for the studied cases [58].

2.2.6 Eulerian stochastic fields/Flamelet-generated manifold

In the FGM method, the presumed PDF directly affects the reaction source term
in Eq. 2.35. Due to the sensitivity of results to reaction source terms, the PDF
presumptions can change the results substantially. Note that this is not the case
for the steady flamelet method, in which there is no reaction source term and
PDF presumptions have minor effects.

To represent the PDF of table entries for the filtered source terms in
FGM without presumptions, the new concept of ESF/FGM was introduced in
Refs. [59,60]. In this approach, the unresolved fluctuations and the joint-PDF of
table entries are represented by Nesf stochastic fields. Therefore, the assumptions
on the PDF in the conventional FGM approach are relaxed and replaced with
ESF.

In the current work, the approach is further developed and applied for spray
combustion simulations with auto ignitions. Similar to what was explained in
section 2.2.3, here, instead of the filtered scalars (Z̃, Ỹ and h̃), a number of
Eulerian stochastic fields of these scalars are considered as Z(n), Y(n) and h(n),
respectively. In this method, instead of Eqs. 2.12, 2.24 and 2.35, the following
stochastic differential equations are solved,

ρdZ(n) = −ρũi ∂Z
(n)

∂xi
dt+ ∂

∂xi
(Γt

∂Z(n)

∂xi
)dt

−1
2ρCφ(Z(n) − Z̃)ωsgsdt+ ρ

√
2Γt
ρ
∂Z(n)

∂xi
dW

(n)
i

+SsZdt ,

(2.41)
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ρdY(n) = −ρũi ∂Y
(n)

∂xi
dt+ ∂

∂xi
(Γt

∂Y(n)

∂xi
)dt

−1
2ρCφ(Y(n) − Ỹ)ωsgsdt+ ρ

√
2Γt
ρ
∂Y(n)

∂xi
dW

(n)
i

+ρS
r(n)
Y dt ,

(2.42)

ρdh(n) = dp− ρũi ∂h
(n)

∂xi
dt+ ∂

∂xi
(Γt

∂h(n)

∂xi
)dt

−1
2ρCφ(h(n) − h̃)ωsgsdt+ ρ

√
2Γt
ρ
∂h(n)

∂xi
dW

(n)
i

+ρS
r(n)
h dt+ Sshdt ,

(2.43)

with n = 1, 2, ..., Nesf .

In Eqs. (2.42) and (2.43), the reaction source terms are not filtered, and are
in closed form. Therefore, they can be directly retrieved from the tables, and no
integration using a presumed PDF is needed,

ψi
(n) = Fψi(Z

(n),Y(n)). (2.44)

where ψi
(n) in this equation refers to S

r(n)
Y , S

r(n)
h or Y

(n)
k . The mean of each

variable is then calculated from the ensemble of Nesf notional fields, e.g.,

ψ̃i =
1

Nesf

Nesf∑

n=1

ψi
(n). (2.45)

The ensemble average of the fields Ỹk, h̃, T̃ , Z̃, Ỹ, S̃rh and S̃rY can be
expressed in this way.

In the ESF/FGM method, difficulty (III), i.e., the SGS fluctuation, is taken
care of more accurately compared to conventional FGM. However, the other
assumptions in the FGM method are still retained. The process is assumed to
follow the considered manifold and the flame scales and turbulent scales are
assumed to be separable.
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The number of transported equations for Z, Y and h in ESF/FGM is Nesf

times more than that in conventional FGM, which increases the computational
costs. On the other hand, the table look-up process in ESF/FGM for each field
is faster than that in conventional FGM. This is because in conventional FGM
an extra table dimension of Z̃ ′′2 is required, which is not the case in ESF/FGM.

2.2.7 Summary of TCI models

A summary of the discussed TCI methods is presented in table 2.1. The WSR,
PaSR and ESF methods are finite-rate chemistry method with different SGS PDF
modelling approaches. The flamelet and FGM methods tabulate the chemistry
with major assumptions and presume the SGS PDF. The new method, ESF/FGM,
inherits the tabulation of chemistry from FGM method and the SGS PDF from
the ESF method. The ESF/FGM model is used in the simulations in Papers
II and V, and its results are compared with that from conventional FGM in
chapter 4 and Paper V.

Table 2.1: Summary of the discussed turbulence combustion models.

Chemistry SGS turbulence combustion interaction

calculated with
WSR finite-rate chemistry ignored

alongside the LES

calculated with modelled
PaSR finite-rate chemistry with

alongside the LES major assumptions

calculated with represented by Eulerian
ESF finite-rate chemistry stochastic fields

alongside the LES process

precalculated presumed
Steady Flamelet with major assumptions and

and tabulated tabulated

precalculated presumed
FGM with major assumptions and

and tabulated tabulated

precalculated represented by Eulerian
ESF/FGM with major assumptions stochastic fields

and tabulated process
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2.3 The O2 progress variable

As discussed in section 2.2.5, in the FGM and ESF/FGM methods, a progress
variable must be defined, in a way that it meets the monotonicity requirement
(Eqs. 2.32 and 2.33). Usually, such a progress variable is defined based on
the local mass fraction of species. If the definition only consists of the final
product species such as CO2, it fails to represent the pre-ignition and ignition
periods. This is because the final products are not formed at the initial stages
of combustion. Therefore, some of the intermediate species such as CH2O and
CO are usually added to the definition in order to represent the initial and
intermediate stages. The drawback is that these species are consumed in the
last stages of combustion, hence, the value of the progress variable decreases in
these stages. This violates the monotonicity criterion and leads to inaccurate
results. To avoid this problem, a weighted sum of species mass fractions is
used and the weighting factors are adjusted in a way that the progress variable
meets the monotonicity requirement for any given mixture fraction. This case-
and condition-dependent adjustment can be a challenging task during the FGM
database generation, especially for cases with large hydrocarbon fuels such as
n-dodecane.

In this work, in addition to two common progress variables (Y1 and Y2)
a rather different approach for defining the progress variable is examined. In
the new progress variable (Y3), the reaction progress is estimated by measuring
the local amount of consumed oxygen molecules. In this way, the monotonicity
criterion is satisfied without the calibration requirement.

In the following definitions, to exclude the contribution of the initial gases,
Y ∗k is used as

Y ∗k = Yk − YN2(Y 0
k /Y

0
N2

) (2.46)

where Yk is the mass fraction of species k, and Y 0
k is its initial mass fraction.

The second term in the right-hand side estimates the local contribution of initial
gases in Yk. Therefore, Y ∗k is the local value of the species which is formed as
a result of the reaction. This estimation is based on an assumption that the
diffusion coefficients of all species are the same, thus, the local contribution of
the initial mixture is proportional to the mass fraction of N2.

The first progress variable, Y1, is adopted from an often-used definition in
the similar FGM studies [58,61] as

Y1 = Y ∗CO/MCO + Y ∗CH2O/MCH2O + Y ∗CO2
/MCO2 , (2.47)

where Mk is the molecular mass of species k.
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The second progress variable, Y2, is a so-called optimum progress variable
and involves all the species,

Y2 =

Ns∑

k=1

wkY
∗
k . (2.48)

where Nsp is the number of species in the used kinetic mechanism. The weighting
coefficients (wk) are calculated using an optimisation procedure, adopted from
Ref. [62]. The procedure determines the best combination of wks to achieve the
best possible monotonic behaviour for all Z values in the FGM [63]. For the
case of this study (see section 3.1) the four determined largest terms of Y2 are,
−6.85× 10−1Y ∗O2

+ 1.66× 10−1Y ∗CO2
+ 1.45× 10−1Y ∗CO − 4.68× 10−4Y ∗C7H14

.

Finally, Y3, which is proposed in this work and used as baseline Y, is

Y3 = −Y ∗O2
= YN2(Y 0

O2
/Y 0

N2
))− YO2 . (2.49)

The first term on the right-hand side of the equation represents the amount
of local oxygen in case of no reaction (see Eq. 2.46). The second term on the
right-hand side of the equation is the actual local mass fraction of oxygen. Thus,
Y3 indicates how much oxygen has been consumed locally. Figure 2.1 shows
the evolution of Y3 from the solution of unsteady flamelet equations for the
case of this study (see section 3.1 for the case description). As can be seen, the
above-defined progress variable increases monotonically as a function of time,
for a wide range of Z.

0 0.2 0.4 0.6 0.8
Time [ms]

0.2

0.4

0.6

0.8

1

N
o

rm
al

is
ed

 p
ro

g
re

ss
 v

ar
ia

b
le

3Zst

Z=4Z st

Z
st

0.5Z
st

2Zst

Figure 2.1: Monotonic evolution of Y3 for given mixture fractions ranging from 0.5Zst to 4Zst. In each plot, Y3 is
normalised with its maximum.

The advantages of using the O2 progress variable compared to other com-
mon progress variables and its limitations are discussed in Paper V and also
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section 4.5. It is shown that the simulation with the O2 progress variable can cor-
rectly estimate ignition delay time, lift-off length, pressure rise and the structure
of the flame, for the case of this study.

2.4 Lagrangian particle tracking

Closures for spray source terms (Ssρ, S
s
ui and Ssh) are obtained using LPT approach.

In this approach, a spray is considered as discrete phase consisting of a large
number of evaporating droplets. Each droplet should be tracked individually in a
Lagrangian framework. The number of droplets in real sprays is massively large,
thus, tracking every single droplet is not computationally feasible. The efficient
way is to describe the spray as a limited number of parcels within which the
droplets have identical properties, e.g., diameter and temperature. Lagrangian
tracking is performed for parcels instead of individual droplets. Equations of
motion for parcels are [64]:

d

dt
xp = up (2.50)

d

dt
up =

CD
τp

Rep
24

(ug − up) =
CD
τp

Rep
24

vrel (2.51)

Rep is the parcel Reynolds number defined as Rep = ρg|vrel| dp/µg with dp
being the parcel diameter and µg gas-phase viscosity. CD is the drag coefficient

and is modelled as CD = 24
Rep

(1 + 1
6Re

2/3
p ) for Rep < 1000 and CD = 0.424 for

Rep >= 1000. xp is the parcel vector position, up is the parcel velocity, ug is
the surrounding gas velocity and vrel is the relative velocity between the parcel
and surrounding gases. τp = ρld

2
p/18ρgνg is the parcel characteristic time. The

droplets are injected with a Rosin Rammler distribution, ranging from 1 µm
to the diameter of injector, 90 µm, and their break-up is modelled using the
Kelvin-Helmholtz Rayleigh Taylor (KHRT) model [65]. For more details on the
spray modelling in this work, see Ref. [64, 66].

2.5 Multiple-injection tracking

As discussed in chapter 1, one of the main objectives of the current work is to
study multiple-injection strategies in engine conditions. For such a study, it is
desirable to track the evolution of each injection and its contribution to the
local mixture fraction. While such tracking in experimental measurements is
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challenging, it can be performed in simulation by numerically solving additional
equations for mixture fraction of each injection as below:

∂ρZ̃i
∂t

+
∂ρũjZ̃i
∂xj

− ∂

∂xj

[
ρD

∂Z̃i
∂xj

+ Φsgs
Zi

]
= SsZi (2.52)

where Zi is the mixture of injection number i. The source term of the mass
exchange rate (SsZi) takes the value of Ssρ during the number i injection, and
becomes zero once the next injection starts. In this way, the contribution of
the injected mass from each injection on the local equivalence ratio can be
determined. The transport equation of the physical mixture fraction (Eq. 2.24)
is equivalent to the sum of the Zi equations (Eq. 2.52) and Z is equal to

∑
Zi.

An illustration of the tracking of mixture fraction from the first and second
injection for one of the studied cases (see section 3.1 for the description of the
case) is shown in Fig. 2.2. In this case, first and second injections, each 0.5 ms,
are injected with an interval of 0.5 ms in between. Isocontours of the first and
second injections are shown in red and blue, respectively.

Figure 2.2: Illustration of injection tracking. Isocontour of misture fraction from first (red) and second (blue) injection,
Z1 = 0.01 and Z2 = 0.01.
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Computational configuration

Two cases are considered in this study. The first case is a reacting n-dodecane
injection into a constant-volume cubical vessel in engine conditions. The second
case is a non-reacting gas jet which is used to study the jet-jet interaction in
multiple injections with different timings. These cases have been chosen and
used in different stages of the project. In each case, a variety of injection timings
are considered to study fuel-air mixing, penetration, ignition, combustion and
emissions.

3.1 Spray case

The Spray-A case from the Engine Combustion Network (ECN) [67], which has
been designed to mimic diesel spray combustion in CI engines, is chosen for
simulations in Papers I, II and V. This case is chosen because it has been
widely studied numerically and experimentally [51, 61, 68–88], and extensive
results are available to evaluate the quality of the current simulations.

3.1.1 Case description

A schematic of the Spray-A experiment from ECN is shown in Fig. 3.1. This
case involves an injection of liquid n-dodecane at 363 K through a nozzle with a
diameter of 0.09 mm. The fuel is injected into a pressurised preheated cubical
constant-volume vessel (with a side length of 108 mm). The vessel content has
a temperature of 900 K and a density of 22.8 kg/m3 prior to injection. The
volumetric concentration of oxygen, carbon dioxide, water vapour and nitrogen
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Figure 3.1: Schematic of the Spray-A experiment [67]. Figure 3.2: The simulation domain which is cubical vessel
with a side length of 108 mm.

are 15%, 6.22%, 3.62% and 75.16%, respectively. These values mimic diesel
engines with exhaust gas recirculation (EGR) [89]. In the non-reacting simulation
of this case, which is used for spray calibration and validation, these volumetric
concentrations are set to 0%, 6.52%, 3.77% and 89.71%, respectively [67].

3.1.2 Numerical setup

Table 3.1: The description of the baseline case

Fuel n-dodecane
Fuel injection pressure 150 MPa
Fuel temperature 363 K
Ambient temperature 900 K
Ambient density 22.8 kg/m3

Ambient pressure ≈ 60 bar
EGR (CO2 + H2O) 6.22%+3.62%
Oxygen 15 %
Injected fuel 3.46 mg
Injection duration 1.5 ms
Cubical vessel volume 1.26 litre

A summary of the studied baseline case is presented in table 3.1. The simulation
domain for this case is illustrated in Fig. 3.2, in which the mesh size is 0.125 mm
within the first 20 mm (axial) of the injector and then it is increased to 0.25 mm
for the rest of the domain. In addition to the analysis of mesh size in the previous
work [66], the sufficiency of the used mesh in resolving the required fraction of
turbulence is examined in the following sections. In the simulations, a time step
of ∆t =20 ns is used, which keeps the maximum Courant number below 0.1.
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Second-order discretisation schemes for both time and space are employed. A
chemical kinetic mechanism, which consists of 130 species and 2323 reactions [90]
and the ESF/FGM method which is implemented in OpenFOAM [91] is used in
Papers II and V. For the simulations in Paper I, another kinetic mechanism
which has 54 species and 269 reactions [92].

3.1.3 Injection profile

In Papers II and V, the injection mass-flow-rate profiles are adopted from
ECN [67]. The adopted profiles take into account the opening and closing time
of the injector. Therefore, the injected mass in each stroke of injection is not
linearly proportional to its injection duration. This is more important for cases
with short injection. An example of this injection profile for a 0.2 ms long first
injection and 1.3 ms long second injection with 0.3 ms interval is shown in Fig.
3.3. In the simulations for Paper I, a top-hat profile is used as the injection
mass-flow-rate profile.
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Figure 3.3: Injection mass-flow-rate profiles adopted from ECN [67], for a case with 0.2, 0.3 and 1.3 ms duration of first
injection, dwell time and second injection, respectively. The plotted rate is normalised by its maximum value.

3.1.4 Resolved fraction of the turbulence

To examine the sufficiency of the grid size in resolving the turbulent kinetic energy,
10 realisations of the non-reacting LES case are performed. Different realisations
are generated by randomly changing the temporal order of the injected droplets
diameter, while the overall Rosin Rammler distribution of the droplets are kept
identical. Using these 10 LES realisation, the ensemble-averaged velocity and its
fluctuation can be calculated. Then the resolved scale turbulent kinetic energy,
kres can be estimated and used to evaluate the quality of the current LES,

kres(x, y, z, t) =
1

2
((u′i)

2 + (u′j)
2 + (u′k)

2), (3.1)
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where u′i = ui − 〈ui〉 is the fluctuation of axial velocity, and u′j and u′k are the
corresponding of the other two velocity components. 〈〉 denotes ensemble average
with the 10 LES runs. The total turbulence kinetic energy (k) consists of the
resolved (kres) and the subgrid scale turbulent kinetic energy (ksgs)

〈k(x, y, z, t)〉 = 〈kres(x, y, z, t)〉+ 〈ksgs(x, y, z, t)〉. (3.2)

Fig. 3.4a and b show the 〈ksgs〉 and 〈kres〉, respectively, at t = 1 ms.
Comparing these two fields indicates the fraction of resolved turbulent kinetic
energy in the current LES. To quantitatively perform such comparison, the
fraction of resolved turbulence kinetic energy (i.e., 〈kres〉/(〈kres〉 + 〈ksgs〉)) is
shown in Fig. 3.5, for various downstream locations. These axial locations are
indicated by white lines in Fig. 3.4. As can be seen, except for a limited zone
near the centreline, an acceptable fraction of turbulence kinetic energy is resolved.
It should be noted that the majority of combustion is expected to take place in
relatively large axial locations as the measured flame lift-off length is 16.8 mm.
Thus, it is judged that the present LES grid and filter size are sufficiently fine to
resolve the turbulent kinetic energy for LES.

Figure 3.4: (a) 〈ksgs〉; (b) 〈kres〉 at t = 1 ms. The white lines show the axial locations of the plots in Fig. 3.5.
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Figure 3.5: The fraction of resolved turbulence kinetic energy 〈kres〉/(〈kres〉+ 〈ksgs〉) at three axial locations.
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3.2 Gas injection case

The cases in Papers III and IV are chosen based on numerical studies of Hu, et
al. [93]. In these cases, only the gas phase is simulated and the mixing process in
the gas-phase is modelled by performing 10 LES realisations for each case. The
same approach (i.e., only gas-phase simulations) has been used in the other works
in the literature, for instance in Refs. [93,94]. In these studies, the chosen size of
the nozzle is of the order of 1 mm, while the nozzle diameter in modern engines
is of the order of 0.1 mm. The rationale behind the selection of the parameters
for such studies is to choose injector diameter and the momentum of the jet to
mimic the conditions of spray flows in engines [95,96]. Our simulation results on
the spray case (see section 3.1), which is shown in Fig. 3.6, also confirms that
the diameter of the gas-phase spray is approximately 10 times larger than the
diameter of the liquid injector. Therefore, the diameter of 1.35 mm which was
used in Ref. [93] is a reasonable choice and is applied in the current simulations.

Figure 3.6: Small white spheres are the liquid parcels and their diameter shows the actual diameter of the particles inside
the parcel, the green line is iso-countor of the mixture fraction equal to 0.1% and shows the limits of the
gas-phase zone of the spray. The diameter of the liquid injector is 0.09 mm and the initial diameter of the gas
phase is around 1 mm.

3.2.1 Case description and numerical setup

In this case, a high-pressure single injection gas jet through a d =1.35 mm
diameter nozzle into ambient air at atmospheric pressure is simulated. The gas
is injected with a velocity of 90 m/s at the nozzle exit corresponding to a mass
flow rate of 125 mg/s, approximately. The computational domain is a cylinder
with a diameter of 50d and a length of 100d (Fig. 3.7a). The nozzle is placed in
the centre of the domain base. A cylindrical O-grid mesh is used, which consists
of 2.3 million cells (Fig. 3.7b). The grid is refined toward the nozzle exit and
across the jet axis such that 80% of computational cells are located within a
refinement cylinder of size 10d×25d. The simulations are validated in Papers
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III and IV by comparing the results with experimental data [97,98].

(a) (b)

1

Figure 3.7: (a) Computational domain.(b) The grid near the nozzle. The red and blue surfaces are iso-countours of mixture
fraction of the first injection and second injections, respectively.

3.2.2 Turbulence generation at the inlet

It is known that the modelling of turbulent inlet velocity boundary conditions
in LES requires special care. For example, imposing a turbulent inlet velocity
boundary condition with only white noise fluctuations is inappropriate as such
noises will quickly dissipate within a few nozzle diameters and the flow will not
develop into large-scale fluctuations. In this work, to achieve an appropriate
inlet boundary condition for the injector, in addition to the main domain, a
long auxiliary inflow pipe is simulated. A radial velocity component is added
to the inlet boundary condition of the pipe to boost instabilities. This radial
velocity creates a large vortex at the early stage of the auxiliary pipe, which
breaks down to eddies and increases the level of turbulence. The length of the
pipe is chosen to be long enough (30d) to achieve a symmetric mean flow profile
at the outlet of the pipe. Simulation results at the outlet of the pipe, which are
temporally evolving, are used as the inlet boundary condition for the main flow
domain calculations. To achieve various LES realisations of a case, the radial
component of velocity at the inlet of the auxiliary pipe is changed. As a result,
while the profile of the mean velocity at the outlet of the pipe does not change,
the instantaneous velocity profile is different for various realisations.
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3.2.3 Resolved fraction of the turbulence

Similar to section 3.1.4, the resolved fraction of turbulent kinetic energy, is
examined using 20 LES realisation for the gas injection case. Fig. 3.8a and
3.8b show the instantaneous distribution of kres and ksgs respectively, in a single
realisation at t = 1.2 ms. A logarithmic scale is used in these figures. Comparing
these two fields shows what fraction of turbulence is resolved in the simulation.
To compare it quantitatively, the ensemble average of these fields with 20 LES
realisations are calculated and the fraction of resolved turbulence kinetic energy
(i.e., 〈kres〉/(〈kres〉+〈ksgs〉)) is shown in Fig. 3.9. The curves show the calculated
values at various downstream locations which are shown by white lines in Fig.
3.8. As can be seen, at least, 72% and on average, more than 80% of turbulence
kinetic energy is resolved.
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Figure 3.8: The instantaneous distribution of turbulent kinetic energy at t = 1.2 ms. (a) resolved scale kinetic energy,
kres; (b) modeled sub-scale kinetic energy, ksgs; A logarithmic scale is used.

3.2.4 Grid independence

To examine the grid independence, a steady jet flow is simulated and the results
are compared to the available experiment. To achieve the quasi-steady state
in the simulation, the steady jet flow is simulated for 15 ms. The first 3 ms is
considered as transient jet flow and after that, the time-averaged axial velocity
along the centreline is calculated. The jet velocity at the nozzle exit in this
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Figure 3.10: Calculated velocity-decay constant. ∆h∗ =
∆h/d where ∆h is the size of the cell in the
injector outlet and d is the diameter of the in-
jector. By reducing the size of cells, the value
of B in LES converges to the measured value in
the experiment in Ref. [99]

simulation is set to 90 m/s. According to the literature [100], the time-averaged
axial velocity along the axis of a steady jet is a linear function of the inverse of
axial position:

U0(x)

Uj
=

B

(x− x0)/d
(3.3)

where x is the axial distance from the jet outlet, x0 is a virtual origin, U0(x) is
the mean axial velocity at the centre of the jet at x, Uj is the velocity at x = 0,
d is the nozzle diameter and B is a velocity-decay constant which is an empirical
constant and independent of Reynolds number. It must be mentioned that this
equation is not valid in the initial development region of the jet.

Different grids are used and the values of velocity-decay constant are calcu-
lated. The topologies of the grids are the same, but the cell sizes are changed.
Five different grids are employed, with the normalised averaged size of cells
∆h∗ = ∆h/d at the nozzle exit ranging from 0.04 to 0.08. ∆h is the size of
the cell and d is the diameter of the injector. The baseline grid consists of 2.3
million cells and ∆h∗ = 0.046. In Fig. 3.10 the value of B from different grids are
compared to the experimental data [99]. The difference between the calculated
B with the baseline grid and the measured value in the experiment is 3.6%.
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Results: Development of
ESF/FGM model

In this chapter, the performance of the ESF/FGM method (which is presented
in section 2.2.6) and the progress variable (which is presented in section 2.3) are
assessed by simulating a 1.5 ms single injection of the spray case (case description
in section 3.1), and the results are compared with experimental measurements [67].
In the baseline ESF/FGM case, Nesf = 8 is applied, and the sensitivity of results
to this number in the range of 2-128 is examined. Results are also compared
with those calculated by the conventional FGM with presumed-PDF (presented
in section 2.2.5). Furthermore, the SGS PDF shape of mixture fraction and
progress variable are discussed. This chapter presents the results from Paper
V, where further details can be found.

4.1 Spray flame structure

The structure of the simulated spray flame with ESF/FGM in comparison with
the experiment is shown in Fig. 4.1. The left snapshots in this figure show the
experimental data of OH chemiluminescence and the soot luminosity [67]. The
blue line identifies the high-temperature region boundary. The right snapshots
show the simulation results of the line-of-sight distribution of formaldehyde
(blue) and OH (yellow/red), as well as the isocontour of T=1100 K (white
line). The first igniting site in the simulations is observed at around t=0.4 ms,
as it is highlighted in Fig. 4.1, at the same location as it was observed in the
experiment. Following the onset of ignition, the high-temperature region develops
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both radially and axially, similar to that in experiments. The simulation results
agree reasonably well with the experiments during the quasi-steady-state period
of the injection, e.g., 0.8 ms and 1.2 ms, and also after the end of injection, as it
can be seen at t=2.2 ms, which is 0.7 ms after the end of injection.

(a) (b)

Figure 4.1: The structure of transient spray flame in the experiment and LES. (a) Combustion chemiluminescence and
soot luminosity; the high-temperature reactivity borders, obtained in the experiment, are also shown with the
blue line [67]; (b) line-of-sight distribution of formaldehyde (blue) and OH (yellow/red). The white line is
isocontour of T=1100 K.

4.2 Ignition delay time and flame lift-off length

The ignition delay time is defined according to ECN recommendations, as the time
after the start of injection when the maximum dTmax(t)/dt occurs. Figure 4.2
shows the calculated IDT from cases with different numbers of ESF compared
to the experimental measurement. The calculated IDT from the presumed-PDF
results is also shown. Three observation can be remarked from these results.
First, the predicted IDT in the baseline case with 8 ESF (t= 0.41 ms) agrees
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well with the experimental measurement (t= 0.43 ms). Second, the results show
that the values of IDT in this method are not sensitive to the number of ESF.
Third, the presumed-PDF/FGM simulation exhibits a relatively shorter IDT
than ESF/FGM results.
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Figure 4.2: LES-predicted and measured ignition delay time. The right vertical axis shows deviation from experimental
measurements.

The flame lift-off length (LOL) is also defined according to ECN recommen-
dations [67], as the first axial location of OH mass fraction reaching 2% of its
maximum in the domain. The instantaneous LOL from presumed-PDF/FGM
and ESF/FGM results are shown and compared with experimental measurements
in Fig. 4.3. While both simulations predict the LOL generally acceptable, the
ESF/FGM exhibits more similar evolution to the experiment.
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Figure 4.3: Evolution of LES-predicted (the baseline ESF/FGM case and presumed-PDF/FGM case) and measured instan-
taneous lift-off length after the start of injection.

To examine the sensitivity of results to Nesf , the time-averaged LOL values
are shown in Fig. 4.4. Unlike, IDT, the LOL shows some level of sensitivity
to Nesf . Based on these results, the LOL reaches its independence with field
numbers higher than 32. However, all cases, including presumed PDF, predict
the LOL with an acceptable deviation from the experiment. The deviation values
of results from the experimental measurements can be read from the right axis
in this figure.
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Figure 4.4: LES-predicted and measured lift-off length. The right vertical axis shows deviation from experimental measure-
ments.

4.3 Distribution of species

The accurate prediction of the thermochemical structure of the flame, including
local distribution of species, plays an important role in correct prediction of emis-
sions in diesel engine simulations. The distribution of species in the conventional
FGM and ESF/FGM results are compared in Fig. 4.5a and b. These figures
include the local distribution of OH, formaldehyde and ketrohydoperoxide at
t=1 ms after the start of injection on the same 2D plan. Unlike the IDT and
LOL predictions using the two methods, which were only minorly different, the
predicted distributions of species are substantially different.

Figure 4.5: The snapshots of distribution of ketrohydoperoxide YC12H25O2
(green), formaldehyde YCH2O (blue), and hy-

droxyl YOH(yellow/red). The parcels of LPT droplets are also shown with blue dots. The red solid lines in the

snapshots are the isocontour of YOH = 1.5 × 10−5. The simulation results with identical setup and FGM
database with (a) ESF/FGM; (b) presumed-PDF/FGM.
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4.4 The represented SGS statistical distribution of scalars

In a computational cell, as a result of high turbulence, the subgrid scale value of Z
and Y can fluctuate and be far from the mean values. In the ESF/FGM method,
instead of presuming the PDF of these fluctuations, the PDF is represented by
ESF values of each quantity. To illustrate this, the scatter of Z and Y stochastic
fields from the simulation case with 128 ESF at one moment (t= 1 ms) and one
cell (at 20 mm from injector on centreline) is shown in Fig. 4.6. In this figure,
normalised Y is used, which is defined as

C =
Y − Ymin(Z)

Ymax(Z)− Ymin(Z)
. (4.1)

Figure 4.6: The scatter of 128 ESF values of Z and C (normalised Y) at t= 1 ms in one computational cell on centreline
at the axial location of 20 mm from the injector.

Each of these values in Fig. 4.6 is used to look up the corresponding
thermochemical quantities in the FGM database and calculate the mean values.
While each ESF value has no physical meaning, the mean and moment of them
resemble the mean and moment of the corresponding quantities.

To investigate the statistical SGS distribution of Z and C, three points
are examined by sampling the results in the time interval from 0.5 ms to 1
ms. The sample points are located on centreline with the axial location of
15 mm (I), 20 mm (II) and 25 mm (III), and their location is shown in Fig.
4.7. These points are chosen to provide data from three zones of cool flame,
auto-ignition and post-ignition. As can be seen in Fig. 4.8, the distribution
of Z and C in the sample points are not independent. This can be understood
by comparing the distribution of Z, for instance, at C=0.2 with that at C=0.5.
This is in contrast with the assumption of statistical independence of PDF of
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Z and C in conventional FGM method (see Eq. 2.37). Furthermore, typically
in the conventional method, delta-function is considered as the presumed-PDF
distribution for progress variable (see Eq. 2.39). This assumption means that
there is no scatter in subgrid scale values of C. The ESF/FGM results in this
figure, however, shows that the sub grid values are scattered in a wide range
of C values. The differences between the assumptions of presumed PDF in
the conventional method and the represented PDF by ESF may explain the
differences in the simulation results of these two approaches which were observed
in Figs 4.2-4.5.

Figure 4.7: The location of sample points for the analyses in Figs. 4.8 and 4.9. The points I, II and III are located on the
centreline at axial locations of 15 mm, 20 mm and 25 mm, respectively. The snapshot shows the temperature
distribution at t=0.5 ms.

Point I Point II Point III

Figure 4.8: The statistical SGS distribution of Z (mixture fraction) and C (normalised reaction progress variable) from the
ESF/FGM simulation with 128 ESF on three sample points. Not that the maximum value depends on the
spread of the distribution.

The analysis in Fig. 4.8 is performed using the case with 128 ESF. To
compare the results of 128 ESF and 8 ESF, the same analysis is performed using
the case with 8 ESF in Fig. 4.9. Not that in ESF approaches, 8 is a typical choice
for Nesf . As can be seen, there are some differences in the distributions in Fig. 4.9
compared to that in Fig. 4.8, as a result of a lower number of ESF. However,
the 8 ESF case can resemble the main characteristics of the distributions. The
similarity of the represented SGS distribution using different numbers of ESF
can explain the similarity between the results of different number of ESF, as
presented in the previous sections.
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Point I Point II Point III

Figure 4.9: The statistical distribution of Z and C from the ESF/FGM simulation with 8 ESF on three sample points. Not
that the maximum value depends on the spread of the distribution.

4.5 The performance of the progress variable

In this section, the simulation results with the new progress variable (Y3) is
compared with that with other common progress variables (see section 2.3 for the
definitions). Figure 4.10 shows the calculated pressure rise using Y1−3 and the
results from the experiment. As can be seen, the results from Y2 and Y3 agree
reasonably well with the measurement, while Y1 fails to predict the pressure rise
correctly. To the best knowledge of the author, none of the previous FGM studies
on n-dodecane spray-A using Y1 or similar progress variables, have reported a
good agreement of pressure rise (e.g., Ref. [58, 61,101]). The results with Y1 in
Fig. 4.10 also show that the predicted pressure rise is significantly lower than
the experiments.
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Figure 4.10: The pressure rise in the vessel using Y1−3 compared with experimental measurements.

To investigate the underlying reason for the observation in Fig. 4.10, the
distribution of Y1−3 values for steady and unsteady flamelets as a function of
mixture fraction are shown in Fig. 4.11. In the case of Y1, some of the flamelets,
which are identified by dashed red lines, exhibit a non-monotonic behaviour and
there are cross lines between the flamelets. The value of Y1 in these unsteady
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flamelets (red dashed lines) first increases and exceeds the steady-state values and
then decreases. This is because the mass fractions of some of the intermediate
species (i.e., CH2O and CO) are added to the definition of Y1 to capture the
pre-ignition and ignition periods (see Eq. 2.47). However, since these species
are consumed during the post-ignition period, the value of Y1 decreases after
ignition. Therefore, Y1 values violate the monotonicity criteria [57]. To cope
with this problem in the FGM tabulation, this red-marked non-monotonic part
of the solution is usually eliminated (see for example Ref. [58]). Unlike Y1, both
Y2 and Y3 increase monotonically over the entire range of FGM space, as can be
seen in Figs. 4.11b-c.

(a) (b) (c)
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Figure 4.11: The distribution of (a) Y1; (b) Y2; (c) Y3; values from the steady and unsteady flamelet solutions. The red
dashed lines show the non-monotonic part of the flamelets. Note that only a few samples of 476 flamelets
used in this study are shown in these plots, to keep the lines visible and distinguishable.

The tabulated heat release rate from the FGM database with Y1−3 are
shown in Figs. 4.12a-c, respectively, as an example of the tabulated quantities.
Substantial differences can be seen in Y1 table compared to Y2 and Y3 tables,
specially in the range of 0.4 < C1 < 0.95. In this range, a considerable amount
of post-ignition heat release in Y2 and Y3 is eliminated in Y1, as a result of the
elimination of non-monotonic flamelets. Consequently, the final Y1 database
cannot predict the post-ignition heat release correctly. Thus, the predicted
pressure rise does not match with the experimental measurements as it was
observed in Fig. 4.10.

Comparison of Figs. 4.12b and c show that the distribution of the heat release
rate from Y2 database is almost identical to that from Y3. Since the oxygen
molecules are consumed alongside the progress in reaction, it is expected that a
progress variable defined based on oxygen consumption (Y3) should result in a
desirable monotonic FGM phase-space. Fig. 4.11c confirms this hypothesis, and
as can be seen, the flamelets do not include any non-monotonic part. Therefore,
the distribution of the heat release from this new simple progress variable in
Figs. 4.12c is almost identical to that from the optimised Y2 in Figs. 4.12b.
Consequently, the results of Y3 and Y2 both predict the pressure rise fairly well
as it was shown in Fig. 4.10.
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Figure 4.12: The tabulated heat release rate, as an example of tabulated quantities, in Z − C space, where C is the
normalised Y from the FGM database (a) Y1, (b) Y2 and (c) Y3.

4.5.1 Discussion on limitations of the proposed progress variable

The main advantage of Y3 compared to Y2 is its simplicity which makes it possible
to be used in a variety of cases, without the need for case- and condition-dependent
optimizations. However, two limitations can be named for this proposed progress
variable. First, the oxygen molecules are not consumed at the very early stage
of combustion, i.e., pyrolysis process. Therefore, this oxygen-based progress
variable may not represent this part of the combustion. Second, in the locally
fuel-rich zone, the reaction might proceed even after all the oxygen molecules
are consumed. In other words, Y3 might reach its maximum before the reaction
is complete.

Although these limitations are valid, they do not affect the results substan-
tially, at least for the case of this study. It should be noted that both named
limitations exist for almost all other commonly used progress variables (for
instance, the ones which are defined based on CO, CO2, HO, HO2 and CH2O).
First, none of these species is formed in the pyrolysis process, hence, they cannot
represent this process. Second, as a result of non-monotonicity in such progress
variables, the last part of flamelet solutions must be eliminated and they cannot
represent the last stages of combustion.

An optimum progress variable (e.g., Y2) is generally a better choice regarding
these limitations. The optimisation provides the best possible Y which to some
extend can represent both the pyrolysis process and the final stages of combustion.
Therefore, it can improve the results slightly as it was also observed in the current
work. This minor improvement, however, is at the expense of conducting a case
dependent optimisation procedure which might not be always a straightforward
task if the kinetic mechanism of the fuel includes a high level of nonlinearity.

41





Chapter 5

Results: Multiple-injection
strategy

This chapter is based on Papers I-IV and it contains the numerical results on
the study of multiple-injection strategy. Different multiple-injection timings are
defined at each section to study different physical aspects of multiple-injection,
including mixture formation, mixing, ignition, combustion and emissions. In
each section, the studied timing cases are briefly described and the reader is
referred to the corresponding paper for more details and discussions.

5.1 Effects of split injection on the mixture formation

As discussed in section 1.2, the suggested explanations in the literature for the
decrease of the soot emission in multiple-injection rely on three main effects. Here,
to identify the importance of first and second effects, i.e., the equivalence ratio
effect and the temperature effect, on soot formation zone, the local distribution
of equivalence ratio and temperature are investigated in a split injection case
and a single injection case. The injection rate of the studied cases in this section
is shown in Fig. 5.1. This section is based on Paper I where further details can
be found.

By defining a soot formation zone using the sufficient temperature and
sufficient mixture fraction for soot formation, these zones are compared in in the
studied cases. It has been suggested in the literature that the formation of soot in
engine occurs when the local equivalent ratio (φ) of the reactants is greater than
2 and their temperature is within the range of 1600-2300 K [102–104]. While it is
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Case 1 Case 2
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Figure 5.1: Schematically shown injection rate of the studied cases in the current section. In each of these cases 3.7 mg
fuel is injected. For more details see section 3.1 and Paper I.

understood that these values are not precise and soot can be observed outside of
this range, it is qualitatively justifiable to use this range as a representative region
for soot formation. Three zones are considered based on this φ− T conditions.
(I) The zone with φ > 2 as sufficient mixture fraction zone; (II) The zone with
1600 K< T < 2300 K as sufficient temperature zone; (III) The zone in which
both of these conditions are satisfied as soot formation zone. The boundary of
zones (I) and (II) are shown with white and black lines, respectively, for the
single and split injections in Fig. ??. The soot zone which is basically, where
the two mentioned zones overlap, is also indicated by red colour.

Since the end of the first injection in case 1 is at 0.5 ms, the results at
t = 0.3 ms for both cases 1 and 2 are the same in Fig. 5.2. At this time, the
initial igniting sites can already be identified in the peripheral region of the flow
in the shear layer. At this instance, although the equivalence ratio is sufficiently
high, the reactant temperature is still not enough to form soot. At t = 0.6 ms,
the local temperature in both cases have increased, and a significantly large
“soot-zone” can be identified; however, in the centre of the flow along the spray
axis, the temperature is still below the range of soot formation range. Note that
at this instant for the single injection case, the fuel is still injecting, whereas
the first injection of the double injection case has finished and the injection is
paused. The effect of the injection pausing in the double injection case can
be seen by comparing the iso-contour of φ = 2 for two cases. Nonetheless, in
terms of the “soot-zone”, both cases are almost identical at this instance and
the effects of the split injection on “soot-zone” become more evident at the later
time, e.g., at t = 0.9 ms, and t = 1.2 ms. It can be seen that the “soot-zone”
of the double injection case in these instances is much smaller than that of the
single injection case. The results at t = 1.2 ms are important as they show the
effects of the air entrainment due to the injection pausing which in turn improves
the premixing and reduces the “soot-zone” in this case. This finding is consistent
with the literature [105]. The important observation is that at this instance,
while the region with sufficient temperature for soot formation is relatively large
for both cases, the main difference in them is the smaller fuel-rich area for the
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Figure 5.2: The soot formation zone in the double injections and single injection cases along the time after start of injection.
The white line is isocontour of φ = 2. The black line is isocontour of T = 1600K. The red zone is where
φ > 2 and 1600 K< T < 2300 K. Each frame shows 70 mm×28 mm

double injection case. Therefore, results show that in this instance, it is the
equivalence ratio effect that is responsible for reducing the “soot-zone” rather
than the temperature effects.

Fig. 5.3 shows the normalised mass of the gases of the zones (I-III) for
each case in the entire computational domain. As it can be seen, in both cases
after a short period from the start of ignition, the mass of the temperature
range 1600-2300 K rapidly increases and it is affected by the split injection, only
moderately. This is not the case for the mass of the region with φ > 2. It is
seen that the mass of this region has been largely reduced in the split injection
case. All these indicate that in this case the soot formation zone is essentially
controlled by the equivalence ratio effects. The role of timing parameters on
fuel-air mixing and reduction of local equivalence ratio is studied in sections 5.5
and 5.6.

Another interesting observation in Fig. 5.2 is the growth of the “soot-zone”
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Figure 5.3: The solid lines are results from the double injection case and the dash-dotted lines are from the single injection
case. The black lines are the normalised mass of the gases with a temperature within the “soot-zone” range,
1600 K < T < 2300 K. The blue lines are the normalised mass of gasses with a equivalence ratio within the
“soot-zone”, φ > 2. The red lines are the mass of the “soot-zone” which is defined as as 1600K< T <2300K
and φ > 2. The vertical axis, mass, is normalised by the total mass of fuel which is 3.7 mg.

after t = 1.5 ms for the double injection case. This is a consequence of the second
injection which creates a new “soot-zone”; however, the mass of such zone is
much smaller than that of the single injection case. This is manifested in the
results shown in Fig. 5.3, and considering the fact that the total mass of the
“soot-zone” in the double injection case is always much smaller than the single
injection case. Also, the results and discussion here can explain the typical role
of pre-injection strategies in increasing the soot emission reported in Refs [14,42].
The effects of pre-injection on the increase of soot formation will be discussed in
section 5.3.

5.2 Effects of pre-injection on the ignition of the main-injection

In this section, which is based on Paper II, the effects of pre-injection strategies
on the ignition of the second injection are investigated. The schematic injection
rate of studied cases for this part of the discussion are shown in Fig. 5.4.

Figure 5.5 shows the apparent heat release rate (AHRR) for case 3 (single-
injection) and cases 4-6 (double-injection cases with the same dwell time of 0.3
ms). It can be seen that the AHRR for case 5 (with 0.2 ms pre-injection) and
case 6 (with 0.3 ms pre-injection) have the peaks of AHRR in the vicinity of
0.44 ms, which are well before the start of the main-injection. It implies that
in these cases the pre-injection ignites and releases heat before the start of the
main-injection. However, case 4, with the smallest pre-injection duration of 0.1
ms, has essentially no significant AHRR until around 0.7 ms, which is 0.3 ms
after the start of the main-injection. This is because such a short pre-injection
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Figure 5.4: Schematically shown injection rate of the studied cases in the current section. In each of these cases 3.46 mg
fule is injected. For more details see section 3.1 and Paper II.

is quickly diluted by the ambient air entrainment during the dwell time, and
fails to auto-ignite. Despite its failure in igniting, the pre-injection is shown
to decrease the IDT of the main-injection by 15% as compared to that of the
single-injection case. This is confirmed by shifting the results for this case by
0.4 ms, which is the starting time of the main-injection, toward the origin of
time. A similar decrease in the main-injection IDT in cases 5 and 6 are observed.
However, the underlying physical mechanism for the reduction of IDT in these
two cases (with a longer pre-injection) is different from that for case 4. The
underlying mechanisms are discussed in the following.
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Figure 5.5: The apparent heat release rate for cases with different duration and mass of pre-injection. The case 4 (red
line) is shifted by 0.4 ms backwards and is shown by the red dashed line in order to be compared with case 3.

Figure 5.6 shows the distribution of ketohydroperoxide (ket), CH2O and
OH radicals for cases 3 (single injection), 4 (representing shorter pre-injection)
and 6 (representing longer pre-injection). The selected times for the illustration
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are after the start of the main-injections for all three cases. In this section, “the
time after the start of the main-injection” is referred to as tAMI . For instance,
for case 3, tAMI = t; and for case 4, tAMI = t−0.4 ms, where t is time after start
of the first injection event. The sequences of snapshots in the same tAMI in this
figure are used to demonstrate how the ignition and the cool flame are different
in the main-injection in these three cases. The ignition and high-temperature
flame are indicated by OH distribution and red isocontours of T = 2000 K, while
the cool flame is indicated by ket and CH2O distributions as well as the black
isocontour of T = 950 K.
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Figure 5.6: The snapshots of ket, CH2O and OH radicals for the cases 3, 4 and 6. The shown values of times are tAMI .
To simultaneously illustrate the distribution of low- and high-temperature areas, isocontour of T = 950 K
(black line) and T = 2000 K (red line) are also shown.

As mentioned before, the fuel delivered during the pre-injection in case 4 is
quickly diluted by the ambient air during the dwell time and fails to auto-ignite.
This can be seen in the snapshots of this case between 0 − 0.14 ms, where
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neither OH radicals nor high-temperature regions have formed. The existence
of the radicals from the pre-injection mixture in this case, however, promotes
the formation of CH2O, ket and other cool flame products, and also elevates
the local temperature by about 50 K, compared to those in the case 3. This
cool flame boosts the onset of high-temperature ignition of the main-injection.
Therefore, at tAMI = 0.4 ms the first sites of ignition can be seen for case 4,
while there is not such a significant ignition site for the single-injection case at a
similar moment.

To support this discussion quantitatively, the mass evolutions of CH2O and
OH for the same cases as in Fig. 5.6 are shown in Fig. 5.7. As can be seen in the
latter figure at the start of main-injection in case 4, while a considerable amount
of CH2O exists in the domain, no OH has been formed yet. As discussed, this
cool flame product (CH2O), however, advances the formation of OH which can
be confirmed by comparing OH mass of cases 3 and 4 in Fig. 5.7b.

Unlike case 4, in case 6, a high-temperature zone and OH radicals have
established in the domain before the start of the main-injection (see for instance
tAMI = 0 ms in Figs. 5.6 and 5.7b). The fuel delivered during the main-injection
event penetrates into this high-temperature zone formed after pre-injection and
immediately ignites.
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Figure 5.7: Temporal evolution of total mass of (a) CH2O; (b) OH; in the domain after start of the main injection for the
same cases as in Fig. 5.6.

Figure 5.8 shows the temporal evolution of the total heat release rate in the
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domain for the given φ values (the vertical axis). Integration of the heat release
rate in the φ coordinate gives the total heat release rate of the entire mixture in
the domain. For the single-injection case, there is no significant heat release until
0.4 ms. The first ignition site is in the fuel-rich mixture, with φ ≈ 2.5 (see the
white arrow). Shortly after the onset of ignition, the heat release shifts toward
stoichiometric and fuel-lean mixtures. During the time interval of 0.4 ms (onset
of ignition) and 1.5 ms (end of injection), the heat release rate distribution in
the φ-coordinate is rather similar and has a maximal around the stoichiometric
mixtures, φ = 1. This indicates a quasi-steady lifted diesel spray flame. Analysis
of the flame index indicates that the later stage combustion is mainly in the
diffusion flame mode for the single-injection case (will be shown in section 5.4).

Figure 5.8: Temporal evolution of the sum of heat release rate conditional on given equivalence ratios in the entire LES
domain for the (a) case 3 and (b) case 6.

For the double-injection case, although the start of ignition of pre-injection
occurs in the fuel-rich mixture, which is akin to the single-injection case, it
does not develop into a lifted diffusion flame. This is attributed to the short
duration of the pre-injection, ending before the onset of high-temperature ignition.
The fuel-air mixture from the pre-injection is burned mainly in the premixed
combustion mode, exhibiting a heat release rate shifting toward φ = 0.5 − 1.
For this reason, as it will be shown in section 5.3, soot formation during the
pre-injection is low, which is in line with the observation in Ref. [43].
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The white dashed line in Fig. 5.8b illustrates the start of the main-injection
at 0.6 ms. The fuel delivered in this injection starts to release heat at approx-
imately 0.9 ms, as can be seen in this figure and also in Fig. 5.5. However,
the onset of heat release in the main-injection is different from that in the
first injection. Here, instead of having a rich-zone ignition like the single- and
pre-injection (highlighted by white arrows), the heat release appears within
a wide equivalence ratio range of 0.5 < φ < 2 (highlighted by a white oval).
When the main-injection mixture enters into the high-temperature zone of the
burned gas from the pre-injection, it is ignited immediately. Therefore, the heat
starts to be released in a wide range of equivalence fraction, rather than having
slow auto-ignition in a limited number of ignition sites. This ignition of the
main-injection in case 6 can also be seen in form of a rise of OH in Fig. 5.7 at
tAMI ≈ 0.3 ms (i.e., t ≈ 0.9 ms in Fig. 5.8).

5.3 Effects of dwell time in pre-injection strategies

In this section, by examining two pre-injection cases with varying duration of
dwell time (see Fig. 5.9), effects of this parameter on soot formation of the main
injection are studied. The soot formation results in these cases are compared
with that in the single injection (case 3). This section is based on Paper II,
where further details can be found.
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Figure 5.9: Schematically shown injection rate of the studied cases in the current section. In each of these cases 3.46 mg
fuel is injected. For more details see section 3.1 and Paper II.

Figure 5.10 shows the distribution of soot formation/oxidation rates
(dMsoot/dt) for different cases at five instances of time after the start of the
main-injection. The validation of soot modelling can be found in Paper II. It
is observed in the LES results from the simulations of this case that a major
fraction of net soot formation (dMsoot/dt > 0) takes place in the region with
1500 K < T < 2000 K (hereinafter is referred to as the intermediate-temperature
region) and φ > 1.5. To illustrate the overlap of these intermediate- and high-
temperature regions with the soot formation and oxidation regions, respectively,
the isocontours of T = 1500 K (red) and T = 2000 K (green) are plotted in
Fig. 5.10. These regions are used to investigate the effects of pre-injection timings
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on modifying the local temperature and, hence, local soot formation/oxidation.
The distribution of temperature at the same instances is also shown in Fig 5.11.
Isocontour of φ = 1.5 to indicate the fuel-rich zone is shown in both figures
with black lines. The soot formation/oxidation can be observed outside of these
ranges, however, it is qualitatively justifiable to use these (or similar) ranges
for the current discussion. The discussion will be supported by quantitative
calculations afterwards.
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Figure 5.10: Distribution of soot formation/oxidation rates. The shown times are tAMI . The yellow/red colour shows the
rate of formation; the blue colour shows the rate of oxidation (see the colour bar); the red line is isocontour
of T = 1500 K; the green line is isocontour of T = 2000 K; the black line is isocontour of φ = 1.5

As can be seen, the soot formation and oxidation rates at tAMI =0.4 ms
are higher in cases 6 and 7 than that in case 3. The penetration of the main-
injection into intermediate- and high-temperature plums gives rise to the higher
soot formation and oxidation. For case 7, the dwell time is longer, which in
turn, provides a longer time for the fresh air entrainment to cool down the
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Figure 5.11: Distribution of temperature at the same intances of time as Fig. 5.10. The shown times are tAMI . The
black line is isocontour of φ = 1.5.

pre-injection mixture before penetration of main-injection. By comparing the
temperature distribution of pre-injection in cases 6 and 7 in Fig. 5.11 during
tAMI = 0.02 ms − 0.4 ms, it can be seen that the high-temperature region which
is important for soot oxidation has been decreased in case 7. This is illustrated
quantitatively in Fig. 5.12a and b by showing the total mass of the intermediate-
and high-temperature regions, respectively, after the start of the main-injections.
As discussed, case 6 exhibits a larger high-temperature region and a smaller
intermediate-temperature region compare to those in case 7. This condition in
case 6 is in favour of more soot oxidation compared to the other case. This can
be confirmed by comparing the soot formation/oxidation results for cases 6 and
7 during 0.2 ms − 0.5 ms in Fig. 5.10.

To quantitatively confirm the effect of the discussed mechanism in the
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Figure 5.12: Evolution of (a) intermediate- and (b) high-temperature regions mass (see the text for the definitions of these
regions) after the start of the main-injection.

reduction of net soot, the temporal evolution of the total soot mass for cases 3,
6 and 7 are plotted in Fig. 5.13. Case 7 exhibits a higher peak soot mass than
a single-injection case. For case 6, which provides a larger high-temperature
region compared to case 7, the peak soot mass appears to be lower. This result
may explain the observation in the experimental measurements in Ref. [106]
that reports lower soot in the main-injection for cases with shorter dwell time in
double-injection. Further experimental and numerical studies are required to
confirm these mechanisms in varying operating condition.
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Figure 5.13: Evolution of soot mass for single- and pre-injection cases with long and short dwell times.

5.4 The combustion mode of pre- and main-injections

To complete the presented image of combustion of pre- and main-injection, in
Paper II, the mode of combustion is investigated using flame index (FI) in
a similar approach that was practised in Ref. [107]. FI can be defined by the
degree of alignment of fuel and oxidiser gradients as
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FI =
∇YF · ∇YO2

|∇YF||∇YO2 |
, (5.1)

where YF is mass fraction of fuel (C12H26) and all smaller CxHy species. Two
regions are defined using the local distribution of FI: (1) the local region with
negative FI values as gradients-opposed or non-premixed combustion region;
(2) the local region with positive FI values as gradients-aligned or premixed
combustion region. HRRnon-premixed and HRRpremixed is defined as the fraction
of the heat release rate (HRR) from each of the corresponding regions. To
investigate the effect of splitting the single-injection to a pre- and main-injections
on combustion mode, the HRRpremixed of cases 3, 6 and 7 are plotted in Fig. 5.14.
As can be seen, the pre-mixed combustion level is higher in the multiple-injection
cases than that in single-injection case. The higher premixed combustion is
being observed more during and shortly after the dwell times between the two
injections. The dwell times are from 0.3 ms to 0.6 ms in case 6 and from 0.3 ms
to 0.8 ms in case 7.
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Figure 5.14: The fraction of premixed heat release rate for single- and pre-injection cases. See the text for the definition
of HRRpremixed.

5.5 Effects of splitting strategy on mixing

This section presents some of the results from Paper IV, in which the non-
reacting gas jet simulation (see section 3.2) is used.

As discussed in section 5.1, multiple-injection modifies the local distribution
of mixture fraction in a way that a less amount of rich mixture is formed,
compared to that in a single injection. This is in favour of soot reduction. In
this section, a single injection (case 8) is divided into two smaller injections
using three strategies; pre-injection, split-injection and post-injection, i.e., cases
9, 10 and 11 in Fig. 5.15, respectively. Then, effects of applying each of these
strategies on the high mixture fraction zone are investigated.
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Figure 5.15: Schematically shown injection rate of the studied cases in the current section. For more details see section
3.2 and Paper IV.

To quantify the role of split injection in each injection strategy, a plot of
the variation of the mass in the system with high mixture fraction as a function
of time is shown in Fig. 5.16. This mass, mz, is calculated as below:

mz =

∫

Z>Zth

ρdv (5.2)

where ρ is the density, dv is the volume of the element, and the integral is calcu-
lated over the entire domain with a mixture fraction larger than a threshold (Zth).
Considering the fact that most of the hydrocarbon fuels have a stoichiometric
mixture fraction of around 0.05, here Zth = 0.15 is considered as the threshold.
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Figure 5.16: Normalised mass of high-mixture-fraction zone (Eq. 5.2) as a function of time. In this plot, mz is normalised
by the total mass of injection.

There are three major observations in the plots in Fig. 5.16: (I) as long
as the mass is injected, the mz increases, and during the injection pausing in
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double-injection cases it decreases; (II) the peak of mz for cases 10 and 11 is
smaller than that for cases 8 and 9. This implies that a pre-injection is not
as effective as an injection splitting with a late dwell timing in reducing the
maximum mass of the fuel-rich regions; (III) after the end of the second injection,
the decreasing rate of the mass in case 11 is higher than that in other cases. This
suggests the superior effect of a post-injection on mixing.

In the following, the underlying mechanism of the observations made in
this section is explained. It is distinguished between two different mechanisms
“tail-entrainment mechanism” and “area/volume ratio mechanism”.

5.5.1 Tail-entrainment mechanism

Figure 5.17a and b show the snapshots of mixture fraction distribution in case 11,
at the end of first injection (t=1 ms), and during the interval (at t=1.1 ms),
respectively. The solid white line is the iso-countor line of mixture fraction
corresponding to 0.05, which is about the stoichiometric mixture fraction of
hydrocarbon fuel-air mixture. The shown vectors are velocity vectors in ambient
air. The influx of ambient air vectors toward the high-mixture-reaction region
after the end of the first injection can be seen in Fig 5.17b. During the interval,
in the absence of injection and with this amount of influx of ambient air, the
mixture fraction of injected air decreases drastically. Hu et al. [93] also observed
this mechanism for a single injection and explained that in the ramp-down phase
of an injection, the air entrainment into the jet increases.

(a) (b)

1

Figure 5.17: Snapshot of distribution of mixture fraction of injected gas in case 11. Ensemble-average of 20 LES realisations.
The solid lines are the iso-countor line of mixture fraction of 0.05. The vectors are velocity vectors of ambient
air. a) t=1 ms; b) t=1.1 ms.

In a double injection case, the tail-entrainment mechanism happens twice
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(once at the end of each injection). This mechanism explains the observation (I)
and (II) in cases 10 and 11, in which the high air entrainment from the tail of the
first injection during the interval reduces the mass of high-mixture-reaction zone.
However, in case 9 which has a very short first injection, the tail-entrainment
mechanism is weak.

5.5.2 Surface area to volume ratio effect

When a jet is split into two smaller jets, the surface area of the rich core of the
jet increases. This increase in the surface leads to a better mixing with ambient
air. Figure. 5.18 shows the ratio of the surface area of the high-mixture-fraction
zone to its volume, by considering Z = 0.15 as the boundary of this zone. As can
be seen, the ratio during 0.2 < t < 0.7 ms in case 9, 0.7 < t < 1.5 ms in case 10,
and t > 1.2 ms in case 11 is higher than that in the single injection case. When
the second injection penetrates into the first injection and the rich core of first
and second injections are merged, this effect vanishes. In case 11, the splitting
has occurred in the late part of the injection and the effect of this mechanism
after the end of injection explains the observation (III). The higher surface area
to volume ratio after the end of injection in case 11 leads to a stronger reduction
of high-mixture-fraction zone mass in this case in comparison to the other cases
after the end of injections, as it was shown in Fig. 5.16.
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Figure 5.18: Ratio of surface area of the high-mixture-fraction zone to its volume.

5.6 Effects of interval duration on mixing

In this section, which is based on Paper III, the role of dwell time duration on
the mixing process is examined. In addition to the single injection (Case 8) and
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the split-injection with 0.15 ms dwell time (Case 10), three other cases with 0.3
ms, 0.45 ms and 0.6 ms dwell time (see Fig. 5.19) are considered.
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Figure 5.19: Schematically shown injection rate of the studied cases in the current section. For more details see section
3.2 and Paper III.

Shown in Fig. 5.20 is the time history of the mass of the region with high-
mixture-fraction, mz (see Eq. 5.2). Effects of injection dwell time on mz, can
be seen by comparing the results for cases 10, 12, 13 and 14 (multiple-injection
cases) with that of case 8 (single injection case). In multiple-injection cases,
during the dwell time between the injections, which starts at t = 0.6 ms, the
high-mixture-fraction zone is not fed and it gives extra time for air entrainment
to the rich zone. Hence, the picks of mz in multiple-injection cases are lower
than that in the single injection case. In the cases with longer dwell time, more
additional time for entraining air into high-mixture-fraction is given. therefore,
the peaks of mz are lower.
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Figure 5.20: Total mass of the region with high mixture fraction mz where Zth = 0.1 is considered as the threshold.

5.7 Effects of post-injection strategies on the near-nozzle over-
lean mixture

At the end of the main injection, some of the injected gas remains near the nozzle.
This residue does not have enough momentum to penetrate into the domain. In
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diesel engines, it can increase the amount of UHC emissions. A post-injection,
potentially, can push the near-nozzle residue of the first injection and increase
its momentum. However, the post-injection can leave the same residue near
the nozzle at its end, especially if it has the same mass flow rate and duration
as the main injection. This is shown in Paper III that the residue of the
second injection with this condition resembles the residue of the main injection.
It indicates that injection splitting does not necessarily lead to improvement
of the near-nozzle gas mixture, which explains why in the experimental study
in Ref. [21] the splitting a single injection into a main and a relatively long
post-injection virtually had no effect on the UHC emissions. In that work, it was
observed that only some post-injection strategies can reduce engine-out UHC
emissions.

To investigate the effect of post-injection on the near-nozzle mixture, six
cases are defined and simulated (see Fig. 5.21). Injection timings in these cases
are the same as case 11. However, the mass flow rate of the second injection
is varying. The ratios of the mass flow rate of the post-injection to the mass
flow rate of the main injection in cases 15-20 are 0, 0.25, 0.5, 0.75, 1 and 1.25,
respectively.
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Figure 5.21: Schematically shown injection rate of the studied cases in the current section. For more details see section
3.2 and Paper III.

Figure 5.22 shows the mass of the injected gas in the near-nozzle region at
different times in these six cases. The near-nozzle region here is considered to be
from the nozzle outlet to 10d downstream in the horizontal direction, where d is
the diameter of the nozzle. The calculated mass of gas for each case is normalised
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to the mass of total injected gas for that case. The horizontal axis in this figure
shows the time after the end of the last injection (tAEI). The end of injection in
cases 16-20 happens at the same time at t = 1.35 ms, but in case 15 which is a
single injection, the end of injection happens at t = 1 ms.
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Figure 5.22: Normalised mass of the injected gas residing in the near-nozzle region. The near-nozzle region here is
considered to be from the nozzle outlet to 10d downstream in the axial direction. In each case, the mass
is normalised by the amount of total injected gas in the given case. The numbers in parentheses show
ṁpost−injection
ṁmain injection

, which is 0 − 1.25 for cases 15 − 20, respectively (see Fig. 5.21).

The ultimate value of plot for case 15 in Fig. 5.22 shows that more than 4%
of injected gas remains near the nozzle in a single injection strategy. Chartier
et al. [21] showed that the near-nozzle residue is too lean to be ignited, and
suggested that post-injection strategies can enrich this region. The plots in Fig.
5.22 show that the cases with a higher rate of injection, i.e., cases 19 and 20, the
injected gas has a high momentum and pushes the residue form main injection
further downstream. Therefore, the ultimate near-nozzle residue in these cases
is lower than that in the other cases.

In the cases with a small post-injection, i.e., cases 16 and 17, although the
amount of injected gas in the post-injection is lower than that in the other cases,
the ultimate near-nozzle residue is higher. In these cases, the small post-injection
does not have enough momentum to penetrate into the domain and most of it
remains near the nozzle enriching the mixture in the region and increases the
ultimate near-nozzle residue in these cases. To conclude, the results show that
a post-injection can be optimised either by increasing the momentum of the
near-nozzle region that convects the accumulated gases near the nozzle further
into the domain (cases 19 and 20) or by enriching the near-nozzle over leaned
residue of the first injection (cases 16 and 17).
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Chapter 6

Conclusions and future work

6.1 Summary and conclusions

The first part of this thesis was focused on developing a new ESF/FGM modelling
approach for spray combustion by relaxing some of FGM assumptions. In this
method, Eulerian stochastic fields were used to represent the unresolved turbulent
fluctuations instead of presuming PDF. The simulation results of the ECN Spray-
A flame with the new ESF/FGM method were examined in comparison with the
experimental data, and a good agreement with the measurements was observed.
The predictions of global characteristics such as ignition delay time, liftoff length
and pressure rise are improved by using the new method in comparison with
the predictions using the conventional FGM method. More importantly, the
thermochemical structure of flames predicted using ESF/FGM was shown to be
substantially different from that using conventional FGM.

The sensitivity of the results to the number of stochastic fields was investi-
gated. While the predicted ignition delay time and pressure rise using ESF/FGM
are insensitive to the number of stochastic fields, the lift-off length decreases by
increasing this number. Furthermore, the statistical distribution of unresolved
fluctuations of mixture fraction and reaction progress variable were investigated,
and it was shown that the assumption of statistically independent joint-PDF
is not valid, according to the represented SGS distribution of the scalars using
transported PDF with ESF/FGM. Additionally, it was demonstrated that even a
low number of stochastic fields, e.g., eight, can replicate the major characteristics
of the represented unresolved distribution of scalars for the sample points in the
studied case.
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In the second part of the thesis, the physical process of combustion in a
spray flame with multiple-injection was studied. For this part, different cases
and methods have been applied during different stages of the project and the
following conclusions were made.

Splitting a single injection modifies the local equivalence ratio as well as the
local temperature, with three major mechanisms. The first mechanism is
the enhanced mixing of air with the fuel which is in favour of soot reduction.
This enhanced mixing is due to (I) better air entrainment from the tail of each
injection, (II) higher surface area to volume ratio for the high mixture fraction
region, and (III) longer time for the fuel to be mixed with the ambient air during
the interval of injections. Different injection strategies were studied, and it
was found that retarding the splitting towards the end of injection significantly
enhances the mixing after the end of injection.

The second mechanism is that the first injection makes the ignition of
the second injection substantially faster. This can reduce the pre-mixing of the
fuel and air in the second injection, and may increase soot formation. Two
underlying processes were discussed for the faster ignition of the second injection.
The first process is dominant in the strategies with sufficiently long pre-injection,
in which the fuel auto ignites prior to the main injection and generates a hot
zone. Since the penetration rate of the second injection is higher than that in
the first injection, it penetrates into this hot zone and is ignited immediately.
The second process is dominant in the strategies with a pre-injection that is too
short, in which the fuel from pre-injection may be overmixed before it can ignite.
In such cases, the low-temperature reactions are boosted, thus, the auto ignition
of the main injection still occurs faster compared to a single injection.

The third mechanism is that the residue from the first injection provides a
high-temperature zone for the second injection, which can improve soot oxidation.
The elevated temperature can be sufficient for better soot oxidation if the dwell
time is relatively short. If the dwell time is long, the enhanced mixing with fresh
air cools down this residue and decreases this effect.

Furthermore, it was shown that a short post-injection can improve mixing in
the lean near-nozzle region. This region typically is formed during the ramp-down
of injection. The equivalence ratio in this region can fall below the flammability
limit and increase the unburned hydrocarbons emissions. It was demonstrated
that a short post-injection can be optimised to have high momentum and push
the near-nozzle gases formed during the main injection further downstream where
there are much better mixing and combustion conditions. Alternatively, the
post-injection can be optimised to have a low momentum and remain near the
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nozzle and enrich the fuel-lean near-nozzle residue of the first injection.

6.2 Suggestions for future work

• The simulations in this work were performed for a constant-volume vessel
in diesel engine conditions. The absence of engine movement in this work
enables a greater focus on the interaction of injections in order to study
different possible scenarios in multiple-injection. After this study, it can be
suggested that simulations and experimental measurements with similar
multiple-injection strategies are performed in engine geometries. Therefore,
the validity of the proposed explanations and observed mechanisms in this
work can be examined in the presence of the engine flow.

• The investigations in this work for Spray-A with n-dodecane as the fuel
were done using one set of environmental conditions. It is suggested that
the importance of each explained mechanism is examined for other engine
conditions such as different temperature, different EGR levels and different
fuels.

• In terms of turbulent combustion modelling, it is suggested that the new
formulation of ESF/FGM be applied to other flamelet approaches such
as UFPV (Unsteady Flamelet Progress Variable) [108], to investigate the
potential improvement of relaxing the presumed-PDF assumptions in these
approaches.

• As explained in section 2.2.5, the effect of spray evaporation on lowering the
local temperature was taken into account in this work. However, the effect
of this lowered temperature on the reaction source terms was neglected.
While this is a reasonable assumption in the case of this study, it might not
be the case for simulations with, for instance, spray wall impingement in
which the wall heat transfer further lowers the temperature. It is suggested
to examine other methods and ideas for taking into account the cooling
effect of the spray and wall heat transfer in FGM simulations.

• Finally, the proposed progress variable based on oxygen should be examined
for other fuels, conditions and cases. The simplicity of this progress variable
makes it a good choice for FGM and UFPV methods, while its limitations
must be examined.

65





References

[1] Global EV Outlook 2020, International Energy Agency (2020).

[2] Electric Vehicle Outlook 2020, Bloomberg New Energy Finance (2020).

[3] European Parliament and the Council of the European Union, Regulation
(EU) No 715/2007 of the European Parliament and of the Council of 20
June 2007 on type approval of motor vehicles with respect to emissions
from light passenger and commercial vehicles (Euro 5 and Euro 6) and on
access to vehicle repair and maintenance information. (2007).

[4] EU Commission and others, Regulation (EC) No 595/2009 on type-approval
of EURO VI heavy duty vehicles (2009).

[5] EU Commission and others, Commission regulation (EU) No 582/2011 of
25 May 2011-Heavy Duty (2011).

[6] EU Commission and others, Commission regulation (EU) No 2016/646 of
20 April 2016 amending Regulation (EC) No 692/2008 as regards emissions
from light passenger and commercial vehicles (Euro 6) (2016).

[7] Initiatives of European vehicle emissions standards – Euro 7 for cars, vans,
lorries and buses (2020).

[8] EU Commission and others, Development of post-Euro 6/VI emission
standards for cars, vans, lorries and buses (2020).

[9] J. B. Heywood, Combustion engine fundamentals, 1988.

[10] J. O’Connor, M. Musculus, Optical investigation of the reduction of un-
burned hydrocarbons using close-coupled post injections at LTC conditions
in a heavy-duty diesel engine, SAE International Journal of Engines 6 (2013-
01-0910) (2013) 379–399.

67



REFERENCES

[11] T. Tow, D. Pierpont, R. D. Reitz, Reducing particulate and NOx emis-
sions by using multiple injections in a heavy duty DI diesel engine, SAE
transactions (1994) 1403–1417.

[12] R. Hessel, R. D. Reitz, M. Musculus, J. O’Connor, D. Flowers, A CFD
study of post injection influences on soot formation and oxidation under
diesel-like operating conditions, SAE International Journal of Engines
7 (2014-01-1256) (2014) 694–713.

[13] S. Mendez, B. Thirouard, Using multiple injection strategies in diesel
combustion: potential to improve emissions, noise and fuel economy trade-
off in low CR engines, SAE International Journal of Fuels and Lubricants
1 (2008-01-1329) (2008) 662–674.

[14] S. K. Chen, Simultaneous reduction of NOx and particulate emissions
by using multiple injections in a small diesel engine, SAE International
Journal of Engines (2000) 2127–2136.

[15] M. Dürnholz, H. Endres, P. Frisse, Preinjection a measure to optimize the
emission behavior of DI-diesel engine, Tech. rep., SAE Technical Paper
(1994).

[16] J. O’Connor, M. Musculus, Post injections for soot reduction in diesel
engines: a review of current understanding, SAE International Journal of
Engines 6 (2013-01-0917) (2013) 400–421.

[17] Z. Han, A. Uludogan, G. J. Hampson, R. D. Reitz, Mechanism of soot and
NOx emission reduction using multiple-injection in a diesel engine, SAE
transactions (1996) 837–852.

[18] M. Bolla, M. A. Chishty, E. R. Hawkes, S. Kook, Modeling combustion un-
der engine combustion network Spray A conditions with multiple injections
using the transported probability density function method, International
Journal of Engine Research 18 (1-2) (2017) 6–14.

[19] N. Maes, P. Bakker, N. Dam, B. Somers, Transient flame development
in a constant-volume vessel using a split-scheme injection strategy, SAE
International Journal of Fuels and Lubricants 10 (2) (2017) 318–327.

[20] A. A. Moiz, M. M. Ameen, S.-Y. Lee, S. Som, Study of soot production for
double injections of n-dodecane in CI engine-like conditions, Combustion
and Flame 173 (2016) 123–131.

[21] C. Chartier, O. Andersson, B. Johansson, M. Musculus, M. Bobba, Ef-
fects of post-injection strategies on near-injector over-lean mixtures and

68



REFERENCES

unburned hydrocarbon emission in a heavy-duty optical diesel engine, SAE
International Journal of Engines 4 (2011-01-1383) (2011) 1978–1992.

[22] Q. Zhou, T. Lucchini, G. D’Errico, N. Maes, B. Somers, X.-c. Lu, Compu-
tational Modeling of Diesel Spray Combustion with Multiple Injections,
Tech. Rep. 2020-01-1155, SAE Technical Paper (2020).

[23] W. Zhao, H. Wei, M. Jia, Z. Lu, K. H. Luo, R. Chen, L. Zhou, Flame-spray
interaction and combustion features in split-injection spray flames under
diesel engine-like conditions, Combustion and Flame 210 (2019) 204–221.

[24] J. Cao, X. Leng, Z. He, Q. Wang, W. Shang, B. Li, Experimental study of
the diesel spray combustion and soot characteristics for different double-
injection strategies in a constant volume combustion chamber, Journal of
the Energy Institute 93 (1) (2020) 335–350.

[25] K. Yang, H. Yamakawa, K. Nishida, Y. Ogata, Characteristics of free spray
development, mixture formation, and combustion under high-pressure split
injection, Atomization and Sprays 28 (3) (2018) 217–240.

[26] H. G. How, H. H. Masjuki, M. Kalam, Y. H. Teoh, Influence of injection
timing and split injection strategies on performance, emissions, and com-
bustion characteristics of diesel engine fueled with biodiesel blended fuels,
Fuel 213 (2018) 106–114.

[27] J. Liu, H. Wang, Z. Zheng, L. Li, B. Mao, M. Xia, M. Yao, Improvement of
high load performance in gasoline compression ignition engine with PODE
and multiple-injection strategy, Fuel 234 (2018) 1459–1468.

[28] J. O’Connor, M. P. Musculus, L. M. Pickett, Effect of post injections on
mixture preparation and unburned hydrocarbon emissions in a heavy-duty
diesel engine, Combustion and Flame 170 (2016) 111–123.

[29] C. K. Blomberg, L. Zeugin, S. S. Pandurangi, M. Bolla, K. Boulouchos,
Y. M. Wright, Modeling split injections of ECN “Spray A” using a con-
ditional moment closure combustion model with RANS and LES, SAE
International Journal of Engines 9 (4) (2016) 2107–2119.

[30] W. Jing, Z. Wu, W. L. Roberts, T. Fang, Spray combustion of biomass-
based renewable diesel fuel using multiple injection strategy in a constant
volume combustion chamber, Fuel 181 (2016) 718–728.

[31] H. Yun, R. D. Reitz, An experimental investigation on the effect of post-
injection strategies on combustion and emissions in the low-temperature

69



REFERENCES

diesel combustion regime, Journal of Engineering for Gas Turbines and
Power 129 (1) (2007) 279–286.

[32] R. Ehleskog, R. L. Ochoterena, Soot evolution in multiple injection diesel
flames, Tech. rep., SAE Technical Paper (2008).

[33] A. Sperl, The influence of post-injection strategies on the emissions of soot
and particulate matter in heavy duty euro v diesel engine, Tech. rep., SAE
Technical Paper (2011).

[34] M. Bobba, M. Musculus, W. Neel, Effect of post injections on in-cylinder
and exhaust soot for low-temperature combustion in a heavy-duty diesel
engine, SAE International Journal of Engines 3 (2010-01-0612) (2010)
496–516.

[35] A. Vanegas, H. Won, C. Felsch, M. Gauding, N. Peters, Experimental
investigation of the effect of multiple injections on pollutant formation in
a common-rail DI diesel engine, Tech. rep., SAE Technical Paper (2008).

[36] Y. Hotta, M. Inayoshi, K. Nakakita, K. Fujiwara, I. Sakata, Achieving
lower exhaust emissions and better performance in an HSDI diesel engine
with multiple injection, Tech. rep., SAE Technical Paper (2005).

[37] D. Pierpont, D. Montgomery, R. D. Reitz, Reducing particulate and NOx
using multiple injections and EGR in a DI diesel, SAE transactions (1995)
171–183.

[38] C. Barro, F. Tschanz, P. Obrecht, K. Boulouchos, Influence of post-injection
parameters on soot formation and oxidation in a common-rail-diesel engine
using multi-color-pyrometry 55096 (2012) 293–302.

[39] S. Molina, J. M. Desantes, A. Garcia, J. M. Pastor, A numerical investi-
gation on combustion characteristics with the use of post injection in DI
diesel engines, Tech. rep., SAE Technical Paper (2010).
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the n-dodecane chemical mechanism on the CFD modelling of the diesel-like
ECN Spray A flame structure at different ambient conditions, Combustion
and Flame 208 (2019) 198–218.

[83] H. Kahila, O. Kaario, Z. Ahmad, M. G. Masouleh, B. Tekgül, M. Larmi,
V. Vuorinen, A large-eddy simulation study on the influence of diesel pilot
spray quantity on methane-air flame initiation, Combustion and Flame
206 (2019) 506–521.

[84] B. Savard, H. Wang, A. Wehrfritz, E. R. Hawkes, Direct numerical simu-
lations of rich premixed turbulent n-dodecane/air flames at diesel engine
conditions, Proc. Combust. Inst. 37 (4) (2019) 4655–4662.

[85] Y. Pei, E. R. Hawkes, M. Bolla, S. Kook, G. M. Goldin, Y. Yang, S. B.
Pope, S. Som, An analysis of the structure of an n-dodecane spray flame
using tpdf modelling, Combustion and Flame 168 (2016) 420–435.

[86] N. Maes, M. Meijer, N. Dam, B. Somers, H. B. Toda, G. Bruneaux,
S. A. Skeen, L. M. Pickett, J. Manin, Characterization of Spray A flame
structure for parametric variations in ECN constant-volume vessels using
chemiluminescence and laser-induced fluorescence, Combustion and Flame
174 (2016) 138–151.

[87] S. A. Skeen, J. Manin, L. M. Pickett, E. Cenker, G. Bruneaux, K. Kondo,
T. Aizawa, F. Westlye, K. Dalen, A. Ivarsson, et al., A progress review on

74



REFERENCES

soot experiments and modeling in the engine combustion network (ECN),
SAE International Journal of Engines 9 (2) (2016) 883–898.

[88] P. Kundu, M. M. Ameen, S. Som, Importance of turbulence-chemistry
interactions at low temperature engine conditions, Combustion and Flame
183 (2017) 283–298.

[89] D. L. Siebers, Liquid-phase fuel penetration in diesel sprays, SAE transac-
tions (1998) 1205–1227.

[90] E. Ranzi, A. Frassoldati, A. Stagni, M. Pelucchi, A. Cuoci, T. Faravelli,
Reduced kinetic schemes of complex reaction systems: fossil and biomass-
derived transportation fuels, International Journal of Chemical Kinetics
46 (9) (2014) 512–542.

[91] H. Jasak, A. Jemcov, Z. Tukovic, et al., OpenFOAM: A C++ library for
complex physics simulations 1000 (2007) 1–20.

[92] T. Yao, Y. Pei, B.-J. Zhong, S. Som, T. Lu, K. H. Luo, A compact skeletal
mechanism for n-dodecane with optimized semi-global low-temperature
chemistry for diesel engine simulations, Fuel 191 (2017) 339–349.

[93] B. Hu, M. P. Musculus, J. C. Oefelein, The influence of large-scale structures
on entrainment in a decelerating transient turbulent jet revealed by large
eddy simulation, Physics of Fluids 24 (4) (2012) 045106.

[94] M. J. Borz, Y. Kim, J. O’Connor, The Effects of Injection Timing and
Duration on Jet Penetration and Mixing in Multiple-Injection Schedules,
Tech. rep., SAE Technical Paper (2016).

[95] Y. Pei, E. R. Hawkes, S. Kook, Transported probability density function
modelling of the vapour phase of an n-heptane jet at diesel engine conditions,
Proceedings of the Combustion Institute 34 (2) (2013) 3039–3047.

[96] J. P. Abraham, L. M. Pickett, Computed and measured fuel vapor distri-
bution in a diesel spray, Atomization and sprays 20 (3) (2010) 241–250.

[97] P. O. Witze, Hot-film anemometer measurements in a starting turbulent
jet, AIAA Journal 21 (2) (1983) 308–309.

[98] P. O. Witze, Impulsively started incompressible turbulent jet, Tech. rep.,
Sandia Labs. (1980).

[99] H. J. Hussein, S. P. Capp, W. K. George, Velocity measurements in a
high-Reynolds-number, momentum-conserving, axisymmetric, turbulent
jet, Journal of Fluid Mechanics 258 (1994) 31–75.

75



REFERENCES

[100] S. B. Pope, Turbulent Flows, Cambridge University Press, pp. 96-101
(2001).

[101] Y. Zhang, H. Wang, A. Both, L. Ma, M. Yao, Effects of turbulence-
chemistry interactions on auto-ignition and flame structure for n-dodecane
spray combustion, Combustion Theory and Modelling (2019) 1–28.
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