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Abstract

e global environment suffers from utilizing fossil fuels to powering internal combustion
engines (ICE), due to the massive amounts of released CO2. Besides the global impact,
the local environments experience high concentrations of harmful pollutants such as NOx,
CO, soot and particulate matter (PM).e automotive industry is continuously striving to
find new solutions to decrease the fuel consumption and also to develop cleaner and more
advanced combustion systems, i.e., low temperature combustion (LTC) engines.

e goal of this thesis is to employ computational fluid dynamics (CFD) simulations to
investigate methanol under the partially premixed combustion (PPC) regime, which is one
of the advanced LTC concepts alongside HCCI and RCCI. e benefit of PPC engines
is the reduced average combustion temperature, which results in optimized emission rates
of UHC/CO and NOx, maintaining a high thermal efficiency. Interesting properties of
methanol, such as a low stoichiometric air to fuel ratio and a high latent heat of vapor-
ization as well as non-sooting combustion, may enable further improvement of the PPC
concept. Studies have been carried out by employing RANS and LES models to simulate
mixing and ignition processes.

It was found that methanol PPC can be achieved at relatively later injection timings (sim-
ilar to those in diesel engines), in comparison to gasoline. Late injection timings can ease
injection targeting into the piston bowl and utilize strong wall-spray interaction to help con-
trol the in-cylinder flow and therefore reduce the wall heat losses. e well-stirred-reactor
(WSR) approach fails to predict pressure traces at highly stratified mixture compositions,
such as 0.3 < ϕ < 2.5. Instead, the partially-stirred-reactor (PaSR) model, after model
constant calibration, was employed to improve the prediction of combustion behavior. e
ignition kernel of methanol starts in the fuel leanest mixtures, and continues as an ignition
front propagation towards the fuel rich mixtures, consuming the remaining fuel that has
originated from the fuel rich side, in the diffusion flame mode.

In the second part of the thesis focus is set on the diesel spray - wall interaction. LES
is employed to study the air entrainment mechanisms, such as flame lift-off length, im-
pingement mixing and entrainment wave, to identify their importance on the soot oxi-
dation process. e free jet and wall impingement jets at  mm and  mm distance
between the nozzle and the impingement wall are considered. e main finding is the
non-monotonic mixing enhancement during combustion. e soot formation mixtures
(1600K < T < 2200K , ϕ > 2) can be accumulated in the near wall region, until the
impingement vortices are developed, which then accelerates the mixing rate. Both wall
jets resulted in more entrained air after the end on injection, which is considered to be the
main reason for the faster oxidation of soot, with comparison to the free jet, which is in
agreement with experimental measurements of the optical soot thickness KL.

i





Popularvetenskaplig sammanfattning

Numeriska modeller av förbränningsprocesser i bilmotorer spelar en viktig roll i den mo-
derna utvecklingen av bilindustrin, som strävar efter lägre emissioner och bättre bränsle-
ekonomi. Målet är att med hjälp av datorsimulationer skapa och utöka förståelsen för det
turbulenta cylinderflödet och dess interaktion med flammor och kemiska reaktioner för att
kunna styra och förbättra förbränningsprocessen.

Motorerna med högst verkningsgrad använder dieselcykeln, där förbränningen sker pga.
kompressionen av den instängda luften, vilket ökar dess tryck och temperatur i förbrän-
ningskammaren. Bränslen som sprutas in direkt till förbrännings kammaren när trycket
och temperaturen är tillräckligt hög, evaporerar och antänds efter en kort tid. Insprutning-
en av bränsle fortsätter beroende på hur mycket arbete motorn ska leverera. Dieselcykeln
karaktäriseras däremot med hög förbränningstemperatur som leder till höga emissioner av
nitrid-oxider (NOx) och av bränslerik förbränning som leder till höga sotemissioner. Båda
visade sig vara väldigt farliga för människans hälsa, speciellt inom stora städer där emissio-
ner når höga koncentrationer.

Under de två senaste årtiondena har forskning fokuserat på hur tidpunkten av bränslein-
sprutning kan ändras för att utöka tiden för bränsleluftförblandning innan antändningen,
vilket ska resultera i en lägre förbränningstemperatur och bränslemager förbränning och
därför lägre emissioner. Sådan typ av förbränning kallas för delvis förblandad förbränning,
eller på engelska partially premixed combustion”(PPC). Problemet ligger i det komplexa
och turbulenta flöde som uppstår när bränsle sprutas in och interagerar med väggarna i
förbränningskammaren tidigt i komprimeringsslaget. Beroende på distributionen av bräns-
leluftblandning och på hur långt motorkolven har kommit i komprimeringsslaget, kommer
antändningstidpunkten och hastigheten på reaktionsfronten att variera, vilket leder till svå-
righeter av kontrollerad repetition av förbränningen som en motor skall ha.

Denna avhandling fokuserar därför på datorsimulationer av bränsleinsprutnings processer
för att kunna förutsäga var och när antändningen av bränsleluftblandningen kommer att
ske i förbränningskammaren och i vilken takt reaktionsfronten kommer att propagera inom
förbränningskammaren. Det har visat sig att termodynamiska egenskaper av metanol tillå-
ter betydligt senare insprutningstider jämfört med konventionella bränsle som diesel eller
bensin för att uppnå delvis förblandat förbränning. Däremot pga. stark kylningsförmåga av
metanol vid insprutningen, måste motor ha ett högt kompressionsförhållande eller tillgång
till en hög insugstemperatur för att uppnå en antändningsprocess. Simuleringarna har ock-
så visat att avancerade insprutningstrategier som inkluderar dubbla eller trippelinjektioner,
kan sänka kravet på insugstemperatur. Utöver detta har olika geometrier på förbrännings-
kammare studerats för att identifiera hur heta förbränningsprodukter rör sig inuti förbrän-
ningskammaren, vilket styr värmeförluster genom väggar.
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I den andra delen av avhandlingen inkluderas simuleringar av dieselförbränning i ett kon-
stant volymkärl med optisk tillgång där förbränningens parametrar kan isoleras och studeras
individuellt. Utförd studie fokuserar på hur dieselflamman interagerar med en rak vägg be-
roende på avståndet från bränsleinsprutare. Olika avstånd ändrar turbulenta flödestrukturer
nära väggen som styr hur snabbt luften kan blandas in i en dieselflamma, vilket leder till
bättre oxidation av sotemissioner.
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Chapter 

Introduction

. Background

e transportation sector is constantly growing together with the world population, world
economy and our living standard. e main power-train system driving cars, trucks and
ferries is based on the internal combustion engine technology, where majority of energy de-
mand is met by the fossil fuels. e drawback is a massive amount of released emissions of
CO2 and other harmful pollutants such as soot, nitride oxides NOx and particular matter
(PM). Emissions damage global and local environments, including our health and, there-
fore, the current condition of the transportation sector is not sustainable [, ].

Industry is continuously focusing on the development of cleaner power-train systems. Cur-
rently, electrification trends are in focus, where batteries are used as the energy carriers that
drive the electrical motors installed in vehicles. e main benefit of electrification is the
local zero emissions output, which can contribute to cleaner air in large urban areas. How-
ever, the green house gases, are still being released, but during the production of batteries
and electricity at remote locations. ereby, emission output is correlated with the source
of electricity, which can be based on wind and solar power, but also on coal and natural gas.
us, it is more beneficial to run electrical vehicles for example, in Nordic countries, com-
pared to China or India. Moreover, due to the price and weight of electrical power-trains,
the conversion of the entire ICE fleet today remains challenging [, ].

Other actions taken in order to reduce the impact of transportation sector on the environ-
ment are engine-hybrid solutions, platforms for shared vehicles and self-driving vehicles.
All alternative transportation solutions are important in the global effort for better and sus-
tainable transportation sector. However, due to the enormous size of the ICE fleet, it is
expected that ICE will remain as a major power-train system, especially in the rural heavy-
duty sector, where high energy density is essential. Hence, in order to reduce emissions
of CO2 and other pollutants released during the combustion process, the development of
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ICE needs to continue.

e most common heavy-duty engine is based on the Diesel cycle, as it consumes less fuel
compared to its gasoline rivals. Additionally diesel engines have better work characteris-
tics suited to carry heavy loads. e challenge is the high emission output of NOx, soot
and particular matter (PM). In the modern diesel vehicles emissions formed inside of the
combustion chamber are greatly reduced with help of the after-treatment systems as soot
particle filters [] and NOx traps []. However, despite the after treatment systems which
are also costly to maintain, new emission regulations as EURO VI continuously force en-
gine manufacturers to further reduce emission output. us new technical solutions are
required.

During the last two decades combustion engine research community was focused on the
development of alternative combustion systems. Concepts such as homogeneous charge
compression ignition (HCCI), reactivity controlled charge ignition (RCCI) and partially
premixed combustion (PPC) were developed based on the low temperature combustion
(LTC) concept, which results in cleaner emissions already in the combustion chamber. LTC
engine concepts are promising and work excellent in the engine laboratory cell, however
they barley exists on the global commercial scale due to the technical challenges regarding
robustness of the combustion process, which is needed in the commercial applications [,
]. A number of different challenges are, for example, a limited operation load range due
to the mechanical constraints, cold start issues or sensitivity to the inlet conditions. LTC
engines are also characterized by a low exchange gas efficiency in comparison to Diesel en-
gines, which can result in a similar brake thermal efficiency, despite an improved in-cylinder
combustion process.

e combustion process in LTC engines is mainly driven by the fuel kinetics. Hence, prop-
erties and ignition mechanism of a specific fuel can have a significant effect on the engine
performance. Different types of diesel and gasoline fuels were extensively investigated dur-
ing the last decade. Recently focus was set on some alternative fuels as for examplemethanol.
e properties of methanol are significantly different from diesel and gasoline, which po-
tentially allows to improve some of the technical challenges.

. esis scope and objectives

Modern development of combustion processes employs numerical modeling to gain in-
depth understanding for the underlying mechanisms. e aim of thesis is to employ Com-
putational Fluid Dynamics (CFD) simulations to investigate how unique properties of
methanol, such as the low stoichiometric air to fuel ratio (A/Fs), and high latent heat
of vaporization will affect the combustion characteristics and engine performance under
partially premixed combustion regime. Simulations are used to study fuel injection, evolu-
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tion of mixture composition, chemical kinetics and the spatial and temporal distribution
of combustion reactions. Focus is set on understanding the underlying mechanisms gov-
erning the engine efficiency and emissions observed in the state-of-the-art experimental
work on metal and optical engines employing laser diagnostics. Both turbulence modeling
approaches as Large Eddy Simulation (LES) and Reynold averaged Navier Stokes (RANS)
are used together with finite rate chemistry modeling. Combustion behavior is investigated
for different piston geometry with focus on wall heat losses. is thesis also discuss on the
ignition sequence, which can potentially involve all three fundamental combustion modes
as ignition wave propagation, premixed flame, and non-premixed flame. It is essential to
understand how the mode of combustion changes, depending on the mixture composition,
which is governed by engine parameters and fuel properties, in order to improve the mod-
eling approach. is thesis also includes validation of the methanol spray modeling based
on the experimental work in optical engines. In addition, a systematic survey for methanol
chemical kinetic models is carried out.

In the second part of the thesis, numerical simulations are performed for the diesel spray
combustion in a constant volume chamber. e goal is to investigate different air entrain-
ment mechanisms and their effect on the oxidation of soot emissions depending on the
distance between the fuel nozzle and the impingement wall.

. esis contribution

e main findings of this work can be summarized as follows:

• e start of injection study revealed that methanol, in comparison to other fuels,
requires much less time for premixing in order to achieve stratification level, resulting
in partially premixed combustion. Injection timings between the SOI - and SOI
- at low load, result in all fuel lean mixtures, and thus in, similar combustion type
as in HCCI engines. e main reason for that is the low A/Fs ratio of methanol.

• e injection pressure study showed that methanol injected at TDC conditions with
a high injection pressure will extend the ignition delay time due to the strong cool-
ing effect. During that time, a premixed charge at stoichiometric mixtures will be
formed. e auto-ignition of such mixture composition will give rise to a high rate
of NOx formation, which will produce more total NOx emissions comparing to the
low injection pressure cases, which resulted in typical CDC cycle.

• e piston geometry study implies that the post-injection flowwhich govern the local
distribution of the hot combustion products, plays a key role in the optimization of
the heat losses. A lower A/V ratio, meaning a reduced piston bowl area, does not
always result in a lower wall heat losses.
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• Ignition sequence analysis revealed that the ignition kernel of methanol starts within
the fuel leanest mixtures, which is most likely caused by the cooling effect. It means
that, by the time methanol fuel vapor reaches the correct temperature, enough for
the auto-ignition, the ignitable mixture will become fuel leanest.

• e diesel spray-wall interaction study revealed that air entrainment mechanisms as
flame lift-off length, impingement enhanced mixing and entrainment wave mixing
are affected depending on the distance between the injector and the wall. It was
found that the oxidation process of soot correlates with the air entrainment rate
taking place after the end of injection. Wall impingement jets, with  mm and 
mm distance to the wall, resulted in a higher air entrainment rate after the EOI and
as a result faster soot oxidation in comparison to the free jet configuration.

. Outline

Chapter  briefly presents the research carried out on LTC engines and some aspects of
the diesel spray combustion, including more details for the research questions in this thesis.
Chapter  includes governing equations and models describing reactive flows. Chapter
 includes methods related to initializing, performing and post-processing of simulations
together with a brief description of experimental methods. Chapter  includes a summary
of findings for the methanol PPC studies. Chapter  includes summary of findings for
the diesel impingement spray studies. Finally, Chapter  presents overall conclusions and
future work.
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Chapter 

Compression ignition engines

. Combustion concept

Combustion in compression ignition engines occurs through auto-ignition event which is
forced due to the rapid increment of the pressure and temperature caused by the engine
piston movement. e injection of fuel is introduced at different times relative to the pis-
ton position in order to achieve best possible combustion characteristics. e injection
time will govern the mixture composition at the time of auto-ignition event and thus the
chemical reactions responsible for emissions. Two main pollutants such as soot and NOx

emissions, are formed at a specific conditions described by fuel and air ratio ϕ and tem-
perature. Classical ϕ− T diagram is used, see Figure ., to identify mixture composition
formed in different compression ignition concepts in relation to the soot and NOx for-
mation conditions. In the case of the conventional diesel combustion (CDC), where fuel
injection is late and continues during the combustion process, mixture composition is lo-
cated across both soot and NOx peninsulas. It results in a high amount of these emissions
and the need of the after-treatment systems. In order to avoid formation of soot and NOx,
the combustion temperature must decrease. One way to decrease combustion temperature
is the exhaust gas recirculation (EGR) concept. Another, more challenging way, is advanc-
ing the start of injection which gives more premixing time for the fuel and air to achieve
leaner composition and thus lower combustion temperature. e LTC concepts, such as
HCCI, PPC and RCCI relay on the early injection timings. On the other hand, as the
combustion temperature decreases, it may affect the combustion efficiency which will give
rise to unburned hydro carbons (UHC) and CO emissions. erefore, research on the
LTC engine concepts focus on understanding engine parameters, which control the mix-
ture composition and thus emission output. At the same time, combustion characteristics
as the pressure rise rate, combustion stability and engine load range need to be considered.
Furthermore, due to the emission trade-offs, compromises between the emission output
and efficiency are often needed.
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Figure 2.1: Operating regime in Φ - T space for different CI engine concepts. Adapted from [7, 9] .

Detailed information from CFD simulations on mixture composition, combustion tem-
perature and flame-wall interaction can be utilized to improve LTC engines. Figure .
shows an example of a CFD simulation for compression ignition combustion with double
injection strategy SOI-/- aTDC. e highest temperature is in the location of stoichio-
metric mixtures (equivalence ratio equals unity in Figure .). Stoichiometric mixtures are
most often burned in diffusion flame mode, giving rise to emissions of NOx. At the shown,
CAD  aTDC, the diffusion flame of the main injection is attached to the piston wall, caus-
ing enhanced mixing, due to the large scale turbulent eddies. Turbulent flow results in a
better air entrainment rate, that helps to reduce the emissions of soot, which are formed
in the fuel-rich conditions located inside of the diffusion spray plumes. e low tempera-
ture zone, in-between the spray plumes, is originated from the pilot injection combustion
(equivalence ratio below unity in Figure .), taking place at an earlier CAD, which leads
to reduced emissions of soot and NOx, but may potentially cause more UHC and CO
emissions. Multiple injection strategies are one of the advanced methods to alter mixture
composition and mode of combustion in order to reduce total emission output.
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Figure 2.2: Volumetric temperature field at CAD 5 aTDC for double injection case SOI −17/ − 3 of methanol
combustion. Pilot injection resulted in low temperature combustion driven by ignition front propa-
gation giving average temperature of 2000 K, typical for PPC engines. The main injection resulted in
diffusion flame combustion typical for diesel engines giving stoichiometric temperature combustion
of 2686 K. Too low combustion temperature give rise to unburned hydrocarbons (UHC) and carbon
monoxide (CO) emissions. Too high temperatures gives rise to NOx formation. The goal is to op-
timize combustion temperature by controlling mixture composition defined with equivalence ratio
ϕ, and improve flame wall interaction to reduce heat losses. Depending on the fuel, soot can be
formed in fuel rich pockets inside of the diffusion flames at temperatures between 1600K-2200K.
Simulation and rendering performed by the author.
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. Partially premixed combustion engines

One of the promising LTC engine concepts is PPC.e main reason why the PPC concept
is attractive, is the emissions window in the CO/HC-NOx trade-off. Between approxi-
mately SOI - and SOI - aTDC combustion results in a low emission output of both
HC/CO and NOx []. e emission window depends on the mixture composition that
gives rise to low enough combustion temperature to avoid NOx formation, but at the same
time, a high enough combustion temperature to complete conversion of HC and CO.e
second advantage of PPC engines is reduced wall heat losses, which contributes to a high
indicated gross efficiency. e performance studies byManente et al. [–] and Kalghatgi
et al. [] for gasoline PPC engines for different setups and engine operation points show
the advantages over CDC engines both in emission output and indicated gross efficiency.

e main challenge is the limited load range due to the pressure rise rate caused by the
combustion in the premixed mode, especially at higher loads. In addition, extreme inlet
conditions required at certain conditions to initiate auto-ignition event, are not feasible in
real engine applications. Many studies were conducted in order to extend the operation
range by utilizing fuels with different RONnumbers [, ]. e stability of combustion is
mostly sensitive to the inlet temperature. A number of solutions were proposed to improve
it, as for example glow plugs [] or fuel blends with a specific reactivity (RCCI engines)[].

e definition of PPC regime is not always consistent in the literature. emain goal of the
PPC concept is to find the optimal emission window by controlling mixture composition
with various engine parameters. However, the stratification level of the fuel/air mixture
needed to achieve that emission window is not strictly defined and may be significantly
different depending on the fuel properties and the engine parameters.

In order to gain more in sight, combustion phenomena in PPC engines is extensively inves-
tigated in optical engines setups [–]. Laser diagnostics are employed to study spatial
and temporal distribution of the fuel and combustion radicals. e challenge is to under-
stand the structure of the reaction zone and to quantify mixture composition. In PPC
engines, all three fundamental combustion modes can co-exist, which are ignition front
propagation, premixed flame and non-premixed flame. From the numerical point of view,
it is important to know which combustion mode is acting, due to the challenges associated
with the combustion modeling. In this work focus is set on the transition between pre-
mixed and non-premixed combustion. Investigating the difference between the ignition
front and premixed flame is more challenging and often requires detailed numerical simu-
lation (DNS). More discussion is provided in section ..

One PPC definition presented by Musculus et al. [], shows that the injection timing
in PPC should be advanced so that the majority of the fuel is consumed in the premixed
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combustion mode, while only small remaining part of the fuel is consumed in the non-
premixed mode. Figure . shows a conceptual model for the CDC and PPC ignition
sequence.

Figure 2.3: Phenomenological models for CDC and PPC. Reproduced from [8].

Another PPC definition is based on the mixing period time (MPT), which is the time
between the end of injection (EOI) and the start of combustion (SOC).

MPT = SOC − EOI (.)

If the mixing period time is positive, then a certain operation point is categorized as PPC.
is rule would apply for the presented PPC pressure trace in Figure ., where mixing
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period time is positive. e drawback of the MPT definition is that it lacks the informa-
tion on the stratification level. For example, if the mixing period time is long enough,
the mixture composition may result in all fuel lean mixtures, leading to premixed combus-
tion mode only, similar to that in HCCI engines. As the mixing period time gets shorter,
mixture composition will start to include local fuel rich mixtures, which will lead to a
mixed combustion mode consisting of both the premixed mode and non-premixed mode,
as in Musculus conceptual PPC model. Furthermore, even if the mixing period time is no
longer postive (meaning that injection is ongoing during the combustion), it is still pos-
sible to achieve the premixed dominant combustion, which is consistent with Musculus
conceptual model, but inconsistent with the MPT rule.

e information about mixture composition is especially helpful for the early injection
cases. Mixing controlled combustion is characterized by fluctuations in the heat release
trace, but for the early injection times (positive MPT), it may be difficult to determine
if fluctuations are related to the mixing controlled combustion. ereby, it is difficult to
determine if local fuel rich mixtures exists in the domain during combustion.

e mixture composition at a given start of injection can vary depending on the engine
load or EGR content, but most importantly on the fuel mixing properties, which in case of
methanol, are quite different from other conventional fuels. For example, start of injection
studies for gasoline PPC engines in Refs. [–], shows that composition of fuel lean and
fuel richmixtures for gasoline is achieved at around SOI - aTDC. In the case of methanol,
the combination of fuel lean and fuel rich mixtures is achieved at much later SOIs, e.g., SOI
- assuming comparable ambient conditions. Mixing properties of methanol in PPC en-
gines are addressed and discussed in this thesis.

.. Methanol as a PPC engine fuel

Methanol, as an alternative fuel, is being applied in a number of pilot projects for city buses
and ferries. It became an interesting choice on the alternative fuel market due to several
things. e unique thermodynamic properties cause a severe cooling effect and prolonged
ignition delay time that can be both positive and negative for the performance in LTC en-
gines. e main advantage is that methanol has almost non-sooting combustion and can
be extracted in renewable production loops based on the biomass, which can contribute
to a lower net CO2 emissions []. On the other hand, ongoing research is also focusing
on dealing with corrosive properties of methanol, as well as on a detailed emission analysis
related to particular matter [].

Most recently methanol was investigated in compression ignition engines under PPC con-
ditions. Studies show that methanol results in a low emission output, fulfilling the EURO
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IV standards without using any after-treatment systems [, ]. Single cylinder engine ex-
periments with a high compression ratio showed indicated gross efficiency up to % [].
Numerical studies on full engine systems imply a higher gas exchange efficiency compared
to gasoline, which improves overall brake thermal efficiency [, ]. Methanol oxygen
demand to achieve stoichiometry is only half of that for gasoline. us, the mixing time
to achieve optimal PPC mixture composition is short. e penalty is the high latent heat
of vaporization which sets demand for a high intake temperature and relative low energy
density. Selected properties of methanol, gasoline and diesel are given in Table ..

Table 2.1: Selected fuel properties [34].

QLV H [MJ/kg] A/Fs Latent heat of vaporization [kJ/kg]

methanol 20 6.47 1103

gasoline 44 14.6 350

diesel 43.2 14.5 270

An example of heat release trace for methanol PPC is presented in Figure .. It is shown
that despite negative MPT, the majority of the fuel is combusted in the premixed combus-
tionmode. Other fuels such as gasoline or diesel, injected at the identical conditions, would
result in a larger contribution of the mixing controlled combustion, typical for CDC, due
to the shorter ignition delay time. erefore, the SOI interval for achieving methanol PPC
can be located much closer to the top-dead-center (TDC) compared to gasoline or diesel
fuel.
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Figure 2.4: Schematic heat release diagram for methanol PPC engine concept with negative MPT. Specifica-
tions: SOI -2.2 aTDC, Pinj= 800 bar, Pin = 1.56 bar, Tin= 416K, IMEPg=3.4 bar. Sara Lönn is
acknowledged for providing engine data.

Another example of heat release rate is presented for a comparable engine operation point
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between methanol and primary reference fuel (PRF). e SOI, CA, engine load
IMEPg and injection pressure are fixed. Instead, the intake temperature and the injection
duration are used for calibration. Figure . shows heat release rate andmixing line at TDC.
One can note that mixture composition in case of methanol became significantly leaner
and colder compared to PRF. Based on the heat release rate, one can approximate that
methanol resulted in almost negligible amount of mixing controlled combustion, meaning
all fuel lean conditions, whereas PRF still may contain both fuel lean and fuel rich
mixtures, which give rise to the mixing controlled combustion. More discussion on the
stratification level and the mode of combustion in methanol PPC engines are presented in
Paper I and Paper V.

Figure 2.5: Mixing line for methanol (MeOH) and primary reference fuel (PRF100) under comparable engine
operation point: IMEPg=3.55/3.58 , CA50 = 2.76/2.72, Pin = 1.25/1.25 bar, mf = 99mg/41mg,
Tin = 174K/158K . Mixing line is taken at TDC based on non-reactive simulations performed by the
author. Amir Bin Aziz is acknowledged for providing engine data.
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. Ignition front wave, premixed flame, non-premixed flame

e partially premixed combustion is a combination of the premixed combustion mode
and the non-premixed combustion mode. e premixed combustion mode occurs when
the fuel and oxidizer co-exist before the start of combustion either in a perfectly homoge-
neous field or in a stratified field that include either all fuel lean mixtures or all fuel rich
mixtures. e non-premixed combustion occurs when the fuel and oxidizer must undergo
mixing during the combustion, meaning that the fuel and oxidizer are introduced sepa-
rately into the reaction zone. In the literature, however, PPC is also used as the indication
of stratified conditions, regardless of whether the mode of combustion is pure premixed, or
if it includes both premixed and non-premixed modes [, ].

In order to improve modeling of PPC engines in general, one must further distinguish be-
tween two different types of the premixed combustion, which are the ignition front prop-
agation and the premixed flame front propagation.

e ignition front propagation is a sequence of local auto-ignition events that does not
require the transport of mass and heat into the reaction zone. Instead, the reaction rates
depends on the ignition delay time τig governed by the local thermodynamic state including
temperature, pressure and equivalence ratio.

τig = f(p, T, ϕ) (.)

Zel’dovic [] proposed that the velocity of such ignition front propagation is proportional
to the gradient of ignition delay time.

e premixed flame front propagation mode takes place if the transport of the heat and
mass, in form of diffusion, into the reaction zone is necessary in order to continue the com-
bustion process. e propagation of the premixed flame front is strongly affected by the
turbulence structures, which is described in the well-known Borghi-diagram []. In the
case of the ignition front propagation, the effect of turbulence is indirect, meaning that the
turbulence, governs the mixing process and thus the distribution of the local temperature
and equivalence ratio ϕ prior to ignition. During combustion, the integral turbulent time
scale is slower than chemistry time scale.

e most common numerical practice in order to distinguish between ignition and flame
mode, is the budget term analysis, where chemistry source term is compared with the dif-
fusion term in the species equation. e dominance of the chemistry source term would
imply ignition front mode. A balance between the chemistry source term and the diffu-
sion term would imply flame propagation mode. Budget terms studies for PPC related
conditions were performed in the DNS framework, which showed that ignition front and
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premixed flames can occur at the same time, but the ignition mode is most likely the dom-
inant mode of combustion [–].

Since PPC engine may involve all three fundamental combustion modes, ignition, pre-
mixed flame, and non-premixed flame, accurate simulations require advanced combustion
modeling. Recently, Jangi et al. [] performed methanol PPC engine simulations using
advanced modeling approach called Eulerian Stochastic Fields (ESF), where it was noted
that for strongly stratified conditions well-stirred-reactor (WSR) approach fails to predict
combustion process compared to the ESF model.

In the case of HCCI engines, where combustion takes place at much more homogeneous
mixtures compared to PPC, the dominant mode of combustion is pure ignition wave mode.
In this case, a combustion model is not necessary andmost often theWSR approach is used,
which calculates reaction rates based on the resolved part of the flow.

In the case of CDC engines, the dominant mode of combustion is the non-premixed flame.
In this type of combustion, combustion models is important due to the insufficient spatial
resolution to resolve the thin reaction zone layer between the oxidizer side and the fuel
side. Many different approaches have been developed to account for the sub-grid mod-
eling. Chomiak and Karlsson [] proposed partially stirred reactor model (PaSR), that
would limit the reaction rates depending on the ratio between the chemical and turbulence
time scales. Other approaches, such as eddy dissipation model (EDM), was proposed by
Magnussen and Hjertager []. e mean reaction rate in EDM is based on the integral
time scale mixing and the consumption rate of controlling species as fuel and oxygen.

Non-premixed combustion is also simulated with flamelet approach, where the reaction
rates are pre-calculated and stored in the look-up tables []. Computational time is sig-
nificantly reduced compared to the detailed chemistry simulations. Ongoing research is
focusing on development of flamelet approaches such as Flamelet Generated Manifolds
(FGM) method, in order to improve the ability to better predict ignition kernel at various
conditions, including ignition phenomeon in LTC engine simulations [–].

Depending on the engine concept and the combustion mode, different combustion models
must be employed. e combustion mode triangle in Figure . shows the contribution of
each fundamental combustion mode in different combustion engine concepts.





CDC

PPC

HCCI

flame
premixed

flame

none

ignition

SI

premixed

Figure 2.6: The combustion triangle divided into fundamental combustion modes. Engine concepts are located
based on contribution of each combustion mode to the total heat release. Adopted from [50].

In Figure ., PPC engine concept is located between the HCCI and CDC engine con-
cepts. Depending on injection strategy, the level of the fuel stratification will vary, which
also will cause different contribution to the total heat release from the premixed and the
non-premixed combustion modes. It is expected that the importance of the combustion
model will increase together with the level of the fuel stratification and the amount of the
fuel rich mixtures. It is unclear at which stratification level the use of combustion model
becomes necessary. e fuel stratification can be quantified by calculating distribution of
local equivalence ratio defined as:

ϕ = (
mf

ma
)/(

mf

ma
)s, (.)

where mf is the local mass of the fuel, ma is the local mass of the air, and s denotes
stoichiometry. Values of ϕ > 1 would then indicate fuel rich conditions, values of ϕ < 1
would indicate fuel lean conditions, and value of ϕ = 1 would indicate stoichiometric
conditions. Figure . presents a conceptual allocation of the heat release with respect
to the local equivalence ratio distribution and combustion mode based on the performed
simulations in the thesis. It can be observed that stratification of ϕ in PPC concept is much
broader, compared to HCCI engine concept, and thus, combustion models may play an
important role.
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Figure 2.7: Proposed conceptual model of heat release distribution during combustion cycle depending on local
equivalence ratio and mode of combustion.

. Mixing mechanisms in Diesel sprays

During the last three decades, researchers continuously worked on improving understand-
ing of the formation and oxidation processes of soot emissions in diesel sprays. Many
important achievements have been accomplished within the engine combustion network
(ECN) led by Sandia. e first conceptual model of a diesel spray structure was proposed
by John Dec [], where schematic distribution of soot, NOx, diffusion flame and rich
premixed flame zones was proposed. e flame lift-off length, which is the distance be-
tween the nozzle rim and nearest flame zone, was identified as the main region where the
air entrainment mechanism is at work. e longer the flame lift-off length, the more air
could enter the spray plume and reduce local equivalence ratio which would contribute to
less soot []. Another mixing mechanism, entrainment wave, was identified by Musculus
[]. It was discovered that after the end of injection, oxygen is entering the spray plume
from its tail at a much higher speed compared to the mixing rate taking place at the leading
spray edge.

.. Impingement sprays

e goal is to maximize the air entrainment in a wall confined environment as the engine
in-cylinder domain, hence research focus is also set on impingement diesel jets. Pickett
and Lopez [], presented optical measurements of soot mass in a constant volume vessel,
for the free jet configuration and the wall jet configuration. ey observed a significant
reduction of soot emissions in the wall jet case and argued that soot mass reduction may
depend on the mixing enhancement, i.e., oxidation or on the reduced soot formation due
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to the wall cooling effect. Figure . shows diagram for the integrated soot mass and a
schematic flow structure of impingement jet from their work.

Figure 2.8: Integral of KL (soot mass) for two jet configurations and schematic wall-jet interaction flow structure.
Reproduced from [54].

Other studies on impingement sprays were conducted by Bruneaux [, ]. Diesel sprays
were investigated with the optical laser induced fluorescence (LIF) method to visualize dis-
tribution of low and high temperature combustion zones and distribution of poly-aromatic
hydrocarbons (PAH) and soot. Based on the findings a conceptual model for the wall jet
configuration, including the soot zone was proposed, Figure ..

In Ref [], Bruneaux focused on a detailed air entrainment analysis for diesel like gas
injections with focus on the wall impingement. He concluded that air entrainment in the
presence of the wall impingement can be locally increased. High intensity mixing would
happen at the re-entrainment zone, as impingement vortex force fresh oxygen into the
impingement zone. On the other hand, the overall entrained mass of air could be larger in
the free jet configuration. Figure . shows the mixing intensity at three different regions
for the wall jet case.
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Figure 2.9: Conceptual model for diesel spray combustion in the free jet configuration (left) and the wall im-
pingement configuration (right). Reproduced from [56].

Figure 2.10: Bruneaux's air entrainment analysis for the impingement gas jet under diesel like conditions. Re-
produced from [57].

Due to the multiple variables in the diesel wall impingement sprays such as the wall temper-
ature, injection pressure, orifice size, injection duration, the wall curvature and the distance
between the nozzle and the wall, the mechanisms governing wall mixing enhancement still
require further investigation. Recently, CFD simulations were employed to study impinge-
ment diesel jets in RANS framework []. It was presented that wall modeling has a key
effect on prediction of combustion characteristics. In this thesis LES approach is employed
to investigate how different air entrainment mechanisms, such as flame lift-off length, wall
impingement mixing and entrainment wave, are affected by changing the distance between
the spray nozzle and planar wall, Paper VI.

.. Multiple injection strategies

Multiple injections are commonly used in engine applications. Early pilot injections are
used to alter emissions of NOx (similar to PPC engines) or to improve cold starts. Post
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injections are used to support and complete the oxidation of fuel as the in-cylinder temper-
ature drops due to the expansion stroke. e effect of double injections on the mixing rate
was recently investigated by Hadadpour et al. [, ]. e performed numerical simula-
tions of double injection strategies at various dwell times and injection durations imply that
a shorter dwell time may decrease the air entrainment into the pilot spray plume, whereas
it can be improved for the main injection, due to the perturbed and already reacting region,
where the main injection is injected into. Multiple injections were also extensively studied
in context of the wall impingement sprays by Maes et al. []. It was presented that shorter
dwell times could reduce the final soot emissions formed in the main injection, which is in
agreement with numerical findings of Hadadpour et al. mentioned above.

. Development of combustion chamber

Piston geometry design plays a key role in the compression ignition engines such as PPC
and CDC. e local turbulent flow caused by the spray-wall interaction, governs the air
entrainment rate and distribution of chemical reactions and products. e piston bowl in
CDC engines needs to be designed to maximize the enhancing of the mixing rate in order
to deal with formation of soot. An example of that is the recently developed VOLVO’s
WAVE piston design. e soot oxidation process is improved, due to the jet-jet impinge-
ment vortex region, also called radial mixing zone (RMZ), which is amplified due to the
additional piston curvature, which also resulted in a smaller impingement stagnation area
[–]. LES studies in Paper VI, discuss on impingement vortex region and role in the air
entrainment mechanisms for impingement sprays onto a planar wall. In the case of PPC
engines, especially for methanol, soot emissions are much lower and thus optimization of
the piston bowl shape can focus on wall heat transfer losses and combustion efficiency.
Methanol, due to its properties, should achieve partially premixed conditions much faster
than diesel or gasoline (low A/Fs). us, the injection timings can be postponed which
would lead to better spray targeting, meaning all fuel injected into the piston bowl. In this
thesis, a piston geometry study is performed for methanol PPC with late injection time.
Focus is set on heat transfer analysis and overall wall heat losses, Paper III.
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Chapter 

Governing equations of reactive flows

Reactive fluids can be modeled by a set of transport equations. e formulation varies
depending on the flow problem. In internal combustion engines, the flow is turbulent,
reactive, and multi-phase including vapor and liquid phases. Governing equations for con-
servation of mass, momentum, energy and species for the vapor phase can be written as:

∂ρ

∂t
+

∂ρuj
∂xj

= Sρ, (.)

∂ρui
∂t

+
∂ρuiuj
∂xj

= − ∂p

∂xi
+

∂τij
∂xj

+ Sui , (.)

∂ρh

∂t
+

∂ρujh

∂xj
=

Dp

Dt
−

∂Jh
j

∂xj
+ Sh, (.)

∂ρYk

∂t
+

∂ρujYk
∂xj

= −
∂Jk

j

∂xj
+ ρω̇k + SYk

, (.)

where u, p, h and ρ denotes velocity, pressure, enthalpy and density respectively. Index i
and j are vector index (i, j = , , ) and k denotes chemical species (k = , , ..Ns). Yk and
ω̇k are the species mass fraction and chemical reaction rate of species k. Molecular fluxes
of mass and heat Jk

j and Jh
j following Fick’s and Fourier’s law respectively are:

Jk
j = −ρDk

∂Yk
∂xj

(.)

Jh
j = −ρα

∂h

∂xj
(.)

where Dk is the species diffusivity and α is the thermal diffusivity. τij is the shear stress
tensor. e strain rate τij with viscosity µ is formulated as:
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τij = µ

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
δijµ

∂uk
∂xk

(.)

Enthalpy h states:

h =
Ns∑
k=1

Ykhk (.)

hk = h0f,k +

ˆ T

T0

Cp,k dT (.)

where h0f,k is the enthalpy of formation at a reference temperature T0 and specific heat
capacity Cp,k. Equation of state is required to closure the above equations giving

p = ρRuT
Ns∑
k=1

Yk
Wk

(.)

where Ru is the universal gas constant andWk is molecular weight of species k withNs as
the total number of species. e source terms Sρ, Sui , Sh, SYk

account for the exchange
rates between the vapor and the liquid phase.

. Turbulence

Turbulent flows are characterized by scales describing different sizes and turn over times of
eddies. e scales with highest energy content are the integral scales with characteristics
length l0, velocity u(l0) and time τ0. Reynolds number are turn over time is defined as:

Re0 =
u0 l0
ν

, τ0 =
l0
u0

(.)

where ν is kinematic viscosity. e smallest turbulent scales, Kolomogrov scales, describe
eddies with the lowest energy content at the point where turbulent kinetic energy is dissi-
pated into heat. Kolomogrov length, velocity and time scales are defined as

lη =

(
ν3

ε

)1/4

, uη = (νε)1/4 , τη =
(ν
ε

)(1/2)
(.)

where ε is dissipation of turbulent kinetic energy. e energy cascade theory proposed
by L.F Richardson explains the break down of the large eddies containing highest energy,
into the smallest scales, Kolomogrov scales, by decreasing energy until they reach point of
molecular diffusion and eventually dissipate into heat. e turbulence scales are modeled
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Figure 3.1: Schematic diagram of the resolved and modeled part of the turbulence kinetic energy spectrum for
RANS, LES and DNS.

with two different approaches RANS and LES. Figure . shows energy cascade in relation
to RANS and LES modeling.
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.. U-RANS formulation

In U-RANS approach, a flow quantity ϕ can be decomposed into time averaged part ϕ̄ and
fluctuating part ϕ′′ as:

ϕ = ϕ̄+ ϕ
′′
. (.)

Due to the varying density in reacting flows Favre-formulation is employed

ϕ̃ =
ρϕ

ρ̄
. (.)

e time averaged U-RANS equations assuming Le = 1 are

∂ρ̄

∂t
+

∂ρ̄ũj
∂xj

= S̄ρ (.)

∂ρ̄ũi
∂t

+
∂ρ̄ũiũj
∂xj

= − ∂p̄

∂xi
+

∂τ̄ij
∂xj

−
∂ρ̄ũ

′′
i u

′′
j

∂xj
+ S̄ui (.)

∂ρ̄h̃

∂t
+

∂ρ̄ũj h̃

∂xj
= −∂p̄

∂t
+

∂

∂xj

(
ρ̄α̃

∂h̃

∂xj

)
−

∂ρ̄h̃′′u
′′
j

∂xj
+ S̄h (.)

∂ρ̄Ỹk
∂t

+
∂ρ̄ũj Ỹk
∂xj

=
∂

∂xj

(
ρ̄D̃

∂Ỹk
∂xj

)
−

∂ρ̄Ỹ
′′
k u

′′
j

∂xj
+ ρ̄ ˜̇ωk + S̄Yk

(.)

According to Boussinesq assumption [], Reynold’s stress tensor can be written as:

−ρ̄ũ
′′
i u

′′
j = µt

(
∂ũi
∂xj

+
∂ũj
∂xi

− 2

3

∂ũk
∂xk

δij

)
− 2

3
ρ̄kδij (.)

Turbulence models, such as well established k − ϵ model [], are employed to provide
information to calculate turbulent viscosity µt defined as:

µt = ρ̄Cµ
k2

ε
(.)

where k is turbulent kinetic energy, ε is dissipation rate and Cµ is model constant. e
turbulent transport fluxes for mass and heat are modeled with gradient diffusion approach
as:

−ρ̄Ỹ
′′
k u

′′
j =

νsgs

Scsgs
∂Ỹk
∂xj

, (.)

−ρ̄h̃′′u
′′
j =

νsgs

Prsgs
∂h̃

∂xj
. (.)

e sub-grid Schmidt and Prandlt numbers are set to ..
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.. LES formulation

In LES approach a spatial filter G is used in order to resolve a certain range of turbulent
scales. Filtered variable can be written as

ϕ̄(x, t) =

ˆ
G(r, x)ϕ(x− r, t)dr, (.)

where filter function G must satisfy normalization condition
´
G(r, x)dr = 1. Favre-

formulation is employed as

ϕ̃ =
ρϕ

ρ̄
. (.)

In LES, ϕ̃ is the resolved part of the variable ϕ and ϕ
′′ is the unresolved part, i.e., sub-

grid part. Governing equations for reactive multi-phase flow in LES framework can be
formulated as:

∂ρ̄

∂t
+

∂ρ̄ũj
∂xj

= S̄ρ, (.)

∂ρ̄ũi
∂t

+
∂

∂xj

[
ρ̄ũiũj − τ̄ij − τ sgsij

]
= S̄ui , (.)

∂ρ̄Ỹk
∂t

+
∂ρ̄ũj Ỹk
∂xj

− ∂

∂xj

[
ρ̄D̃

∂Ỹk
∂xj

+Φsgs
Yk

]
= S̄Yk

+ ˜̇ωk, (.)

∂ρ̄h̃

∂t
+

∂ρ̄ũj h̃

∂xj
− ∂

∂xj

[
ρ̄α̃

∂h̃

∂xj
+Φsgs

h

]
=

∂p

∂t
+ S̄h, (.)

where S̄ρ, S̄ui , S̄Yk
, S̄h are the filtered source terms for the mass, momentum, species and

enthalpy equations between the gas and liquid phase.

e sub-grid terms, sgs-terms, still requires closure modeling. e filtered stress tensor is
obtained from the resolved strained rate S̃ij and pressure, using

τ̄ij = −p̄δij + 2µ̄
(
S̃ij − 1/3S̃kkδij

)
. (.)

e sub-grid stress tensor τ sgs is modeled using one-equation eddy model,

τ sgsij = 2ρ̄νsgs(S̃ij − 1/3S̃kkδij)− 2/3ρ̄ksgsδij , (.)

where the sub-grid viscosity is modeled as

νsgs = Cv

√
ksgs∆̄, (.)
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where ∆̄ = V
1/3
cell .

e unresolved kinetic energy ksgs is obtained from a transport equation

∂ρ̄ksgs

∂t
+

∂ρ̄ũjk
sgs

∂xj
= τ sgsij

∂ũi
∂xj

−Dsgs +
∂

∂xj

(
ρ̄
νsgs

Prsgs
∂ksgs

∂xj

)
+ Ẇ s (.)

where, Ẇ is the spray induced turbulence term []. e dissipation of the sub-grid kinetic
energy is modeled with

Dsgs = Cϵρ̄k
sgs3/2/∆̄. (.)

e model coefficients Cv and Cϵ are set to . and . respectively based on Sone and
Menon []. Closures for the sgs-terms are modeled using gradient-diffusion approach

Φsgs
Yk

= ρ̄
νsgs

Scsgs
∂Ỹk
∂xj

, (.)

Φsgs
hs

= ρ̄
νsgs

Prsgs
∂h̃s
∂xj

. (.)

Chemistry source term ˜̇ωk for species k in this thesis is treated with WSR and PaSR ap-
proach.

. Turbulent combustion scales

Turbulent combustion is categorized with two none-dimensional numbers describing ratio
between turbulent scales and chemical time scale τc. Damköller number and Karlovitz
number are defined as

Da =
τ0
τc

, Ka =
τc
τη

(.)

Da andKa numbers are mostly used to describe combustion behavior in premixed flames
as in SI engines. A high Karlovitz number flow would imply that turbulent scales can
disturb the inner layer of the flame reaction zone, leading to local quenching [].

. Mixture fraction and injection tracking

Mixture fraction Z is a key property in combustion research due to its conservation during
combustion process []. It is defined as a ratio between the mass originated from the fuel
mf and the total mass in domain, wherema is mass of the air, as:

Z =
mf

mf +ma
(.)
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In this thesis mixture fractionZ is calculated from a transport equation, where the fuel mass
is added during injection time through the source term. Transport of Z gives the possibility
to track the origin from each injection by adding multiple transport equations for mixture
fractionZinj , see Eqn. .. e spray source term S̄Zinj in eachZinj equation is activated
during corresponding time of the liquid injection.

∂ρ̄Z̃inj

∂t
+

∂ρ̄ũjZ̃inj

∂xj
− ∂

∂xj

[
ρ̄D̃

∂Z̃inj

∂xj
+Φsgs

Zinj

]
= S̄Zinj (.)

e total mixture fractionZ is then equal to the sum of allZinj . Furthermore, if no exhaust
gas recirculation (EGR) is present, the mixture fraction can be used to calculate the local
equivalence ratio as ϕ = [Z/(1−Z)]/[Z/(1−Z)]st. e sub-grid closure for the mixture
fraction equation is modeled using the similar gradient diffusion approach

Φsgs
Zinj

= ρ̄
νsgs

Scsgs
∂Z̃inj

∂xj
. (.)

. Spray modeling

e liquid fuel injection models are of high importance in direct injection engines. A
widely accepted formulation for liquid phase is called Lagrangian particle tracking (LPT).
Liquid phase is represented by a number a parcels transported in the computational domain.
Each parcel consist of a number of virtual droplets to mimic a massive number of droplets
present in a real spray. Droplets in each parcel have a physical state specified with e.g.
droplet size, temperature, composition and density. e position of parcels is coupled with
the momentum equation in the gas phase. e exchange of heat and mass is coupled with
the energy and species equations. Furthermore, the physical state of droplets is governed
by various sub-models describing the break-up process and the evaporation process. e
drawback of LPT method is the number of the involved sub-models and model constants
[]. e motion of a single parcel is governed by:

d

dt
xp = up (.)

d

dt
up =

CD Rep
τp 24

(ug − up) (.)

In the equations above, xp is the position vector of the parcel, up is the velocity of the parcel,
ug is the velocity of the gas,CD is the drag coefficient. e parcel characteristic time scale is
τp = d2p/18ν, where dp is the diameter of parcel and ν is the gas-phase kinematic viscosity.
e parcel Reynolds number is then Re = |urel|dp/ν, with urel = (ug − up). e drag
coefficient is obtain from
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CD =


24
Rep

(
1 + 1

6Re
2/3
p

)
, Rep ≤ 1000

0.426 , Rep > 1000
(.)

e brake-up process of droplets is based onWAVE theory [], describingKelvin-Helmholtz
and Rayleigh-Taylor instabilities phenomena. e brake-up sub-models are then govern-
ing the size and the number of the droplet distribution due to the atomization. Heat and
mass exchange between the liquid and gas phase are described with additional sub-models
including e.g., Ranz-Marshall correlation [].

In addition, much work has been reported in the literature for accurate modeling of the
injection mass rate, which is of great importance especially for later injection timings. Mea-
surements and modeling of injection mass rate was performed e.g, within Engine Combus-
tion Network (ECN) [], and recently by Xu et al. [] and Aljohani et al. []. e
LPT method is also sensitive to the grid size. e cell sizes between . mm - . mm
are specified to be sufficient for typical spray engine applications [, ].

. Combustion models

Chemical kinetics theory is used in order to model conversion of the chemical energy into
the heat energy. A global reaction can be formulated as:

F +Ox → Pr. (.)

Such reaction is governed by reaction rate k calculated with Arrhenius formulation

k = AT bexp (−EA/RuT ), (.)

whereA is a constant pre-exponential factor,EA is the activation energy,Ru is the universal
gas constant, and T is the temperature.

WSR

Following Arrhenius equation, the chemistry source term in the species equation can be
formulated as:

ω̄F = A T̃ b
[
X̃F

]n [
X̃Ox

]m
exp(−EA/RuT̃ ) (.)

e above formulation is based on the input from the resolved part of the flow i.e., no sub-
grid combustion modeling is included. is type of approach, well-stirred-reactor (WSR)
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approach, is commonly used if assumption of homogeneous conditions within a single
CFD cell can be made. For a strongly stratified conditions, or for the premixed and the
non-premixed flames, where reactions zones occur in thin layers, WSR approach is not
preferable. Researchers are therefore focusing on combustion models that would consider
chemistry-turbulence interaction, which is as important as it is challenging. In this thesis
both WSR approach and partially-stirred-reactor (PaSR) are used for different PPC engine
conditions.

PaSR

e partially stirred reactor approach proposed by Chomiak and Karlsson [] is based on a
fractal representation of the reaction zone in a CFD cell. It would mean that only a certain
amount of charge inside of the cell is allowed to react. e reacting part is proportional to
a ratio between chemical and mixing time scales τc and τmix as

˜̇ωk(T, Yk) = κ ω̇k(Ỹk, T̃ ) (.)

κ =
τc

τc + τmix
(.)

τmix = Cmix

√
k

ϵ

(ν
ϵ

)1/2
(.)

Other combustion models based on PaSR approach were developed for instance by Sebel-
nikov and Fureby [], where chemical time scale is related to the flame thickness, and
applied for example in gas turbine burners []. Model proposed by Kong and Reitz []
is a modified PaSR model where switch function is used based on the fuel stratification in
order to dynamically judge if the reaction rate should be limited.

Eulerian transported PDF

e transported Eulerian PDF approach is advanced model with promising accuracy, al-
though highly expensive. e mean reaction rate in each CFD cell is based on the multiple
transport equations of each species that take into account the sub-grid turbulence. Depend-
ing on the number of stochastic fields, a PDF for reaction rates is calculated, rather than
presumed. Number of studies were performed in order to investigate an optimal number
of stochastic fields needed to obtain a sufficient PDF distribution in different combustion
applications [, –].
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. Kinetics and speedup algorithms

e strength of the detailed chemistry simulations is the ability to better predict the timing
and the position of ignition kernels, which is essential in modeling compression ignition
combustion. However, depending on the size of the reaction mechanism, that describes
the fuel kinetics, the computational cost will increase by the number of transport equa-
tions for included species, and by the number of reactions that chemical ODE solver needs
to account for. Two common practices are used in order to reduce the computational
cost. First one is the reduction of the chemical mechanisms by selecting only the most
important reactions and species if possible. e other method is efficient calculation of
reaction rates in the CFD domain using, for example, vector mapping technique called
chemistry coordinate mapping (CCM). e chemistry calculation is accelerated by map-
ping a reactive composition of the CFD domain into a reduced-dimensional space based
on the essential combustion variables such as T,Z, χ, YF temperature, mixture fraction,
scalar dissipation rate and fuel mass fraction. Depending on the combustion application
the number of required dimensions as well as discretization size may vary, which may give
additional speedup [, ].

. Numerical solver

e numerical simulations in this thesis were carried out using an open source CFD code,
called OpenFOAM.e code is written in C++ language and is based on the finite-volume
discretization. Due to the open-source licensing, OpenFOAM is known for its poten-
tial and flexibility for developing and implementing new solvers and models. Numerical
schemes and algorithms are discussed in details for instance in Ref. [].
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Chapter 

Methodology

is chapter will briefly touch on the work flow for performing simulations such as ini-
tial boundary conditions, grid construction, and post-processing tools as well as on the
experimental methods used to generate validation data.

. Grid techniques

e complication in the engine sector mesh generation is how different moving mesh tech-
niques can be used to mimic the piston motion, and at the same time satisfy the grid
requirements for the liquid spray. One of the available strategies is the ”add and remove”
technique developed by Polimi group []. In this method a layer of cells is added or
removed, depending on the vertical stretching of the selected cells as the piston is mov-
ing. is way CFD cells within the liquid spray zone stays undeformed, which improves
the accuracy and stability of simulation. e orientation of the CFD cells in relation to
the spray injection angle is also improved. In Ref. [] it has been presented that spray
modeling give better results, if CFD cells are aligned with the spray direction. Alternative
strategy is a uniform or tailored deformation of all cells i.e, ”morphing”. e drawback of
morphing method is the potential requirement of re-mapping between the meshes as CFD
cells become severely deformed, which decreases the accuracy of simulation. ird alter-
native, called immersed boundaries, uses topology of the piston to cut-off the Cartesian
cells that are on the outside of the computational domain. is technique became popular
due to better robustness and less effort for the grid preparation compared to the other two
strategies. e drawback however, may appear due to the lower accuracy of the near wall
modeling. Other technique related to the engine grid is the automatic mesh refinement
(AMR) method []. As the name of the method suggests, the number of the cells in the
domain would be optimized, by refining only the important part of the flow, depending
on the specified conditions, e.g., temperature gradient or a certain reaction rate. is way
it is not necessary to provide fine resolution in regions where the flow is not present at a
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given time. In this thesis a combined strategy was used by employing a uniform morphing
of the cells with the spray oriented alignment.

. Boundary conditions

Performed engine simulations in this thesis deals with ”closed-cycle” simulations, meaning
the time between the intake valve close (IVC) and exhaust valve open (EVO). us, the
challenge is to specify flow conditions caused by the intake valves. A common practice
in closed-cycle simulations is to use solid-body rotation to represent swirl and tumble mo-
tions. Recently Ibron et al. [] investigated the effect of initial flow conditions for mixing
process in PPC engines. It was presented that spray induced turbulence is much more
dominant, than the turbulence originated from the intake valve flow. It implies that solid
body rotation should be representative achieve intake-like flow. However, it was highlight
that the sector assumption for PPC engines may fail due to the asymmetric mixing process,
especially for advanced injection timings.

Other initial conditions are intake gas temperature and pressure, in-cylinder wall temper-
atures, mixture composition (in case of EGR) and swirl-number. In addition, boundary
conditions for fuel injection needs to be specified, as fuel mass, injection rate, injection
pressure, umbrella angle and start of injection.

. Heat release rate analysis

Combustion cycle in engine experiments is analyzed with apparent heat release

∂Q

∂θ
=

γ

γ − 1
P
∂V

∂θ
+

1

γ − 1
V
∂P

∂θ
+

∂HT

∂θ
, (.)

whereQ is the apparent heat release, γ is the specific heat capacity ratio, P is the in-cylinder
pressure, V is the cylinder volume and HT is the wall heat losses []. e HT term is
commonly modeled with Woschni approach [], but other models are developed based
on CFD and optical measurements of in-cylinder surface temperature [–].

. Experimental methods

Experimental data performed by colleagues at Lund University was used to validate the
simulated pressure trace and to calibrate spray models for the methanol PPC engine studies.
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.. Metal engine experiments

Pressure traces are recorded by employing piezoelectric transducer located in the cylinder
head. Based on the voltage amplitude, signal is converted to pressure every . CAD. AVL
emission system was used to collect emissions.

.. Optical engine experiments

Validation of spray is performed based on the data obtained from Mie-scattering measure-
ments and direct recording of natural luminosity. e optical engine is a modified heavy-
duty Scania D. e numerical reactive vapor phase is validated by comparing the natural
luminosity signal by quantitative means. e origin of the natural luminosity signal is from
molecules emitting spontaneous chemiluminescence as CH* or OH* []. e drawback
of this method is a potential signal disturbance caused by the soot luminescence. A band-
width filters are often used to filter unwanted source of the light. A more advanced method,
planar laser induced fluorescence (PLIF), can be employed to specifically choose molecules
of interest. In case of methanol combustion, soot emission are negligible, thereby natural
luminosity signal is recored by a high speed camera with no filters [].

e liquid phase is compared with Mie-scattering measurements. A laser diode of  W at
a wave length of  nm was employed. e laser light scattered from the fuel droplets
was recorded by a high speed camera and post-processed to correct scattering caused by the
piston bowl curvature [].

.. Soot measurements

Laser diagnostics methods for Diesel combustion needs to deal with soot luminescence and
interference of polycyclic aromatic hydrocarbons (PAH). e challenge is to distinguish
between different sources of detected signal when comparing key radicals (OH, CHO)
which can overlap with soot. Methods for detection and measurement of soot itself are in
high focus within ECN, where CFD simulations are important tool to model and under-
stand optically observed processes [, –].
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Chapter 

Results and discussion: methanol
PPC engine

is chapter contains summary of numerical studies for the methanol PPC engine. Simula-
tions are based on experiments performed in three different compression ratios; :, .:
and :. e effective compression ratio of optical engine is :.

. e role of start of injection

e start of injection is the main parameter controlling the mixing time of the fuel and air
before the onset of ignition. Two numerical SOI sweeps were performed, in order to investi-
gate the mixing process, ignition and the resulting combustion characteristics for methanol.

.. SOI sweep - to - at CR :

A compression ratio of : was used in the first sweep, with SOI interval between SOI
- aTDC to SOI - aTDC, Paper I. e investigated range of SOI is located close to
TDC position, as it is expected that methanol will mix quickly for the lean mixtures due
to the low A/Fs = 6.47. e pressure trace for the reference case SOI -. is in good
agreement with experiments after calibrating the inlet conditions. All investigated cases
were calibrated afterwards using inlet temperature to achieve a comparable CA. Here,
the mixing process and ignition sequence is investigated for selected cases. Figure . shows
the distribution of the temperature field and local equivalence ratio field for the SOI -..
Despite quite late injection timing, at onset of ignition, the mixture composition is located
within 0.3 < ϕ < 0.7, meaning all fuel leanmixtures. us, themode of combustion is the
premixed mode, similar to that in the HCCI engines. Injected fuel interacts with the piston
bowl creating an up-ward vortex, which pushes the fuel vapor towards the cylinder head.
e ignition kernel starts at the leanest mixtures and propagates towards richer mixtures.
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Figure 5.1: Temperature and equivalence ratio distribution for SOI -17.5 aTDC, Pin=2.15 bar, Tin=452K.

As the injection time is delayed to SOI -, the intake temperature required to match CA
was increased by K. e resulted distribution of temperature and equivalence ratio is
shown in Figure .. e ignition sequence in this case is similar to that in a typical CDC
cycle. A large part of the fuel will be premixed before the onset of ignition as a result of the
mixing properties of methanol and the prolonged ignition delay time caused by the cooling
effect. It means that the mixing controlled combustion, even at such late SOI, contributes
much less to the total heat release. Moreover, the premixed mixtures had enough time to
mix, close to, or below stoichiometry (solid white line). us, the resulted mixture compo-
sition in SOI -, will give rise to a rapid pressure-rise-rate.
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Figure 5.2: Temperature and equivalence ratio distribution for SOI -3.0 aDTC, Pin=2.15 bar, Tin=480K.

As a consequence of delaying SOI, the premixed part of the fuel air mixture is reacting at
increasingly richer mixtures. e local ignition delay time, τig = f(p, T, ϕ), for richer
compositions will decrease (governed by chemical kinetic model) in comparison to leaner
compositions, which will result in a shorter combustion duration, i.e., high pressure-rise-
rate. e distribution of ignition delay times for various SOIs in PPC engines was recently
investigated in Refs. [, ]. It was shown that stratification of ignition delay time for
early injection cases (lean composition) is large due to the sensitivity to equivalence ratio ϕ.
Large stratification of ignition delay time resulted in relatively longer combustion duration,
i.e., slow propagation of ignition front. For the later injection timings (richer composi-
tions), the stratification of ignition delay time is small. Due to a smaller stratification in
ignition delay time, the richer composition, undergoes the auto-ignition sequence much
faster, i.e., fast propagation of ignition front, leading to high pressure rise rate.

e maximal pressure rise rate for investigated methanol cases, as a function of SOI, is pre-
sented in Figure .. Trend  shows increasing maximal pressure rise rate (MPRR) due to
the premixed combustion that reacts at increasingly richer conditions towards stoichiome-
try. e reduction of MPRR, showed by Trend , depends on the decreasing ratio between
the fuel mass burning in the premixed mode and fuel mass burning in the non-premixed
mode.
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Figure 5.3: Maximal pressure rise rate as a function of SOI.

Other option to alter the mass ratio between the premixed and non-premixed combustion
are double injection strategies. By setting the SOI time of pilot injection, one can control
the richness of the pilot fuel and thus, the reaction front speed. e main injection is
then combusted in the non-premixed combustion mode typical for CDC cycle. Figure .
shows distribution of temperature and ϕ for the double injection case SOI -/- aTDC
that resulted in significant reduction of MPRR, cf. Figure ..

Figure 5.4: Distribution of temperature and local equivalence ratio at CA50 for double injection case SOI -12/5
aTDC, Pin=2.15, Tin=456K.
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Figure 5.5: Ignition sequence analysis in ϕ - T space for SOI -17.5 aDTC, SOI -12 aTDC and SOI -3 aTDC.
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emethanol ignition sequence in ϕ−T space is analyzed in Figure .. All SOIs resulted
in the ignition kernel taking place at similar fuel lean mixtures around 0.25 < ϕ < 0.3.
Lean ignition kernels can be caused by the strong cooling effect of methanol, which limits
the possibility of ignition at richer conditions. In case of gasoline PPC engine, the onset of
ignition can occur at richer mixtures, due to the lack of the strong cooling effect []. e
time necessary to increase the temperature of methanol, prolongs the mixing time prior to
ignition. Figure ., also shows that at CAD  aTDC, SOI -. and SOI - resulted in
all fuel lean mixtures, i.e., premixed combustion, while the diffusion flame manifold was
achieved injection time as late as SOI -.

.. SOI sweep - to - at CR .:

e second SOI sweep was performed in compression ratio .: between SOI - aTDC
and SOI - aTDC. e focus was set on the prediction of the pressure trace by using
RANS-WSR approach and quantifying total heat release as a function of ϕ. e ignition
delay time, needed to satisfy experimental CA condition, was achieved by calibration of
the intake temperature. Figure . presents pressure trace comparison and allocation of
the total heat release. It can be noted that the RANS-WSR approach performs well for the
SOI - and SOI - as the distribution of heat release is located between lean mixtures
achieving a small stratification level i.e., 0.25 < ϕ < 0.5. is level of stratification is
typical for HCCI engines. RANS-WSR approach starts to over predict the pressure trace
as the allocation of the heat release is more stratified as in SOI -, i.e., 0.25 < ϕ < 0.9. e
case of SOI - resulted in mixing controlled combustion, with majority of heat release at
stoichiometry. It is worthwhile to highlight two things. One is that methanol combustion
even at late injection timings burn in all fuel lean mixtures, giving rise to high MPRR,
similar to previous section. Second is that over-prediction of pressure trace in SOI - can
be due to the insufficient representation of mixing process by RANS, where fluctuations
of local T and ϕ are averaged. e effect of the stratification level on the pressure trace
prediction was also studied in Ref.[]. It was presented that RANS-ESF approach could
better predict ignition behavior.
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Figure 5.6: Pressure trace diagrams and allocation of total heat release as a function of ϕ for SOI sweep at
compression ratio 17.3:1. Sam Shamun is acknowledged for providing experimental data.
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Figure 5.7: Engine performance from experiments for methanol engine with compression ratio 17.3:1. Sam
Shamun is acknowledged for providing experimental data.
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Combustion temperature is a function of ϕ, where stoichiometric mixtures ϕ = 1 result
in the highest combustion temperature. us, by analyzing distribution of allocated HR
in plots in Figure ., one can estimate the difference for the average combustion temper-
ature between the cases. e combustion temperature, in next turn, govern the engine
performance i.e., emission rates, combustion efficiency and the wall heat losses. Figure .
shows the performance indicators for investigated SOIs. e trade-off between CO/HC
and NOx emissions, typical for PPC engines, is located at SOI -. At the same time, the
SOI - case, also resulted in the highest gross indicated efficiency. e reason is the total
HR allocation, which is between 0.25 < ϕ < 0.9, that gives rise to a moderate combus-
tion temperature. Cases SOI - and SOI - resulted in leaner combustion, and therefore
worse conversion of HC and CO compared to the later SOI -. e SOI - resulted in
a CDC like cycle burning at high combustion temperature which caused more wall heat
losses and NOx emission. e penalty in case SOI -, is the indication for the highest
MPRR.

. Effect of injection pressure on NOx

e highest formation of NOx during the combustion process, is located near the stoi-
chiometric part of the charge, hence at the highest local combustion temperatures. In the
experimental work of Shamun et al. [], NOx emission output was investigated for several
engine parameters, e.g., injection pressure. It was observed that higher injection pressures
could lead to a significant increment of NOx emissions, when keeping constant CA.
Two numerical cases were chosen to investigate the underlying mechanism. A low injec-
tion pressure case of  bar that resulted in a typical Diesel cycle and a high injection
pressure case of  bar that resulted in typical PPC cycle, meaning premixed dominant
combustion. As a result of the higher injection pressure, the injection duration was de-
creased to preserve the same amount of injected fuel.

Figure . shows pressure traces and distribution of the temperature and the equivalence
ratio for these two cases during the ignition sequence. It can be observed that, at the onset
of ignition, i.e., CAD . for the  bar case and CAD  for the  bar case, the stoi-
chiometric region of the spray plume, is much larger for the higher injection pressure case.
e mixture composition containing a high amount of premixed charge at stoichiometric
mixtures will result in a rapid combustion at high temperature and thus, an increased rate of
NOx formation. e reason for a longer ignition delay time in the high injection pressure
case, is the cooling effect of methanol. e injection of high cetane number fuels, as diesel,
would not result in a prolonged ignition delay time, due to the higher injection pressure.

e development of the hot gas mass fraction, indicating NOx emissions and the modeled
NOx emissions, are plotted in Figure .. e formation rate of NOx in the high pressure
injection case, ”Case B”, has a shorter duration, but at the same time, it has a higher slope,
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which give rise to a higher total output of NOx emissions. e hot gas mass fraction in the
the domain corresponds well with modeled NOx emissions.

Figure 5.8: Pressure trace and distributions of fuel and temperature for 800 bar injection case (left column) and
1600 bar injection case (right column).

Figure 5.9: NOx emissions (left); mass fraction of high temperature mass T > 2500 K (right).

e explanation for the higher total NOx emission output, in the high injection pressure
case, is the premixed dominant combustion at the stoichiometric mixtures. Furthermore,
the results above imply that the PPC cycle, meaning premixed dominant combustion close
to TDC, does not offer lower emissions of NOx compared to diesel combustion cycle, i.e.,
dominant mixing controlled combustion.
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. Piston design study with focus on wall heat losses

e geometry of the piston bowl shape is one of the key features in developing cleaner
combustion systems. In the case of PPC engines, efficiency may suffer from losses asso-
ciated with the advanced injection timings that cause wall-wetting or fuel injections into
the crevice volumes. Different combinations of piston concepts and injector types with
narrower injector umbrella angles were proposed in order to improve combustion cycle.
e piston design process involves optimization of emissions such as UHC, CO and soot
[–], and optimization of the heat transfer [, ].

In case of methanol PPC, the injection time interval can be shifted towards TDC due to
fast mixing with the air (lowA/Fs ratio), helping to avoid losses associated with the crevice
volumes. e mixing in diesel engines needs to be maximized by utilizing complex piston
shapes to minimize sooting. In the case of methanol combustion, sooting is negligible and
thus, the piston design approach can rather focus on the wall heat losses and combustion
efficiency. A numerical piston design study was performed to focus on the heat transfer
losses, Paper III.

It is of interest to investigate whether the area/volume ratio plays a role in the heat loss
reduction, or if the spatial and temporal distribution of flow structures governing the tem-
perature gradient, conductivity, contact area, and contact duration are more important.
Simulation does not include thermal radiation. e piston geometry study is based on a
single operation data point of SOI - CAD aTDC at low load, which resulted in premixed
dominant combustion, fulfilling PPC conditions. Figure . shows the piston bowl de-
signs and the distribution of the flow and temperature as a result of spray-wall interaction
with different piston shapes. Piston G is used as the reference case as this piston design
i used in the engine experiment. Modification of the piston is based on varying of the
height and width, without changing the main curvature of the piston. Only piston G,
representing classical diesel piston with double leap design, has a different curvature.
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Figure 5.10: Flow structure and temperature distribution at CA50 for various piston designs. Piston G2 is the
reference piston.
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Figure 5.11: Wall heat loss analysis for different piston designs.

e analysis of the wall heat transfer, presented in Figure ., shows the lowest accumulated
wall heat loss for the piston G. Piston G, however, does not have the lowest area/volume
ratio. In the analysis, surface averaged quantities for the temperature gradient, the effec-
tive conductivity and the size of the contact heat transfer area (hot gas wall region), were
calculated and plotted against time. It can be observed that during the early combustion
phase, between CAD  and CAD , accumulated wall heat losses are comparable. e
difference arises during the late combustion cycle after CAD . It can be observed that
both temperature gradient and the contact area are favorable in piston G, which results in
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the lowest total heat losses at the wall. e engine energy balance analysis, which also con-
siders combustion efficiency that has an effect on the heat transfer, shows indicated gross
efficiency of . % for piston G and . % for piston G. Based on the results above,
one can argue that the flow structures created due to the spray-wall interaction are more
important than the area/volume ratio. e more effective way to reduce the wall heat losses
is to create bulk flow that would push the hot combustion products, back to the inside of
combustion chamber, i.e., away from the near-wall regions. Additionally, by moderating
ignition delay time, or by designing a piston bowl, one could delay the onset of ignition,
until the stoichiometric fuel vapor is distributed closer to the center of the piston volume,
as a results of previous wall interaction.

. Kinetic mechanisms

Comparison for different methanol kinetic mechanisms is carried out, Paper IV. e main
conclusion is that the performance of the detailed kinetic models that include a large num-
ber of species and reactions, which are expected to deliver a high accuracy, varies compared
to the experimental data for the ignition delay time and the laminar flame speed. e
reduced versions or skeleton mechanisms originated from the detailed mechanisms show
similar offset in ignition delay time and flame speed. e difference in the performance
between the mechanisms, when used in the engine CFD simulations, leads to the tedious
work for calibrating initial temperature conditions, in order to achieve correct combustion
phasing. An non-realistic calibration of the intake temperature can also affect the accuracy
of the predicted emissions rates.

Several detailed mechanisms and their corresponding reduced versions were tested, includ-
ing AramcoMech ., Konnovmechanism, and Klippensteinmechanism (used as themain
methanol mechanism in this thesis) [–]. Figure . shows the predicted ignition de-
lay time at two different pressures of  atm and  atm at ϕ = 0.5. e mechanism
of Konnov over-predicts the ignition delay time at the presented conditions, compared to
Aramco .. However, the accuracy of each mechanism varies depending on the specified
conditions. us, it is important to choose the mechanism that is ”tailored” for conditions
that matches a specific application.
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Figure 5.12: Ignition delay time for several detailed and reduced MeOH mechanisms computed in 0-D reactor.

e prediction for the laminar flame speed is presented in Figure .. It can be noted
that investigated mechanisms perform quite similarly for the fuel lean conditions. At the
fuel rich conditions, the predicted laminar flame speed starts to deviate between different
kinetic models. Similar to the ignition delay time, the Konnov mechanism gives faster
flame speeds compared to other mechanisms.
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Figure 5.13: Laminar flame speed for several detailed and reduced MeOH mechanisms computed in 1-D solver.

Reduced mechanisms of Aramco and Konnov, with single-stage reduction (SA, SK) and
double-stage reduction (SA, SK) and optimized mechanism of Klippenstein, were em-
ployed in engine simulations under HCCI conditions. e results shows a high sensitivity
to the inlet conditions for correct prediction of pressure trace. Figure . shows the pres-
sure traces at identical initial intake temperature of K for all tested mechanisms, which
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resulted in a significant offset in the predicted pressure traces, i.e.,  bar. Figure . shows
the calibrated pressure traces by using the intake temperature. e maximal difference in
the intake temperature requirement to match the pressure trace is K, which at TDC
conditions (assuming adiabatic compression at CR :) can lead to K difference.

Figure 5.14: Pressure trace for several reduced MeOH kinetic models. Inlet conditions were calibrated for the
Klippenstein mechanism, Tin = 457K.

Figure 5.15: Calibrated pressure trace by means of inlet temperature for several MeOH kinetic models.

. Combustion analysis of single and double injection strategy

Double injection strategies were investigated in an optical engine setup in the experimental
work of Lönn []. Results show a significant reduction of the inlet temperature require-
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ment for the double injection cases compared to the single injection cases, i.e., K. Optical
experiments also show that the ignition kernel is located quite close to the injector nozzle,
which in the next step, propagates downstream towards already injected fuel. e LES-
PaSR approach was employed to investigate the mixing, ignition mechanism, and mode of
combustion in two selected cases, a single injection case, SOI -., and double injection
case, SOI -./-., Paper V.

An acceptable agreement between the simulated and the experimental pressure trace was
achieved by calibration of the intake temperature. PaSR approach was needed to improve
the prediction of the fuel consumption rate.

Combustion mode analysis is performed with a qualitative method based on the distribu-
tion of the key species as oxygen, fuel, carbon monoxide and distribution of heat release
rate. e employed method allows to distinguish between the premixed and non-premixed
type of combustion. e presence of the premixed flame mode cannot be confirmed. An
attempt to distinguish between the ignition mode and the flame mode, in similar PPC en-
gine conditions for gasoline surrogate fuels, was recently performed by Ibron et al. [].
e budget term method in LES framework was used, which implied that the dominant
mode of combustion is the ignition front propagation mode rather than flame propagation
mode. DNS studies for dual-fuel combustion, including methanol, by Hu et al. [] also
imply an ignition dominant combustion. ereby, it is expected that the dominant mode
of combustion in methanol PPC engines is the ignition mode. In addition, methanol as an
oxygenated fuel, may perform differently under the non-premixed combustion mode, com-
pared with gasoline or diesel. us, it is still of interest to investigate the local transition
between the ignition mode and non-premixed mode. Figure . and Figure . show the
corresponding pressure traces and comparison of natural luminosity with temperature field
at CA to validate combustion behavior, see Paper V.

Figure 5.16: Pressure trace SOI-2.2 (left column) and SOI-11.2/-2.2 (right column).





Figure 5.17: Natural luminosity (left) and numerical temperature field (right).

e combustion cycle can be divided into three phases. e first phase is the lean premixed
combustion, where ignition kernel is formed around 0.2 < ϕ < 0.4 and the reaction
zone starts to propagate towards the richer conditions. e second phase is the rich pre-
mixed phase, where reaction front crosses the stoichiometry line and consume premixed
fuel rich mixtures. e third phase is the diffusion flame mode phase, which is caused by
the deficit of the oxygen within the fuel rich conditions. e diffusion flame is located at
the stoichiometry line, where unburned fuel that has originated from the fuel rich side, can
oxidize and react with the remaining oxygen located on the lean side. Figures . and .
show spatial distribution of fuel, carbon monoxide, heat release rate and oxygen for each
combustion phase, for the single and double injection case, respectively. e effect of pilot
injection in assisting the ignition of the main fuel is captured well. e onset of ignition
starts at the location of the pilot fuel, which is also confirmed by the fuel tracking method.
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Figure 5.18: Ignition sequence and combustion mode analysis based on the key species CH3OH, CO, O2 and
distribution of HRR for the single injection case SOI -2.2. Solid white line shows ϕ = 1.
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Figure 5.19: Ignition sequence and combustion mode analysis based on the key species CH3OH, CO, O2 and
distribution of HRR for the double injection case SOI -11.2/-2.2. Solid white line shows ϕ = 1.
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Both injection cases resulted in fuel lean and fuel rich mixtures, leading to a combination
of premixed and none-premixed combustion modes i.e., partially premixed combustion.
However, depending on the distribution of the heat release between the lean, the stoichio-
metric, and the rich mixtures, the average combustion temperature is different, which will
lead to differences in the engine performance. Figure . shows the allocation of the
total heat release during each combustion phase. e total heat release in the double injec-
tion case is shifted towards leaner conditions, including less stoichiometric mixtures, which
reduces emission of NOx and wall heat losses. e single injection case includes more sto-
ichiometric mixtures giving higher combustion temperature and better conversion of HC
and CO.

Figure 5.20: Allocation of heat release with respect to Φ during combustion cycle for SOI -2.2 and SOI -11.2/-
2.2.
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. Transient liquid penetration length

Methanol liquid penetration lengths are investigated in optical engine experiments and
used to validate spray modeling. A common practice in the spray calibration process is to
change the droplet brake-up time scale, B1 []. e initial droplet size distribution is
presumed with the Rosin-Rammler distribution. e liquid spray validation is based on
the injection case SOI - and SOI - aTDC. Figure . shows instantaneous snapshots
of Mie-scattering measurement and LES at the half of the injection time. Transient liquid
penetration length is presented in Figure .. It is worth noticing that the injection delay
between the current signal to the injector and the physical injection of the droplets into the
domain is about  CAD.is delay is considered in the simulations. Acceptable agreement
was achieved with KH-RT break-up model by setting B1 = 6. Target grid size for both
cases is . mm with the total number of parcel set to ,.

Figure 5.21: Methanol transient liquid penetration length. Inital conditions: T=343K, P=1.5 bar,
injDuration=900µs, CR=16. Alex Matamis is acknowledged for post-processing optical data.
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Figure 5.22: Methanol liquid spray Mie-scattering measurements (top row) SOI -25 and SOI -8. CFD snapshots
at the half of the injection time presenting parcels and vapor (two bottom rows). Initial conditions:
T=343K, P=1.5 bar, injDuration=900µs, CR=16. Alex Matamis is acknowledged for providing op-
tical data.
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Chapter 

Results and discussion: diesel spray -
wall interaction

is chapter presents numerical results for the diesel impingement studies. e focus is set
on the air entrainment mechanisms and the consequences on the soot oxidation process.

. Influence of wall position

LES was employed to study mixing mechanisms in the impingement diesel sprays. In the
experimental work of Li et al. [, ], soot emissions were investigated with optical tools
by calculation of soot absorption factor, KL []. It was found that during the injection
time, the wall jet cases resulted in a somewhat higher instantaneous KL compared to the
free jet configuration. However, after the end of injection, the decay of KL showed to be
faster and thus it is considered that the wall impingement had a positive effect on the soot
oxidation process. Motivated by the experimental observation, the goal is to investigate
the underlying mixing mechanisms governing the air entrainment into the spray plume
which are ) flame lift-off length, ) impingement enhanced mixing and ) entrainment
wave []. e goal is to understand how the effect of the wall changes the importance of
each mechanism and what are the consequences on the oxidation of soot.
e time sequence of temperature field is shown in Figure .. One can observe that the
onset of ignition is taking place before the fuel vapor makes contact with the wall ( mm
case) leading to more premixed charge at the onset of ignition. Due to the short distance,
the impingement bulk velocity is higher, which will create more turbulence and as a result
more mixing caused by the impingement vortices compared to  mm case. e position
and size of impingement vorticies will have a strong effect on enhancing the mixing.
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Figure 6.1: Time sequence of the temperature distribution in a 2D-plane for 30 mm, 50 mm and free jet cases.
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e validation is based on the comparison between a numerical and experimental line-of-
sight, OH∗ chemiluminescence. A numerical line-of-sight is calculated using the volu-
metric average. Since the chemical kinetic mechanism lacks OH∗ that could be directly
compared to the experimental data, a product of numerical OH× CO is used instead, fol-
lowing suggestions in Refs. [–]. Figure . shows that simulations correspond well
to the position and the intensity of the reaction zone observed in the experiments. e wall
jet case with  mm distance to the wall, shows the highest intensity signal in the near wall
region, which is captured in the simulations.

Figure 6.2: Comparison of numerical line-of-sight OH × CO (two left columns) and experimental line-of sight
OH∗ (two right columns) at 1.3 ms and 1.6 ms aSOI.

It is hypothesized that, at the time of the maximized soot formation, i.e., . ms after SOI,
the impingement flow in the mm case, promotes the soot formation. e soot formation
can be enhanced by the wall blocking effect in the impingement region, where mixtures, at
which soot if formed (K < T < K , ϕ > 2), are accumulated. e impingement
voritices in the  mm case, during the soot formation time, are not yet developed in order
to enhance the mixing, whereas in the  mm case, the impingement vorticies can already
improve the mixing process. Figure . shows the region of the soot formation, identified
by (K < T < K , ϕ > 2) and the corresponding soot formation region modeled
with the employed soot model []. Figure . shows the experimental distribution of
KL and numerical equivalent of volume averaged numerical soot volume fraction. In these
figures, the  mm wall jet case resulted in the soot formation located in a compact near
wall region.
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Figure 6.3: Soot formation region represented by T − ϕ manifold (left column) with ϕ = 2 (white line) and
T = 2200K (black line) and modeled soot formation rate (right column).

Figure 6.4: Experimental line-of-sight KL (left column) and numerical equivalent line-of-sight of modeled sootVF
(right column). The solid white line indicates spray boundary Z=0.01.
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e soot formation in the  mm case is distributed in a thin layer, which is also located
within the impingement vorticies. e soot formation in the free jet case is located within
the spray head. It is noteworthy, that the average temperature in the free jet case should be
higher due to the lack of the wall cooling effect (Twall = 873K) and thus more mass can
achieve temperatures, outside of the soot formation range. Whereas, the gas temperatures
in the wall jet cases, may be located closer to the formation temperature range. On the
other hand, due to the enhanced mixing, wall jet cases may result, in leaner conditions
which are outside of the equivalence ratio condition for the soot formation, i.e., ϕ > 2.
e focus is set on the air entrainment rate.

e air entrainment rate into the spray plume is calculated based on the mixture fraction
Z with the following expression:

dma

dt
= (1− Z)mtot (.)

wherema is mass of the air andmtot is the total mass of the spray vapor. Figure . shows
the air entrainment rate, whereas Figure . show the flame lift-off length.

Figure 6.5: Air entrainment rate.
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Figure 6.6: Flame lift-off length.

e distribution of oxygen is presented in Figure .. By analyzing the direction from
which oxygen penetrates into the low oxygen regions, one can qualitatively judge which
mixing mechanism is acting. In the free jet case, one can note that oxygen is entrained
from the tail of the spray plume at a faster rate, compared to the mixing which takes place
in the leading front of the spray head. is phenomenon is similar to that discussed by
Musculs and referred to as the entrainment wave []. e mixing mechanism in the wall
jet cases is enhanced by the wall impingement. As it can be observed in Figure ., the
 mm wall jet resulted in a ”mixing boost” just after the EOI, meaning that both mixing
mechanisms, which are the entrainment wave and the impingement mixing, act together
during a short time. In the  mm case, these two mechanisms act in a sequence, and
results in a constant air entrainment rate during a longer period of time, which eventually
gives more total entrained air, compared with the free jet case. Figure ., at . ms aSOI,
shows that the low mass fraction region of oxygen is relatively small for the wall jet cases,
whereas for the free jet case, the low oxygen region remains, mostly within the spray head at
possible location of soot. us, it can be considered that due to the better air entrainment
rate in both wall jet cases after the EOI, the oxidation process of soot is faster in comparison
to the free jet case, which is in the agreement with the experimental work of Li et al. [,
].
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Figure 6.7: Time sequence of oxygen (O2) mass fraction after the end of injection (EOI). Regions of low oxygen
concentration suggests possible soot regions.
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Chapter 

Summary

. Concluding remarks

Methanol PPC can be achieved at quite late injection timings (similar to those in diesel en-
gines), compared for example, to gasoline. e reason is the low stoichiometric air to fuel
ratio (A/Fs = 6.47). e advanced injections between SOI - and SOI - without EGR,
results in the HCCI like combustion, i.e., all fuel lean mixtures. Late injection times for
methanol PPC can ease targeting of the fuel injection to inside of the piston bowl, which
can reduce the losses associated with the crevice volumes and utilize a stronger interaction
with the piston bowl shape. e non-sooting combustion of methanol allows burning in
the mixing controlled mode if needed, only at the cost of higher NOx emissions. Late
injection timings are also beneficial for the reduction of the gas exchange losses. Mixing
controlled combustion needs to be employed especially, at higher loads, to reduce the rapid
pressure rise rate caused by the premixed burn. e main disadvantage of methanol com-
pression ignition is the high intake temperature requirement, which is caused by the high
latent heat of vaporization. Improvements can be made by employing multiple injection
strategies, glow plugs, or optimizing engine compression ratio.

e CFD modeling of methanol PPC engines and in general the PPC engine concept
has shown to be challenging due to the potential existence of all fundamental combustion
modes as ignition front propagation, premixed flame propagation, and non-premixed flame.
In this work, focus was set on distinguishing between the premixed and non-premixed com-
bustion modes. e RANS-WSR approach gives reasonable prediction in low stratified
conditions 0.2 < ϕ < 0.5. Highly stratified cases 0.2 < ϕ < 2.5, i.e., including local
rich mixtures, are largely over-predicted by RANS-WSR. Such cases in this thesis were im-
proved by employing PaSR approach. e PaSR approach, based on gained experience, is
rather an empirical approach since it needs calibration of a model constant that works for
a narrow range of conditions. It does not provide a better prediction ability across the full
range of SOIs. PPC studies in the literature with more advanced models i.e., transported
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PDF approach, showed better prediction ability, but at much higher cost.

e ignition sequence of methanol at all tested conditions starts at nearly the leanest mix-
tures, 0.25 < ϕ < 0.3. e reason behind this is most likely the cooling effect of methanol
that prevents the auto-ignition event. e ignitable methanol vapor is more sensitive to the
temperature rather than the equivalence ratio, meaning that the onset of ignition will occur
at locations where methanol can quickly heat-up by mixing with the hot ambient air. Fast
mixing and heating of methanol vapor is located at high turbulent regions, such as spray
shear layer or spray-wall interaction regions. In the optical work of Lönn et al. [], the
onset of ignition occurred close to the injector nozzle.

e categorization of PPC engines is not consistent. It depends on the undefined mixture
composition that during combustion would result in the ”sweet-spot” in the emissions
trade-off between the HC/CO and NOx. Additionally, the stratified mixture composition
may or may not include locally rich mixtures to achieve that. Presence of locally fuel rich
mixtures leads to the diffusion combustion mode. e practical operation of PPC engines
seems to include both scenarios, depending on the load and EGR content needed. Low
load cases, regardless of very late SOIs, may result in all fuel lean mixtures, burning as a
”stratified HCCI”. Higher load cases will start to include local rich mixtures, giving rise to
combination of the premixed mode burn and the none-premixed mode burn, i.e., PPC.

Diesel impingement sprays in the optical experiments of Li et al. [, ] imply that the
soot oxidation can be improved due to the wall interaction. LES studies showed that un-
derlying mechanisms for the air entrainment which are flame lift-off length, impingement
enhanced mixing, and Musculus’s entrainment wave changes due to the wall interaction.
Regardless of temporary ”wall blocking effect” for the  mm wall case, the oxidation pro-
cess seems to be faster for both wall jet configurations ( mm and  mm), especially after
the end of injection. is result does not yield that wall impingement always improves soot
oxidation. Other parameters such as wall temperature, injection pressure, wall curvature,
injection duration, EGR content as well as double injection strategies may have a strong
impact.
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. Future work

Based on the performed simulations interesting aspects worth of further consideration are
listed as follows:

• Investigated piston bowl designs should be further developed and tested in a real
engine setup based on the target range of start of injection. e recommended piston
bowl shape for methanol PPC is the double step piston.

• In order to improve calibration process of intake temperature in simulations, it can
be of great use to measure the in-cylinder temperature in a motored cycle at TDC
position. An additional reference temperature point would help to validate the pre-
dicted temperature at TDC, which is essential for prediction of ignition kernel.

• Due to the existence of multi combustion modes in PPC engines, the CFD simula-
tions have been based on the directly coupling with the finite rate chemistry. is
method is time consuming and therefore more efficient CFD models, e.g., based on
tabulation, should be further developed and tested.

• Impingement diesel spray studies should be continued with double injection strate-
gies to investigate the air entrainment rate and soot oxidation in more realistic injec-
tion scenarios.
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Summary of publications

Paper I: Effect of Start of Injection on the Combustion Characteristics in aHeavy-
Duty DICI Engine Running on Methanol

M. Pucilowski, Mehdi Jangi, Sam Shamun, Changle Li, Martin Tunér, Xue-Song Bai
SAE Technical Paper --, 

is paper presents numerical sweep of start of injection (SOI) to study mixing and com-
bustion characteristics of methanol, which is based on a metal engine experiments with
compression ratio :. It is presented that due to the methanol fast mixing properties and
cooling effect, the majority of the heat release rate is in the premixed combustion mode,
even at SOI - CAD aTDC. e ignition sequence and the mixture composition for dif-
ferent injection strategies is studied in the ϕ− T diagram.

is work was conducted with collaboration with Division of Combustion Engines. e experi-
mental data was generated and shared by Sam Shamun and Changle Li, supervised by Martin
Tuner. e candidate performed all simulations and post-processing under supervision of Mehdi
Jangi and Xue-Song Bai.

Paper II: Effect of Injection Pressure on theNOx Emission Rates in aHeavy-Duty
DICI Engine Running on Methanol

M. Pucilowski, Mehdi Jangi, Sam Shamun, Martin Tunér, Xue-Song Bai
SAE Technical Paper --, 

is paper presents numerical study for the effect of injection pressure on the NOx emis-
sions based on the metal engine experiments with a high compression ratio of :. It was
found that by increasing injection pressure, the mode of combustion switched from the
diffusion flame mode to the premixed combustion mode. e consequence was a large
amount of premixed composition near the stoichiometric conditions that caused a higher
average combustion temperature, and thus an increment of NOx emissions.

is work was conducted with collaboration with Division of Combustion Engines. e ex-
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perimental data was generated and shared by Sam Shamun, supervised by Martin Tuner. e
candidate performed all simulations and post-processing under supervision of Mehdi Jangi and
Xue-Song Bai.

Paper III: Heat Loss Analysis for Various Piston Geometries in a Heavy-Duty
Methanol PPC Engine

M. Pucilowski, Mehdi Jangi, Sam Shamun, Martin Tunér, Xue-Song Bai
SAE Technical Paper --, 

is paper presents a numerical study for heat transfer losses for various piston geome-
tries in a methanol PPC engine with compression ratio :. e goal was to identify the
influence of each term in the wall heat transfer equation which are: the temperature gra-
dient, the thermal conductivity, the piston area, and additionally exposure time, on the
total wall heat losses. A reference case is methanol SOI - CAD aTDC at . bar IMEPg
under PPC conditions. e main mechanism behind the wall heat losses is the bulk flow,
which governs the distribution of the hot combustion products. e stepped piston design,
typical for the diesel engines, had the best properties of re-directing the hot combustion
products away from the piston walls, which resulted in a lower wall heat losses.

is work was conducted with collaboration with Division of Combustion Engines. e ex-
perimental data was generated and shared by Sam Shamun, supervised by Martin Tuner. e
candidate performed all simulations and post-processing under supervision of Mehdi Jangi and
Xue-Song Bai.

Paper IV: Comparison of KineticMechanisms forNumerical Simulation ofMethanol
Combustion in DICI Heavy-Duty Engine

M.Pucilowski, Rui Li, Shijie Xu, Changle Li, Fei QinMartin Tunér, Xue-Song Bai, Alexan-
der A. Konnov
SAE Technical Paper --, 

is paper presents a literature survey and performance comparison for methanol chem-
ical kinetic models based on the state-of-the-art experiments and high fidelity -D, -D
and -D numerical simulations. It is showed that performance of skeleton mechanisms is
in good agreement with performance of their detailed versions.

is work was conducted with collaboration with Division of Combustion Engines and Division
of Combustion Physics. e engine experimental data was generated and shared by Changle Li,
supervised by Martin Tuner. e methanol kinetic mechanisms were prepared by Rui Li under
supervision of Fei Qin and Alexander A. Konnov. Shijie Xu helped to translate mechanisms to
OpenFOAM version. Rui Li also performed -D and -D simulations. e candidate performed
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all -D engine simulations and coordinated article writing process based on the contributions
from the co-authors under supervision of Xue-Song Bai.

Paper V: Numerical Investigation of Methanol Ignition Sequence in an Optical
PPC Engine with Multiply Injection Strategies

M. Pucilowski, Hesameddin Fatehi, Mehdi Jangi, Sara Lönn, Alexios Matamis, Öivind
Andersson, Mattias Richter, Xue-Song Bai
th international Conference on Engines & Vehicles, ICENA-, 

is paper presents a numerical study of ignition sequence of methanol in an optical engine
setup with compression ratio of :. e goal is to validate the fuel injection process and
the onset of ignition based on the optical data. Combustion mode analysis was performed
based on the distribution of the heat release rate and the key species as fuel, oxygen and
carbon monoxide. Both injection strategies resulted in the fuel lean and the fuel rich mix-
tures, which led to combination of premixed and non-premixed burn, i.e., PPC.

is work was conducted with collaboration with Division of Combustion Engines and Di-
vision of Combustion Physics. e experimental data was generated and shared by Sara Lönn
and Alexios Matamis, supervised by Öivind Andersson and Mattias Richter. e candidate
performed all numerical simulations and post-processing under supervision of Mehdi Jangi and
Xue-Song Bai. e article was written together with Hesameddin Fatehi.

Paper VI: LES study of diesel spray/wall interaction and mixing mechanisms at
different wall distances

M. Pucilowski, Mehdi Jangi, Hesameddin Fatehi, Kar Mun Pang, Xue-Song Bai
Preprint submitted to Proceedings of the Combustion Institute

is paper presents a numerical study for diesel spray - wall interaction at various wall
positions based on experimental findings in the constant volume vessel. e goal was to
understand the change of mixing mechanisms as the lift-off length, impingement mixing
and entrainment wave mixing, due to the wall interaction. It was found that wall jet con-
figurations ( mm and  mm distance between the wall and nozzle) have a higher air
entrainment rate after the end of injection, which was the reason behind a faster oxidation
of soot emissions compared to the free jet case.

e candidate performed all numerical simulations and post-processing. Kar Mun Pang as-
sisted in a number of test simulations and participated in discussions. e article was written
by the candidate under supervision of Mehdi Jangi, Hesameddin Fatehi, and Xue-Song Bai.
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