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Abstract

The effects of climate change have led to increasing concern regarding global emis-
sions, especially carbon dioxide (CO2) emissions. A significant contributor to these
emissions is the combustion of fossil fuels in internal combustion engines (ICEs).
This combustion process is also responsible for other harmful emissions such as car-
bon monoxide (CO), soot, and nitrogen oxides (NO,). Although significant im-
provements have to be made to ICEs, making them produce less emissions and high
efficiency, it can be very difficult to remove them entirely using fossil fuels. Due to
this, interest in electrification has grown rapidly in recent years. However, electrifica-
tion of heavy-duty vehicles may not be suitable because of the high energy demand,
which would require a larger amount of batteries and, therefore, less space for payload.

An alternative to electrification is ICEs, which use alternative fuels that can
achieve cleaner combustion than fossil fuels. Among the potential fuels that could
replace fossil fuels are methanol, an alcohol-based fuel, and hydrogen, a carbon-free
fuel. However, research and development on the engines operating with these fu-
els are needed to incorporate them into the engines. In particular, advanced engine
concepts, such as low-temperature combustion (LTC), single-fuel stratification, and
dual-fuel stratification have shown great potential for methanol and hydrogen fuel
operation. To this end, an understanding of the combustion behaviour of both of
these fuels under these advanced engine concepts is desirable. This thesis used com-
putational fluid dynamics (CFD) to investigate the combustion and emission process
of these fuels in heavy-duty compression ignition engines, under LTC conditions in
single-fuel and dual-fuel engine conditions. For the methanol LTC engine studies,
this thesis contributed to the understanding of the impact of fuel injection timing on
engine performance and emissions. The interaction of methanol spray with the engine
piston bowl is critical for the forming of optimal mixture stratification in the engine to
achieve simultaneous high efficiency and low emissions of NO,, CO, and unburned
fuels. For the hydrogen single-fuel and dual-fuel engines, this thesis contributed to
the development of zero-carbon hydrogen engine operation.

A challenge with hydrogen in CI engines is the controlled combustion. To
achieve this, a more reactive fuel such as diesel can be used to ignite the hydrogen.
The first hydrogen work in this thesis investigates this dual-fuel strategy where diesel
is injected prior to the hydrogen injection. In this work, three SOIs are investigated at
two different rail pressures. The highest efficiency of 54.9% is achieved at the earliest
injection with high rail pressure. The rail pressure does not significantly impact the
efficiency but rather the SOI timing, which results in higher exhaust losses for later
injection cases. A similar trend for NO,, and efliciency was observed. In the second
hydrogen work, single-fuel stratification is investigated by replacing the diesel pilot

vi



with a hydrogen pilot. The purpose is to create a mixture formation that will pro-
vide a sufficient ignition source for the main hydrogen injection. This was done by a
large test matrix where the dwell time and pilot energy share were adjusted. The main
injection SOI was set as the SOI for the highest efficiency case from the dual-fuel
simulations. In this study, controlled combustion did not occur without increasing
the intake temperature. This section of the work identified a complex relationship be-
tween dwell time, pilot energy share, and intake temperature. For given conditions,
an efficiency of §2% was achieved but with high NO,. To increase the potential
time for heating, the main injection SOI was shifted close to TDC. This allowed for
controlled combustion without the need for an increased intake temperature. Larger
pilot energy shares resulted in low NO,, emissions since a larger share of the energy
was burned under fuel-lean premixed conditions. Finally, LES was carried out on re-
acting diesel-hydrogen dual-fuel constant volume case. This study aimed to provide a
better understanding of the interaction between diesel and hydrogen by incorporating
different dwell times. The study found that hydrogen ignition occurred after some
mixing with the n-heptane. With a longer dwell time, the duration of the mixing is
longer before mixing.
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Popular Science Summary

For decades, people have relied on internal combustion engines (ICEs) for the trans-
portation of people and goods. Throughout the years significant development has
been carried out to make ICEs more efficient, and reliable, and reduce emissions. A
critical component of ICEs is the combustion of fuels such as gasoline (bensin) or
diesel. Combustion of these fuels produces emissions that are harmful to the envi-
ronment and human health. These emissions include carbon monoxide (CO), carbon
dioxide (CO3), and nitrogen oxides (NO,). In an effort to minimise these emissions,
governing bodies are placing restrictions on the amount of emissions allowed from a
combustion engine, which road users and manufacturers must adhere to. However,
as time moves on targets for carbon neutrality move closer and restrictions get tighter
and tighter. As the regulations get tighter, it becomes more difficult for manufacturers
to meet these regulations. Therefore, alternative routes need to be investigated.

A potential alternative is electrification, which has seen a significant rise in pop-
ularity in recent years with light vehicles. Electrification of road vehicles meets the
emissions regulations because no emissions come directly from the vehicle. How-
ever, in many parts of the world electricity is produced from fossil fuel combustion,
making the electrification of road vehicles less advantageous. Furthermore, not all
vehicles such as trucks and buses are well suited for electrification. The infrastructure
and understanding of ICEs are well developed and such a drastic transition towards
electrification would make these redundant and require a significant amount of new
infrastructure. An alternative should be considered which is changing the fuel used in
an ICE. Methanol and hydrogen are among the top potential fuels for ICEs and can
be produced renewable, eliminating the dependence on raw fossil materials for fuel.

Methanol has a lower carbon content than conventional fossil fuels, gasoline,
and diesel, and would therefore reduce carbon emissions. Hydrogen has zero carbon
content and therefore would produce no carbon emissions; however, achieving con-
trolled combustion of methanol and hydrogen can be complex. Both of these can
still produce NO,, since the formation of NO,, is dependent on the temperature at
which the fuel burns. To avoid this, different techniques can be implemented to re-
duce the combustion temperature such as injecting the fuel earlier than normal for a
diesel engine which is called low-temperature combustion (LTC). This strategy allows
more time for the fuel to mix with the air, which leads to a lower concentration of fuel
and hence, lower combustion temperature. However, doing so increases the chance
of having too low fuel concentration which can lead to misfire (no combustion) but
can also negatively impact how the fuel burns, lowering the engine efficiency.

In this work computational fluid dynamics simulation (CFD) is conducted to
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investigate methanol in LTC conditions and hydrogen in a compression ignition (CI)
engine. A CI engine is used because it maximises the potential efficiency of the engine
through high compression ratios, but this means that the fuel is required to self-ignite
under high pressure and temperature conditions. Methanol is investigated across dif-
ferent stages of LTC strategies which is dictated by the time at which the fuel is in-
jected. With an early injection, the fuel and air mix very well providing a very low
combustion temperature, resulting in ultra low-NO,, emission. This early injection
also leads to poor combustion efficiency which leads to an increased level of other
emissions like CO. As the fuel is injected later, the emission of CO decreases but then
the NO,, emission increases, so a balance needs to be found.

Hydrogen is difficult to implement into a CI engine because it is difficult to
ignite under CI conditions without an ignition aid. It behaves a little differently
from gasoline or diesel because it is a gaseous fuel. To ignite hydrogen, a very small
amount of diesel (easily self-ignited) is injected before the hydrogen injection. The
diesel ignites and forms a high-temperature region which ignites the hydrogen. Car-
bon emissions are still present in the engine but significantly reduced. In this work,
key engine operation parameters such as the injection pressure and timing are inves-
tigated to develop an understanding of how this engine works which can lead to an
optimised engine where efficiency is maximised and emissions are minimised. This
thesis also investigates a carbon-free engine using a hydrogen pilot. To do this, the
hydrogen injection is divided into two parts, a small injection (pilot injection) up to
20 % of the total injected fuel and then a main injection. The purpose of the pilot
injection is to create a mixture that will provide a sufficient temperature increase to
ignite the main injection. Optimisation of this injection is required so that the cor-
rect level of mixing is achieved to ignite before the main injection. Otherwise, all the
fuel can ignite simultaneously, which can damage the engine. A study is carried out
where the amount of the pilot and the timing between the pilot and main injection
are adjusted to determine the operating window.

This thesis uncovered several important findings impacting the development of
methanol and hydrogen engines. First, for methanol LTC engines, the combustion
behaviour and emissions of NO, CO, unburned fuels, and COz2 under different in-
jection timing conditions are better understood. Experimentally, it has been shown
that there is an injection timing window in which the engine is optimal in terms of
efficiency and emissions. The relationship between engine performance and mixture
conditions is identified. Second, the impact of the diesel injection strategy on the
hydrogen CI engine performance is revealed. Third, a zero-carbon emission hydro-
gen engine concept (HYZERO) is systematically evaluated, showing the promising
potential of this concept in the decarbonisation of future ICEs in hard-to-electrify
transport sectors.



Chapter 1

Introduction

1.1 Background

In today’s world, climate change has become a heavily discussed topic and has had
a concerning impact on the planet. One of the significant contributors to climate
change is greenhouse gases (GHGs). GHGs contribute to global warming by trapping
heat near the Earth’s surface, leading to an increase in global surface temperature,
with 2023 being the hottest on record [1]. One of the biggest contributors to GHGs
is the combustion of fossil fuels, which produces carbon dioxide (CO3). Therefore,
the energy and transportation sectors are the biggest contributors to GHG emissions
since they both rely on energy conversion from the combustion of fossil fuels.

The transportation sector plays a critical role in the modern world, both in so-
cietal and economic ways, by providing convenient movement for goods and people
globally. As the global economy and population grow, so does the demand for the
transportation sector. As much as the world relies on the transportation sector to
function, the transportation sector relies on dependable powertrains. For decades,
cars, trucks, and ships have heavily depended on internal combustion engines (ICE).
During their lifespan, ICE technologies have experienced significant advancement,
greatly increasing their reliability and efficiency, while reducing harmful emissions.
However, conventional ICEs produce energy through the combustion of fossil fuels,
which produces harmful emissions such as carbon monoxide (CO), CO2 and nitro-
gen oxides (NOy). Figure 1.1 shows that the transportation sector is one of the biggest
contributors of GHGs. These emissions contribute negatively to human health and
the environment. With the increasing demand on the transportation sector, a better
effort is required to make energy sources more efficient and sustainable.
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Figure 1.1: The greenhouse gases (tonnes of carbon dioxide equivalents) by sector against the year. [2]

In order to tackle these harmful emissions, governing bodies around the world
have introduced restrictions on the emissions allowed by vehicle type. EURO VI [3]
is the current regulation standard in Europe targeting the emission of NO,, and par-
ticulate matter (PM), with EURO VII [4] expected to be in place by 2035. These
strict regulations have led to the rise in electrification of road vehicles where battery
electric vehicles (BEVs) contribute to 15% of current vehicle sales [5]. BEVs are able
to circumvent these restrictions since they do not produce tailpipe emissions. While
the tailpipe emissions are eliminated, emissions are still produced during the min-
ing process for the required raw materials for battery production. Additionally, the
source of electricity should be considered since some countries still heavily depend
on fossil fuels for energy production. An additional factor to consider for BEV is the
durability and lifespan of the batteries which is important considering the rare mate-
rials. Electrification of light duty vehicles has been successful with several major car
manufacturers producing BEV or hybrid electric vehicles (HEV). However, electrifi-
cation of heavy-duty vehicles such as trucks and buses is more challenging due to the
power demand under high load and the large number of battery cells required. The
large batteries required to produce sufhicient power can cause problems with packag-
ing the cells and also weight. Since, heavy-duty vehicles depend on maximising the
payload, reducing the payload weight for the powertrain is not ideal. An important
factor when considering electrification of heavy-duty vehicles is the charging times
and charger availability. Heavy-duty vehicles are typically moving for long periods
and therefore, short refuelling times are critical. Despite these challenges, electric
heavy-duty vehicles are available on the market. However, these vehicles are limited



in range to approximately 300 km depending on the manufacturer [6], and therefore,
are restricted to local routes.

While electrification is making progress, the development of the ICEs, partic-
ularly for heavy-duty applications, is still ongoing. This development is focused on
minimising tailpipe emissions while maximising the efficiency of these power sources.
One of the strategies used for minimising tailpipe emissions is the use of aftertreat-
ment systems [7] which reduces emissions by treating the exhaust gases between the
exhaust valve and the tailpipe. Aftertreatment systems, such as selective catalytic re-
duction (SCR) systems [8], capture harmful emissions before they are released from
the tailpipe and convert them into less harmful emissions. While aftertreatment sys-
tems have been sufficient in meeting emission regulations thus far, stricter regulations
impose a greater demand on these systems. These aftertreatment systems are effective
in reducing tailpipe emissions; however, this solution does not eliminate emissions
and does not prevent the production of these harmful emissions at the source.

To target the source of emissions in the combustion chamber of an ICE, strate-
gies such as low temperature combustion (LTC) [9] can be implemented. LTC strate-
gies aim to reduce NO,, emissions through reduced combustion temperatures since
NO,, is primarily formed during high-temperature combustion. LTC strategies aim
to reduce the combustion temperature by burning under premixed or partially pre-
mixed fuel-lean conditions, realised through early fuel injection. In addition to lean
combustion in-cylinder temperatures can be reduced using exhaust gas recirculation
(EGR) [10], where the exhaust gas is redirected into the combustion chamber. The
inert gases from the exhaust gas absorb heat in the cylinder and therefore, reduce the
temperature. While LTC strategies are targeted against NO,, emissions, careful opti-
misation of injection strategy is required to prevent an increase in other emissions as
a result of the lean combustion and also maintain a high efficiency.

The harmful emissions commonly associated with ICEs are produced by the
combustion of fossil fuels within the engine. However, ICEs are not limited to the
combustion of fossil fuels and many other fuels have been successfully implemented
in ICEs. By changing the fuel used in ICEs, to a fuel with a different chemical formu-
lation, the products of combustion also change. Among the suitable candidates for
use in ICEs are hydrogen and alcohol-based fuels, such as ethanol and methanol, due
to their energy content, octane number and potential for cleaner combustion. Addi-
tionally, hydrogen has gained significant attraction as a potential fuel for ICEs, since
hydrogen is a zero-carbon fuel [11]. Thus, carbon emissions and particulate matter [12]
could be eliminated from the system. Additionally, hydrogen is considered an abun-
dant resource and can be produced renewably [13]. Hydrogen can be implemented
not only into ICEs but also fuel cells [14, 15], which can be used for both heavy and
light duty vehicles.



Continuous development of ICE is important for a more sustainable and efhi-
cient transportation sector. A transition to alternative fuels can lead to more efficient
powertrains that produce less emissions than the current fossil fuel engines. Through-
out decades of development, a good understanding of fossil fuel combustion in ICE
has been formed as well as the systems surrounding the ICE. However, in order to
extract the full potential of alternatively fuelled ICEs, a good understanding of the
combustion process of these fuels is required, building on existing knowledge. Suc-
cessful adoption of alternative fuels would lead to minimum alteration of existing
infrastructure and lead to cost-effective powertrains.

1.2 'Thesis Scope

A deep understanding of the events in the combustion chamber is required to un-
derstand the combustion process, emission formation, and overall physics. Typically,
experimental works are limited in the measurements that can be made in the com-
bustion chamber, especially without altering the combustion process. Computational
fluid dynamics (CFD) can be a useful tool to help understand the in-cylinder events by
using numerical modelling to replicate the experiment test points and further expand
the available data. This thesis uses numerical methods to simulate the combustion
processes of methanol under LTC conditions in heavy-duty ICEs and hydrogen com-
bustion in compression ignition engines. Previous work on methanol under LTC
has shown that the injection timing affects the engine performance and emissions.
However, the fundamental physics behind this is not clear. In this work, numeri-
cal simulations of a methanol LTC engine are employed to investigate the impact of
injection timing on the combustion and emission process in the engine.

Literature on hydrogen in ICE applications is focused on spark ignition en-
gines given the challenge of igniting hydrogen. A small number of works investigate
hydrogen direct injection compression ignition (DICI) engines; however, there is a
significant knowledge gap on how to design a DICI engine based on pure hydrogen.
The focus of this thesis is to investigate hydrogen combustion in DICI engines using
dual-fuel strategies and pure hydrogen engines based on multiple injection strategies.
The study is based on numerical simulations of reference experimental test engines
from the literature and collaborators, so that the numerical simulations can be con-
firmed by experiments. By numerical simulations that provide detailed flow turbu-
lence and thermochemical variables in three-dimensional and temporally resolved, a
better understanding of the ignition, fuel interaction and emissions can be provided.
Additionally, additional knowledge of the numerical set-up can be provided. Using
the simulation set-up and physical engine conditions, this thesis performed a fur-
ther study investigating strategies to achieve a pure hydrogen DICI engine, namely,



by using pilot/main multiple injection to generate desirable fuel stratification thus
achieving optimal ignition of the charge and low NOx emission. This study provides
insight into the mixing procedure and ignition of the hydrogen as well as the com-
bustion process of the main injection, shedding light on the future design of DICI
engines fuelled only by hydrogen.

Hydrogen high-pressure direct injection (HPDI)s; however, poses a new chal-
lenge for both engine experiments and engine simulations. In this thesis, large eddy
simulation (LES) is employed to simulate diesel-hydrogen dual-fuel combustion in
a constant volume chamber utilising hydrogen HPDI. These simulations are based
on experiments carried out under compression ignition conditions. Previous con-
stant volume simulations are focused on non-reacting cases investigating shockwaves
in very high-pressure ratio scenarios. LES is used to accurately capture the interaction
of the diesel pilot and hydrogen main injection and the following ignition procedure.

1.3 Thesis Objectives

The main objectives can be outlined below, separated by the two fuels investigated:

Methanol:

* Investigation of methanol combustion and pollutant emission in LTC engines.
Reynolds Averaged Navier-Stokes (RANS) simulations using detailed chemi-
cal kinetic mechanisms are carried out to investigate the impact of the start
of injection (SOI) on the engine performance and emissions. The SOI ranges
from -100 CAD aTDC to -15 CAD aTDC, covering two LTC regimes, homo-
geneous charge compression-ignition (HCCI) and partially premixed combus-

tion (PPC).

* Comparison of the methanol LTC engine and gasoline LTC engine perfor-
mance. A reference gasoline fuel (iso-octane) based LTC engine is also simu-
lated, to understand the impact of the fuel properties and mixture stratification
on engine efficiency and pollutant emissions.

Hydrogen:

* Investigation of diesel/hydrogen dual-fuel DICI engine combustion and emis-
sions. Numerical simulations are carried out to replicate the injection process
of a pilot diesel and the gaseous hydrogen jet, to understand the interaction



between the two fuels, especially around the time of ignition of the main fuel,
and the subsequent main combustion process and NOx emissions.

* Investigation of a pure hydrogen DICI engine concept, in which a multiple
injection strategy of hydrogen is studied. Numerical simulations are carried
out for a range of pilot-hydrogen injection timings to determine the operating
window and impact on the performance of the engine.

1.4 Outline

Chapter 2 will introduce the strategies and concepts discussed in this thesis and present
the existing works. This will include an introduction to compression ignition (CI)
engines, combustion strategies, and the fuels that will be investigated. Knowledge
gaps in the methanol LTC and hydrogen DICI engine combustion will be identified.
Chapter 3 will present the governing equations and the models used in the numerical
simulations. Chapter 4 outlines the baseline engines and experimental measurements
that provided the validation for the simulations, and the equivalent simulation setups.
Chapter 5 will present highlight results relevant to the simulations involving methanol,
and Chapter 6 will discuss cases investigating hydrogen. More detailed results will be
presented in the papers listed in the Appendix. Finally, conclusions and future work
will be given in Chapter 7.



Chapter 2

Compression ignition engines and
Fuels

2.1 Compression Ignition Engines

There are two different types of internal combustion engines found in road vehicles:
spark-ignited (SI) engines and compression ignition (CI) engines. As the name sug-
gests, an SI engine contains a spark plug in the cylinder, providing an ignition source
for the fuel-air mixture. In SI engines the fuel is typically injected through port fuel
injection (PFI), where the fuel and air mix in the intake manifold before entering
the combustion chamber relatively early in the compression cycle. In modern SI en-
gines, direct injection (DI) can be used, providing better control over the injection.
By injecting fuel early in the compression stroke, a sufficiently long time is provided
for the fuel and air to mix, leading to nearly homogeneous fuel-lean mixtures. Such
lean mixtures are beneficial for the reduction of some emissions, such as NO,. An
ignition aid (spark plug) is required in SI engines because of these lean mixtures and
also because SI engines typically avail of fuels, such as gasoline, with a high resistance

to auto-ignition or high Research Octane Number (RON).

CI engines instead rely on auto-ignition or self-ignition of the fuel-air mixture
and therefore, an easily ignitable fuel (low RON), such as diesel is required. The com-
bustion process in CI engines is typically referred to as the conventional diesel cycle
(CDCQ). One of the key differences between the Otto cycle (SI engine) and the CDC,
is the compression ratio. To facilitate auto-ignition in CI engines, high temperatures
and pressures are provided through high compression ratios. Since the fuel in CI en-
gines must be able to auto-ignite, the risk of premature ignition or knocking is high
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Figure 2.1: The schematic description of CDC from Dec et al. [17, 18].

because of the high compression ratios. To avoid premature ignition, the fuel is in-
jected late in the compression stroke through high-pressure direct injection (HPDI)
strategies. Since the fuel is injected close to the top-dead center (TDC), a short time
is provided for mixing the air and fuel before ignition should occur. This period be-
tween the start of injection (SOI) and the start of combustion is referred to as the ig-
nition delay time (IDT). DI plays a critical role in the CDC because the high-pressure
injection leads to atomisation of the liquid or breakup into small droplets [16]. This
atomisation process increases the surface area of the fuel, providing faster vaporisation
and subsequent mixing with the air.

A widely accepted understanding of the CDC is provided by Dec et al. [17,18],
which is shown in Figure 2.1. It can be seen that premixed and non-premixed com-
bustion play a role in the CDC. The premixed combustion mode is the combustion
of a fuel-air mixture that can burn at high speeds, leading to a rapid rate of heat re-
lease (RoHR) and a large rise in pressure in the cylinder. The non-premixed mode or
diffusion flame burns immediately as the air and fuel enter the reaction zone; hence,
the diffusion flame is highlighted at the border around the spray in Figure 2.1. The
non-premixed combustion mode, also called mixture-controlled combustion, is lim-
ited by the rate at which the reactant (fuel) and oxidizer (air) mix in the reaction zone.
Mixture-controlled combustion is the dominant combustion in CI engines; however,
premixed combustion is present in the initial phase of heat release. This premixed
combustion is present due to the combustion of the fuel-air mixture formed between
the start of injection (SOI) and ignition [18].

One of the downsides of CI engines is the emissions of NO, and soot. The
in-cylinder conditions during the combustion of diesel lead to high combustion tem-



peratures, producing high levels of NO,,. Additionally, the short IDT and consequent
stratified combustion lead to fuel-rich regions where soot forms, as illustrated in Fig-
ure 2.1. A key parameter when investigating the combustion process and emissions is
the equivalence ratio, which defines the ratio of air and fuel in a mixture, given by:

my
O = oz (2.1)
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where m ¢ and M, are the mass of the fuel and oxidiser in the system and (L) is
0.

T

the stoichiometric value of the mixture. The stoichiometric ratio is the ratio where no

excess fuel or oxidiser remains following the combustion process and occurs at ¢ = 1.
Therefore, mixtures with ¢ > 1 are fuel-rich, and ¢ < 1 is fuel-lean. The air-fuel
ratio can also be specified by lambda, which is the inverse of the equivalence ratio.

The equivalence ratio has a significant role in ignition, combustion, and emis-
sions. Excessively fuel-lean or fuel-rich conditions can cause issues with igniting and
incomplete combustion. Equivalence ratios around 1 typically burn at high temper-
atures and, therefore, produce more NO,, than fuel-lean conditions. Additionally,
sufficient levels of air are important for the oxidation of soot and CO; however, ex-
cessively lean conditions can also prevent oxidation, leading to higher emissions.

Heavy-duty vehicles, such as trucks and buses, rely on CI engines for their ef-
ficiency, power output, and reliability. Alternative energy sources, such as electrifi-
cation and fuel cells, have developed rapidly for light-duty vehicles; however, there
are more challenges in implementing these sources in heavy-duty applications. This
work focuses on CI engines for heavy-duty applications to maximise the potential ef-
ficiency. Additionally, by continuing to use CI engines, major infrastructure changes
can be avoided, and the existing understanding and research can remain relevant.

2.1.1 Fuels

A challenge with ICE:s is the emissions produced during the in-cylinder combustion
processes. Among the emissions produced from the combustion of fossil fuels are soot,
CO, COz2 and NO;. One of the ways that harmful emissions can be reduced is by
changing the fuel that is used in ICEs. Alternative fuels can not only provide cleaner
combustion but can also be produced renewably. Existing ICEs have been designed
to operate with conventional fossil fuels, such as gasoline and diesel. Therefore, a
thorough investigation of alternative fuels is required to determine their suitability. CI
engines heavily rely on the chemical properties of the fuel so that auto-ignition can be
achieved, providing the in-cylinder conditions. Diesel is highly suitable for CI engines
because it has a low RON, an important parameter for CI engines. The opposite



can be said for gasoline, which has a high RON and, therefore, requires a spark for
ignition. Future fuels must have similar characteristics to be suitable candidates to
replace fossil fuels. Table 2.1 shows a comparison of conventional fossil fuels with
methanol and hydrogen.

Table 2.1: Properties of selected fuels related to internal combustion engine use.

Property Gasoline  Diesel ~ Methanol ~ Hydrogen
Chemical formula mixture ~ mixture CH30OH H2
C/H (mass%) ~6.143 ~6.45 3 o
Density [kg/m3] (STP) 740 820 790 0.08
Heat of vaporization [k]/kg] 180~350 ~256 1100 461
Lower heating value [M]/kg] 42.9 43.4 20.09 120
Research Octane Number (RON) 100 <20 109 >130
Volumetric Energy Content [M]J/m?] 31746 38600 15871 8000
Stoichiometric AFR [kg/kg] 15.29 14.32 6.5 34.2
Autoignition temperature [K] 465~743 527 738 858
Adiabatic Flame Temperature [K] ~2275 ~2374 2143 2390
Flame speed [m/s] 0.41~0.58 0.80 0.56 3.25
Flammability limits [®] 0.62~3.89 - 0.55~4.32  0.I~7.I
Quenching distance [mm] ~2.0 - 1.85 0.64

2.1.2 Methanol

Methanol is an alcohol-based fuel with a simple chemical composition compared to
conventional fossil fuels. Although this fuel contains carbon, lower carbon emissions
can be expected compared to conventional fossil fuel given the lower carbon content
[19]. Additionally, by using carbon capture methods to produce methanol, the net
emission of carbon can be reduced [20]. The oxygen content and chemical structure
of methanol exhibit unique combustion characteristics and reduce the potential for
soot formation [21]. Furthermore, the use of methanol in STand CI engines has shown
a reduction of other key emissions such as CO and NO,, [22]. As can be seen from
Table 2.1, methanol has a similar density to diesel and gasoline, which allows for easy
storage and also has a slightly higher RON than gasoline, making it very suitable for
LTC strategies. However, methanol has a lower heating value and volumetric energy
content, meaning that a larger injection mass is required per stroke to extract the
same amount of energy as diesel or gasoline, which can lead to a higher frequency
of refuelling. The flame speed is similar to gasoline, both of which are lower than
diesel, which can have a negative influence on combustion efficiency. Additionally,
the autoignition temperature is higher than both conventional fossil fuels, which can
be beneficial for avoiding pre-mature ignition but also problematic for ignition in CI
engines.
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Methanol is stored and injected into the combustion chamber as a liquid, and
hence, knowledge of liquid DI strategies can be transferred. The injection process
occurs at high pressure and introduces several complex physics during the injection,
as discussed in the previous section. As the liquid is injected under high pressure, the
liquid experiences a breakup into smaller and smaller droplets before vaporising into
its gas form. One of the major benefits of methanol for LTC concepts is the decrease
of temperature in the mixture due to the vaporisation process [23]. This is indicated
by the high latent heat of vaporisation in Table 2.1, which is approximately three times
higher for methanol than for diesel. This cooling effect can greatly contribute towards
reducing the in-cylinder temperature, which is favourable for the LTC concepts. An-
other parameter that can be beneficial in LTC concepts is the low stoichiometric AFR,
which indicates that fuel-lean conditions can be achieved at a faster rate.

2.1.3 Hydrogen

Hydrogen has recently gained significant attention as fuel for ICEs. One of the ma-
jor benefits of hydrogen in ICEs is the zero-carbon content [24]. Additionally, the
LHYV offers a large amount of energy from a small amount of fuel. Hydrogen is
considered an abundant resource on earth; however, it must be produced from an-
other substance [25]. Hydrogen production can occur through hydrocarbon reform-
ing, biomass reforming, or water splitting [26]. As with BEVs, it is important to
consider the well-to-wheel emissions, and therefore, hydrogen must follow a sustain-
able production pathway [27]. Carbon emissions can be produced in hydrogen pro-
duction methods such as hydrocarbon reforming (black/brown hydrogen); however,
some production methods using fossil fuels can implement carbon capture [28]. The
renewable forms of hydrogen production are biomass reforming and water splitting
through electrolysis using renewable energy sources (green hydrogen) [29]. Aside from
the carbon content, another benefit to hydrogen is its high energy density based on
mass (gravimetric energy density) as seen in figure 2.2; however, it can also be seen
that it has a very low volumetric energy density. Therefore, to be stored efficiently, it
must be stored in high-pressure fuel tanks. This leads to significant challenges when
it comes to storage of the fuel [30]. The construction of some storage tank designs
relies on carbon fibre and therefore, should be considered in the life cycle assessment
of hydrogen-powered vehicles [31]. Another challenge caused by the low density is
implementing HPDI strategies, which will be discussed in Section 2.3.1.

The stoichiometric air-to-fuel ratio (AFR) for hydrogen is higher than that of the
other fuels in the table, indicating that hydrogen combustion under lean conditions
can be achieved easily. Additionally, the flammability limit in Table 2.1 shows a much
wider range for the flammability limits, indicating a wider operating limit than the
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Figure 2.2: The volumetric energy density versus the gravimetric energy density.

other fuels, especially in lean conditions. However, hydrogen is also unique in that
it has a high auto-ignition temperature but a low required ignition energy, which
can be contradicting. The high auto-ignition temperature provides a challenge for
initiating ignition under compression ignition conditions. The low required ignition
energy means that only a small amount of energy is required to ignite a hydrogen-air
mixture. This makes hydrogen particularly sensitive to remnant ignition sources in
the cylinder, such as residual exhaust gases or hot spots. Another consideration for
hydrogen is the adiabatic flame temperature and the significantly higher flame speed;
while this benefits combustion efficiency, it is detrimental to NO,, formation.

2.2 Low Temperature Combustion Concept

Low-temperature combustion (LTC) [9] is a well-known strategy for reducing the for-
mation of NO,, emissions in the cylinder. Thermal NO, is produced when nitrogen
and oxygen react in high temperatures. Figure 2.3 shows the ranges of temperature
and equivalence ratio in which NO,, and soot form, as well as the operating range for
CDGC, SI, and LTC strategies. From the figure, the operating window for the CDC
overlaps into both the soot and NO,, regions. It can be seen from the figure that the
target operating window for LTC in the low-temperature regions shows promising
features of low NO, and soot. LTC can be divided into several different strategies
such as reactivity-controlled compression ignition (RCCI) [33], homogeneous charge
compression ignition (HCCI) [34], and partially premixed combustion (PPC) [35,36].
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Figure 2.3: The Phi-T diagram showing the regions in which soot and NO,, form and the operating window of
CDC, SI, and LTC engines. Reproduced from [32].

RCCI involves separate injections of two fuels: first, a less reactive fuel that has suf-
ficient time to achieve a fuel-lean mixture, before it is ignited by the injection of the
more reactive fuel, which ignites the lean mixture of the first fuel. HCCI and PPC
rely on a single fuel to achieve lower peak combustion temperatures. Both of these
strategies rely on controlling the mixture formation by using the injection timing.
As suggested by the name, HCCI aims to produce a homogeneous fuel-lean mix-
ture before ignition. This homogeneous mixture requires a long IDT, and therefore,
fuel is injected into the cylinder early in the compression stroke after the intake valve
is closed. The fuel-air mixture is locally lean and homogeneous; the ignition pro-
cess occurs through compression ignition. Given the homogeneity of the mixture,
the ignition can occur through multiple ignition kernels throughout the combustion
chamber, leading to an intense release of heat. While the lean conditions of HCCI
can lead to a reduction in emissions, especially NO,, [37] and soot, it has difficulty
maintaining controlled and stable combustion over various loads and can be sensi-
tive to any variations in the cylinder [38]. Additionally, controlling the combustion
timing can be difficult since the mixture is ignited using compression ignition rather
than a spark plug, and therefore, large cycle-to-cycle variations can be present. PPC
strategies implement a more stratified mixture by injecting the fuel later in the com-
pression stroke. There is no general agreement on which strategy should be considered
to switch from HCCI to PPC; however, after approximately -60 CAD, aTDC can
be considered PPC. As the SOI is retarded towards TDC, the combustion process
behaves like the CDC.
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High RON fuels are recommended for LTC strategies to avoid premature igni-
tion and allow for large compression ratios. As a result, gasoline under LTC strategies
has been heavily researched. Gasoline in PPC strategies has shown promise across var-
ious loads [39]. Gasoline PPC shows high indicated efliciencies of approximately 55%
with significant reductions in NO,, and soot emissions [40—42]. Sweeping the SOI to
cover the HCCI and PPC operating regions shows that the composition stratification
has an impact on the emissions [43]. The location of ignition of gasoline fuels under
LTC conditions is more sensitive to mixture composition than air temperature [44].
Gasoline in PPC strategies has also shown promising efficiencies and emission levels
in light-duty engines [45].

As mentioned earlier, methanol has a significant advantage in LTC strategies
since it absorbs a large amount of heat during the evaporation phase of the injec-
tion [46]. This cooling effect is beneficial in reducing NO, emissions by reducing
in-cylinder temperatures but also has an impact on the ignition and combustion of
methanol. Optical engine studies [47, 48] demonstrate that ignition of methanol can
occur at different mixture formations depending on the injection timing. The igni-
tion location occurs in fuel-lean concentrations for early injections but in fuel-rich
conditions for late injections. Experiments on methanol PPC in heavy-duty engines
show efficiencies up to 53% under high compression ratios [49]. Experiments compar-
ing methanol and a gasoline surrogate, iso-octane, across the HCCI and PPC ranges
show lower CO emissions for methanol; however, as the SOI is retarded towards
TDC, NO, emissions see a significant increase [50]. Additionally, both of these fuels
achieve different mixture formations in different ranges, affecting engine efficiency.

Numerical studies of methanol PPC show that the special consideration of injec-
tion timing should be considered to control the maximum pressure rise rate (MPRR)
and RoHR [s1]. This is a result of the longer mixing time and the low stoichiometric
AFR for methanol, which allows for rapid combustion of the mixture. Other nu-
merical studies demonstrate that increasing the injection pressure leads to an increase
in NO,, emissions [s1]. This is due to a larger spray plume forming a larger mixture
close to stoichiometric conditions, leading to high-temperature combustion. This
trend follows the experimental findings [49].

2.3 Hydrogen Combustion

2.3.1 Hydrogen Direct Injection

In ICE applications, hydrogen is in gaseous form, and therefore, its density is sig-
nificantly lower than that of other liquid fuels. Injecting low-density fuel provides a
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new challenge that has not previously been faced. Additionally, the understanding of
the injection process and physics of liquid fuels does not directly transfer to gas fuels.
Initial studies of hydrogen ICEs involved PFI strategies, given the complexities of DI
of low-density fuels. Hydrogen PFI strategies have shown a lower emission of NO,,
due to the fuel-lean combustion, which can be achieved due to the wide lammability
limits [s2]. However, with the PFI strategy, pre-mature combustion is very prone
to occur due to the low ignition energy [53, 54]. Additionally, injecting low-density
fuel into the intake valve displaces a large portion of air in the intake valve, reducing
volumetric efficiency. As a result, research has shifted towards H2 DI strategies [55].
DI strategies can eliminate both pre-mature ignition [56] and low volumetric effi-
ciency [57]. DI can be divided into low (LPDI) and high-pressure direct injection
(HPDI), where HPDI is considered above 50 bar.

Gaseous HPDI eliminates some significant issues but also brings new challenges.
Injecting a low-density gas leads to very high injection velocities not typically observed
in HPDI liquid injection. Such high velocities can result in the formation of expan-
sion waves and introduce new physics. Considering the compressible state of the
fuel, an important relationship between the injection pressure and the backpressure
or chamber pressure is present. This relationship affects the injection velocity and flow
rate and can also see the formation of different types of gas jets. This relationship is
characterised by the nozzle pressure ratio (NPR), defined as:

NPR =22 (2.2)

Poo

where py is the total pressure upstream and po is the ambient pressure downstream.
Three different jet types can form as the NPR changes. A subsonic jet occurs at
1 < po/Poc < 1.893, moderately under expanded 2.08 < py/pec < 3.8 and a
highly under-expanded jet at 3.84 < po/pso [58]. Previous work has been carried
out investigating the formation of shockwaves and Mach disks under high NPR sce-
narios using numerical methods [59—63]. However, no previous work has been carried
out on reacting cases under high NPRs, so it is unclear how combustion is affected
by these very high injection velocities.

Gas HPDI injectors available on the market achieve a much lower rail pressure
than their diesel counterparts, operating between approximately 150 bar [64] and 300
bar [65]. The gaseous state hydrogen injection can lead to a variable flow rate based on
the injection pressure. Given the compressible state of the gas, the flow can become
choked as it passes through the injector nozzle. When the back pressure is equal to
or greater than the critical pressure, the flow rate remains constant [66], where the
critical pressure is given as:

~
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I5



where py is the upstream pressure and 7 is the ratio of specific heats.

An accepted characterisation of direct injection gaseous jets is available from
Schlieren experiments [67]. This characterisation separates the jet into a jet core,
steady region, and transient vortex region, referred to as the vortex ball [68]. Given
the resistance to auto-ignition, significant research has been carried out on the DI of
hydrogen in SI engines (DISI). DI strategies have been proven to eliminate backfiring
and premature ignition while producing efficiencies above 38.9% even for injection
pressures around 80 bar [57]. Other DISI experiments have shown high fuel efficiency
and thermal efficiency up to 56% [69]. Numerical studies of DISI strategies [70] show
that mixing can be enhanced by increasing the injection pressure of the gas; however,
the impact of earlier injection reduces once a uniform mixture has been reached. A
study on DISI jet locations found that positioning the jet away from the wall reduced
heat losses and achieved high efficiencies [71]. Additionally, this study found that
a smaller nozzle hole diameter improved air entrainment, leading to a reduction in
NO,. Another experimental study found that the injector configuration had a larger
impact on efliciency in low loads than in high loads [72]. In a separate study [73],
an efficiency of 46.9% was achieved with early direct injection in an SI engine. Op-
tical experiments [74] investigate various nozzle geometries with a different number
of holes. For thirteen nozzles, the individual jets combine into a single volume. The
five-hole option experiences partial jet merging; however, these effects are likely due
to the long IDT from the early injection as well as the relatively lower injection pres-
sure of 100 bar. In the numerical simulations [75] of these experiments, the mesh
was observed to have a significant impact on the penetration length; however, it did
not impact fuel dispersion. Under-prediction of the fuel dispersion was observed;
however, the prediction of wall interaction and overall jet evolution showed good
agreement with the experiments.

Roy et al. [76] investigated a hydrogen jet in a DISI optical engine. In this
study, the injection pressure was found to have an impact on the jet angle, where
lower pressure resulted in a wider jet angle; however, the injection pressures were
limited to a maximum of so bar. Additionally, the chamber density changed the
overall structure of the jet. In a constant volume study with higher injection pressures
of 53 and 104 bar, Schlieren imaging captured expansion waves that grew large with
higher injection pressure [77]. Additionally, it was observed that injection pressure led
to a longer penetration length but a higher density led to a lower penetration length.

2.3.2  Diesel-Hydrogen Dual-Fuel DICI Engine

Dual-fuel strategies avail of multiple injections of separate fuels. The purpose of using
two fuels is to provide an ignition source by injecting a small amount of reactive fuel,
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such as diesel, and a larger amount of less reactive fuel, such as hydrogen. The use of
a more reactive is beneficial since it more easily ignites through compression ignition,
providing more control over the combustion timing. Such dual-fuel strategies can
be implemented in multiple ways: direct interaction between both of the injections
(simultaneous injection), pilot injection prior to main injection, and pilot injection
after injection. Conventionally, the order of the injection is provided in the name,
i.e., diesel-hydrogen, which means the diesel SOI is first.

Dual-fuel strategies are more mature in natural gas applications [78]. This study
shows that the overall size of the diesel spray is slightly reduced under dual-fuel meth-
ods compared to the single injection operation, and naturally, the injection pressure
impacts the time at which the fuels interact. Hydrogen HPDI provides a unique
challenge that is shared with natural gas. Studies have been carried out investigating
the interaction between a diesel pilot injection and a natural gas main injection. A
comprehensive study has been carried out on injector geometry and positioning in a
diesel-natural gas dual-fuel engine [79]. Schlieren imaging techniques were used to
analyse converging, diverging, and parallel configurations. Naturally, the converg-
ing configuration provided high levels of interaction between the fuels. The work
highlighted that an overlap of the fuels after ignition can result in the highest perfor-
mance. This overlap can be achieved by minimising the angle between the converging
injectors.

Numerical investigations of the HPDI process for natural gas showed that the
nozzle diameter impacts the combustion mode and the efficiency [80]. These stud-
ies with natural gas show that the injector configuration (converging, diverging, and
parallel) can affect ignition, with ignition occurring under low-temperature ambient
conditions using a converging injector [81,82]. However, spray-jet interaction prior to
ignition shows a change in the mixture formation of the pilot and can lead to quench-
ing [83]. A study using multiple natural gas injections found that the maximum in-
cylinder pressure was lower than a single natural gas injection [84]. For these cases,
a diesel pilot is injected prior to the main injection. In multiple injection cases, the
main injection is followed by a post-injection. Smaller post-injections combined with
longer separation times (time between main- and post-injection) resulted in lower
CO emissions due to accelerated oxidation. Alternatively, larger post-injection with
shorter separation times led to a reduction in NO,,.

While natural gas HDPI shares some challenges with hydrogen HPDI, recent
studies show that these fuels may not behave similarly when it comes to ignition
and combustion. In constant volume experiments of diesel-hydrogen strategies, no
quenching of the hydrogen was observed [85]. The ignition of the main hydrogen
jet occurs after interaction with the pilot flame. For longer dwell times, where the
temperature of the pilot region is lower, a longer interaction time is required for the
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ignition of the hydrogen jet. Additionally, when the ambient Oz content is reduced,
a higher interaction time is required [86]. Similarly, the lift-off length increases as the
Og, levels are reduced.

Few engine experiments have been carried out using dual-fuel strategies, includ-
ing hydrogen. One of the studies available shows that at a 50% hydrogen energy share,
an indicated efficiency of 47% can be achieved [87]. The emission of NO,, increases
as the energy share of hydrogen increases and is also impacted by the level of stratifi-
cation achieved by the injection timing. Further extending the energy share to 90%
achieved an indicated efhiciency of 57.2% [88]. However, NO,, emissions were signifi-
cantly higher than the diesel baseline case. A trade-off was outlined between efficiency
and NO, emissions, where earlier SOI could control NO, emissions at the cost of
efficiency. Numerical simulations of diesel-hydrogen dual-fuel engines showed that
high hydrogen energy shares resulted in unstable combustion [89].

2.3.3 Multiple-Injection Hydrogen DICI Engine

Diesel-hydrogen dual fuel engines still emit greenhouse gas CO3. A goal of a hydrogen-
fueled engine is to achieve pure hydrogen DICI operation. Implementing multiple
injections can be advantageous by optimising the injections to aid in igniting a fuel
that normally requires an ignition aid, such as hydrogen. In order to achieve this, a
small fuel injection takes place early in the compression stroke, called a pilot injec-
tion. This pilot undergoes mixing with the air in the chamber. Careful consideration
of the fuel mass and dwell time is required so that an ignitable mixture is achieved
around the time of the main injection. As this pilot injection ignites, the temperature
increases to a sufficient level to ignite the main injection. This concept is investigated
in this thesis for hydrogen DICI engines.

Single injections of hydrogen in CI engines can lead to uncontrolled combustion
or very high MPRR. Multiple injection strategies can be used to achieve different
levels of stratification by splitting the main fuel injection into two or more injections
[90, 91]. There is a wide number of parameters that need to be taken into account
when considering multiple injection strategies, such as the size of the injections and
the time between the injections (dwell time). Optimising these injections is critical to
enhancing engine performance and reducing emissions. Auto-ignition of hydrogen
has been achieved through HCCI strategies with increased intake temperatures of 475
and 675K [92]. In double injection strategies, combustion was observed to be 10 CAD
earlier than the single injection. Other works have also achieved HCCI of hydrogen;
however, the heat release rate was too high except for overly lean mixtures [93]. Engine
experiments of hydrogen only in a CI engine were achieved by increasing the intake
temperature to 353 K [94]. A significant improvement in efficiency was observed
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compared to the diesel equivalent. Shudo et al. [95] observed that in single injection
DI strategies, hydrogen displayed a greater level of diffusion compared to methane.
Under split injection conditions, the authors highlight that the spatial distribution of
the mixture can be controlled with optimised injector settings.

Constant volume chamber experiments of hydrogen diffusion flames show that
the ignition delay is most sensitive to the ambient temperatures rather than other
parameters such as injection pressure, nozzle geometry, or chemical composition
[96,97]. In more recent constant volume experiments, a similar trend on ambient
conditions is observed [98, 99]. The ignition is observed at a single ignition kernel
before spreading around the entire jet, diminishing the liftoff length. In numerical
studies of hydrogen ignition in DICI engine applications, hydrogen behaved differ-
ently than conventional diesel sprays, achieving better mixing in free-jet mixing [100].
In the double compression-expansion engine (DCEE) concept, ignition of the hydro-
gen was observed through hydrogen pilot injection, and a BTE calculated from the
simulations was measured to be higher than the diesel equivalent [101]. Another nu-
merical work studied various hydrogen combustion strategies, including PFI, DI, and
pre-chamber combustion (PCC) strategies [102]; however, no supporting experimen-
tal work was provided. In this work, the highest NO,, emissions were measured in the
DI dual-fuel case. Meanwhile, the PCC and SI strategies produced ultra-low NO,.

2.4 Knowledge gap and research questions

Recent experimental research on methanol and iso-octane DICI engines [103], cov-
ering HCCI, PPC, and CDC regimes, has shown that CO emissions for methanol
engine are generally lower than those for the iso-octane engine. The engine efficiency
and emissions for both fuels differ in the different combustion regimes. This is ex-
pected to be attributed to the different fuel stratification. There are knowledge gaps
regarding the effect of the fuel properties and the injection timing on the engine per-
formance and pollutant emissions, in particular:

* How do the fuel properties affect the engine performance and emissions?

e How does the fuel stratification of methanol and iso-octane evolve under dif-
ferent injection timing conditions?

* Which fuel is more suitable for LTC engines?

* How can the optimal SOI window be extended with high efficiency and low
emissions?
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These research questions are pursued in Paper I and Paper 1II, listed in the appendix.

As indicated in the literature, hydrogen DICI engines face several challenges.
Most importantly, it is challenging to ensure a controlled ignition of hydrogen due
to the high ignition temperature required for hydrogen. Injection of a small amount
of pilot fuel, e.g., diesel, can be used to ignite hydrogen; the injection timing of pilot
diesel controls the ignition. However, it is uncertain how much pilot diesel should
be injected. A higher amount of diesel injection enables reliable ignition, but it can
result in high emissions of CO3 and NO,,. There are knowledge gaps regarding diesel-
hydrogen DICI engine combustion:

* How do the fuels interact?
* How does the interaction of these fuels affect the ignition process?
* Which parameters impact engine performance and emissions?

* What are the contributing factors for NO,, production?

This thesis tackles the above questions in Paper III and Paper V, aiming to contribute

to improved knowledge of hydrogen DICI dual-fuel engines.

While diesel-hydrogen dual-fuel engines would significantly reduce carbon emis-
sions, the optimal solution would be a carbon-free engine. Therefore, understanding
how to ignite hydrogen without needing a spark plug or diesel pilot could be a key
step towards the future of hydrogen ICEs. Very little research has been conducted in
this direction, and some particular questions exist:

* Can multiple injections of hydrogen be used to generate controlled ignition?

* How does the dwell time between the pilot and main injection affect the igni-
tion and combustion process?

* What is the optimal distribution of the pilot and main injection?
* Can high efficiencies be achieved using pilot/main hydrogen injection?

* Can NO, be controlled using multiple injections of hydrogen?

These questions will be investigated in Paper IV.
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Chapter 3

Numerical Modelling

3.1 Governing Equations

The Navier-Stokes equations are the fundamental equations that are used in compu-
tational fluid dynamics (CFD) simulations. The three governing equations represent
the conservation of mass, momentum, and energy, and can be written as:

dp | Opu;

n + oz, =5, (3.1)
Opu; ~ Opuju; B Op  Omyj
825 a$]’ N al‘l + al‘j + Suz (3.2)

dph  Opujh  Dp aJJh
81& 81‘]' N Dt a.’Ej + Sh (3.3)

where u; is the velocity in the Cartesian coordinate j-direction, P is pressure and h

is enthalpy. 7;; is the shear stress in the fluid, which can be written for a Newtonian

fluid as:
- Iu +8uj _2%5. (3.4)
Tig = H aa:j 8@ 3 8$k ik 34

Another important equation to consider in reacting flow is the species transport
equation, which is given as:

ﬁka apquk . at]]k .
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where Y}, is the species mass fraction of species k£ and Wy, is the reaction rate of species
k. J jh and J ]k: are the molecular fluxes that can be described by Fick’s Law for diffusive
mass flux and Fourier’s Law for conductive heat flux, written as:

oYy,

Ji=—pDi— (3.6)
Oh
Il = ey (3.7)

3.2 Equation of state

The equation of state is also a critical equation that is used in the governing equations
for compressible flows. For an ideal gas, such as air, the ideal gas law is applicable,
which is given as:

Y;
p=pRTY = 63)

where R,, is the universal gas constant and W}, is the molecular weight of species k
where Ny is the total number of species. However, the ideal gas law does not apply
to hydrogen because hydrogen has a negative Joule-Thompson coeflicient. Typically,
gases undergo cooling as they experience the expansion process; however, hydrogen is
one of two gases that experiences a heating effect. Therefore, a different equation of
state is required, which is the Redlich-Kwong equation of state, written as:

RT a

p:U—b_v2+ubv+wb2 G-9)
where
b= Brrve (3.10)
2
a = Oz?«kpcvc

T (.11)

where v is the volume, the subscript ¢ indicates the critical conditions, « is the attrac-
tive forces between molecules, and /3 is the volume of the molecules.

3.3 Turbulence

Turbulence can be found everywhere in the day-to-day and is typically characterised
as chaotic flow. Turbulent flows consist of turbulent eddies, which are swirling or
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rotating fluids. These eddies can be defined by length scale (1), velocity (u), and
turnover time (7). There are three lengths scales considered when simulating turbulent
flows: the Integral Scale (lp), the Taylor Scale (I)), and the Kolmogorov Scale (1)),
where the Integral Scale is the largest and the Kolmogorov the smallest. In turbulent
flows, eddies begin in the largest scale and as they experience instabilities they break
up into smaller scales [104] until they reach a small Reynolds Number, given by:

Re — 1ol (.12)
14

In numerical simulations, there are three different methods for capturing these
turbulent scales. Reynolds Averaged Navier Stokes (RANS) simulations model uses
turbulence models, large eddy simulations (LES) resolve the larger scales but rely on
models for the smaller scales. Finally, direct numerical simulation (DNS) resolves all
of the turbulent scales. However, relying more on resolving the flow required more
computational requirements. Therefore, RANS simulations are the most computa-
tionally affordable simulations, whereas DNS is the least affordable, such that only
small domains can be effectively simulated. This work uses RANS for the simulation
of the engine cases and LES for the constant volume study.

3.3.1 Reynolds-Averaged Navier Stokes

In the RANS methods, flow quantities (¢) can be divided into an averaged component
(¢) and a fluctuating component (¢) using the Reynolds decomposition written as:

p=0¢+¢ (3.13)

For the following equations, density-weight Favre-filtering is used:

R |

p

¢ = (3.14)

|

where ¢ can represent flow variables such as velocity, density, and pressure.

The governing equations given in Section 3.1 under the RANS method become:
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where «v is the thermal diffusivity. Using Boussinesq’s eddy viscosity assumption [105],
the Reynolds stress tensor can be written introducing a turbulent viscosity term:

ou;  Ou; 20y ) 2
8 ) — =

0z;  Oz; 301, ") 3

—puju; = Mt( pkdij (3.19)

The turbulent viscosity term is obtained through the RANS turbulence models
defined by:
k’2
= 0 5.20)
where k is the turbulent kinetic energy (TKE) and € is the dissipation rate which
describes the rate at which the TKE dissipates. C, is a coefhcient that comes from
the model.

3.3.2 Large Eddy Simulation

In the LES method, a filter is required to determine the turbulent scales that are
resolved and which are modelled, i.e., subgrid scale (SGS). The filtered variables are

written as follows:
P(z,t) = /G(:c — 2" )p(a' t)dx' (3.21)

where G is the filter for LES. The density-weighted Favre-filter (eqn. 3.14) is again
used for the LES governing equations as follows:
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where Ti‘;g % is the SGS stress tensor, and @Zg % is the SGS enthalpy flux; both can be
modeled using LES eddy viscosity models. A gradient diffusion approach is used for

the SGS terms, e.g., for @ng:

s -7 — __ Oh
q)hg = p(Ujh—Ujh = th% (3.26)
J

3.4 Combustion Models

The combustion models are responsible for the source term @y, of species k in the
previous equations. In this work, the partially-stirred reactor (PaSR) approach and
the SAGE detailed chemical kinetics solver are used.

3.4.1 SAGE detailed chemical kinetics

The SAGE detailed chemical kinetics solver [106] is a combustion solver used in
CONVERGE for the hydrogen simulations. This solver behaves like the more well-
known, well-stirred reactor (WSR) model. The WSR approach considers the entire
mixture within the cell homogeneously mixed. From [107], a multi-step chemical
reaction mechanism can be written as:

J J
Sviog e > Vi fori=1,2,..T 6.27)
j=1 J=1

where the stoichiometric coefficients for the reactants and products are given by v/
and 1", respectively, for species j and reaction 4. xj is the chemical symbol for species
J. The net production rate can be written as:

i=1

wj = Zyﬂql fOI’j = 1,2, ceey J (328)
I

where
/ /
Vji = Vj; — Vj; (3.29)
gi is the rate-of-progress variable written as:

J J
qi = kgi [ [ X507 = ko | J(X]720 (3.30)
=1 j=1
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3.4.2 Partially-Stirred Reactor

The PaSR model [108] is used only for the methanol cases. This approach is similar to
the WSR approach; however, instead of assuming a homogeneous mixture, a portion
of the cell is considered unmixed. Therefore, only a portion of the cell can undergo
combustion, which depends on the reduction factor (k), given as:

Tc

K=——" (3.31)
Te + Tmix

where 7. is the chemical time scale and 7, is the mixing time scale given as:

1
K({UV)\?2
Tmiz = Cmiz\| — () (3~32)

€ \ €

Cmiz is a pre-defined constant that should be calibrated. The source term is then
written as:
wy = kwg(T, Yo (3.33)

3.5 Fuel Injection

3.5.1 Liquid Fuel

As a liquid fuel is injected under high pressure into the combustion chamber, it ex-
periences a number of phenomena, such as evaporation and liquid break-up. All of
the simulations in this work implement the Lagrangian Particle Tracking (LPT) for
the liquid phase. By using LPT, the spray is composed of a number of parcels that
contain droplets. The LPT method tracks each of these parcels in the computational
domain, where the motion for the parcels is governed by:

d _ _

2% = TUp (3.34)
d _ CDRB _ _
%up = Tp24p (Ug - up) (335)

where Z,, and 1, are the position and velocity of the parcel, respectively. 4 is the
velocity of the gas and 7, is the characteristic time scale of the parcel. Cp is the
coefhicient of drag defined as:
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The break-up of these droplets occurs in primary and secondary breakup stages
which are modeled by the Kelvin-Helmholtz Rayleigh-Taylor model [109, 110]. In
this model, the Kelvin-Helmholtz instabilities cause the primary breakup in the initial
length of the spray. In the secondary breakup phase both the Kelvin-Helmholtz and
Rayleigh-Taylor instabilities are considered.

3.5.2 Gaseous Fuel

Gaseous fuel injection does not experience the same physics as liquid fuel, and there-
fore, the same model cannot be implemented for gaseous injection. Similarly, LPT
methods are not available within CONVERGE CEFD. Instead, the gaseous flow is
resolved by specifying a mass flow rate obtained through experimental results. Using
the mass flow rate, allowed for control of the injected fuel mass.

3.6 Numerical Solvers

The numerical simulations in this work are carried out using two different numerical
solvers. The methanol simulations are carried out using OpenFOAM V7, and the hy-
drogen simulations are carried out using Converge CFD [111]. OpenFOAM is open-
source code providing a wide range of solvers and models, giving it great adaptability
for all applications. CONVERGE is a commercial software that has been developed
with a large focus on engine and combustion simulations. Converge offers a unique
“hands-off” grid generation method, automatically creating structured grids during
the simulation.
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Chapter 4

Experimental Engines and
Computational Cases

4.1 Experimental Measurements

Experimental measurements play a critical role in running CFD simulations by pro-
viding validation for the simulation. CFD simulations replicate experimental mea-
surements, and therefore, to determine the accuracy of the simulations, the results
between each are compared. The validation stage is critical for determining the accu-
racy of the set-up and the numerical models as well as the boundary conditions for
the case. This thesis relies on two types of experimental work; engine measurements
and constant volume chambers.

4.1.1  Engine Measurements

Engine measurements can be divided into optical or metal experiments. Optical ex-
periments produce images of the injection and combustion processes inside the cylin-
der. Optical experiments use techniques such as particle image velocimetry (PIV),
Schlieren and luminosity from chemiluminescence of OH* or CH*. The engine is
modified to include windows through which the process is filmed using a high-speed
camera. Optical experiments are useful for determining injection penetration length,
size of the injection volume, location of ignition and flame growth. Metal engine
experiments do not offer any visual data from the cylinder. The cylinder is equipped
with pressure transducers, which measure the in-cylinder pressure. From the pressure
measurement or pressure trace, the apparent heat release rate (aHRR) of the process
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can be calculated using [112]:

dQ _ 5 dv. 1 . dP

PTR Li T L T 41
where 7 is the ratio of specific heats, P is the in-cylinder pressure, and V is the cylinder
volume. Since gamma varies throughout the cycle, the gamma from the simulation
is used to calculate both the experimental and simulation aHRR. Using the pressure
trace and aHRR, the events in the combustion event can be identified. This infor-
mation can lead to combustion timing, combustion duration, total heat release, and
efficiency. Each of these can be used for validation of the simulations. The metal
engine experiments are also equipped with measurement systems for taking measure-
ments in the exhaust.

4.1.2  Constant Volume Chamber Measurements

Constant volume (CV) chamber measurements are used to investigate injections and
fundamental combustion characteristics. In these cases, a sealed vessel is used along-
side imaging techniques to observe the injection and combustion processes. The pres-
sure and temperature in the chamber are similar to those at the point of injection in the
engine. This is achieved by completing a pre-burn procedure, where a small amount
of fuel is combusted to increase the pressure and temperature.

4.2 Methanol Engine Cases

4.2.1  Case Description

The engine experiments involving methanol were carried out by the engine depart-
ment at Lund University [50]. The engine used in the experiments was a six-cylinder
Scania D13 heavy-duty CI engine with a compression ratio of 17:1. The four-stroke
engine was modified so that only one of the six cylinders was operating during the
experiments. The in-cylinder pressure was measured with a resolution of 0.2°. The
value at which 50% of the chemical energy (CAso) was fixed at 3° CAD aTDC, which
was controlled by adjusting the intake temperature. The engine operates with an en-
gine load of 4 bar. In Paper I, methanol and iso-octane, a surrogate of gasoline, were
injected in separate measurements at an injection pressure of 800 bar. There is a sig-
nificant difference in the LHV of these fuels and therefore, in order to inject the same
amount of energy the injection duration is different between the fuels. Both of the
fuels were injected through a twelve-hole injector with a hole diameter of 230 pm.
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To capture the HCCI and PPC operating windows, the SOI was swept from -100°
CAD aTDC to -15° CAD aTDC.

4.2.2  Simulation Set-up

The numerical simulations were carried out using OpenFOAM V7 using the RANS
framework. A 30° sector of the full engine was used which captures one of the spray
plumes. As part of using a sector simulation, the simulation is a closed-cycle sim-
ulation that only simulates the time between the intake valve closed (IVC) and the
exhaust valve open (EVO), which can be specified as -141 ° CA aTDC and 137° CA
aTDC, respectively.

The fuel was injected at an umbrella angle of 120°. The injection profiles for both
of the fuels were created using a model for liquid injections [113]. The Lagrangian-
Eulerian model was implemented for the modelling of the liquid injections. The KH-
RT model was responsible for modelling the breakup. The combustion is modelled
using the PaSR model. The same reaction mechanism was used for both fuels, which
contains 136 species and 617 reactions [114].

Cartesian cells are used to form the grid of the sector engine. During the simu-
lation, these cells experience compression and expansion as the piston moves, which
can lead to poor cell aspect ratios and reduced accuracy. To avoid this a dynamic
mesh layer algorithm is used [115]. This algorithm adds and removes cells based on
a specified height threshold such that when the minimum height is reached during
compression, the cell is removed, and when the maximum height is reached cells are
added. Figure 4.1 shows the mesh across various CAD. In addition to the height
threshold, the region of the domain where this algorithm function is also specified
to be 1 mm above the piston topland (Face Zone in Figure 4.1). Therefore, the cells
located below this line and in the piston are not impacted by the algorithm.

4.3 Hydrogen Engine Cases

4.3.1  Case Description

The data for the diesel-hydrogen dual-fuel experiments were provided by Scania CV
AB. These experiments were carried out in a Scania D13 heavy-duty CI engine at
medium load with a compression ratio of 23:1. During these experiments, all six
cylinders were operating with the pressure measured in each cylinder. The engine was
operated with an engine load of 16 bar IMEP and a boost pressure of 2.2 bar. The
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Figure 4.1: The mesh at various crank angle degrees, demonstrating the dynamic mesh algorithm.

pressure trace was averaged over 300 cycles and then averaged over each cylinder. The
swirl ratio for these cases is 1.5.

The liquid diesel and gaseous hydrogen were injected through the same injector
but through a different set of holes. The injector has a total of eighteen holes, nine for
the diesel injection and nine for the hydrogen injection. The diesel holes are located
further away from the cylinder head, as shown in figure 4.2. When viewed from above,
the holes are not aligned, such that a hole is positioned every 20°. The diesel hole
diameter is 0.1 mm whereas, the hydrogen hole diameter is 0.6 mm. The umbrella for
each of the fuels is the same and therefore, the diesel spray and gaseous hydrogen were
injected parallel to each other. The HPDI injector is similar to the natural gas HPDI
injector [65, 116]. The diesel pilot SOI occurs before the SOI of the main hydrogen
injection, with a brief period of simultaneous injection. The pilot diesel contributes to
approximately 5% of the total injected energy. The test case investigates three different
SOI and two different rail pressures. The liquid/gas (diesel/hydrogen) rail pressures
were 310/295 and 270/255 bar. The outline of the cases carried out is shown in Table

4.1.
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Table 4.1: Computational and experimental cases and key injection parameters.

Case Diesel/H2 SOI  Diesel/H2 Duration  Diesel/Hj rail pressure

[°CA aTDC(] CAD [bar]
I -9/-7 9/12.75 310/295
2 -9/-7 10.6/16.2 270/255
3 -5/-3 9.2/12.75 310/295
4 -5/-3 10.6/15 270/255
5 -1/1 9.6/15.4 310/295
6 -1/1 10.6/16.54 270/ 255

4.3.2 Simulation Set-up

The simulations for the hydrogen engine are carried out using CONVERGE CFD.
The simulations carried out are closed cycle simulations from IVC to EVO, which are
specified in these cases as -141 ° CA aTDC and 141° CA aTDC. A 40° sector of the
full cylinder is used in the simulation to reduce the computational requirement. This
sector domain captures one diesel nozzle and one hydrogen nozzle as seen in figure
4.3. 'The switl acts in a counterclockwise direction in figure 4.3, and therefore, the
green line indicates the interface output and the red line the interface.

The injection profiles for both the diesel spray and hydrogen gas jet are obtained
from constant volume experimental measurements. Lagrangian particle tracking is
used for the liquid spray with the KH-RT break-up model for the primary and sec-
ondary breakup. Since these models do not apply to gas injections, the hydrogen
injection is modelled through a small pipe leading to the combustion chamber. At
the inlet to this pipe, a mass flow rate is applied.

For the multiple injection of hydrogen cases, the general engine specifications
are taken from the dual-fuel case described in Section 4.3.1. Case 1 from Table 4.1 was
chosen as the base case for comparison with the pure hydrogen engine with a dual-
fuel engine. The case remained the same except for the absence of the diesel injection.
The main hydrogen injection was kept the same as the dual-fuel engine. The amount
of pilot hydrogen injected into the chamber was increased to match the total amount
of energy injected in the dual-fuel engine. The flow rate used in the dual-fuel case
was used to form the pilot and main injection profiles, ensuring the opening and
closing rates were similar. The amount of the pilot injection was adjusted to be 0.75,
2.5, 5, 10, 15 and 20% of the total injected energy. Three intake temperatures were
investigated; 361, 376 and 391 K, corresponding to o, +15 and +30 K from the dual-
fuel cases, respectively. When adjusting the fuel temperature, the pressure was also
adjusted to maintain the same global lambda.
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Figure 4.2: The sector of the hydrogen engine case with the location of the diesel and hydrogen holes.

The SAGE detailed chemistry model is used for the hydrogen-related engine
simulations. For the dual-fuel simulations, the n-dodecane is injected as a surrogate
for diesel. The n-dodecane reaction mechanism from Yao et al. [117] is used, con-
taining 54 species and 269 reactions. For the hydrogen pilot simulations, a hydrogen
reaction mechanism containing 21 species and 62 reactions is used [118].

Converge CFD solver uses an automatic meshing algorithm that can be con-
trolled using fixed embedding regions and adaptive mesh refinement (AMR). Fixed
embedding regions are used to refine the grid in specified areas within the domain and
AMR automatically refines the grid based on the magnitude of the sub-grid field. The
size of the refined cells in AMR is dictated by a base size. The same approach is used
for all of the hydrogen engine cases. In the dual-fuel cases, two conical fixed embed-
ding regions are located from the injector to the wall capturing both of the injection
regions. Only one conical region is used for the hydrogen pilot case. Outside of this
region, the mesh is refined using AMR based on temperature and velocity. The base
size is 2mm, leading to a refinement size of 0.25mm in the fixed embedding regions

and AMR.

4.4 Hydrogen Constant Volume Cases

4.4.1 Case Description

Diesel-hydrogen interaction was investigated in constant volume chamber experi-
ments carried out by Rorimpandey et al. [85]. The chamber is a 114 mm cube with
ambient temperature and pressure of 890 K and 52 bar, respectively. This work con-
sists of an n-heptane pilot injection followed by a hydrogen main injection, with the
pilot injection contributing to 6.4% of the total energy injected into the chamber.
The fuels are injected through separate injectors with a reservoir pressure of 700 and
200 bar for n-heptane and hydrogen, respectively. The injectors are configured in
a converging configuration as shown in Figure 4.4. As can be seen from the figure,
the n-heptane injector is positioned 12.3 mm above the hydrogen and angled at 12°,
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Figure 4.3: The top view of the hydrogen engine case show the direction of the fuel injection.

providing an intersecting axis of 57.2 mm into the chamber. The n-heptane injector
hole diameter is 0.105 mm, and the hydrogen injector hole is 0.8 mm. The injection
duration for the injections is 0.7 and 3.3 ms for n-heptane and hydrogen, respectively.
For all of the experimental cases, the injection settings remain the same.

In the experimental work, the order of injection is changed, i.e., n-heptane-
hydrogen or hydrogen-n-heptane, as well as the dwell time, which is measured as the
time between hydraulic SOIs of each injection. The simulation focuses solely on the
cases where n-heptane is injected first, which reduces the number of cases to three.
The difference in these three cases is the dwell time, which is 0.93, 1.93, and 2.93 ms.
The experimental data provided an aHRR inside the chamber and Schlieren imaging
illustrating the spray/jet interaction and the combustion process.

4.4.2 Simulation Set-up

The numerical domain is a ri4mm cube with a small pipe located in the centre of one
of the surfaces acting as the hydrogen injector nozzle. This pipe has a diameter of 0.58
mm and a length of 1 mm, representing the physical distance nozzle distance [98].
At the entrance of this pipe, a mass flow boundary condition is applied. The applied
injection profile is a trapezoidal shape with a ramp-up time of 0.3 ms and a ramp-
down time of 0.05 ms. Between the ramp times, a constant flow rate of 1.56 mg/ms is
used which is measured from experiments [98]. When changing the dwell time, only
the SOI of the hydrogen injection is shifted. Since the diesel SOI occurs at 0 ms in
the simulation, the dwell times are realised by using the hydrogen SOIs as 0.93, 1.93,
and 2.93 ms. These timings account for any delay between the signal and the needle

lift.

The n-heptane injection is modelled, and the virtual injector is positioned ac-
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Figure 4.4: The injector configuration in the constant volume experiments. Reproduced from [85].

cording to Figure 4.4. The injector details are specified using the details given in the
experimental work [8s]. The injection profile for the diesel injection was obtained
from the authors of the experimental work, which resulted in a total injected mass of
0.99 mg. The same injection profile profile was used for all cases. The SAGE detailed
chemistry model is used along with an n-heptane mechanism including s4 species and
128 reactions [119].

These simulations are carried out using LES and therefore, special consideration
for the mesh is required. The simulations are carried out in Converge CFD and
therefore, a cartesian grid is used. In order to achieve a sufficiently fine grid in regions
around each of the injections and the growing flame region, fixed embedding, and
AMR are used as shown in Figure 4.5. A base grid of 4 mm is used covering regions
outside of the fixed embedding and AMR regions. AMR is active on temperature,
velocity and species of hydrogen and n-heptane. A conical fixed embedding region is
located from the inlet of the hydrogen pipe to 1smm into the chamber, capturing the
initial phase of the hydrogen jet. This embedded region contains a cell size of 0.0625
mm. This fixed embedding region is only active for the duration of the simulation
and 0.05 ms after the end of injection (EOI). The diesel injection is treated differently,
given the angle of the injector relative to the cell position and the much lower injection
velocity compared to the hydrogen injection. Therefore, an inlaid mesh is used for the
initial 15 mm of the n-heptane injection with a cell size of 0.125 mm. An inlaid mesh
structures the cells so that they are positioned so that the cell faces are in the direction
of the flow direction. Outside of the fixed embedding and inlaid mesh regions, AMR
is in place on the temperature variable, adding cells of 0.125 mm, where a temperature
change is observed.
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Chapter s

Results: Methanol

The main works in this thesis are separated by the fuel. This section will discuss the
investigations of the methanol-fueled engine, which covers Papers I and II. Paper I
carries out a comparison of methanol and iso-octane, a gasoline surrogate fuel, across
HCCI and PPC ranges. Paper II focuses on methanol as the SOI is swept from HCCI
to PPC ranges.

5.1 Comparison of methanol with iso-octane

s.1.1  Validation of CFD simualtions

A mesh study was carried out investigating three different grid sizes; coarse, medium
and fine. During the mesh study, the same dynamic mesh algorithm was used for
each mesh. The cell count at TDC for the coarse, medium and fine grids was 42,000,
65,000 and 121,000, respectively. Comparing the simulation pressure trace and aHRR
with the experimental data showed that the coarse mesh predicted the onset of ignition
too early. Additionally, the maximum pressure predicted by the simulation using the
coarse was greater than the experiments. The medium and fine grids predicted very
similar results which agreed with the experimental data. Since no improvement in
the results was observed when using the fine grid, the medium grid was used for all
simulations. The medium grid had an average cell size of 1.2 mm in the squish region
and a refined size of 0.5 mm in the piston bowl region. This grid results in a very
accurate prediction of pressure trace and aHRR in both the HCCI and PPC phase as
shown in Figure s.1.
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Figure 5.1: The pressure trace and aHRR for iso-octane (red) and methanol (blue) in the HCCl and PPC phase.

s.i.2 Intake Temperature

In Paper I, a direct comparison between methanol and iso-octane is carried out using
the same engine conditions. As part of this study, the SOI is swept from -100° CA
aTDC to -15° CA aTDC. This range covers HCCI to transition from HCCI to PPC
and also the PPC operating regions. Throughout the simulations, the combustion
phasing is kept constant at CAso at approximately -15° CA aTDC. CAso is the point
at which 50% of the chemical energy has been released. This is done by adjusting the
intake temperature. The resulting intake temperatures for each of the fuels can be
seen in figure 5.2. Since the simulations carried out are closed-cycle, the precis intake
temperature values are slightly different from the experimental measurements. The
required intake temperature is notably higher than that of iso-octane. As mentioned
in section 2.1.1, methanol experiences significant cooling during liquid evaporation. It
can be determined that this higher intake temperature is a result of the cooling caused
by this evaporation event that iso-octane does not experience.

Both of the fuels demonstrate the well-known ’spoon-shape’ profile for intake
temperature as the SOI is swept from HCCI to PPC modes. This spoon shape is
caused by the different fuel-air mixtures that form as the SOI is adjusted. For early
SOI, the handle of the spoon is formed. As the SOI is retarded, the intake tempera-
ture drops forming the spoons curve before again increasing to form the tip. When
the fuel is injected early in the compression stroke, a significant amount of time is pro-
vided for the fuel to mix with the air before combustion occurs close to TDC. This
significant amount of time produces a fuel-lean mixture which requires an increased
intake temperature to ignite. As this mixing time is reduced, the mixture becomes
less lean and, therefore, does not require such high intake temperatures for ignition.
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Figure 5.2: The intake temperatures for iso-octane (red) and methanol (blue) for both the simulation and the
experiments.

For the late injection cases, a higher intake temperature is required to overcome the
short mixing time. This short mixing time does not provide sufficient time for the
fuel to heat up with a lower intake temperature.

s.1.3  Effect of SOI sweep

Early injection of the fuel can be problematic not just because of the increased risk
of pre-ignition but also due to trapped fuel. Figure 5.3 shows the mass fraction of
methanol 10 CAD after SOI of an HCCI and a PPC case. From the figure, the
interaction of the HCCI case is seen to directly impinge around the region close to
the crevice. As a result, fuel becomes trapped in the crevice and cannot be consumed
in the main reaction that occurs in the piston bowl leading to increased emissions and
decreased combustion efficiency. The late injection cases, also shown in this figure, do
not suffer from the same issue since the injection is concentrated in the bowl region,
making all of the injected fuel available for consumption in the combustion process.

Figure 5.4 show the equivalence ratio of methanol (left) and iso-octane right
for HCCI, early PPC, and late PPC, respectively. Figure 5.4 illustrates the trapped
fuel in the crevice close to TDC, whereas the remaining fuel that impinged on the
cylinder liner is now located in the piston bowl. Comparing the two fuels, the mixture
formation is quite different, where methanol has achieved a leaner mixture which has
spread throughout the bowl, however, iso-octane has a more stratified mixture with a
higher locally fuel-rich mixture. This trend is also observed in the PPC cases, where the
iso-octane achieves a more stratified mixture with locally fuel-rich regions compared
to methanol. These differences in mixture formation can be responsible for differences
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Figure 5.3: The mass fraction of methanol 10 CAD after SOI for (a) a HCCI case and (b) a PPC case.

in emissions and performance, which will be discussed in the following sections.

5.1.4 Performance

Figure 5.5 shows the trend for thermodynamic efficiencies and the losses that affect
this efficiency for methanol across all of the SOIs. To begin, the combustion efliciency
is highest in the late PPC range because all of the fuel is directed into the piston bowl
and is consumed during combustion. As previously mentioned, the early injection
causes fuel to become trapped in the crevice and, therefore, cannot be consumed,
leading to higher combustion losses. The small rise in combustion losses as the SOI
is retarded from -100° CA aTDC to -50° CA aTDC is due to the increased amount
of trapped mass as the location of spray impingement approaches the crevice region.
As soon as the location of the impingement is lower than the topland the combustion
losses significantly drop.

It can also be observed that the heat losses are highest in the late PPC phase,
where combustion efficiency is highest, leading to more heat released from combus-
tion. Additionally, an important factor for heat loss is the location of the fuel and
hence, the combustion. As observed in figure 5.4, the methanol is injected low in
the piston bowl and is deflected along the piston surface. Investigating the combus-
tion of the methanol shows that the ignition occurs at the tail end of the injection
and follows the path of the methanol along the piston surface, greatly contributing
to the heat losses. Overall, two key points can be identified as the highest thermo-
dynamic efficiencies, -80° CA aTDC and -15° CA aTDC, with efficiencies of 39.87%
and 41.96%, respectively. For the SOI=-80° CA aTDC case, the lower exhaust energy
aids in overcoming the heat losses and high combustion losses. This exhaust energy is
unused heat that is extracted from the cylinder into the exhaust. The thermodynamic
efficiency in the SOI=-15° CA aTDC case benefits from the near-perfect combustion
efficiency but suffers from the increasing heat losses as discussed. However, in this
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Figure 5.4: Top Row: The distribution of phi at -5° CA aTDC for iso-octane and methanol with an SOI of -80°
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methanol with an SOI of -15° CA aTDC.

case, the exhaust loss sees a drop, caused by the low intake temperature, overcoming
the other losses.

5.1.5 Emissions

The emissions for the methanol and iso-octane across the SOI sweep are shown in
Figure 5.6. The experimental measurements for both fuels are shown in the left col-
umn, and the simulation is on the right. From the figure, it can be determined that
the simulation predicts the experimental emissions trend very well. The emission of
unburned hydrocarbons (UHC) follows the combustion efficiency trend very well,
indicating that the trapped fuel is responsible. The NO,, emissions are at near-zero
levels during the HCCI phase which is expected due to the fuel-lean mixtures pro-
viding a lower combustion temperature. Finally, the emission of CO is highest in
the HCCI phase and sees a downward trend as the SOI is retarded. As mentioned,
the early injection leads to fuel-lean mixtures which can lead to a longer combustion
duration. During the combustion process, CO is oxidised into COg with sufficient
levels of Oy and fast combustion duration. In the fuel-lean conditions of the SOI=-
80° CA aTDC case, the combustion duration for methanol and iso-octane is 5.41 and
6.11 CAD, respectively. The later injection of the SOI=-15° CA aTDC cases, leads to
a combustion duration of 2.32 and 2.41, respectively. In the early injection case, the
excess air and long combustion duration is not sufficient for efficient oxidation of CO
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Figure 5.5: The thermodynamic efficiency, heat loss, combustion losses and exhaust losses across all investi-
gated SOls.

and therefore, CO emissions are high.

A more detailed presentation of the comparison between methanol and iso-
octane is given in Paper I in the Appendix. A more focused presentation of the
methanol results across the LTC ranges is given in Paper II in the Appendix.

s.2 Concluding Remarks

This work investigated the fuel/air mixing, ignition, combustion and pollutant emis-
sions in methanol and iso-octane fueled DICI engines operating in different regimes
of combustion: HCCI, PPC and CDC. It is found that a higher intake temperature
was required for methanol, as compared with iso-octane, to counteract the high heat
of vaporisation. As a result, the lower volumetric efficiency led to a consistently lower
thermal efficiency when using methanol. Both fuels achieved the highest efficiencies
across the sweep in the PCC phase at around -30 CAD aTDC. The fuel and air were
more homogeneously mixed with methanol given the low stoichiometric AFR. High
UHC emissions were observed in the HCCI region because fuel was trapped in the
crevice region as a result of early injection. The larger fuel mass for methanol resulted
in high UHC emissions in this phase. CO emissions in the methanol engine were
lower than iso-octane engine due to the onset of ignition in fuel-lean conditions. The
HCCI region for both fuels achieved near-zero NO,, emissions which increased as the

SOI was retarded closer to TDC.

The simulations were able to predict the spoon shape’ intake temperature profile
as the SOI was shifted from HCCI to PCC. The changing intake temperature was
required to achieve constant combustion phasing at different SOI for relevant mixture
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Figure 5.6: The emissions for methanol and iso-octane across the SOI sweep from the experiment (left) and
simulation (right).

formations. The highest efficiency was observed in the PPC regime. In this regime,
the combustion duration was the fastest due to the higher mixture stratification. Low
combustion efficiency occurred in HCCI regime due to fuel being trapped in the
crevice. High heat losses were observed for late SOIs due to the flame interaction with
the piston surface. The more stratified mixture in PPC allowed for greater oxidation of
CO. NO, emissions remained low during the HCCI phase due to leaner mixtures and
resulting lower temperature combustion. With SOIs close to TDC, NO,, emissions
increased, due to the conventional diffusion flame combustion that yielded high flame
temperature thus higher thermal NO formation.
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Chapter 6

Results: Hydrogen

This section focuses on the investigation of hydrogen combustion both in a com-
pression ignition ICE and in a constant volume chamber. First, the diesel hydrogen
dual-fuel engine results will be presented. Second, based on one of the cases from the
dual-fuel engine investigation, an investigation of multiple injection of hydrogen is
carried out. Finally, a reacting constant volume study of diesel-hydrogen dual-fuel
flames is investigated under compression ignition conditions. The investigations aim
to address the research questions listed in Section 2.4.

6.1 Diesel-hydrogen Dual Fuel Engine

The Scania D13 heavy-duty CI engine with a compression ratio of 23 was studied at
medium load conditions in experimental and numerical simulations to gain an im-
proved understanding of the fuel/air mixing, in-cylinder flow, and combustion pro-
cess. The experimental data at medium load are provided by Scania CV AB. The
results are presented in Paper III in the appendix. In the following, highlights of the
results are presented.

6.1.1 Validation of CFD simulations

A significant effort was applied during the validation phase of the CFD simulation
of diesel-hydrogen dual-fuel engine cases to replicate the unique physics present in
the engine. During the validation phase, many parameters were investigated includ-
ing boundary conditions, models and mesh configurations. One of the biggest chal-
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lenges faced in simulating hydrogen HPDI is the injection profile. As mentioned
previously, hydrogen has the potential to have a varying flow rate depending on the
NPR which can change rapidly, especially with large in-cylinder pressure change as
a result of piston motion and combustion. This varying flow rate can be considered
by: (i) including the injector geometry and applying the rail pressure at the inlet of
the injector, (ii) determining the pressure losses through the injector and applying the
injection pressure as the pressure boundary condition. Including the injector geome-
try is a complex task, requiring a very fine mesh for the small cavities in the injector.
Additionally, this method would require the input of a needle motion profile, which
would require special experimental measurements to determine, which furthermore,
would likely vary with energising time, rail pressure and fuel mass as observed for
natural gas injections [65,116]. Using strategy (ii) would require accurate simulation
to predict the pressure loss, which would rely on accurate simulation of the injector.
Additionally, with varying a flow rate in the simulations, controlling the total injected
energy is a challenge. For these reasons, it was decided to use a mass flow rate bound-
ary condition. Many profiles were tested in reacting conditions and compared with
the pressure trace and heat release rate from experiments. Ultimately, a mass flow
rate obtained through constant volume experiments provided by Scania CV AB un-
der similar conditions to the engine case was used, providing an accurate prediction
of the pressure trace and heat release. Figure 6.1 shows the mass flow rate profiles for
two cases listed in Table 4.1.
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Figure 6.1: The mass flow rate profile determined from constant volume chamber experiments.

A mesh sensitivity study was carried out and compared with the experimental
data. It was found that the AMR scale should be the same size as the fixed embedding
scale to maintain a consistent cell size as the flame excited the fixed embedding region
due to swirl. The mesh study carried out implemented the same base size of 2 mm
for all cases; however, the refined region (AMR and fixed embedding) was varied to
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0.5, 0.25 and 0.125 mm, representing a coarse, medium and fine grid, respectively.
This results in a maximum number of cells for 170,000, 650,000 and 2,300,00 for
the coarse, medium and fine grids, respectively. The resulting pressure trace is shown
in Figure 6.2. The data is measured in all six cylinders and therefore, the cylinder
with the minimum and maximum pressure is highlighted along with the average of
the six cylinders. As can be seen in the figure, the medium and fine grids produce
results within the min. and max. values. The computational time for the fine grid
was approximately 150% of the required time for the medium grid to achieve a similar
result. Comparing other parameters such as IMEP, CCE and ignition timing showed
practically identical results. As a result, it was decided the medium mesh was sufficient
for the remaining cases.
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Figure 6.2: The experimental pressure trace for the cylinders with the minimum and maximum pressure trace
as well as the average compared with the predicted trace from each of the grids.

6.1.2 Combustion Analysis

The following description of the combustion events is applicable to all cases investi-
gated in this work. For all of the six cases (Table 4.1) presented, the time between the
diesel injection and the hydrogen injection is constant. Figure 6.3 shows the combus-
tion process following the injection of hydrogen. Since a single sector was simulated,
the simulation data is reproduced and transformed to show a 80° sector to provide
a clearer illustration. The dark grey regions here represent the periodic boundaries
of the simulation. Figure 6.3(a) is 4.5 CAD after SOI of diesel and 2.5 CAD after
SOI of hydrogen. Prior to this point, the diesel flame ignites almost immediately as
it is injected into the combustion chamber, given the high compression ratio. In this
figure, the diesel has fully ignited, and the hydrogen flame has become close enough
to the hot diesel flame to show the onset of ignition on the underside of the jet.
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Figure 6.3: The iso-contours of phi=1 coloured by temperature across several CAD for the dual-fuel engine.

As both the diesel flame and hydrogen penetrate further into the combustion
chamber, the hydrogen jet is exposed to a larger portion of the high-temperature
diesel flame. In addition to this, both the spray and the jet grow radially. The high-
temperature region on the hydrogen jet grows the fastest on the side closest to the
diesel flame, as seen in Figure 6.3(b). At this point the flame spreads backwards to-
wards the injector rather than around the circumference of the jet; however, it does
not reduce the lift-off length to zero at this point. Once the flame has spread to cover
the region closest to the diesel, it begins to spread around the circumference, as seen
in Figure 6.3(c). One of the latest regions to ignite is the tip of the hydrogen jet which
can be seen in Figures 6.3(d) and (e). However, just before interacting with the piston
surface, the flame spreads, covering the entirety of the hydrogen jet. Since the injector
configuration is such that the injector holes are parallel and offset when viewed from
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Figure 6.4: The experimental and simulation pressure trace and aHRR for the high rail pressure cases (left) and
low rail pressure cases (right).

above, no high momentum interaction between the fuels is observed. However, as
the hydrogen jet penetrates the cylinder the radial growth of the jet along with the
swirl sees the diesel and hydrogen flame content as seen in Figures 6.3(d) through (f).

6.1.3 Engine performance

Figure 6.4 shows the pressure trace and aHRR for the experimental and simulations
for each of the six cases listed in Table 4.1. The figure on the left represents the higher
rail pressure, and on the right, the lower rail pressure. As can be seen, the simulation is
able to predict the experiments with very good agreement. Each of the rail pressures is
injected at three different timings. From the figure, it can be seen that early injection
at the high rail pressure results in the highest in-cylinder pressure, with a decreasing
trend as the SOIs are retarded. In general, the pressure is lower for the lower rail
pressure cases, which can likely be associated with the longer combustion duration of
the lower rail pressure.

The resulting efficiencies for all six cases can be seen in Figure 6.5. This figure
includes the closed cycle efhiciency (CCE) for the experiments and the simulations
and also includes the brake thermal efficiency (BTE) only for the experiments. The
BTE is expected to be lower than the CCE since the BTE accounts for additional
losses that cannot be considered in closed-cycle simulations. Two simulation plots
are presented for each of the NO, models used in these cases. It can be seen from the
figure that the simulation is able to predict the trend of decreasing efficiency across the
cases which is confirmed by both the experimental CCE and BTE. It can be seen from
the figure that the highest efficiency is achieved with the earliest SOlIs. Additionally, it
can be seen that the rail pressure does not have a significant impact on the efficiency,
confirmed in Figure 6.6.

Figure 6.6 shows the energy balance for each of the cases, where combustion
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Figure 6.5: The CCE of the experiments and simulations and the BTE of the experiments.

losses are not included since it was measured to be zero. From this figure, it can be
seen that the difference in work or thermodynamic efficiency can be associated with
the change in exhaust loss as the SOI is retarded. The heat losses contribute only a
small portion towards the losses; however, it is clear that the higher momentum of
the high rail pressure provides a greater interaction with the piston surface leading
to slightly more losses compared to the lower rail pressure. As the SOI is retarded,
the heat losses decrease by approximately 2%. However, this is counteracted by the
increasing exhaust losses, which see a rise of approximately 4%. The trade-off between
the exhaust and heat losses can be associated with the 2% drop in work between Cases
1and 6.

Energy Balance [%]

Casel Case2 Case3 Cased4 Case5 Caseb

Figure 6.6: The energy balance for all six cases.
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Figure 6.7: The NO,, emissions for all six cases from the experiment, Extended Zeldovich mechanism and 12-
Step mechanism.

6.1.4 NO, Emissions

NO, are problematic in hydrogen engines given the high adiabatic flame tempera-
ture and fast laminar flame speed. As mentioned, in order to accurately capture the
NO, emissions correctly, two models were investigated. The resulting emission can
be seen in Figure 6.7. It can be seen both models are able to capture the trend of
NO,, emissions. However, the 12-step mechanism shows a better prediction of the
amount. It can also be seen that the trend for NO,, emissions follows the same trend
as efficiency, i.e., NO, is highest where efficiency is highest.

The source of NO,, emissions is associated with high-temperature combustion
regions. Figure 6.8 shows the equivalence ratio, temperature, and mass fraction of
NO, at CAso for the high rail pressure cases. It can be seen that the in-cylinder
temperatures reach significant temperatures. While the highest temperature regions
are around ¢=1 (stoichiometry), the highest concentration of NO, is observed closer
to the injector at this point, identified by point A in the figure. This point A can
be associated with the diesel spray. This region can also be associated with the point
where the hydrogen jet ignites from interacting with the diesel flame.

A more detailed presentation of the results is given in Paper III in the Appendix.

6.1.5 Concluding Remarks

This study investigates the diesel-hydrogen interaction in a dual-fuel DICI engine and
identifies the impact of operating parameters on engine performance and emissions. It
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Figure 6.8: The equivalence ratio (left), temperature (center), and NO, mass fraction right for Case 1, 3, and 5
(high rail pressure cases) at CA50.

is shown that the hydrogen ignites when it comes close to the high-temperature pilot
flame, without any significant mixing of the fuels. The ignition of the hydrogen jet
occurs on the side closest to the diesel flame and spreads quickly upstream and around
the diameter of the jet. The highest efliciency was predicted for the earliest SOI and
highest rail pressure, agreeing with the experiments. However, at this point, the flame
temperature is highest producing the highest emission of NO,. This trend of high
efficiency, NO, was observed throughout these cases. A significant contributor to
decreased engine efhiciency is the high exhaust gas temperatures, which increased with
later injection. The Extended Zeldovich model for NO,, prediction results in a higher
level of emissions than measured in the experiments. A 12-Step NO, model provided
a better prediction. Albeit this, both models were capable of predicting the overall
trend of NO,, emission in the diesel-hydrogen dual fuel engine.

6.2 Single-Fuel Multiple Injection Hydrogen Engine

In this section, the multiple injection hydrogen engine strategies are investigated. As
illustrated in methanol PPC engines, multiple injection of fuel has the potential to
lower the ignition temperature due to the charge stratification. The baseline engine
used in the study is the same Scania D13 engine with a compression ratio of 23. In
particular, Case 1 from the dual-fuel cases listed in Table 4.1 is used as the baseline case
for the hydrogen multiple injection investigation. The same boundary conditions
and engine details are used except for the replacement of the diesel injection with
the hydrogen pilot injection. Additionally, the intake temperature was adjusted as
described below.
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6.2.1 Intake temperature

To begin with, the SOI of the main injection (SOl,,4ip) is fixed at -7° CA aTDC,
and three intake temperatures (T 7y ¢) are used: 361K, 376K, and 391K. Ty ¢ of 361K
comes from the dual-fuel cases above, and the other temperatures are +15K and +30K.
When doing so, the pressure is adjusted so that the global lambda remains constant
for all cases at 2.85. With these conditions, the various dwell times and pilot mass are
investigated. Two parameters are evaluated: the ignition delay time (IDT) and the
maximum pressure rise rate (MPRR). The former indicates the possibility of achieving
reliable ignition, whereas the latter indicates the noise level. Too long of an IDT may
cause failure of ignition or incomplete combustion, while a high MPRR means a high
noise level.

The results of all of these cases can be summarised in Figure 6.9, which shows
the IDT relative to the main injection and the MPRR. Many of the cases resulted
in a very rapid rate of heat release, and therefore, a threshold for the MPRR of 10
Bar/CAD was put in place to outline which cases achieved controlled combustion in
the cylinder. As can be seen from the figure, only a small number of cases achieved an
MPRR within this limit, most of which at the increased intake temperature of 391K.
It can be seen that without increasing Ty ¢, none of the cases reach this limitation.
This is due to the in-cylinder conditions not providing sufficient conditions for the
ignition of the pilot, resulting in the premixed combustion of a large amount of fuel
later in the cycle. The negative IDT in the figure occurs for pilot masses of 20%,
releasing a large amount of heat immediately prior to the main injection SOl 4ip.
The interaction between the high-temperature combustion and the main injection
results in rapid ignition and subsequent heat release of the main injection.
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Figure 6.9: The ignition delay time against the maximum pressure rise rate for all cases investigated.
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There is a special relationship between the pilot mass and the dwell time to
achieve a constant MPRR or IDT. To find the optimal operation window, the dwell
time must be tuned alongside the pilot mass. For example, providing a small pilot
mass with a long dwell time will result in fuel-lean conditions that will not ignite. The
same can be said for a large pilot fuel mass that is too short of an ignition delay time.
This is shown in Figure 6.10, which outlines the MPRR for dwell times and pilot
masses. The figure shows that the low pilot energy with the short dwell time or the
high pilot energy with the long dwell time can achieve a reasonable MPRR. Increasing
the IVC temperature can allow for a larger dwell time/pilot energy window to achieve
alow MPRR.

Ty 376K (+15K) Ty 391K (+30K)

SOl to SOI (CAD)
SOl to SOI (CAD)

10 . (1

. . r ) L .
5 10 15 20 5 10 15 20
Pilot Energy (%) Pilot Energy (%)

Figure 6.10: The MPRR for the dwell times and pilot energy shares for the intake temperatures of 376K and
391K.

However, increasing the IVC temperature has negative effects on the perfor-
mance and emissions of the engine. Table 6.1 shows the engine performance and
NO, emissions for the increased intake temperature cases compared to the baseline
dual-fuel case (H2DF). It can be seen that the engine efficiency of the hydrogen pilot
cases is lower than the dual-fuel base case. This difference in efficiency can be due to
the higher intake temperature that gives rise to high heat losses and exhaust losses since
the combustion phasing is later and the higher temperature combustion observed in
the cylinder. The higher combustion temperature and high flame speed of hydro-
gen resulted in higher NO,. The highest intake temperature resulted in in-cylinder
temperatures consistently higher by 40K.

Table 6.1: Engine performance parameters for the increased intake temperature using a pilot energy share of
2.5%.

Parameter (units) H2DF 376K 391K

IMEP (Bar) 14.78 14.6  14.51
Efficiency (%) 54.45  52.96  52.6
NOx (g/kWh) 24.92 30.26  34.43

Peak Pressure (Bar)  228.7 2327 238.4
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6.2.2 Combustion Process

To understand the engine performance and emission, the combustion process is in-
vestigated for the case with a dwell time of 37 CAD with a pilot energy share of 2.5%.
The selected case achieves an MPPR below 10 Bar/CAD, which is achieved at the in-
take temperature of 376K. Given the small pilot energy, the mass flow rate for the
pilot is low yielding a short injection duration and, therefore, the penetration length
of the pilot injection is very short. Given the low momentum of the hydrogen jet and
the long IDT, the pilot is heavily affected by the swirl and forms a large region that
reaches from the cylinder head towards the knee of the piston. Larger pilot energy
shares experience a longer penetration length given the larger mass flow rate of these
injections. With the early injection and longer penetration of the larger pilot mass,
the fuel can become trapped in the crevice region.

At SOl,4in (-7° CAD aTDC), the pilot injection has mixed with the surround-
ing air achieving an equivalence ratio of approximately o.15 as shown in Figure 6.11.
As the main injection enters the combustion chamber, low temperature combustion
of the pilot occurs at -4.2° CAD aTDC in Figure 6.11. This is highlighted by the
white line that surrounds the regions above 1200K. The location of this pilot com-
bustion is directly positioned in the path of the main injection. Between -4.2° and
-3° CAD aTDC, the size of the pilot combustion zone grows and is deformed by the
main injection. At -3° CAD aTDC, the main injection arrives at the region where it
interacts with the pilot. High temperature combustion of the main injection occurs
due to the higher equivalence ratio. The high temperature flame spreads quickly to
the tip of the jet of the main injection since the tip is surrounded by the deformed
pilot flame. Simultaneously, the high temperature flame rapidly reduced the lift-off
length on the upper side of the jet. Once the jet is surrounded in high temperature
flame, it interacts with the stepped lip of the piston and separated into the bowl and
towards the cylinder head.

6.2.3 Main injection timing

To improve the potential heating from the compression due to piston motion, the
SOl q4in was shifted to -1° CA aTDC. By doing so, a reasonable MPRR can be
achieved without having to increase the Tryc. However, a sufficient mixing time
still must be provided for optimal ignition of the pilot. All the pilot injection cases
investigated could ignite without an increased intake temperature; however, different
dwell times were required. The engine performance for these cases is shown in Table
6.2. From the table, the peak pressure is measured to be lower than the dual fuel case
shown in Table 6.1. A clear trend in increasing engine efhciency is observed as the
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Figure 6.11: The equivalence ratio (left) and the temperature (right) illustrate the combustion process of the
hydrogen pilot engine. The white line surrounds the region with temperatures above 1200K.

pilot energy share increases. However, these efficiencies do not reach the same 54%
observed in the dual-fuel case or §2.96% from the increased intake temperature case
in Table 6.1. It is likely these lower efficiencies are due to higher exhaust losses due
to the later combustion phasing from the late injection, which was observed in the
dual-fuel cases. However, the cases in Table 6.2 show a significant reduction in NO,,
which also decreases as efficiency increases. This reduction in NO,, can be associated
to the larger amount of fuel burned in the low temperature premixed combustion

8

N



mode. The 20% pilot energy share resulted in an MPRR above 10 with the EOI-to-
SOI time of 20 CAD. Increasing this gap to 30 CAD likely resulted in too fuel-lean
pilot conditions. For this reason, the efficiency and NO,, trend is disrupted.

Table 6.2: Engine load, efficiency and NO,. emissions for the cases with SOl,;,4in=-1° CA aTDCand T;y¢c =

361K.
EOI to SOI (CAD) 15 20 30
Pilot Energy 0.75%  2.5% 5% 10% 15% 20%
IMEP (Bar) 14.32  14.35  14.41 | 14.45 14.52 | 14.2
Efficiency (%) 51.9 §2.02  §52.24 | §52.43 52.7 | $51.54
NOx (g/kWh) 21.25  20.9 20 18.7 17.4 | 18.3
Max. Pressure (Bar) | 177 177 178.3 | 193 190 182

A more detailed presentation of the results is given in Paper IV in the Appendix.

6.2.4 Concluding remarks

This work demonstrated the potential for a carbon free heavy duty compression ig-
nition engine based on pure hydrogen. With an early main injection of -7° CAD
aTDC, an increase in the baseline intake temperature of at least 15K was required for
controlled combustion. The IDT of the pilot must be controlled to provide sufficient
combustion of the pilot flame before the ignition of the main injection. Increasing
the intake temperature provides better conditions for the pilot to ignite, however,
the overall engine efficiency is reduced due to the elevated wall heat loss and exhaust
gas heat loss. Shifting the main injection to -1° CAD aTDC provides controlled
combustion without the need for an increased intake temperature. Compared to the
diesel-hydrogen dual-fuel baseline engine, the engine efficiency was slightly reduced
however, the NO,, emission also decreased. The NO,, emission decreased as the pilot
share increased due to the premixed combustion mode of the pilot. This finding is
to be confirmed in future experiments; however, it sheds light on the development of
future pure hydrogen engines.

6.3 Hydrogen Constant Volume Vessel

In this work, large eddy simulation was performed to study diesel-hydrogen interac-
tion in a constant volume vessel under conditions relevant to diesel-hydrogen dual fuel
DICI engines. The configuration was selected since experiments were available [8s].
LES was chosen for the study to achieve better accuracy in capturing the mixing and
combustion process than RANS. In both the experiments and LES, n-heptane was
used to represent diesel.
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6.3.1  Validation of CFD simulations

The details of the experimental conditions are well defined in the literature [98, 99].
As mentioned in Section 6.1.1, the HPDI process can be challenging due to the po-
tentially varying flow rate as a result of NPR changes. However, in a constant vol-
ume chamber, the NPR does not change significantly and therefore, a mass flow rate
boundary condition is optimal. For the given conditions, the steady-state flow rate
was measured in the experiments to be 1.56 mg/ms [98]. Additionally, the ramp-up
and ramp-down time were provided in the literature. The diesel injection profile was
measured in the experiments and used directly in the simulations. The profiles for
both fuels in Case I is shown in Figure 6.12. For the longer dwell times, the hydrogen
injection is shifted along the x-axis.
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Figure 6.12: The flow rate for the n-heptane and hydrogen injections for the short dwell time.

Two different meshes were investigated as part of this study. The fine mesh used
a cell size of 0.0625 mm in all of the refined regions (AMR and fixed embedding).
The second mesh is described in Section 4.4.2. Both of the meshes predicted a similar
heat release during the n-heptane combustion. Similarly, the prediction of the ignition
was similar for both meshes. The computational requirement for the fine mesh was
significantly higher than the medium mesh. The medium mesh had a maximum cell
count of 30 million cells at the end of the simulation. However, following the ignition
of the hydrogen jet, the fine grid had a cell count of approximately so million. Further
penetration of the hydrogen jet would see this rise significantly. Since the meshes
produced a similar result, the medium grid was used.
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6.3.2 Comparison with Experiments

The experimental work carries out Schlieren imaging on the chamber, capturing the
injection of both fuels and the high-temperature flame. Figure 6.13 shows the experi-
mental Schlieren imaging compared to images from the simulation at the same time
for the dwell time of 0.93 ms. The red and blue outlines on the experimental imaging
highlight the n-heptane and hydrogen injection volumes, respectively. The green out-
line represents a high-temperature volume. The n-heptane ignition and initial phase
of combustion are well captured by the simulation. However, it does not predict the
same lift-off length observed in the experiment. In fact, the simulations do not pre-
dict a near-zero lift-off length, as shown in the experimental Schlieren imaging. The
reason for this could be the under-prediction of the radial expansions and the shear
layer mixing around the jet core, which can prevent the flame from spreading into the
fuel-rich region. The velocity in the jet core is approximately 2000 m/s, which can
contribute to a high scalar dissipation in this region. As a result, local flame extinction
could occur, preventing the flame from propagating to the nozzle [120]. Furthermore,
the local flow speed could be greater than the propagation speed, forming a border
where the flame cannot pass [121,122], or the local flow residence time is too short for
the ignition of the hydrogen jet close to the nozzle [123].

Immediately following the jet core, the axial velocity drops rapidly, and the radial
growth increases. In this region, strong levels of mixing begin in this region and
increase as the distance from the nozzle increases. As the jet penetrates further into
the chamber, the jet core remains the same length but the very low mixing region at
the jet tip grows larger. This jet tip region is one of the first regions to interact with
n-heptane flame and therefore, where ignition occurs.

The simulation and experimental aHRR for three dwell times are shown in Fig-
ure 6.14. All of the experimental runs are included in the figures: five for the short
and medium dwell time and four for the long dwell time. The experimental and
simulation aHRR is calculated from the pressure trace following the same procedure.
Run-to-run variations are observed in the experiments. These variations are promi-
nent in the n-heptane combustion phase and the pre-mixed combustion phase of the
hydrogen, especially for the 2.93ms dwell time. It is observed that the IDT for the
n-heptane combustion is different between each of the dwell times. This is confirmed
by the reported IDTs from the experiments of 0.58 = 0.09, 0.69 & 0.03, and 0.66 +
0.09 ms for the dwell times of 0.93, 1.93, and 2.93 ms, respectively. This variation in
aHRR and IDT can be a result of fluctuations of flow and thermodynamic variables in
the combustion chamber, such as hot spots, which are not present in the simulation,
given the homogeneous initial conditions. Similarly, differences in the steady-state
combustion phase can be caused by slightly larger hydrogen mass flow rates.
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In these heat release figures, the pilot and main combustion phases can be iden-
tified. The pilot combustion is identified by the small bump at the beginning of the
plot injection since only a small amount of energy is injected here. For all cases, the
pilot combustion has begun before hydrogen injection begins, as already shown in
Figure 6.13. The combustion of the hydrogen fuel can be separated into a premixed
phase, identified by the large peak, and a non-premixed phase, which is the relatively
consistent heat release phase following the peak. The premixed peak grows larger as
the dwell time increases because a larger time is provided for the premixed region to
grow before it is ignited.

[——>Simulation

aHRR [k)/s]
aHRR [k)/s]

Time [ms] Time [ms]
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aHRR [k)/s]

4
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Figure 6.14: (a) The aHRR for the dwell time of 0.93 ms. (b) The aHRR for the dwell time of 1.93 ms. (c) The
aHRR for the dwell time of 2.93 ms.

6.3.3 H2 Ignition

The Phi-T diagram in Figure 6.15 shows the ignition process of the hydrogen jet for the
short dwell time case. The figures are colored by C/H ratio such that the fuels can be
identified. Values above s represent the ambient composition formed in the pre-burn
procedure. Values close to zero represent the hydrogen jet (due to zero carbon in the
mixture), and the diesel mixture is represented by approximately 2 to 4. Figure 6.18
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can be used as a reference. The Phi-T diagram shows that the mixing of the hydrogen
and diesel occurs at approximately ¢ = 0.6. This interaction first occurs in the cooler
sections of the diesel flame. As the mixing continues, the temperature of this mixture
increases at the same value of ¢ which is identified at times 1.34 and 1.35 ms. Once the
diesel/hydrogen mixture undergoes high temperature combustion, the flame quickly
spreads to the pure hydrogen region indicated by dark blue. It can also be noted from
this figure that the peak temperature occurs at phi values slightly above 1.
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Figure 6.15: Phi-T diagram throughout the ignition process of the short dwell case. The points are colored by
C/H ratio where 0 indicates pure hydrogen.

The ignition procedure described above is the same for all cases; however, the
length of the process increases as the dwell time increases. Notably, the initial heating
of the diesel/hydrogen mixture occurs consistently at the same phi value. By increasing
the dwell time, more time is dedicated to the uninterrupted combustion of the n-
heptane pilot fuel and cooling the flame in the surrounding air. Figure 6.16 shows
the pilot flame for each dwell time immediately before the hydrogen ignition. As
can be seen from the figure, increasing the dwell time leads to a difference in the
temperature of the flame, with which the hydrogen interacts. The ignition of the
hydrogen is impacted not only because of the local temperature of the flame but also
because of the location of the flame in which the jet interacts. It is observed that for
the long dwell time, the pilot flame has a relatively high temperature at the tip, but
the hydrogen flame interacts further back in a locally cooler region.

As observed in the Phi-T diagram, some level of mixing between the hydrogen
jet and pilot flame occurs. As the dwell time is increased, the mixing time is longer
because of the local flame temperature. Additionally, the hydrogen flame is observed
to perturb the pilot flame, observed clearly on the short dwell time of Figure 6.16. The
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time between the interaction of the jet and flame was measured to be 0.05, 0.08, and
o.15 ms for the short, medium, and long dwell times, respectively. This long mixing
time for the long dwell time case is the reason for the large heat release peak in the
premixed combustion phase.

Short Dwell 1.34 ms aSOI

Temperature (K)
27000
I )

Medium Dwell 2.35 ms aSOI

Long Dwell 3.35ms aSOl
. V=
-
o
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Figure 6.16: The state of the n-heptane flame prior to hydrogen ignition for each of the dwell times.

6.3.4 NO, Emissions

As mentioned previously, NO,, emissions are a significant challenge in hydrogen com-
bustion, and understanding their formation in dual-fuel applications can aid in reduc-
ing NO,. The rate of NO,, production for each of the dwell time cases is shown in
Figure 6.17. This figure shows that the rate of production is not directly impacted by
the dwell time since the medium dwell time case produces the highest NO, emis-
sions. The total NO,, emissions produced during the combustion phase are 0.7134,
0.7889, and 0.6942 mg for the dwell times of 0.93, 1.93, and 2.93 ms, respectively.

The time at which this high NO,, region occurs towards the end of the hydrogen
injection duration. The NO,, production is concentrated in the tip of the hydrogen
jet, as shown in Figure 6.18. At this time, the pilot combustion is complete, and
diffusion combustion of the hydrogen is the dominant combustion mode. However,
it can be observed that the highest source of NO,, is on the side of the hydrogen
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Figure 6.17: The rate of NO, emissions for each of the dwell relative to the hydrogen injection SOI.

jet, where it interacts with the n-heptane pilot. From this observation, it can be
determined that the direct interaction of the fuels impacts the NO,,, minimising the
production of NO, where the fuels have mixed. The figure shows the data from
the short dwell case, and therefore, it can be determined that the long time between
interaction and ignition of the hydrogen flame in the long dwell time case significantly
contributes to the low formation of NO,,. The formation of NO,, was observed to be
in the remnants of the diesel flame i.e. section of the flame with high carbon content.

A more detailed presentation of the results from LES is given in Paper V in the
Appendix.

6.3.5 Concluding Remarks

LES is performed to investigate the interaction of n-heptane and hydrogen under con-
ditions relevant to diesel-hydrogen dual-fuel DICI engines. The investigation encom-
passes cases with different dwell times, aiming to bridge the knowledge gaps identified
in Section 2.4 regarding the dual fuel interaction.

It is found that the ignition of the hydrogen jet occurs once the tip of the jet
reaches the diesel flame. The dwell time shows a significant impact on the combustion
and emission process. With short dwell time, the ignition of the hydrogen jet is rapid
and nearly immediately upon mixing with the diesel flame. With a long dwell time,
the ignition is slower due to the diesel flame being cooled down by the ambient air
before the interaction with the hydrogen jet.

The dwell time has a significant impact on the heat release rate and NOx for-
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Figure 6.18: The mass fraction of NO,,, temperature and C/H ratio for the short dwell time at the point of peak
NO., production.

mation rate. The long dwell time allows more hydrogen/air to mix with the hot gas
of the diesel flame, resulting in a high heat release rate. On the other hand, a high
NOx region is found in the mixing region of the hydrogen jet and the diesel flame. A
cooler diesel flame in the long dwell time case results in a lower flame temperature in
large regions, which results in a lower NOx formation rate. The medium dwell time
case shows the highest NOx formation rate due to the larger portion of the fuel/air
mixture being around stoichiometry and, thus, high flame temperature.

The onset of diesel ignition is at the spray tip due to the long residence time and
low scalar dissipation rate in the region. The onset of hydrogen ignition is also at the
jet tip due to the direct mixing with the diesel flames. The flames in both the diesel jet
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and hydrogen jet propagate upstream toward the nozzle. LES predicted a short lift-off
length for both flames, which is longer than that observed in the Schlieren images.
This difference is likely due to the over-prediction of the local scalar dissipation rate
and the under-prediction of the jet spreading in the radial direction.
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Chapter 7

Summary

7.1 Concluding Remarks

The first section of this thesis investigated methanol as a potential fuel for LTC strate-
gies, sweeping the SOI from the HCCI range to the late PPC range. Methanol is
a suitable candidate for LTC strategies given some of its chemical properties such as
the high heat of vaporisation. The simulations were able to accurately predict the
trends observed in the experimental work, including the ’spoon shape’ profile for in-
take temperature. The changing intake temperature was necessary for maintaining the
combustion phasing of CAso at 3° CA aTDC. The difference in SOI leads to signif-
icantly different fuel-air mixture formations requiring unique intake temperatures to
match the combustion phasing. For early injection cases, fuel became trapped in the
crevice region and could not be consumed in the combustion process, leading to poor
combustion efficiency and high emission of unburned hydrocarbons. When com-
paring methanol under LTC conditions with gasoline, methanol achieved fuel-leaner
mixtures compared to iso-octane that was more stratified. For both fuels, NO,, emis-
sions were at near-zero levels for the early injection cases of both fuels as a result of the
lower in-cylinder temperatures from the local fuel-leaner mixture obtained through
the longer mixing time. As this mixing time was decreased in the PPC phase, the NO,,
emissions increased due to the high flame temperature at the close-to-stoichiometric
mixture. CO emissions were overall lower for methanol compared to iso-octane and
observed a downward trend as the SOI was retarded, due to improved oxidation.

The second part of the thesis focused on hydrogen combustion in compression
ignition engines using dual-fuel strategies and single-fuel multiple injection strategies.
This was achieved by completing engine simulations and LES of dual-fuel strategies in
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a constant volume. In the dual-fuel cases, two rail pressures were investigated at three
different SOI timings. The simulations were able to accurately predict the experimen-
tal pressure trace and apparent heat release. Given the parallel injector configuration
in the dual-fuel cases, the diesel spray and hydrogen do not directly interact with each
other; instead, the hydrogen comes sufficiently close to the diesel flame to ignite.
From the cases investigated the early injection with high rail pressure provided the
highest thermodynamic efficiency. From the cases investigated, a decreasing trend in
efficiency was observed as the SOI was retarded, which was due to the increased ex-
haust losses. The NO,, emissions were investigated using two different models, both
of which were capable of capturing the trend, but the 12-step model better predicted
the magnitude of emissions. In this investigation, a relationship between NO,, and
efficiency was observed where high efficiency was associated with high NO,..

A dual-fuel case provided the foundation for a continuation study where the
diesel is removed from the system, and combustion is obtained by splitting the hydro-
gen injection into a small pilot injection and a main injection. With a main injection
timing of -7 © CA aTDC, the intake temperature was shown to increase by at least 15K
to provide sufficient conditions to ignite the hydrogen pilot. With this intake tem-
perature only the smallest pilot energy cases was shown to result in stable ignition and
also acceptable peak pressure rise rate; however, by increasing the intake temperature
to +30K, the operating window was expanded at the expense of engine efficiency. By
altering the dwell time and pilot energy share, a unique relationship was discovered,
which requires optimisation to ensure an ignitable mixture can be achieved before
the main injection. To be able to achieve controlled combustion using a hydrogen
pilot without having to increase the intake temperature, the main injection timing
should be delayed close to TDC. It is shown that shifting the main injection SOI
from -7° CA aTDC to -1° CA aTDC enabled controlled combustion without having
to increase the intake temperature. In these cases, a larger pilot energy share resulted
in higher efliciency and lower NO,, emission. By using a larger pilot energy share, a
larger portion of the injection fuel can be burned under pre-mixed combustion, where
NO,, formation is low. However, this was only observed for pilot energy shares up to
5% because the dwell time proved to be insufficient for larger pilot energy shares.

The interaction of fuels in a diesel-hydrogen dual fuel DICI engine was investi-
gated using large eddy simulation. It is found that hydrogen ignition upon its direct
mixing with the diesel flame, due to the low ignition energy of hydrogen. The dwell
time between diesel injection and hydrogen injection plays an important role in the
combustion and emission process. The dwell time enables different times for the hy-
drogen/air mixing, and also for the entrainment of air to the diesel flame. A long
dwell time tends to have low NOx emission due to the entrainment of cold air to the
diesel flame allowing for a low flame temperature.

70



7.2 Future Work

Hydrogen compression ignition engines have not been well investigated until recently
and therefore, there is significant potential for future work.

* A larger number of parameters can be investigated to fully optimise the dual-
fuel engines, such as injector configuration and piston bowl design. Liquid
and gaseous sprays have been demonstrated to behave differently; therefore,
designing a piston bowl, particularly for hydrogen combustion, could positively
impact combustion.

* For the diesel-hydrogen dual-fuel engines, a critical point would be to minimise
the amount of diesel injected into the system. One method to do this could
be to reduce the number of diesel holes in the injector, however, this would
likely have an impact on the combustion of the hydrogen jet which needs to
be investigated.

* The best scenario for hydrogen ICEs is to maintain the compression ignition
engine but eliminate the need for an additional fuel, hence, eliminating carbon
from the system. The CFD simulations in this work identified an operating
window for the pure hydrogen (hydrogen pilot) cases. To confirm this oper-
ating window and the potential for this strategy, engine experiments should
be carried out. Such an investigation can be efficiently carried out using CFD
simulations to identify a particular design that can be experimentally tested.

* A challenge associated with hydrogen combustion is the high levels of NO,,
emissions. For hydrogen engines to successfully replace diesel engines, a signif-
icant focus should be placed on reducing NO,, emissions at the source.
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Paper I: Comparison of efficiency and emission characteristics in a direct-
injection compression ignition engine fuelled with iso-octane and methanol
under low temperature combustion conditions

Applied Energy, 2022, 312, 118714
Leilei Xu, Mark Treacy, Yan Zhang, Amir Aziz, Martin Tuner, Xue-Song Bai

This paper numerically investigates methanol and iso-octane in low-temperature
combustion by sweeping the SOI from the HCCI to late PPC range. The simulated
cases are based on and validated against engine experiments. This work shows that
methanol achieves a more fuel-lean mixture compared to iso-octane, which is more
stratified. The performance and emissions of both fuels are analysed and discussed
across all SOls.

The candidate supported the data analysis of the numerical simulations and con-
tributed to writing the manuscript.

Paper II: Performance of a methanol fuelled direct-injection compression
ignition heavy-duty engine under low temperature combustion conditions

12" Mediterranean Combustion Symposium, 2023, Luxor, Egypt
Mark Treacy, Leilei Xu, Hesameddin Fatehi, Xue-Song Bai

This paper focuses on methanol low-temperature combustion in a heavy-duty
engine. Numerical simulations are carried out on an SOl sweep covering HCCI, tran-
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sition to PPC and the PPC range. The in-cylinder combustion processes are discussed
leading to a better understanding of the performance and emissions.

The candidate carried out data analysis on the numerical simulations and wrote
the manuscript with advice from the co-authors.

Paper III: Performance and emissions of a novel high-pressure direct injec-
tion dual-fuel engine

Under review in Fuel
Mark Treacy, Ahmad Hadadpour, Xue-Song Bai, Hesameddin Fatehi

This work uses numerical simulations to investigate diesel-hydrogen dual-fuel
strategies in a compression ignition engine. The simulations were validated against
engine experiments. The SOI and rail pressure of both fuels was investigated. The
early injection timings provided the highest efficiency due to the lower exhaust losses
that were observed to be a key contributor to the lower efhiciency in the late injection
cases. A relationship between NO,, and efficiency trends was observed.

The candidate performed all the numerical simulations. The candidate wrote
the manuscript with supervision by Xue-Song Bai and Hesameddin Fatehi and advice

from Ahmad Hadadpour.

Paper IV: A Computational Fluid Dynamics Study of Advanced Injection
Strategies for Compression Ignition Hydrogen Engines

Manuscript to be submitted
Mark Treacy, Ahmad Hadadpour, Xue-Song Bai, Hesameddin Fatehi

Using a numerical case set-up from the duel-fuel simulations, the HYZERO
concept was investigated. For these cases, the carbon is entirely removed from the
system and the total injected hydrogen mass is divided into a pilot and main injection.
A complex relationship between dwell time and pilot energy share was observed. The
relationship must be managed in order to achieve a combustible fuel-air mixture from
the pilot injection to avoid misfire or uncontrolled combustion. To achieve controlled
combustion, the intake temperature was increased from the baseline case. Various
pilot energy shares and dwell time were investigated to identify the operating window.
Additionally, the SOI was shifted towards TDC to achieve controlled combustion
using the baseline intake temperature.
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The candidate performed all the numerical simulations. The candidate wrote
the manuscript with supervision by Xue-Song Bai and Hesameddin Fatehi and advice
from Ahmad Hadadpour.

Paper V: Large eddy simulation of diesel-hydrogen dual-fuel flames

Manuscript to be submitted
Mark Treacy, Xue-Song Bai, Hesameddin Fatehi

This work uses LES to investigate diesel-hydrogen dual-fuel combustion in a
constant volume. The simulations are based on experiments available in literature. In
this work, three cases are investigated where the dwell time is investigated. For each of
the cases, the interaction between the hydrogen and n-heptane sprays is investigated
as well as the combustion behavior of the hydrogen jet.

The candidate performed all the numerical simulations. The candidate wrote
the manuscript with the supervision of Xue-Song Bai and Hesameddin Fatehi.
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