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Abstract

This graduation thesis studies the CI combustion of ammonia and hydrogen in an ICE. It con-
tains a review of the literature and a modeling study of the ignition and cylinder performance
of the AmmoniaDrive test engine. AmmoniaDrive is a NWO-funded research project that aims
to decarbonize shipping by introducing an ammonia-fuelled SOFC-ICE power plant for ships
and other heavy-duty applications.

Ammonia (NHs) has unfavorable properties for combustion, such as a high heat of vapor-
ization, narrow flammability limits, a high flame quenching distance, low flame speed, and
most important: a high resistance to autoignition. Those properties have to be overcome
and hydrogen (H;) is known to be capable of playing a role. As the properties of hydrogen
are extremely high combustion speed, very wide flammability limits and a very short flame
quenching distance. Unfortunately, both ammonia and hydrogen have a high resistance to au-
toignition, while CI engines need a fuel with low resistance to auto-ignition. For this reason, a
carbon-based fuel, like DME or HVO, is considered necessary to achieve ignition.

The state-of-the-art experimentally achieved combustion concepts are an homogeneous charge
compression ignition (HCCI) combustion concept of Pochet et al. [2020a] and an reactivity con-
trolled compression ignition (RCCI) combustion concept of Chiera et al. [2022]. The HCCI com-
bustion concept is fueled by NH; and Hjp, without a carbon-based fuel. However, it requires
a compression ratio (CR) of 22, a high intake temperature, and is limited by the maximum
pressure rise rate (MPRR). The RCCI combustion concept is fueled by NH3 and diesel. This
concept can achieve up to 81%, NH3, but still requires 19%, diesel.

A modeling study is done to investigate how to improve the CI combustion strategies, tak-
ing into consideration the context of AmmoniaDrive. The modeling study consists of two
closed volume single-zone thermodynamic reactor models: the ignition model and the engine
cylinder model. The ignition model is a constant volume model, resembling top dead center
(TDC) conditions. The engine cylinder model simulates a closed volume from bottom dead
center (BDC) to 90 CAD after TDC and incorporates volume change and the heat loss. Both
models make use of the chemical kinetic mechanism of Shrestha et al. [2018] to incorporate the
combustion reaction. Due to the limitation imposed by the available species in chemical kinetic
mechanisms, the carbon-based fuel in the modeling study is DME. For the future, hydrotreated
vegetable oil (HVO) seems a more favorable carbon-based fuel, based on experimental results
in a constant volume combustion chamber (CVCC) of Hernédndez et al. [2023].

The results of the two models indicate that an HCCI combustion concept of ammonia and
hydrogen, without a carbon-based fuel, will not ignite within the engine limits of the Ammo-
niaDrive test engine. An HCCI combustion concept of ammonia, hydrogen, with DME will
ignite, but has a limited power output due to the MPRR. An RCCI combustion concept with
stratification of DME throughout the cylinder looks promising based on the engine cylinder
model results. Stratifying DME concentration, and with that the fuel reactivity, is likely to
reduce the MPRR. This would allow for a higher power output due to the possibility to inject
more fuel energy without exceeding the engine limits.

Combining the literature and modeling results, it is likely that an RCCI combustion concept
with ammonia, hydrogen, and HVO will lead to a higher power output and a decreased
required amount of carbon-based fuel, whilst staying within engine limits.
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1 Introduction

This graduation research investigates compression ignition (CI) combustion of ammo-
nia and hydrogen in an internal combustion engine (ICE) within the context of the
AmmoniaDrive project. AmmoniaDrive is a NWO-funded research project that aims
to decarbonize shipping by introducing an solid oxide fuel cell (SOFC)-ICE power plant
for ships and other heavy-duty applications. This power plant is fueled by a single fuel:
ammonia [de Vos et al., 2022]. The hydrogen for the combustion in the ICE is supplied
by the anode off-gas (AOG) of the fuel cells. This study will focus on a compression
ignition ICE concept for the AmmoniaDrive power plant.

Ammonia is a carbon-free fuel, but has unfavorable properties for combustion in an ICE,
such as a high heat of vaporization, narrow flammability limits, a high flame quenching
distance, low flame speed, and most important: a high autoignition temperature. Those
properties have to be overcome and hydrogen, also a carbon-free fuel, is known to be
capable of playing a role. As the properties of hydrogen are extremely high combus-
tion speed, very wide flammability limits and a very short flame quenching distance
[Hernandez et al., 2022]. Unfortunately, the property ammonia and hydrogen have
in common, is a relatively high resistance to autoignition. An innovative combustion
strategy and/or using a promotor fuel are possible solutions to offset the resistance to
autoignition. This research provides an overview of the related state-of-the-art knowl-
edge and investigates CI ICE combustion strategies for NH3 and H, with a modeling
study.

1.1 Development

The earliest research concerning ammonia as a fuel for ICEs is war-related. First in Belgium,
towards the use of ammonia as a fuel for buses for when carbon-based fuels are scarce [Koch,
1945]. Followed by the U.S. Army, which started investigating the use of ammonia in compres-
sion ignition engines after World War II and Korea because 65% of the total tonnage supporting
combat operations consisted of fuels and lubricants [Pearsall and Garabedian, 1967]. The U.S.
Army was interested in fuels that could be produced on-site, with power supplied by a nuclear
power generator. Their objective was to use ammonia in slightly adapted diesel engines. Un-
fortunately, this has not reached the required level of technology readiness to be implemented,
but the research and experiments conducted form a foundation for current research.

Later, ammonia regained attention due to its potential to decrease the worldwide emission
of greenhouse gases by ICEs. In 2008, experimental research was published on the compression
ignition of ammonia. Reiter and Kong [2008] successfully demonstrated a dual-fuel CI engine
operation with ammonia and diesel. This dual-fuel CI technology with ammonia and a carbon-
based fuel is currently being developed by engine manufacturers for commercial application
(MAN Energy Solutions [2019];Wartsila [2020]).
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However, when a carbon-based fuel is used to combust ammonia, carbon dioxide will be
formed. Therefore, the challenge is a net-zero carbon ICE. One potential way to achieve this,
is combusting ammonia and hydrogen. There are several combustion mechanisms to combust
ammonia and hydrogen in an ICE. The first distinction is whether it is spark ignited (SI) or
compression ignited (CI). This research focuses on CI.

Focusing on CI, several forms can be distinguished such as HCCI, partially premixed com-
pression ignition (PPCI), premixed charge compression ignition (PCCI), jet controlled compres-
sion ignition (JCCI), and RCCL

The current state-of-the-art of experimental research towards compression ignition of am-
monia has been done by Chiera et al. [2022], Pochet et al. [2020a] and Jin et al. [2023]. Chiera
et al. developed a successful RCCI combustion strategy with ammonia and diesel, achieving
an 81%enerqy NH3, however still 19%spergy of diesel was required. Pochet et al. achieved a
carbon-free HCCI combustion of ammonia and hydrogen, but this required a compression ratio
of 22. Jin et al. investigated a PPCI up to 85%;n.rgy NH3, but the lowest GHG emissions were
achieved at 50%gne,gy NHj3.

Building on their concepts, this research further explores compression ignition concepts for
ammonia and hydrogen, and optionally a carbon-based promoter fuel. The goals are a high
percentage of ammonia, low emissions, and feasible engine parameters such as a not too high
compression ratio or air intake temperature.

1.2 Motivation for this study

The driving force behind research towards alternative fuels is to lower the harmful emissions
of ICEs. Within the realm of alternative fuels, the search continues towards the lowest emissions
and good engine performance while combusting a feasible fuel. “Feasible” is a broad concept
in this case, in a cargo ship for example, there should be space for payload after the tanks have
been put in, and the fuel costs also have to be economically feasible. This research focuses on
engine performance, as the operating window of ammonia in CI ICE is still limited.

1.3 Broader perspective

Ammonia is gaining attention throughout society from numerous perspectives. The perspec-
tives originate from a variety of parties involved, for example, citizens, research institutes, fuel
suppliers, engine operators, engine manufacturers, transport companies, class societies, insur-
ance companies, legislators and governments, and environmental protection agencies. One of
those environmental protection agencies is the DMCR.

The DCMR composes the environmental regulations for companies and monitors the com-
pliance with them in the Rijnmond region, which includes the port of Rotterdam. They have
recently stated that the port of Rotterdam is not prepared yet for a transition towards am-
monia. The agency has several safety concerns regarding the storage and transportation of
ammonia, as well as the uncoordinated approach of the transition towards ammonia [NRC,
2023].

That the transition towards ammonia as a fuel for transportation has started, can be seen
from the concrete preparation, for example, by Hy2Gen Inc Canada. They are currently build-
ing a green ammonia production facility which is scheduled to be operational in 2026. It will
be powered by hydro-electricity and produce 173,000 MT of green ammonia per year [Hy2Gen
Inc Canada, 2023]. The DCMR and H2Gen Inc Canada are merely two examples of many that
can be found in various media.



1.4 Scope

1.4 Scope

The scope of this research is set by the AmmoniaDrive project and is limited by graduation
project constraints such as available time and experience. This graduation research investigates
compression ignition combustion strategies of ammonia, hydrogen, and a carbon-based fuel if
necessary. Other research within the AmmoniaDrive project will investigate different ignition
strategies, such as spark ignition (SI).

* 4-stroke engine

¢ Compression ignition

* Pure ammonia via port fuel injection (PFI)
* Hydrogen via direct injection (DI)

* Optional carbon-based promotor fuel as a promoter fuel via DI

1.5 Content

This study consists of two parts; a literature research and modeling study. The literature part
provides an overview of the related state-of-the-art knowledge related to compression ignition
of ammonia and hydrogen. It is concluded by potential new compression ignition combustion
concepts for ammonia and hydrogen. The second part is a modeling study of the compression
ignition combustion of ammonia and hydrogen with and without DME in the AmmoniaDrive
test engine.

The literature study consists of eight chapters. First, an overview of the available knowl-
edge is given in chapter 2, followed by the literature study results, which are spread out over
chapters 3 to 8. The topics are shown in Figure 1.1. For the readers interested in the research
questions for literature study, those are listed in Appendix A. The research questions of the
thesis are listed in Appendix B.

Chapters 3 and 8 have an appendix covering some relevant theoretical background knowl-
edge. This is intended to improve the understanding of the literature, without clogging the
report.

The literature research is concluded in chapter 9 with several new combustion concepts and
the strategy to investigate CI combustion concepts in this research.

The investigation of the compression ignition starts with chapter 10, in this chapter the
ignition properties of a mixture of ammonia, hydrogen, and optionally DME is investigated.
The results of this ignition study are then used in chapter 11 to create insight into what to
expect of compression ignition combustion within the AmmoniaDrive test engine.

1.6 AmmoniaDrive Research Project

The AmmoniaDrive project forms the context for the thesis, and therefore the available liter-
ature will be viewed through the lens of AmmoniaDrive. This is applied, for example, when
investigating compression ratio’s, power output or cylinder bores used in other research. The
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test motor available within AmmoniaDrive has the following properties, based on the provided
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Figure 1.1: Overview literature study results in chapters 3-8

specification sheet of the S6R2-T2MPTK marine diesel engine;

1.6.1 Case study W12V31

A case study has been conducted by de Vos [2022] for the AmmoniaDrive project, based on
the Wartsila 31 W12V31. The ammonia ICE considered in the case study has the following

4-stroke

Bore 170 mm

Stroke 180 mm

1 cylinder

properties:

The W12V31 fueled by diesel is estimated to have an engine efficiency of 0.48. This lower
efficiency of 0.45 is to allow for a lower combustion efficiency when fueled by ammonia.

4-stroke
7320 kW

750 rpm

12 cylinders

Bore 310 mm

Stroke 430 mm

¢ Compression ratio 14

¢ Power output in diesel mode

— Somewhat variable

~ 90 kW /cylinder

Firing frequency 75 %
Engine efficiency 0.45 [—]
80% load contribution of NHjz
20% load contribution of Hy

Fuel composition
— Molar fractions: 75% NHs, 25% H»
— Mass fractions: 96% NH3, 4% H




2 Awvailable research

This chapter gives an overview of the available knowledge, related or relatable to the
CI combustion of ammonia, hydrogen, and if necessary a promoter fuel.

The scientific literature searches are conducted in Scopus. An overview of the literature
searches can be seen in Table 2.1. An overview of relevant experimental studies and
their properties is listed in Appendix C.

There is also valuable knowledge outside the scientific community. Some non-scientific
research is described in the last section. Institutes conducting research towards am-
monia as fuel for shipping are, amongst others, the Meersk Mc-Kinney Meller Center
for Zero Carbon Shipping (MMMCZCS), Ammonia Energy Association (AEA) and the
International Maritime Organization (IMO).

2.1 Scientific publications

The literature research started with studying the literature closest to the topic and scope of
this research, this related to searches with ID # 1 to 3 in Table 2.1. Then the literature search
was expanded to literature searches 4-6 in Table 2.1. There is no age limit set on the literature,
as the foundational work done by Gray, Pearsall and Starkman contains valuable experimental
work (Gray et al. [1966];Pearsall and Garabedian [1967];Starkman et al. [1967]).

2.1.1 Experimental research

Characteristics of experimental studies are investigated to acquire an initial idea of experiment
and engine parameters. An overview of experimental studies and their properties is listed in
Appendix C. It is limited to studies in which more than 40%¢sergy ammonia is combusted. The
overview is not limited to experiments with solely ammonia and hydrogen, as that number is
minimal. The listed properties are:

¢ Fuel(s) ¢ Engine speed
* % of fuel
’o of fuel component e Bore
¢ Combustion mechanism
[ ]
¢ Type of machine or engine Power
¢ Compression ratio ¢ Emissions

The power of the experimental engines is not always provided. In some cases, the power
could be calculated from the BMEP, other publications allowed for an educated guess, and
for some there was no hint. When it was not provided in the publication and deducted from
available data, this is clearly stated in Appendix C.



2 Available research

ID # Search criteria Results
First selection
1 TITLE-ABS-KEY((“reactivity controlled compression ignition” OR 0
RCCI) AND ammonia AND hydrogen)
2 TITLE-ABS-KEY(("reactivity controlled compression ignition” OR 6
RCCI) AND ammonia)
3 TITLE-ABS-KEY(”compression ignition” AND hydrogen AND ammo- 29
nia) AND (LIMIT-TO(LANGUAGE, “English”))
4 TITLE-ABS-KEY(”compression ignition” AND ammonia) AND 74

(LIMIT-TO(EXACTKEYWORD,  “"Ammonia”)) AND  (LIMIT-
TO(LANGUAGE, "English”))

5 TITLE-ABS-KEY(ammonia AND hydrogen AND combustion 125
AND engine) AND (LIMIT-TO(DOCTYPE, ”ar”)) AND (LIMIT-
TO(LANGUAGE, “English”)) AND (LIMIT-TO(SUBJAREA, "ENER”)

OR LIMIT-TO(SUBJAREA, "ENGI"))

6 TITLE-ABS-KEY(ammonia ~AND  hydrogen = AND  ignition) 188
AND (LIMIT-TO(SUBJAREA, "ENER”) OR LIMIT-TO(SUBJAREA,
"ENGI”)) AND (LIMIT-TO(LANGUAGE, "English”))

Total number of results without duplicates 321

Table 2.1: Literature searches and results

In the appendix, it can be observed that most of the experimental work is done at low power
per cylinder. The majority are below 5 kW /cyl, only Chiera et al. [2022] (+- 80 kW /cyl) and
Reiter and Kong [2011] (40 kW /cyl) have investigated higher power outputs.

Comparing the bores of the experimental engines to the test engine of AmmoniaDrive, it
can be observed that the AmmoniaDrive test engine has a larger bore (170 mm) than all other
experimental engines, except for the engine used by Chiera et al. [2022] which also has a bore
of 170 mm.

Type of machine or engine

Different machines and engines are used to investigate combustion. The most encountered are
a single-cylinder 2 or 4-stroke, a constant volume compression chamber (CVCC) and a rapid
compression machine (RCM).

A CVCC is a machine which operates with a constant volume to investigate properties of
fuels such as autoignition, a vital property for compression ignition. It is less influenced by
variations from cycle-to-cycle and decreases non-fuel effects [Herndndez et al., 2022].

A RCM can be used to investigate the behavior of a fuel in a compression stroke because, in
contrast to a CVCC, it mimics the compression stroke.

2.1.2 Numerical research

The following characteristics of numerical studies are investigated to create an overview of
which models, theory, and software are used to investigate the combustion of ammonia and
hydrogen.

* Model type



2.2 Research locations

¢ Theory in the model

e Software used

2.2 Research locations

Experimental research on ammonia CI combustion mechanisms has been published by insti-
tutes around the world. The institutes, their research, and locations are marked in Figure 2.1.
More details on the studies can be found in Appendix C.

A new research consortium is MariNH3, led by Nottingham University. They will be inves-
tigating ammonia as a fuel for the long-haul shipping [IMarEST Marine Professional, 2023].
As there is no published research yet, this consortium is not indicated on the map.
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Figure 2.1: Locations where ammonia combustion via a CI mechanism are or have been exper-
imentally investigated

2.3 Non-scientific research

The MMMCZCS is a not-for-profit, independent research institute focusing on accomplishing a
net-zero maritime industry. They view ammonia as a potential fuel to achieve this. Contribu-
tions from the MMMCZCS are, for example, a report on “Managing Emissions from Ammonia-
Fueled Vessels” which is used in chapter 6 [MMMCZCS, 2023].

The AEA is a non-profit industry association, which includes 165 corporations. They organize
conferences and events, as well as sharing articles and papers related to the sustainable use of
ammonia [AEA, 2023].

The IMO is responsible for the safety of shipping, and the prevention of marine and atmo-
spheric pollution by shipping. The IMO has a strategy to decrease the GHG emissions from
shipping. The so-called “Initial Strategy” was established in 2008 and will be revised this year,
2023. The 2008-version has a target of 50% reduction of the GHG emissions by 2050 and a 70%
reduction of CO, emissions per transport work compared to 2008 [IMO, 2023].



2 Available research

® There is no literature available on RCCI combustion of ammonia and hydrogen,
and only 6 search results on RCCI and ammonia.

® There is limited experimental research on the compression ignition combustion of
ammonia & hydrogen.

* The power output of experimental CI ICE fueled by ammonia is low.




3 Fuel

The scope of this literature research is limited to two fuel options. The first consists of
ammonia and hydrogen and the second to a promoter fuel, ammonia, and hydrogen.
This chapter describes the fuel properties related to ICEs and identifies knowledge
gaps of fuel properties under engine conditions. It is not limited to the behavior in a CI
engine, and therefore properties such as flame speed are also discussed.

Background knowledge for this chapter can be found in Appendix F.

3.1 Ammonia

Ammonia is often described as 'blue ammonia’, 'e-ammonia’, or ‘gray ammonia’. Blue am-
monia refers to ammonia produced with hydrogen originating from conventional methane
reforming, where the carbon dioxide is captured. E-ammonia, or electro-ammonia, is pro-
duced with hydrogen from the electrolysis of water, powered by renewable energy. Lastly,
gray ammonia is produced similarly to blue ammonia, but without carbon capture and is not
considered a sustainable fuel [MMMCZCS, 2023].

Ammonia can be employed as pure ammonia or as aqueous ammonia. An important con-
sideration, in both cases, is the effect on the in-cylinder temperature. Pure ammonia has a
high heat of vaporization compared to diesel. This reduces the in-cylinder temperature when
liquid ammonia is injected and transitions from liquid to gas. The temperature reduction will
be larger when additional water is injected.

A beneficial property of ammonia is the relatively low viscosity, this supports the fuel at-
omization and droplet formation [Kurien and Mittal, 2022]. The viscosity will also affect the
turbulence in the fuel flow and spray formation [Lesmana et al., 2019]. Several relevant fuel
properties are listed in Table 3.1. Noticeable is the high latent heat of vaporization of ammonia.

As mentioned and can be seen from Table 3.1, ammonia has a long quenching distance. This
is likely to cause more incomplete combustion in crevices regions.

3.1.1 Aqueous ammonia

Aqueous ammonia is ammonia dissolved in water to ease the storage and improve safety
[Schonborn, 2021]. The safety improves because mixing ammonia with water allows the fuel
to be stored at atmospheric pressure while staying liquid. Pure ammonia either requires pres-
surization to stay liquid (0.43 MPa at 0°C) or cryogenic storage at -35°C. The ignition of aque-
ous ammonia compared to pure ammonia has been investigated by Schénborn [2021] with a
single-zone zero-dimensional model of a 2-stroke engine. The mixture composition of aqueous
ammonia was 75%;, water and 25%,, ammonia. They concluded that the ignition of aqueous
ammonia required a higher compression ratio than pure ammonia, 24.8 and 26.7 respectively.

A disadvantage of aqueous ammonia is the increase in tank volume, as a 75/25 ratio would
result in a four times higher tank volume. When viewing Table 3.1, it can be seen that pure
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ammonia already requires a more than three times larger tank than diesel, based on energy
density.

3.2 Hydrogen

Hydrogen has good combustion properties, such as a high flame speed and high flame temper-
ature. A remarkable phenomenon about the lower flammability limit (LFL) of hydrogen is the
slight narrowing by increasing the pressure [Law, 2006]. The flammability limits of hydrogen
vary from an equivalence ratio of 0.1 to 7.1 [Kumar et al., 2015].

Lhuillier et al. [2020] investigated a SI engine fueled with premixed ammonia, hydrogen,
and air. Their results indicate that hydrogen was mainly beneficial for the early stage of the
combustion.

3.2.1 Ringing

Ringing is a high pitch sound coming from the cylinder. This sound is caused by high-
amplitude pressure oscillations generated by the combustion. Combusting hydrogen is known
to have a high tendency to induce ringing. Avoiding high intensity ringing is important be-
cause it causes an increase in heat loss to the cylinder wall [Pochet et al., 2020a].

3.3 The HRF, promoter, or pilot fuel

The third fuel is the high reactivity fuel (HRF), promoter, or pilot fuel depending on the com-
bustion concept. The reactivity of a fuel is determined by its cetane number, a higher cetane
number corresponds to a more reactive fuel.

There have been a few studies towards a RCCI combustion of ammonia with high-reactivity
fuels such as diesel [Chiera et al., 2022], n-heptane [Zhang et al., 2022], DME, and di-ethylether
(DEE) [Frost et al., 2021]. Frost et al. attempted to blend DEE with aqueous ammonia to obtain
autoignition of ammonia without using a pilot fuel, however, this was unsuccessful.

Herndndez et al. [2023] investigated different combinations of HRF’s and low reactivity fuel
(LRF)’s in a CVCC. Ammonia and hydrogen were both considered as an LRF. The results of
Hernandez et al. are shown in Appendix D. From their results, it seems that hydrotreated
vegetable oil (HVO) could be a more suitable HRF or pilot fuel than diesel. HVO has a higher
cetane number than diesel.

3.4 Fuel mixture

Fuel fractions can be expressed in terms of energy, mass, or volume fractions. Table 3.2 contains
an example of an ammonia-hydrogen mixture described by percentages based on volume
(Yopo1), energy (%en), and mass (%)
Several studies have investigated the effect of adding hydrogen to ammonia to improve the
combustion. Pochet et al. [2019] concluded based on ignition delay measurements in an RCM
that the hydrogen addition has to be more than 10%,, to promote ammonia combustion
sufficiently.

Dinesh et al. [2022] studied a spark ignited engine and indicated that the best compromise
was 21%;; hydrogen. Lhuillier et al. [2020] came to a similar result for a SI engine, namely
20%; hydrogen.

10



3.4 Fuel mixture

Property Ammonia Hydrogen Hydrogen Diesel DME

Storage method Compr Compr Compr gas®  Liquid” Compr
liquid” liquid” liquid®

Storage temperature [K] 298" 20° 298¢ 2984 Tombient ©

Storage pressure [MPa] 1.037 0.1 24.8° 0.107 05¢

Mass density [kg/m?] 602.8" 71.14 17.57 838.8" 6674

Energy density [M]J/m3] 113007 85394 21014 364037

Stoichiometric fuel/air 1/6.05° 1/34.33¢ 1/34.33¢ 1/17.41¢ 1/9.0°

ratio

LHV [M]/kg el 18.5 1200 1200 4250 27.6°

LHVt [MJ/Kgstoich] 2.62° 2.71° 2.71° 2.74b 2650

Flammability limits gas 16-25* 4-75" 4-75° 0.6-7.5" 3.4-18.6°

in air (%ogy0r)

Latent heat of 1370° 4456° - 270" 467 b

vaporization (kJ/kg)

Autoignition 924° 8841 8844 503 508 ¢

temperature [K]

LBV at ¢ = 1 [m/s] 0.074 3.514 3.514 0.86 0.42f

Quenching distance 7 0.6 0.6

[mm]at¢p =1

Octane number [RON] 1107-1304 > 1307 > 130 - -

Cetane number [-] - - - 40-507 > 55¢

Table 3.1: Fuel properties. Superscripts: # = Dimitriou and Javaid [2020], b = Lesmana et al.
[2019], ¢ = Hernandez et al. [2022], ¢ = Kurien and Mittal [2022], ¢ Szybist et al. [2014], f US
Deparment of Energy [2023]

Component %,y %en  Yom
H, 20 18 5
NH; 80 82 9%

Table 3.2: Comparison between definitions of fuel mixture composition for an ammonia-
hydrogen mixture at 323K and 1 bar. Based on Lhuillier et al. [2020].

11
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MPRR 7.22
(bar/CAD)
1.73 -
CAS0 (CAD) 20- 91%Vvol.
NH3
6l
70%vol.
NH3
0_2 L
017 0.58

¢

Figure 3.1: The maximum pressure rise rate (MPRR) and CA50 for a constant intake temper-
ature and hydrogen flow rate, while increasing the ammonia flow rate. From Pochet et al.
[2020a]

Pochet et al. [2017b] achieved stable combustion with a HCCI ICE up to 70%;,,; ammonia and
30%yo;- In later research, Pochet et al. [2020a], they achieved combustion until 91%. However,
an important observation was made regarding the combustion promoting effect of hydrogen.
It seems to steeply decline at a certain threshold, based on the operating pressure and temper-
ature. Their experimental results with the clear decline in the combustion promoting effect are
shown in Figure 3.1.

3.5 Equivalence ratio

Shrestha et al. [2021] studied the laminar flame speed (LFS) at different equivalence ratio’s. !

The highest LFS was found around an equivalence ratio of 1.1, as can be seen in Figure 3.2.
When the result of Shrestha et al. is compared to successful ammonia-hydrogen engine exper-
iments described in the literature, there is some variation. Pochet et al. [2017b] achieved stable
combustion of 70%,,; NHs with an equivalence ratio of 0.28, an intake pressure 1.5 bar and in-
take temperature of 473 K. Pochet et al. also studied the combustion duration as a function of

1Flame speed is often not a relevant fuel property for compression ignition combustion. However, with a conventional
dual fuel (CDF) CI combustion, flame speed is relevant. In CDF the diesel autoignites in a mixture of ammonia
and air. The ammonia is then ignited by the diesel, but due to the limited flame propagation in the ammonia rich
zone, the combustion stagnates after the diesel rich zone has burned. CDF will be discussed further in the next
chapter.

12



3.6 Autoignition
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Figure 3.2: Laminar flame speeds of NH3z/H;/air at 473K and 1/3 at varying H, content.
(Symbols: measurements from Lhuillier et al. [2020] and Shrestha et al. [2021]. Dashed lines:
model from Shrestha et al. [2018], solid lines: Shrestha et al. [2021]. Figure from Shrestha
et al. [2021]

the NH3 % and the equivalence ratio. The results are shown in Figure 3.3. The same trend can
be observed as expected by the results of Shresta et al., a higher ¢ leads to a short combustion
duration.

To create a more comprehensive overview, the equivalence ratio’s for the combustion of
ammonia and hydrogen in an ICE available in literature, are summarized in Table 3.3.

3.6 Autoignition

Hernandez et al. [2022] investigated the effect of partially substituting diesel by ammonia,
hydrogen, or methane on the autoignition. A two-stage autoignition was observed, consisting
of cool flames and main combustion in all their cases. And it was concluded that the cool
flame timing and intensity appears to be dominated by the diesel.

Liu et al. [2022] researched the use of ammonia in a compression ignition engine. The
authors investigated the addition of ammonium nitrite and the addition of hydrogen to lower
the conditions for autoignition. The addition of hydrogen was not enough to accomplish

13
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Combustion duration (CAD)
95 r

constant ® = 0.2 (#4)

NH3 Jovol.

60

Figure 3.3: Combustion duration as a function of the NH3 % and ¢

Source Sim/exp Ignition Fuel% ¢ Observations
Meng et al. Both PCJII 100% NH3 1.1 / 0.65 Pre-chamber jet induced
[2023] ignition.  In the pre-
chamber ¢=1.1 and in the
main chamber ¢=0.65
Mounaim- Both SI 100% NHj3 0.9-1-1.1 SACI is SI with a high
Rousselle et al. compression ratio
[2022]
Zhang et al. RCCI Exp 50/50 and 0.89 and
[2022] 70/30  %en 0.87
NH3 /n-
heptane
Pochet et al. Exp HCCI 69%z01 0.28
[2017b] NH;,
31%0;
Hy
Pochet et al. Sim HCCI 100% NHj3 0.2-0.4

[2017a]

Table 3.3: Overview of equivalent ratios in literature for ammonia and hydrogen in an engine
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3.7 Flame speed

compression ignition.

In experiments done by Frankl et al. [2021], although without ammonia present due to
safety reasons, it is observed that the direct injected hydrogen combusts almost instantly when
it enters the combustion chamber.

Schonborn [2021] also describes modelling the compression ratio of 23 where the hydrogen
combusts but not the ammonia. It may be likely that the flame propagates from the hydrogen
to the ammonia and initiates the combustion.

3.6.1 Ignition delay time

Dai et al. [2020] experimentally investigated the autoignition behavior of ammonia with and
without hydrogen in an RCM, varying the equivalence ratio from 0.5 to 3.0, pressures from 20
to 75 bar, temperatures from 1040 to 1210 K. The hydrogen addition was 10% at most. Their
results indicate that the ignition delay time of NHj3 increases with the equivalence ratio, which
can be seen in Figure 3.4.

Similar results to Dai et al. are observed in experiments conducted by Liao et al. [2022].
Their experiments also included 25% hydrogen, which further decreased the autoignition tem-
perature of the mixture. Their experiments, also in an RCM, were conducted under 30 bar and
the lowest autoignition temperature was found to be 950 K with 25% hydrogen.

Hernéndez et al. [2022] investigated the effect of substituting diesel by hydrogen, ammonia,
and methane on the autoignition process. The tests were conducted in a CVCC with different
temperatures (535-650 °C) and pressures (11-21 bar). Their results indicate that the ignition
is delayed by ammonia, hydrogen, and methane. The authors distinguish between the main
ignition delay (IDy)and the cool flames ignition (IDcg). The authors also established an esti-
mation of the main ignition delay time (IDy;) as a function of the energy replacement (Errr),
shown in Equation 3.1. The parameters, A, b, d, e and E,, in Equation 3.1 are fitting parameters
and listed in Table 5 in Herndndez et al. [2022]. This equation could be used to compare with
the outcomes of the modeling study.

Dyt = A% p§* F? % (1 — Epgp)° * exp(— Ea ) (3.1)
R % TO

3.7 Flame speed

Shrestha et al. [2021] studied the LFS of ammonia and hydrogen mixtures from 1-10 bar and
298-473 K with a CVCC and simulations. The highest LFS was obtained at an equivalence ratio
of 1.1. The results of Shrestha et al. are shown in Figure 3.5.

In an ICE there is a turbulent flame. The turbulent flame speed of an ammonia and hydro-
gen mixture has been investigated by Zitouni et al. [2022]. Their results show an exponential
increase in flame propagation speed with increasing hydrogen % and an increasing ratio be-
tween turbulent and laminar flame speed with increasing turbulence.

15
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Figure 3.4: From Dai et al. [2020]: Effect of hydrogen on the ignition delay time at different
equivalence ratio’s. (a) isobars, (b) isotherms.
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Figure 3.5: Laminar flame speed of NHj3/Hj;/air mixtures at 473K, ¢=1.1 and 5-10 bar. Sym-
bols: measurements. Lines: simulations. From Shrestha et al. [2021]
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3.7 Flame speed

70%y,; ammonia and 30%,, hydrogen has been successfully experimentally
achieved with HCCI

There is a threshold in the mixture ratio of ammonia/hydrogen where the am-
monia combustion promotion by hydrogen steeply declines. The value of this
threshold depends on the operating conditions.

Hydrogen is not considered an HRF.

HVO seems a more suitable HRF than conventional diesel.
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4 Combustion strategies

The feasibility of combusting ammonia and hydrogen via a compression ignition com-
bustion mechanism is explored in this literature study. Before an assessment of the
feasibility can be made, it should be clear which varieties there are within compression
ignition. That is the objective of this chapter. The combustion mechanisms defined in
this chapter correspond to the combustion mechanisms in Appendix C.

Experimentally achieved CI of ammonia in literature is found in several studies, an overview
is listed in Appendix C. The dual-fuel CI strategies encountered are;

e Conventional dual-fuel (CDF)

Partially premixed compression ignition (PPCI)

* Premixed charge compression ignition (PCCI)

* Homogeneous charge compression ignition (HCCI)
* Reactivity controlled compression ignition (RCCI)
¢ Other mechanisms such as SACI and JCCI

Spark assisted compression ignition (SACI) does not qualify as compression ignition, as a
spark is used to ignite the fuel mixture.

4.1 Conventional Dual-Fuel

The conventional dual-fuel (CDF) combustion strategy is the most encountered strategy within
ammonia combustion via compression ignition. In this strategy, the ammonia is injected early
in the compression stroke via port fuel injection (PFI), mixes with the air and close to TDC,
diesel is injected via direct injection (DI). The diesel ignites shortly after injection. The ammonia
combustion relies on the diesel combustion and cannot firmly propagate a flame after being
ignited, according to CFD research conducted by Chiera et al. [2022].

Chiera et al. also concluded that this combustion strategy cannot achieve more than 50%,,;.
It is hampered by the limited flame propagation within the ammonia and the decrease in
turbulence when there is less diesel injected. The conclusion of Chiera et al. [2022] is supported
by Reiter and Kong [2008], Reiter and Kong [2011].

Reiter et al. experimentally investigated an ammonia-diesel dual-fuel combustion and com-
pared the emissions and performance to a conventional diesel. Their findings show that above
40-60%,;, did not lead to further reductions in GHG emissions.

CDF combustion is also experimentally investigated by Nadimi et al. [2023]. Nadimi et
al. achieved an 84.4%,,, however, above 61.6%,; the coefficient of variation of the maximum
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4 Combustion strategies

pressure, and of the IMEP indicate that the combustion became unstable. Therefore, it can be
concluded that Nadimi et al. successfully combusted 61.6%,, NH3.

Yousefi et al. [2022b] investigated the effect of shifting the start of diesel injection (SODI) on
the combustion of ammonia. When the SODI is -14.2 CAD ATDC, the combustion resembles a
CDF combustion, however, when the SODI is -24 CAD ATDC, it starts to show characteristics
of a partially premixed compression ignition (PPCI). This can be seen from Figure 4.1, as the
soDI is 10 CAD earlier, the start of combustion (SOC) is not delayed by 10 CAD, this indicates
that there is time available to partially mix before the autoignition.
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Figure 4.1: Measured cylinder pressure and HRR by Yousefi et al. [2022b]

4.2 HCCI

In an HCCI combustion concept, all fuel is mixed homogeneously with the oxidizer in the
combustion chamber before autoignition occurs. The HRR and needle lift of an HCCI combus-
tion is shown in Figure 4.2. There is early injection of the fuel(s) and this allows the fuel(s)
and oxidizer to mix to homogeneous mixture before the start of combustion. As a result, the
combustion will mainly consist of a premixed combustion phase and less of a diffusion com-
bustion phase. To ensure a homogeneous mixture is formed, a plenum can be used to premix
the fuel(s) and oxidizer, as done by Pochet et al. [2017b] with ammonia and hydrogen.

HCCI combustion concepts experience difficulties with combustion phasing and high rates
of pressure rise at high loads. And for the HCCI combustion of ammonia and hydrogen, a
high compression ratio and high air-intake temperature is required for high percentages of
ammonia.

The HCCI combustion of ammonia and hydrogen has been extensively researched by Maxime
Pochet (Pochet et al. [2017b]; Pochet et al. [2019]; Pochet et al. [2020a]). They concluded that
selecting the blending ratio of ammonia and hydrogen is a practical and quick way to control
the load and combustion timing. Although it is not “reactivity controlled” because there is no
difference in the autoignition point, it shows great resemblance to it. Their results are shown
in Figure 4.3 and more (engine) details are listed in Appendix C.
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Figure 4.2: Heat release rate and needle lift for a conventional diesel combustion and two HCCI
combustion processes (from Heywood [2018])

Ryu et al. [2014b] investigated an HCCI combustion of ammonia and dimethyl ether (DEE).
Details of this study are listed in Appendix C.

4.3 Partially & premixed charge compression ignition

PCCI is similar to HCCI, but the fuel is not homogeneously mixed. PPCI is similar to PCCI,
but has a second, later injection. This allows for more control on the combustion process. The
second injection is typically of higher pressure. In research by Yousefi et al. [2022a], the effect
of a split diesel injection is investigated. Two optimum points are identified, in both points
40% of the diesel is injected at 57 CAD BTDC and the remainder is injected at either 16 CAD
BTDC or 20 CAD BTDC.

PCCI and PPCI experience difficulties with combustion phasing and are limited at high
loads due to high rates of pressure rise.

4.4 RCCI

The RCCI concept is based on varying the mixture composition of two fuels with different
autoignition properties. This controls the ignition delay, combustion phasing and combustion
duration. Important parameters are the injection strategy and the in-cylinder fuel blending.
The initial set-up was with a PFI of gasoline and early cycle DI of diesel. Varying the fuel reac-
tivity made it possible to control the combustion phasing and rate of pressure rise. Generally,
the low reactivity fuel (LRF) is injected early and the high reactivity fuel (HRF) shortly before
TDC. The HRF injection creates a high reactivity region which functions as an ignition source
[Kokjohn et al., 2011].

RCCI has been developed at the Engine Research Center at the University of Wisconsin-
Madison in 2010. They published fundamental papers regarding RCCI (Kokjohn et al. [2010];
Splitter et al. [2010] ; Hanson et al. [2010] ;Kokjohn et al. [2011]) and an extensive review [Reitz
and Duraisamy, 2015].
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Figure 4.3: Constant intake temperature and hydrogen flow with increasing the ammonia flow
rate. From Pochet et al. [2020a]

RCCI combustion is hampered by a load-limit because at higher loads the maximum pres-
sure rise rate becomes too large. This was already identified in the initial research by Kokjohn
et al. [2011]. The authors concluded that stratification of the fuel reactivity is needed to over-
come this load-limit.

4.4.1 Ignition RCCI

Chiera et al. [2022] state, based on their CFD results for the RCCI combustion of ammonia
and diesel, that in RCCI there is not a “turbulent propagating flame front” but more a “wave
of auto-ignition precursors”. This does not fully match the modelling results of Kokjohn et al.
[2010] for the RCCI combustion of diesel and gasoline blends. They report that the ignition
location for all cases was the location with the highest concentration of diesel, the high reac-
tivity fuel. However, in a follow-up study of the same research group, they focused on the
ignition process. They concluded that the combustion reaction starts globally by the more
reactive fuel, only the regions with lower reactivity exhibit a lower reaction progression rate in
the beginning [Splitter et al., 2010].

4.4.2 Reactivity control

The reactivity of the mixture in the combustion chamber can be controlled by adjusting the
mixture composition. When two fuels have a different reactivity, adjusting the mixture com-
position will adjust the reactivity of the fuel. This is the initial strategy used by Kokjohn et al.
[2010]. This could potentially be expended to the mixture ratio of the fuels, air, and EGR. The
application of EGR will be discussed in chapter 5.
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4.5 Other combustion mechanisms

4.4.3 Ammonia combustion via RCCI

Chiera et al. [2022] investigated RCCI combustion with ammonia and diesel with CFD mod-
eling and 1-cyl engine experiments. The results are very promising and substitution rates up
to 81% were experimentally achieved with a good power density, an improved indicated ef-
ficiency compared to conventional dual fuel and lower GHG emissions. Their experimental
work has been performed with an engine that is comparable to the AmmoniaDrive test engine.
The engines are compared in Table 4.1.

Parameter Chiera et al. AmmoniaDrive unit
Stroke 210 220 mm
Bore 170 170 mm
Compression ratio 17 14 -

Inlet temperature 65 up to 45 °C
Inlet pressure 2.4 bar

Table 4.1: Comparison test engines Chiera et al. [2022] and AmmoniaDrive

Their concept is named “diesel seeded premixed” (DSP). First, ammonia is port fuel in-
jected. Then, a small amount of pilot diesel fuel is injected before the compression temperature
reaches the autoignition temperature of diesel. This allows droplets to spread and mix with
the ammonia and air charge and partly vaporize. Then the diesel ignition seeds are distributed
throughout the premixed charge and available to initiate localized ignition once the conditions
are reached.

A noteworthy property of the autoignition in this DSP concept, is that an early injection
causes a longer ignition delay. This is due to the more homogeneously distributed diesel and
thus less high local reactivity. Therefore, the timing of the diesel injection can be used to
control the combustion phasing. In the experiments of Chiera et al., this is done by a control
logic which adjusts the diesel injection timing based on the CA10. It is emphasized by the
authors, that this is a very non-linear and stochastic process, as the autoignition does not only
depend on the local diesel concentration, but also on the temperature history.

Zhang et al. [2022] experimentally investigated RCCI combustion of ammonia and n-heptane,
with 50-70%,,;, ammonia. The focus within their research was the effect of turbulence and mix-
ture reactivity on the ignition. The results of their results will be discussed in chapter 5.

Niki [2021b] experimentally demonstrated control of the combustion phasing by altering the
mixture ratio of diesel and ammonia. The control of the combustion phasing by using different
fuel compositions is shown in Figure 4.4. In the depicted experiments, the injected diesel pilot
flow is kept constant, and the ammonia flow is altered. It can be seen, especially from the
normalized cumulative heat release, how the mixture ratio influences the combustion phasing.
Other effects of different fuel compositions are shown in Appendix H. The red solid line in
the bottom graph represents the specific GHG emissions for a conventional diesel fuel. From
Appendix H it can be seen that it is difficult to point out the optimal solution.

4.5 Other combustion mechanisms
Mounaim-Rousselle et al. [2022] investigated a spark-assisted compression ignition (SACI), a

concept that was also identified by Pearsall and Garabedian [1967]. Contrary to what the name
SACI seems to imply, there is no compression ignition or autoignition. It is a spark ignited
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4 Combustion strategies

engine with a high, Cl-like, compression ratio, but it uses the spark plug to ignite at every
load. In both publications, an CI engine is retrofitted with a spark plug.
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Figure 4.4: Effect of changing the fuel mixture ratio on the HRR and HRR for two different
pilot injection timings, a) -45 CAD ATDC, b) -60 CAD ATDC. Graph from Niki [2021b]

* Conventional dual fuel (CDF) with diesel and ammonia is incapable to success-
fully combust more than 40-60%,,; ammonia. CDF is limited due to the limited
flame propagation in the ammonia rich zone, after the diesel rich zone has burned.
Thus, to achieve higher %j,,; of ammonia, other combustion strategies have to be
used.

* RCCI with ammonia and diesel has experimentally been achieved up to 81% am-
monia by Chiera et al. [2022] in an engine comparable to the AmmoniaDrive test

engine.

e With RCCI combustion, the reactivity of the fuel adjustable and with that, the
ignition delay and the combustion phasing controllable.

* The stratification of fuel reactivity influences the pressure rise rate.

24



5 In-cylinder processes

This chapter reports on the available knowledge regarding in-cylinder processes for a CI
ICE ammonia engine. Five in-cylinder processes are distinguished, shown in Figure 5.1.

Air intake Injection Mixing Ignition Combustion

Figure 5.1: Overview in-cylinder processes

5.1 Air intake

The required air intake temperature has been experimentally and numerically studied by
Pochet et al. [2017b]. Their results are shown in Figure 5.2. When injecting the ammonia
into the air-in-take manifold, the cooling effect of the vaporization is something to consider.

Intake temperature (K)

632 1
simulations
508
experiments of
I. - -
427 - , .
0 60 g5 100
NH; %vol.

Figure 5.2: Required intake temperatures for NHz/Hy mixtures such that the autoignition
occurs close to TDC. ¢ varies between 0.21 @ 100% H, and 0.27 @ 61% NH3

In the study of Zhang et al. [2022] towards the RCCI combustion of ammonia and n-heptane,
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5 In-cylinder processes

the intake temperature was kept at 313 K (40°C). The effect of different cylinder temperatures
has also been investigated by Herndndez et al. [2022] in a CVCC, their results are shown in
Figure 5.3. The difference between Ty= 535°C (blue) and Typ= 600°C (green) for the combustion
of different ammonia substitutions and diesel, is significant.
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Figure 5.3: Pressure traces of CVCC for different compositions of diesel-ammonia and diesel-

hydrogen with py=21 bar and Tp= 535°C (blue) and To= 600°C from Hernandez et al. [2022]

5.1.1 Exhaust gas recirculation

The exhaust gas of an ammonia-hydrogen combustion contains water vapor. Therefore, it can
decrease the cylinder temperature increase if that is required. Pochet et al. [2020a] observed
a three-fold reduction of fuel-related NOx emissions by exhaust gas recirculation (EGR) with
an HCCI combustion, unfortunately it increased the N>O and unburned ammonia emissions.
Another effect observed by Pochet et al. [2020a], was the decrease of NO, due to reduced
oxygen availability as a result of the EGR.

5.2 Injection

The injection strategy has several variables, such as the method of injection, the timing, split-
ting up the injection into multiple injections, pressure, and shape of the spray. The Ammoni-
aDrive project has pre-set the injection of ammonia via PFI and hydrogen via DI. This section
therefore discusses the timing, multiple injections, injection pressure and shape of the spray.

5.2.1 Injection timing

Niki [2021b] investigated the effect of the diesel pilot injection timing on the combustion per-
formance. Their experiments had a 45% load contribution of ammonia (more details in Ap-
pendix C). The diesel pilot injection timing was varied between 10-65 CAD BTDC. Earlier than
65 CAD BTDC led to a sudden instability of the load and speed. The results of Niki [2021b] in-
vestigating the effect of diesel pilot injection timing is shown in Appendix G and Appendix H.
As can be seen from the graphs in the appendix, it is difficult to define an optimum diesel
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5.2 Injection

pilot injection timing. The GHG effect of the emissions and the possibilities to capture them
will influence what the optimal injection timing is.

Zhang et al. [2022] have conducted an experimental investigation towards the influence of
injection properties on a RCCI combustion of ammonia and n-heptane. Their results highlight
the importance of in-cylinder turbulence and n-heptane injection timing for the combustion of
ammonia.

Ryu et al. [2014a] tested different injection timings with diesel and ammonia. Their results
are shown in Figure 5.4. It can be seen that when there is more ammonia, the timing of the
injection is advanced to achieve successful engine operation. This is explained by the authors,
by the high latent heat of vaporization and increased ignition delay due to the ammonia.

Gray et al. [1966] already observed that combustion could only be achieved when ammonia
was injected early into the cylinder, not later than 40 CAD before the end of the diesel injection,
otherwise misfiring was occurred [Gray et al., 1966].
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Figure 5.4: Range of injection timing for effective combustion of DME-Ammonia (from Ryu
et al. [2014a])

5.2.2 Multiple injections

Niki et al. [2019] investigated a pilot and post injection in addition to a main injection, to
improve the combustion of ammonia and diesel. This study, however, has a low ammonia sub-
stitution, maximum 15%. Based on this work, Niki et al. suggest multiple diesel fuel injections
to reduce emissions. This is done in their subsequent work, Niki [2021a]. Unfortunately, this
is not retrievable.

Nair et al. [2019] investigated a dual injection strategy to overcome the load limit of an
RCCI combustion and create a multi-stage combustion. The first injection created a RCCI
combustion and the second injection a diffusion flame. With this strategy, higher loads were
achieved. Both Chiera et al. who investigated the RCCI combustion of ammonia and diesel
and Nair et al. are part of Woodward, a “designer, manufacturer and service provider of energy
control and optimization solutions” [Woodward, 2023].
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5 In-cylinder processes

Yousefi et al. [2022a] investigated the effect of splitting the diesel injection in an ammonia-
diesel engine with 40%y,,; of ammonia. The split diesel injection strategy increased the ITE
from 38.62% to 39.72% and reduced the unburned ammonia emissions by 83.5%, compared to
the best results for a single diesel injection.

5.2.3 Injection pressure

In the experimental work of Frost et al. [2021], although with ammonium hydroxide, diesel
was direct injected with a pressure of 500 bar.

A consideration is a variable pressure pulse (VPP) injection system, used in Kokjohn and
Reitz [2010]. This system can deliver multiple injections at different pressures within one cycle.
This could be interesting when one wants to achieve reactivity stratification.

5.2.4 Spray shape

The spray shape of an injection depends on the fuel and injection variables. The shape can
be, for example, parabolic, triangular, or rectangular. As discussed earlier, ammonia has a
relatively low viscosity of ammonia, which will influence the atomization, droplet formation,
turbulence, and spray formation. These properties will influence the combustion efficiency [Li
et al., 2022].

Research has been done by Pelé et al. [2021] towards the spray shape of ammonia after DL
DI of ammonia is outside the scope of AmmoniaDrive, however, it does illustrate the different
spray shapes and indicates the demand for additional research. The different spray shapes can
be viewed in Appendix E.

5.2.5 Other injection strategies

Sun et al. [2007], of the ERC of the UW-Madison where later RCCI was developed, investi-
gated adaptive injection strategies (AIS). AIS entails a variable geometry spray (VGS), variable
injection pressure (VIP) and using multiple injections. The background of this research was
the problems experienced within HCCI combustion, such as spray-wall impingement and the
extension to higher loads. They concluded that 1) AIS was an effective method to minimize
spray-wall wetting, 2) low-pressure injection is to be preferred to high pressure for HCCI and
3) a low pressure early injection, followed by a high pressure late injection produces two-stage
combustion (TSC) which results in lower emissions. Although this research is slightly older,
since the HCCI combustion of ammonia and hydrogen encounters similar problems [Zheng,
2020], their solutions could be valuable.

5.3 Mixing

Mixing is dependent on a considerable number of parameters. Several, not all, parameters are
listed;

¢ Injection properties

- Timing, spray shape, pressure, turbulence

¢ Time available to mix

— Dependent on the fuel(s), pressure, injection timing
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5.4 Ignition

* Geometry of the piston and combustion chamber

e Fuel(s)

— Autoignition behavior, phase, temperature

These variables illustrate the interaction between the properties and how immensely correlated
it is.

5.4 Ignition

Zhang et al. [2022] has optically investigated the RCCI combustion of ammonia and n-heptane.
The authors varied three things:

¢ The timing of the n-heptane injection: early or late.
¢ The mixture ratio: 70/ 30%energy (H30) and 50 / 50%energy (H50) ammonia /n-heptane.

* Turbulence intensity: lower turbulence intensity (type 1) and higher turbulence intensity

(type 2).

The images from the autoignition and flame propagation of Zhang et al. [2022] are shown in
Figure 5.5. The “a’ in the picture marks autoignition kernels.

The authors observed that the location of autoignition kernels is closely related to local
concentration of n-heptane and in a more homogeneous mixture, due to higher turbulence
intensity, the autoignition and combustion phasing are later delayed. This adds another mech-
anism to control the combustion phasing, namely controlling the turbulence.

Figure 5.5: Autoignition and flame propagation after an early injection of n-heptane. From:
Zhang et al. [2022]
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5 In-cylinder processes

5.5 Combustion

The combustion can be characterized based on the classification of fundamental combustion
phenomena based on Law [2006] and Heywood [2018]. Classifying the combustion will give
direction to which theories and models can be applied.

* Pre-mixed versus non-premixed combustion

¢ Laminar versus turbulent combustion

* Subsonic versus supersonic combustion

¢ Homogeneous versus heterogeneous combustion

The typical DI diesel combustion is non-premixed combustion, also known as diffusion com-
bustion. However, when ammonia is port fuel injected, the combustion becomes a more pre-
mixed combustion due to the higher premixed ratio and the ignition delay caused by ammonia.
This has been confirmed in experiments by Reiter and Kong [2011] and Nadimi et al. [2022].
Yousefi et al. [2022b] investigated ammonia/diesel dual-fuel operation mode experimentally
and numerically. The results indicated that due to the low flame speed of ammonia, the ther-
mal efficiency was decreased by increasing the ammonia energy fraction. The slow flame
speed in a premixed ammonia-air mixture generated a significant amount of unburned am-
monia. This will be improved by mixing ammonia and hydrogen, as shown in a study by
da Rocha et al. [2019]. Da Rocha et al. combined several experimental data sets and numeri-
cal models together to compare their results. It is shown that adding hydrogen, as expected,
increases the laminar flame speed and the laminar flame speed is plotted against the H, mole
fraction.

HCCI combustion has been experimentally investigated by Pochet (Pochet et al. [2017b];Pochet
et al. [2020a]) and by Zheng [2020]. Pochet et al. report that the successful combustion is very
dependent on the charge air temperature and Zheng concluded in his thesis that a HCCI
combustion of ammonia & hydrogen is not optimal in a SOFC-ICE configuration.

5.5.1 Pressure rise rate

Pochet et al. [2020a] identified the maximum pressure rise rate (MPRR) as the limiting factor
for HCCL This is shown in Figure 5.6. The tapering off the achievable IMEP is due to increased
friction and heat losses. Here lies a potential opportunity for reactivity controlled compression
ignition, to decrease the MPRR.
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Figure 5.6: The obtainable IMEP tapers off as the maximum pressure rise rate increases

¢ The HCCI combustion of ammonia and hydrogen requires a high air intake tem-
perature. A lower air intake temperature is worthwhile to investigate, and this
could potentially be achieved by a small amount of diesel.

* Turbulence has a significant effect on the ammonia ignition in an RCCI or HCCI
combustion with ammonia and a carbon-base fuel. Because an increase in turbu-
lence delays the ignition due to creating a more homogeneous mixture.

¢ Combining RCCI with PPCI, by employing a second injection causing a diffusion
combustion, could be a method to achieve a higher combustion efficiency.

* Properties of ammonia-hydrogen mixtures under engine conditions are starting
to become available in literature.

* RCCI can potentially decrease the MPRR, which is a limiting factor for achieving
a higher IMEP via HCCL
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6 Emissions

Emissions are one of the main driving forces behind alternative fuels, as mentioned in
the introduction. Ammonia and hydrogen are carbon-free molecules, which is viewed
as their key selling point. However, the emission of nitrogen oxides is a concern, also
due to the fuel-bound nitrogen. Fortunately, the MMMCZCS concluded that if there
is industry-wide collaboration, then the emissions from ammonia fueled power trains
will not a become a "showstopper’ [MMMCZCS, 2023].

This chapter will elaborate on the harmful emissions related to the CI combustion of
ammonia, hydrogen, and a carbon-based fuel.

6.1 Measuring global warming effect

The Global Warming Potential (GWP) is a measure to compare the global warming effect of
different gases. It indicates how much energy a gas will absorb over a period of time (usually
100 years), relative to carbon dioxide.

The GWP also considers the time a certain gas will be present in the atmosphere. As an
example, COj; is present for thousands of years, while the lifespan of nitrous oxide is 114 years
on average [US EPA, 2023].

6.2 CO2 and CO

As mentioned, CO; is a long-lived greenhouse gas. The amount of CO; is directly related to the
amount of combusted carbon-based fuel. The technology to remove the CO, from the exhaust
and renew it to fuel, is energetically not attractive due to the stability of the CO,-molecule and
also economically not viable yet.

Carbon monoxide (CO) results from incomplete combustion. The results of Niki et al. in
Appendix H for a PPCI combustion show that CO increases for a higher amount of NH; when
the diesel is injected 45 CAD BTDC, but even decreases slightly with an earlier diesel injection
of 60 CAD BTDC.

The results of Yousefi et al. [2022b] for a CDF combustion are shown in Figure 6.1, there
the CO emissions increase with increasing %.; NH;3. This indicates the dependency of CO
emissions on the combustion efficiency.

6.3 NOx

NOx consists of nitric oxide (NO) and nitrogen dioxide (NO;). Another distinction is made
between fuel NOx and thermal NOx. Fuel NOx originates from the fuel, which is relevant for
ammonia. And thermal NOx is formed from nitrogen in the combustion air.
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Figure 6.1: CO emissions of a CDF combustion as function of the %energy NH3 from Yousefi
et al. [2022b]

Lhuillier et al. [2020] investigated the emissions from the combustion of an ammonia-hydrogen
mixture in SI engine, the results are shown in Figure 6.2. Details of this study can be viewed
in Appendix C.

Exhaust gas recirculation (EGR) decreases the amount of NO but increases the amount of
NO,, as can be seen from the experiments of Pochet et al. [2020a]. The decrease of NO is
thought to be realized by the lower amount of oxygen available, and therefore the favoring of
N, formation instead of NOx [Pochet et al., 2020a].

6.4 N20

Nitrous oxide (N,O), also known as laughing gas, has a GWP that is 298 times higher than
COy. It has an average life-span of 114 years [US EPA, 2023]. Over the past 150 years, increasing
atmospheric N> O concentrations have contributed to stratospheric ozone depletion and climate
change.

N,O is an intermediate species in the combustion of ammonia and can thermally decompose
above 1073 K [Niki, 2021b]. There is an unfortunate interaction between NOx and N,O, which
can be clearly viewed in the results of Niki et al. in Appendix G and Appendix H. When N,O
emissions decrease, NOx emissions rise. Where the optimum is for an engine, also heavily
relies on the possible exhaust treatment.

6.5 Ammonia
The MMMCZCS has identified three sources of ammonia emissions related to ICEs fueled by
ammonia. These are boil-off gas (BOG) from fuel tanks, ammonia from venting and purging

operations, and unburned ammonia from the ICE [MMMCZCS, 2023]. Accumulating evi-
dence indicates that ammonia has to be prevented from entering the atmosphere. Although
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Figure 6.2: Emissions for varying H,% and equivalence ratio in a SI engine from Lhuillier et al.
[2020]

ppm limits for release, alarm, and safety

Classification Society - Source
systems activation
ABS 10 ppm as release/exhaust limit, gas alarms at 25 ABS, "Guide for Ammonia Fueled Vessels", September
ppm and safety systems activated at 150 ppm 2021
BV 30 ppm exposure limit, triggering shut down and Bureau Veritas, "AMMONIA-FUELED SHIPS TENATIVE
other safety measures RULES - NR671 - JULY 2022", 2022
95 pom as releaselexhaust limit. same safety and ClassNK, “"Guidelines for Ships Using Alternative Fuels
Class NK ppm as re . Y (Edition 2.0) - Methy/Ethyl Alcohol/LPG/Ammonia, June
alarm provisions as Korean Registry 2022
) DNV, RULES FOR CLASSIFICATION, Ships, "Part 6
30 ppm as release/exhaust limit, gas alarms at 150 L ) .
DNV m and safety systems activated at 350 bom Additional class notations, Chapter 2 Propulsion, power
PP sy PP generation and auziliary systems”, July 2022
Korean Register Safety systems activated at 300 ppm. Alarm Korean Register, "Guidelines for ships using Ammonia
9 sounds at 25 ppm as fuels (2021.26)", 2021
Prevent venting in normal and abnormal conditions.  Lloyd's Register, Notice No. 1, Rules and Regulations
Lloyd's Register Safety systems activated at 220 ppm and alarm for the Classification of ships using Gases or other
sounds at 25 ppm. Low-flashpoint Fuels, December 2022

Figure 6.3: Ammonia limits in ppm from Class guidelines from MMMCZCS [2023]

the mechanisms are not fully understood yet, it appears that ammonia can create secondary
organic aerosols and PM [Kane and Northrop, 2021]. Secondary organic aerosols are a com-
bination of gas- and solid-phase molecules. The molecules are formed by multi-generation
oxidation of a parent organic molecule, ammonia in this case [Yee et al., 2012].

The MMMCZCS has listed the ammonia limits in ppm from class guidelines, their table is
shown in Figure 6.3. 10-35 ppm is listed as acceptable as an exhaust limit. Comparing these
numbers to the emissions listed in Appendix C, it can be concluded that there is still a large
gap between what is achieved and what is required by class.

It can be observed in the results of Lhuillier et al. [2020], shown in Figure 6.2, that an in-
creasing % of hydrogen and a leaner mixture, decreases the amount of the unburned ammonia.
However, it increases the NOx emissions.

Ammonia emissions will increase with a higher compression ratio, this can be seen in the
results ofMounaim-Rousselle et al. [2022] shown in Figure 6.4. This could be explained by
more ammonia trapped in the crevices at higher compression ratio’s.
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Figure 6.4: NOx and NHj3 emissions for different CR and ¢. From Mounaim-Rousselle et al.
[2022]

6.6 Hydrocarbons

Hydrocarbon emissions originate from carbon-based fuels. It appears that an earlier injection
of diesel, causes more hydrocarbon emissions. This can be observed in the results of Niki
[2021b] in Appendix G and Appendix H.

6.7 Soot

There are not many experimental studies reporting on soot emissions. Reiter and Kong [2011]
did measure soot and their results are shown in Figure 6.5. It is noteworthy that for lower
contributions of ammonia, the soot emissions rise compared to the diesel-only combustion.
When the contribution of ammonia is further increased, the soot emissions decrease.

6.8 Selective catalytic reduction

The AmmoniaDrive Research Project and other researchers describe the use of the unburned
ammonia in an SCR to reduce the NOx in the exhaust. Pochet et al. [2020a] refer to a ratio of
[NH3]/[NOx]~ 1 for effective reduction. Chiera et al. [2022] proposes a similar strategy with
a ratio of 1.2:1 for [NH3]/[NOXx].
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Figure 6.5: Soot measurements from Reiter and Kong [2011]

Key points

e H;, can decrease the unburned ammonia emissions, but increases the NOx, al-
though more in leaner mixtures than in more fuel rich mixtures.

* There appears to be a reciprocity between NoO and NOx, when one decreases,
the other increases.

¢ There is a considerable gap between the maximum allowable level of emissions
and the level from experimental research.

* When comparing the emissions, this can only be achieved when all harmful emis-
sions and countermeasures, such as an SCR, are taken into account.
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7 Engine characteristics

This chapter reports on the engine characteristics, relevant to know preparing for ex-
periments. In addition, it covers some employed technologies to improve the (RC)CI
combustion of ammonia and hydrogen. The literature, on which this chapter is based,
is largely experimental literature.

7.1 Engine speed

Ammonia has a high autoignition resistance and low flame speed, and therefore it appears a
logical consequence that ammonia engine speeds are lower. This is supported by Ryu et al.
[2014b] reporting on limitations on the engine speed when substituting DEE with ammonia.
In several other experimental studies with (partly) ammonia fueled engines, the engine speed
is also lower compared to diesel engines. This can be observed in Appendix C. The engine
in the experiments of Yousefi et al. [2022a] with 40%;;4ss ammonia ran at 910 rpm. However,
the recent study of Wang et al. [2023] did achieve 1800 rpm with an ammonia substitution of
70%]0a4-

7.2 Compression ratio

Gray et al. [1966] determined a required compression ratio (CR) of 35 for the combustion of
pure ammonia in a diesel engine. These very high compression ratios are unfavorable due
to the high friction it will induce [Pochet et al., 2017b]. Fortunately, Pochet et al. [2020a] has
achieved a HCCI combustion with 94%,;,,,. ammonia and hydrogen with a compression ratio
of 22.

The CR has also been studied numerically. Schonborn [2021] studied the influence of the
compression ratio on the ignition of ammonia and aqueous ammonia with a zero-dimensional
single-zone combustion model. This simulation study of Schénborn resulted in a required CR
for pure ammonia of 24.8 and for aqueous ammonia a CR of 26.7 (25:75%j4ss ammonia:water).
Schonborn also investigated the effect of a direct injection of hydrogen at 3 CAD before top
dead center (BTDC) on the ignition of aqueous ammonia with a zero-dimensional two-zone
model. This resulted in a required CR of 24, and it is likely that a CR of 23 could also ignite
the aqueous ammonia due to flame propagation.

When comparing the required compression ratios in the literature with the test engine avail-
able in the AmmoniaDrive project, the required compression ratio for the autoignition of pure
ammonia & hydrogen is unlikely to be achievable by the test engine. Although Schénborn
does not report results for pure ammonia & hydrogen, knowing the difference in the required
CR for combustion of pure ammonia without hydrogen, 24.8 versus 26.7, it is not likely to be
within reach for the AmmoniaDrive test engine.
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Figure 7.1: Dual fuel injector of Woodward L'Orange: nozzle and spray arrangement. Image
from Frankl et al. [2021]

7.3 Fuel delivery system

Zhu and Fan [2022] have investigated fuel delivery systems for alternative fuel engines and
identified factors that have to be considered.

¢ Sealing and lubrication due to phase transformations at certain pressures & tempera-
tures.

¢ Capacity of fuel flow due to the potential lower energy density.

* Corrosion due to the corrosive nature of alternative fuels

Multiple fuels may require co-axial and/or multiple injectors

7.3.1 Injectors

Multiple injectors and/or co-axial injectors can be used to inject different fuels. When ammo-
nia is injected via PFI, hydrogen & a HRF can be injected via a DI co-axial injector. This also
limits the number of items having to be placed on the cylinder head.

Frankl et al. [2021] used a dual fuel injector of Woodward L'Orange, which can inject two
fuels independently. The main fuel can be injected at maximum 500 bar and the pilot fuel
at maximum 1800 bar. This type of injector could be suitable when one wants to achieve
reactivity stratification. The spray arrangement and injector nozzle are shown in Figure 7.1.

Yousefi et al. [2022a] injected ammonia via PFI and used two solenoid gas injectors (Gs60
model of Alternative Fuel System Inc.) to inject the ammonia into the intake manifold.

Kuta et al. [2023] used ammonia via PFI and the details of their ammonia port injection are
shown in Figure 7.2. Niki [2021b] used a Quantum gas injector (type: 110764) to inject gaseous
ammonia into the intake manifold. Another ammonia injection related technology, is the use
of an intake adapter to influence the in-cylinder turbulence, as done by Zhang et al. [2022]
while investigating the RCCI combustion of ammonia and n-heptane.

Bao et al. [2022] investigated a hydrogen engine with direct injection of hydrogen. Their
hydrogen injector achieved a maximum flow rate of 2.66 mg/ms with the injection pressure of
14 MPa.
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Figure 7.2: Details of port fuel injectors of Kuta et al. [2023]

7.3.2 Plenum

To ensure a homogeneous mixture is formed, a plenum can be used. This is done by Pochet
et al. [2017b] to achieve HCCI with an ammonia and hydrogen mixture. It could be sensible
to investigate the in-cylinder pre-combustion behavior of the fuels and assess which measures
should be taken to ensure the desired stratification or homogeneous distribution is achieved.

7.3.3 Pre-heating

Frigo and Gentili [2013] used a heated vaporizer in ammonia experiments, to counteract the
higher latent heat of vaporization. Niki [2021b] offset this by heating the ammonia cylinders
to 40°C to maintain the pressure of the ammonia gas supply. Reiter and Kong [2011] also
report on chilling of the ammonia tanks due to the phase transformation from liquid to gas of
ammonia. This caused the tank pressure and fuel flow to drop.

The result of a numerical study of Frankl et al. [2021] shows that pre-heating the ammonia
will improve the combustion efficiency, their reference point is 350 K (=77°C). This is also
done in the experimental study by Lhuillier et al. [2020], where the fuel is premixed (ammonia,
hydrogen, and air) and heated to 323 K (=50°C).

7.3.4 Pre-chamber

The effect of pre-chamber jet-induced ignition on the combustion of pure ammonia has been
investigated by Meng et al. [2023], experimentally in a CVCC and with a CFD model. They
spark ignite a rich mixture of ammonia and air in the pre-chamber. The results indicate it to be
an effective way to counteract the low flammability of ammonia and accelerate the combustion
speed in the main chamber.

Wang et al. [2022] studied the feasibility of hydrogen jet flame ignition, specifically in marine
large-bore low speed engines, and concluded it to be a viable option. The jet flame was
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developed by spark igniting hydrogen in a pre-combustion chamber to form a hydrogen jet
flame. The jet flame ignited the ammonia in the cylinder. With this ignition strategy, it would
be possible to eliminate the need for diesel as a pilot fuel. The hydrogen energy corresponded
to 1.68% of the total fuel energy.

7.4 Piston design

HCCI and PCCI were troubled by high CO and unburned hydrocarbons (UHC) emissions due
to a low combustion efficiency. This has been greatly improved by innovations in the piston
design and by limiting the crevice volumes [Kokjohn et al., 2011]. Another solution is to
minimize the crevice volume, as done by Pochet et al. [2020a] for their HCCI combustion
experiments of ammonia and hydrogen by using a flat piston.

Regardless of the combustion mechanism, ammonia is expected to be difficult to combust
around crevice regions due to the low flame speed and long quenching distance, this confirms
the need for a well-designed piston.

7.5 Material factors

Ammonia is corrosive to copper, copper alloys, nickel and plastics [Dimitriou and Javaid,
2020]. Therefore, Kuta et al. [2023] use an ammonia-resistant elastic pipe of PTPE and Reiter
and Kong [2011] replaced brass, copper, and rubber components with mild steel and Teflon
counterparts. In the experimental work of Zhang et al. [2022] with ammonia and n-heptane,
the components of the ammonia supply system are constructed of SS316L stainless steel. A
preventive measure could be flashing with conventional fuels after using a corrosive fuel as
ammonia, according to Starkman et al. [1967].

Kurien and Mittal [2022] report on hydrogen embrittlement and hydrogen ICE having signs
of hydrogen embrittlement in intake valves after longer operation.

¢ Engine speeds of CI ICE (partly) running on ammonia are often lower than the
same engine fueled by diesel only.

¢ Fuel injectors for the PFI of ammonia and DI of hydrogen are present in experi-
mental studies.

* Measures to offset the high latent heat of vaporization of ammonia have to be
considered.

* It could be sensible to assess which measures, such as a plenum or piston design,
should be taken to minimize crevice regions and to ensure the desired distribution
of fuel is achieved.

e Material factors, such as the corrosive nature of ammonia, have to be considered.
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8 Models in literature

This chapter reports on the available literature related to the modeling of a CI combus-
tion of ammonia and hydrogen. The background knowledge for this chapter can be
found in Appendix L.

First, the two main model types are discussed; thermodynamic and CFD models. Fol-
lowed by phenomenological models and chemical-kinetic mechanisms, which are em-
ployed by the thermodynamic and CFD models to incorporate phenomena or chemical
reactions.

8.1 Thermodynamic models

Zheng [2020] used a single-zone zero-dimensional model in this thesis, based on the work of
Dr.ir. Harsh Sapra to model the HCCI combustion of ammonia and hydrogen.

Pochet et al. [2017b] used a single-zone zero-dimensional model with a hydrogen-ammonia
kinetic mechanism. The goal of their model was to predict the timing of an HCCI combustion.

Mounaim-Rousselle et al. [2022] investigated the combustion of pure ammonia via SACI
with a zero-dimensional two-zone model. The two zones consisted of unburned fuel/air/EGR
and burned gases.

Schonborn [2021] employed a two-zones zero-dimensional model to investigate the ability
of a hydrogen injection to ignite a mixture of ammonia and air. Both zones consisted of a
homogeneously premixed mixture of aqueous ammonia and air, with hydrogen being injected
at3°CA before TDC into zone 1 of the reactor model.

Frost et al. [2021] also used a two-zones zero-dimensional model to investigate the effect
of substituting diesel by ammonium hydroxide at different engine loads. Both zones initially
consist of an ammonia-air mixture and zone 1 receives a diesel injection. As zone 1 is sur-
rounded by zone 2, the heat transfer to the walls only occurs in zone 2. The model is shown
in Figure 8.1

8.2 Fluid dynamic models

Chiera et al. [2022] used a CFD model to do a feasibility study before experimentally investi-
gating the RCCI combustion of ammonia and diesel.

Yousefi et al. [2022a] used a CFD model to study the split diesel injection and observed that
their simulation results correspond well to the experimental data.

Wang et al. [2023] have investigated high pressure compression ignition with diesel of am-
monia and hydrogen by conducting experiments and simulations. The results of their CFD
simulations are of the pressure and heat release rate are very consistent with their obtained
experimental data.
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Figure 8.1: Engine model of Frost et al. [2021] illustrating the zones

8.3 Phenomenological models

Phenomenological models can be employed to incorporate phenomena, such as the heat trans-
fer to the wall and the combustion, into an engine model or simulation. In some literature, a
heat transfer model is referred to as a heat transfer correlation.

This overview will show the demand for more accurate phenomenological models for the
HCCI/RCCI combustion of ammonia and hydrogen. Especially for initial design and con-
trol studies, these low-fidelity, phenomenological models are useful because they require less
computational time than CFD models.

8.3.1 Heat transfer model

In a thermodynamic model, the heat transfer to the wall is typically modelled by an empir-
ical model. The applicability of several empirical heat transfer models for modelling HCCI
combustion is assessed by Broekaert et al. [2015]. The models of Annand, Hohenberg and
Hensel were deemed to be able to predict the heat transfer to the wall in a HCCI combustion.
However, it was concluded that the model coefficients are only accurate for one operating
point.

The conditions Broekaert et al. [2015] used to assess the heat transfer models are shown in
Figure 8.2a. When these are compared to the operating conditions of the HCCI combustion
ammonia & hydrogen of Pochet et al. [2020a], shown in Figure 8.2b, it can be seen that the
intake temperature for the combustion of a high ammonia % is significantly higher. A larger
deviation can be seen in the equivalence ratios.

The model of Hohenberg for the heat transfer is employed by Pochet et al. [2017a], inves-
tigating HCCI combustion of ammonia and hydrogen. In subsequent research, Pochet et al.
[2020a] updated the heat transfer model of Hohenberg, based on their experimental data. The
reasoning behind choosing for the Hohenberg model is described further in a separate publi-
cation, Pochet et al. [2020b].

It will be a challenge to model a RCCI combustion of ammonia and hydrogen, due to the
changing operating points, which could require changing the heat transfer model coefficients.
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8.4 Chemical-Kinetic Mechanisms

Run Tin NH; do
(#) (9 (%vol.) Q]
Al 50-240 0-94 0.1-0.65
1 175 3777 0.22
2 50-205 0-91 0.25-0.38
3 52,177 0, 92 0.26, 0.65
4 82 0-50 0.15-0.38
Operating Inlet air Air-to-fuel | Operating 5 175 70-91 0.17-0.58
point temperature [°C] ;quwalence ratio | mode 6 110-210 50 017
1 28 - motored 7 130 33 0.19-0.26
2 160 4.0 fired 8 175 37-82 0.23
3 150 4.0 fired 175 37-75 0.23
4 150 4.7 fired 175 21-63 0.22
5 130 3.7 fired
— indlicates a continuous range.
6 115 27 fired , Indicates specific points.

. All were operated at 1,500 RPM and 1 bar intake pressure.
(a) Conditions assessment heat transfer models of

Broekaert et al. [2015] (b) HCCI runs Pochet et al. [2020a]

Figure 8.2: Comparison conditions assessment heat transfer models of Broekaert et al. [2015]
and HCCI runs Pochet et al. [2020a]

Additionally, the accuracy of the heat transfer models for RCCI combustion of ammonia and
hydrogen should be considered.

8.3.2 Combustion model

The Wiebe model is a phenomenological model for the combustion, and it can drive simulation
models of in-cylinder processes [Stapersma, 2010b]. Pochet et al. [2020a] use the Wiebe for the
combustion of ammonia and hydrogen with a duration of 8 CAD. It is also used by Lasocki
et al. [2019] in a simulation feasibility study. However, their results are not validated with
experimental data.

A phenomenological model, used for the HCCI combustion of ammonia and hydrogen, is
Seiliger in the thesis work of Zheng [2020].

Recently published work of De Bellis et al. [2022] describes a multi-zone phenomenological
model for a RCCI combustion which can describe the autoignition and flame propagation.
This model has not yet been used in literature.

8.4 Chemical-Kinetic Mechanisms

The chemical-kinetic mechanism used by Pochet et al. [2017b] to model the HCCI combustion
of ammonia and hydrogen, was based on Mathieu and Petersen [2015]. This mechanism
is validated at 30 bar and for lean conditions (equivalence ratio 0.5-1.0). However, Pochet
et al. observed an underestimation of the resistance to autoignition when comparing their
experiments with the simulations. In their subsequent research, Pochet et al. [2020a] use the
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same O-dimensional model, but the kinetic mechanism of Song et al. [2016] is employed. This
is also used by Schonborn [2021].

The chemical kinetic mechanism of Song et al. [2016] is validated for pressures of 30-100
bar, and temperatures of 450-925 K. From the experimental investigations of Pochet et al. it
can be seen that the temperature range of this mechanism is too low.

For the combustion of diesel and ammonia, Convergent Science provides a mechanism,
used by the CFD model of Chiera et al. [2022]. This mechanism is partly based on Stagni
et al. [2020], which is also used by Mounaim-Rousselle et al. [2022] to model the SACI in a
zero-dimensional, two-zone model. The chemical-kinetic mechanism of Stagni et al. [2020] is
based on higher temperatures, 500-2000 K but the experimental data is only from pressures
close to atmospheric pressure.

The chemical-kinetic mechanism of Stagni et al. [2020] has been improved by Bertolino et al.
[2021]. The resulting chemical-kinetic mechanism is employed by Convergent Science, a soft-
ware developer, and this is used by the CFD model of Chiera et al. [2022].

It can be concluded from the literature that there is no chemical-kinetic mechanism available
that has been validated for CI engine conditions.

8.5 Software

One software used to model the combustion of ammonia is Chemkin Pro, which is available
within ANSYS. This software is used by Mounaim-Rousselle et al. [2022], da Rocha et al.
[2019] and Reiter and Kong [2008]. It has several built-in models, such as a single-zone zero-
dimensional HCCI model and zero-dimensional 2-zone SI model.

Cantera is another widely used software to model combustion. Schénborn [2021] and Frost
et al. [2021] use Cantera for a zero dimensional 2-zone model of an aqueous solution of am-
monia.

And lastly, there is CONVERGE by Convergent Science, a computational fluid dynamic
modelling software. This is employed by, among others, Chiera et al. [2022] and Yousefi et al.
[2022Db].

8.6 Modelling Cl combustion concepts with ammonia

The RCCI combustion mechanism with the diesel seeded premix of Chiera et al. [2022], cannot
be modelled with a zero-dimensional singe-zone thermodynamic model. Because the ignition
delay of the fuel is based on local autoignition of diesel. Counterintuitively, an earlier injection
leads to a more homogeneous charge and therefore a longer ignition delay. A later injection
leads to larger droplets of diesel, which leads to a short ignition delay. This effect cannot be
captured by a single-zone thermodynamic model.

An HCCI combustion concept of Pochet et al. [2020a] can be modeled with a single zone
thermodynamic model. However, when stratification is employed to control the combustion,
this has to be modelled with a multi-zone thermodynamic model, because of the different
zones.

Multiple runs of a single zone thermodynamic model with varying input parameters, such
as the mixture composition or equivalence ratio, can provide insight into the required strati-
fication for RCCI combustion. An example is to vary the mixture composition or equivalence
ratio and investigate the effect on the ignition delay. But to assess the engine cylinder perfor-
mance, a multi zone model is required.
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* Modelling an RCCI combustion cannot be done with a single-zone zero-
dimensional thermodynamic model.

¢ There is a demand for improved phenomenological models and chemical-kinetic
mechanisms for the combustion of ammonia validated at CI engine conditions.
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9 Novel combustion strategies

Different strategies to combust ammonia via CI combustion were encountered in the
literature study. And until this chapter, everything that has been written came from
available research. This chapter introduces the first steps into an unexplored area. It
contains conceptual ideas for new NHj3 & Hj CI combustion strategies, inspired by
the results present in literature and the AmmoniaDrive combustion concept. Then the
chapter will converge to the first steps to be taken to assess a combustion strategy for
the AmmoniaDrive test engine.

9.1 Novel combustion concepts

The three combustion concepts are an RCCI concept, a PCCI stratification concept and a ho-
mogeneous charge hydrogen spark concept.

9.1.1 Concept 1: the RCCI concept

The RCCI concept is based on controlling the reactivity by changing the mixture composition
of ammonia, hydrogen, air, and HVO. Additionally, more reactivity control can be achieved by
controlling the timing of the HVO injection. This concept builds on the combustion concepts
of Chiera et al. [2022] and Pochet et al. [2020a].

Compared to the RCCI combustion concept of Chiera et al., there are two modifications: the
addition of hydrogen and the replacement of diesel by HVO. Both modifications are aimed at
minimizing the required amount of HRF by improving the combustion of ammonia. Hydrogen
has been proven to be capable of this [Lhuillier et al., 2020]. And HVO has proven to be more
capable than diesel in combusting ammonia [Hernandez et al., 2023]. The results of Hernandez
et al. are shown in Appendix D

Compared to the HCCI combustion concept of Pochet et al., the addition is the HVO. HVO
is added to lower the required compression ratio and air intake temperature. The compression
ratio of concepts fueled by a carbon-based promoter fuel and ammonia, are considerably lower
than the required compression ratio of 22 for the HCCI combustion of ammonia and hydrogen.
This can be seen in Appendix C.

The mixture composition of ammonia, hydrogen, air, and HVO will depend on operating
conditions, such as load and charge air temperature. The dependence on the latter could
mitigate the issues due to variations in charge air temperature, as encountered by Pochet
et al. [2017b]. Furthermore, this concept could potentially widen the operating window of the
HCCI combustion concept of Pochet et al. by decreasing the maximum pressure rise rate at
high loads by decreasing the reactivity at those loads.

The RCCI combustion concept requires a control system that adapts the fuel mixture based
on operating conditions, such as the measured charge air temperature, the ignition delay, or
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load. In terms of hardware, it requires a controllable and flexible fuel delivery system.

9.1.2 Concept 2: the PCCI stratification concept

The PCCI stratification concept is based on controlling the combustion by varying the stratifi-
cation in the combustion chamber. This concept is illustrated in Figure 9.2.

The stratification can, for example, create a more ammonia rich zone in the middle of the
combustion chamber and a more hydrogen rich zone towards the wall of the cylinder. As the
temperature is normally highest in the middle of the combustion chamber, this could dampen
the pressure rise rate. A more hydrogen rich zone towards the cylinder wall should leave less
unburned ammonia in the crevice regions.

Ammonia and hydrogen may be suitable for the stratification concept, because of their dif-
ference in mass. Achieving the in-cylinder stratification and adapting it to operational condi-
tions, would require a sophisticated injection and control system. And in terms of modelling,
this injection would probably require a CFD simulation. If it is assumed that stratification
is achieved, then the stratified charge before autoignition, could be set as the initial condi-
tion in a multi-zone zero-dimensional thermodynamic model. This would limit the required
computational resources and make it easier to do an initial feasibility assessment.

9.1.3 Concept 3: the homogeneous charge hydrogen spark concept

The third concept is a combination of a homogeneous charge and dual hydrogen injection.
The ammonia and early hydrogen injection form a homogeneous mixture. This results in a
slightly lower autoignition temperature or higher flame speed once ignited, compared to a
pure ammonia charge. The second hydrogen injection causes a local hydrogen rich region.
This region should autoignite, and then there are two options. The first is a propagating flame
which ignites the homogeneous ammonia-hydrogen mixture. The second option is an increase
in temperature, due to the combustion of the second hydrogen injection, which causes the
homogeneous ammonia-hydrogen mixture to autoignite.

The injection strategy is shown in Figure 9.2 and is inspired by the work Nair et al. [2019]
and Yousefi et al. [2022a].

Modelling this concept can be done with a multi-zone thermodynamic model. A simplifying
assumption would be that there is no mass transport between the second hydrogen injection
and the homogeneous mixture of ammonia and hydrogen.

my

NH,
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Figure 9.1: Injection timing of the homogeneous charge hydrogen spark concept
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Figure 9.2: Graphical illustration of the three concepts

0.2 Trade off

Three CI combustion concepts for ammonia and hydrogen have been introduced: an RCCI
concept, a PCCI stratification concept, and a homogeneous charge hydrogen spark concept.
These concepts have not been investigated yet in available literature. An initial estimation of
their feasibility could have been done within this thesis work. However, a trade-off had to be
made to determine the focus of the thesis work. Factors involved within this trade-off are what
is valuable for the AmmoniaDrive Research Project, what can be modelled with the available
knowledge, what fits within the constraints of the thesis, and what is the most promising to
explore.

Considering the three concepts from the perspective of the AmmoniaDrive project, a first
point of interest is the compression ratio of the test motor, which is approximately 14. Using a
carbon-based fuel, lowers the required compression ratio compared to the required compres-
sion ratio of 22 for an HCCI combustion of ammonia and hydrogen. Given the compression
ratio of the test motor, the combustion concept to be investigated will probably have to make
use of a carbon-based fuel to ignite.

The next discussion point is the type of carbon-based fuel. Chiera et al. used diesel, however
considering the findings of Herndndez et al. [2023], HVO seems more promising. The results
of Hernandez et al. are shown in Appendix D. When viewing the top two graphs in the
middle, HVO seems to be better capable of supporting the ammonia combustion. There is
some controversy surrounding HVO because of possible competition with food production.
However, waste and residues form more than 80% of the input [Herndndez et al., 2023] and
the amount for an RCCI combustion should be less than 19%ene,gy. Based on this, HVO seems
promising to investigate as the carbon-based fuel.

The decision to make use of a carbon-based fuel, excludes the third concept, the homoge-
neous charge hydrogen spark, as a thesis focus. The RCCI and PCCI stratification concepts
can both be carried out with ammonia, hydrogen, and HVO. Given the two concepts, the RCCI
combustion concept seems a logical start because the RCCI involves a homogeneous charge of
the combustion chamber. This can be modelled by a single-zone zero-dimensional model. If
the RCCI appears to be limited due to a high maximum pressure rise rate, stratification can
be employed. This corresponds to the PCCI stratification concept. Then the model has to be
expanded to a multi-zone zero-dimensional thermodynamic model. Concluding, the focus of
the thesis work will be the RCCI combustion concept.

To model phenomena such as heat loss, heat release rate, and the combustion, more ac-
curate phenomenological models and chemical-kinetic mechanisms are required. The models
and chemical-kinetic mechanisms currently available do not fully cover the conditions encoun-
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9 Novel combustion strategies

tered in the CI combustion of ammonia and hydrogen. Without those accurate phenomeno-
logical models and chemical-kinetic mechanisms, it could prove difficult to accurately assess
the feasibility of a RCCI combustion of ammonia and hydrogen. This should be considered
when evaluating the modelling results.

On the other side, Pochet et al. [2020a] did achieve modelling results which were consis-
tent with their experimental data with a single-zone zero-dimensional thermodynamic model.
Their result indicates that it is possible to do an initial estimation of the feasibility. The model,
developed during the thesis, can be tested with the experimental results of Pochet et al. [2020a]
and Chiera et al. [2022]. This will not be a validation, as not all data is available, but it will
give some indication of the reliability of the model.

9.3 Investigating a combustion strategy for the AmmoniaDrive
test engine

The previous chapters have provided an overview of the state-of-the-art knowledge in the
literature regarding ammonia as a fuel for a compression ignition engines. The overview
has been concluded by several novel combustion concepts in this chapter. These concepts
could potentially increase the feasibility of a (partially) ammonia fuelled CI ICE. An initial
assessment of the feasibility of new concepts, can be done with modelling. Therefore, in
this graduation research, two models have been developed to investigate some compression
ignition combustion strategies.

The first model focuses solely on the ignition by investigating the ignition behavior of dif-
ferent mixture compositions at varying top dead center (TDC) conditions with the so-called
“ignition model”. This is a single zone thermodynamic constant volume reactor model. This
model and the results of the ignition research are covered in chapter 10.

Subsequently, the ignition model is used as a basis for the “engine cylinder model”, The
objective of this model is to provide an initial estimate on the engine cylinder performance.
The model incorporates several CI ICE phenomena, such as a varying closed volume and a
heat loss model. The engine cylinder model is a single zone thermodynamic reactor model.
This model and the results of the single engine cylinder research are covered in chapter 11. An
overview of both models is listed in Table 9.1.

As this research aims to provide input for the AmmoniaDrive project, the top dead center
conditions and other engine parameters are chosen to be comparable to the AmmoniaDrive
test engine of TNO Helmond.
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9.3 Investigating a combustion strategy for the AmmoniaDrive test engine

Ignition model

Engine cylinder model

- Temperature @ CA10

- Pressure @ CA10

- Pressure rise rate @ CA10
- Injected fuel energy

Type Single zone thermodynamic constant | Single zone thermodynamic reactor
volume reactor model model
Variables | - Mixture composition - Fuel composition based on energy
- equivalence ratio - Equivalence ratio
- Trpc - Inlet temperature
- PTDC - Compression ratio
- Engine speed
- Stroke and bore
- Heat loss
Output | - Ignition (CA10) relative to ¢y - Injected fuel energy

- Ignition (CA10) relative to TDC

- Pressure rise rate @ CA10

- Heat release rate

- Pressure

- Temperature

- maximum pressure rise rate (MPRR)
- Timing MPRR

- Combustion duration

- Efficiency Wout/ Qi

- Emissions

Table 9.1: Overview models

Ignition model

Engine Cylinder model

Ideal gas reactor with
air-fuel mixture
- cylinder

'
'
Ideal gas reactor with
air-fuel mixture '

. '

- cylmder' .
'

'

'

'

'

w

Figure 9.3: Graphical representation of the ignition model and the engine cylinder model with
the incorporated Cantera objects and what the objects represent.
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10 Ignition model

This chapter describes the research on the ignition of ammonia, hydrogen, and DME
mixtures. It consists of five parts.

The introduction including definitions, an overview, and context
Governing equations and definitions of the ignition model
Validation & Verification of the ignition model

Limitations, assumptions, and uncertainties

Results of the ignition model

The first objective of this chapter is to understand the effect of parameters such as the
equivalence ratio, the mixture composition, pressure, and temperature. The second
objective is to identify a range of feasible fuel properties. For example, to identify a
range of equivalence ratios which are worthwhile to investigate further.

The results of this chapter are used in the next chapter with the engine cylinder model,
to create insight into the possibilities and limitations of compression ignition combus-
tion in the AmmoniaDrive test engine.

First, “the ignition” has to be defined. In this research, the ignition is defined as the crank
angle where 10% of the fuel mass has combusted, CA10. In this report, CA10 and ignition are
interchangeable.

The investigated ignition properties are;

¢ The ignition delay, which is defined as the timing of CA10 relative to #y (start of simula-
tion). This will be different at the engine cylinder model, where the CA10 is relative to
TDC.

* The pressure rise rate at CA10.

¢ The temperature rise at CA10.

The variables are:

The fuel mixture composition
The equivalence ratio

The initial pressure (prpc)
The initial temperature (Trpc)

The initial pressure and temperature should be interpreted as the average conditions around
top dead center. Therefore, the CA10 identified by this model is not relative to TDC, but to
relative to the start of the simulation. The CA10 identified in the next chapter, by the engine
cylinder model, is relative to TDC. An example of the full output of the ignition model is
shown in Appendix N.

In this phase, it is not possible yet to set definitive target numbers, solely an order or mag-
nitude. For the ignition delay, this is approximately 2 CAD ATDC, which is approximately
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Figure 10.1: Mass fractions of NH; H; and DME during a stoichiometric constant volume
combustion of 72.0 %, NH3 , 19.5 %, Hy , and 8.5 %, DME with initial conditions of p = 50
bar and T =944 K.

CA10 of 4 CAD for the ignition model. Pochet et al. [2020a] investigated an HCCI combustion
of ammonia and hydrogen. They attempted to maintain a CA50 of 4 CAD ATDC. At their
engine speed of 1500 rpm, 4 CAD is equal to 0.44 ms. In this research, the engine speed is set
to 1200 rpm, then 4 CAD equals 0.56 ms. These numbers give an order of magnitude for the
timing of the ignition.

The MPRR will likely be a limiting factor. The MPRR of the test engine employed by Am-
moniaDrive is still unknown, but it was mentioned that ”10 bar/cad is already pretty noisy”.
Another order of magnitude can be deducted from other experimental studies. For example,
the test engine of Pochet et al. [2020a] had an MPRR of 12 bar/cad.

The results of the ignition research provide insight in when a homogenous mixture will
ignite. This homogeneous mixture can be interpreted as a cylinder with an homogeneous
charge, or as a local condition within the cylinder. Interpreting it as a local condition is, among
other things, relevant for local ignition in case of a fuel stratification. Such a stratification can
be intended to dampen the pressure rise rate. Investigating the ignition of different mixture
compositions will give some indication of the required stratification to achieve a dampening
effect of the pressure rise rate.

To investigate the ignition, a single zone thermodynamic constant volume reactor model is
employed. The constant volume is analogous to conditions around top dead center, where the
volume change is small.

The constant volume has the consequence that the motion of the piston, which varies the
volume, is not included. This leads, among other things, to a higher MPRR than in an ICE, as
the increasing volume after TDC is not included. The varying volume will be considered in
the second part of the research, when the combustion of NH3 , Hy , and DME is studied with
more CI ICE aspects included.

To create some context, an example is shown in Figure 10.1, this shows the mass fractions of
NH; , Hy , and DME during a stoichiometric constant volume compression ignition combus-
tion of 72.0 %, NH3 19.5 %, Hy and 8.5 %, DME with initial conditions of p = 50 bar and T =
944 K. The fuel ignites at 19.7 ms. This is equivalent to 35.5 CAD at 1200 rpm, which is much
too late. This example shows the necessity to investigate the ignition properties of different
fuel compositions at varying initial conditions to achieve ignition closer to top dead center.
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10.1 Modeling of the ignition and combustion

The investigation of the ignition properties is broken down into several research questions.

* How does the mixture composition of ammonia, hydrogen, DME, and air affect the
ignition properties?

e How do the prpc and Trpc affect the ignition?

¢ What effect does the addition of hydrogen to a mixture of ammonia, air, and DME have
on the required amount of carbon-based fuel to accomplish an ignition with adequate
properties?

10.1 Modeling of the ignition and combustion

The modeling of the ignition model is carried out in Matlab and Cantera. Cantera is a software
suite of tools which can integrate chemical kinetics into a model. The three Cantera Objects
that are relevant for this thesis are the Ideal Gas Reactor, the Reservoir, and the Wall. These
three objects are introduced here to be able to understand the governing equations of the
ignition model.

¢ Ideal gas reactor: is a reactor with a homogeneous phase and distribution of ideal gases.
It is defined by four state variables; the reactor volume, temperature, the mass of the
content, and the mass fraction of each species.

* Reservoir: this is a reactor that has a constant state. Therefore, the reservoirs’ tempera-
ture, pressure, and chemical composition never change from their initial values.

¢ Wall: this is an object in between reactors which, among other things, can change the
volume of adjacent reactors and transfer heat between reactors.

The ignition model only employs the Ideal Gas Reactor, as can be seen from the schematic
overview in Figure 10.2. This seems a trivial figure, but it forms the basis of the model in the
next chapter, where the engine cylinder model employs the three objects to incorporate more
ICE phenomena. A more detailed description of the employed Cantera objects can be found
in Appendix M.

Ideal gas reactor with
air-fuel mixture
- cylinder

Figure 10.2: Graphical overview of the ignition model with the Cantera object Ideal Gas Reactor
and what it represents
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The models will make use of a chemical kinetic mechanism to provide the ignition and heat
release of the combustion. As chemical kinetic mechanism can predict, among other things,
the chemical heat release rate and the ignition delay of a chemical reaction. It contains the
sequence of elementary reactions by which the overall reaction occurs. Therefore, the chemical
kinetic mechanism also provides insight into the intermediate species during the combustion
reaction.

Cai et al. [2023] provides an overview of available kinetic mechanisms for ammonia com-
bustion. This overview is shown in Appendix J. As can be seen in the overview, there is no
chemical kinetic mechanism yet which focuses on ammonia, hydrogen and a carbon-based
fuel. The chemical kinetic mechanism of Shrestha et al. [2018] does contain these fuel compo-
nents.

The mechanism of Shrestha et al. contains 125 species (chemical compounds) and 1090 ele-
mentary chemical reactions. The species in the chemical mechanism of Shrestha et al. are listed
in Appendix ]. Many species are reaction intermediates, these are species that are the result
of previous elementary reactions and are consumed in later elementary reactions. Reaction
intermediates, therefore, do not appear in the overall reaction. The species in the mechanism
of Shrestha et al. are listed in Appendix K and includes intermediate species.

The chemical kinetic mechanism is distributed by three TXT files. These three files carry the
kinetic mechanism, the transport properties, and the thermochemistry. Appendix L describes
how the TXT files have been converted into the chemical kinetic mechanism in YAML-format,
which is employed in both the ignition model and the engine model.

10.2 Equations

This section will describe the governing equations of the ignition model, a single-zone constant
volume thermodynamic model.

10.2.1 Governing equations of the ideal gas reactor

The “ideal gas reactor’ is the Cantera object that represents the system where the combustion
takes place. There are four state variables and four governing equations for the ideal gas
reactor Cantera [2023a].

The state variables are:

¢ The mass of the reactor’s contents [kg]
e The reactor volume [1°]

The temperature [K]

The mass fractions for each species [-]

There are four governing equations for the ideal gas reactor object of Cantera. The first
equation, Equation 10.1, describes the mass content of the reactor.

dm . . .

ar Zmin - Zmout + Moy (10.1)
in out

‘Z—": =0-0+40
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10.2 Equations

The mass flows, i1, and 71y, are zero because the ignition model is a closed volume. And
the ignition model does not contain the Cantera object "Wall’, thus #,,; = 0. Therefore,
Equation 10.1 equals zero for the ignition model.

The second governing equation, Equation 10.2, describes the volume change. The subscript
'w’ refers to the Cantera object "Wall’.

av

w
av
i 0

In the ignition model, there is no Wall and thus no volume change. Equation 10.2 equals
zero for the ignition model.

The third governing equation, Equation 10.3, originates from the first law of thermodynam-
ics and describes the temperature.

dT av . . Vv . )
mcvﬂ = _PE +0Q+ Zmin (hin - ZukYk,in> - % Zmout - Emk,genuk (10.3)
in k k

out

For the ignition model, the third governing equation can be simplified to Equation 10.4, be-
cause:

¢ There is no volume change, %/ =0.

e There is no heat flow across reactor boundaries, Q =0.
¢ There is no mass flow, 7, = #igy: = 0.

In the ignition model, the change in species due to the chemical reaction (i g;) and the
internal energy of the present species (i) fully determine the temperature of the Ideal Gas
Reactor.

dar

mey—r = Y Tt gentik (10.4)
k

The change in species due to the chemical reaction (7 g.;), and the internal energy of the
present species (uy) are provided by the chemical kinetic mechanism of Shrestha et al. [2018].

The fourth governing equation of the ideal gas reactor describes each homogeneous phase
specie:

4y, . . .
m- = Y titin (Yiin — Vi) + itk gen — Yititawats (10.5)
in

There is no mass flow in, r1;;, = 0, and no mass flow through a Wall, ri1,,,;; = 0. Therefore, the
change in species (mddlt"), is equal to the change in species due to the chemical reaction (ry, gep)-
The fourth governing equation for the ignition model becomes:

4y, )
chtk = Mg gen (10.6)

More details on these equations can be found here:
https://cantera.org/science/reactors/idealgasreactor.html
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10.2.2 Definitions

Here are several definitions to understand the results.

Equivalence ratio

mf/mox
= —t 10.7
(mf/mox)stoic ( )

¢ > 1 corresponds to a fuel rich combustion and ¢ < 1 to a lean combustion.

Fuel energy

The fuel energy is defined as in Equation 10.9, in which the subscript 'i’ indicates the different
fuel components such as ammonia, hydrogen, DME.

Qf = ZLHVZ- -m; (10.8)

Fuel component energy percentage

o ~_ LHV;-m;
Yoe fuel; = 7& LHV, -m, (10.9)

CA10

Simulation results give a time for CA10, this is converted to crank angle degree (CAD). The
CA10 is calculated based on an engine speed of 1200 rpm.

tca1o - 1200 - 360

CA10 =
60

(10.10)

10.3 Verification & Validation

The verification and validation are based on Thacker et al. [2004]. Their work originates from
the decreasing possibilities for nuclear weapon testing, but the continued wish to develop new
nuclear weapon technology. Therefore, there was a need for a verification and validation of
models. So, the development could continue without, or at least with a decreased amount of,
tests.

The verification is considered first. The goal of the verification is to show that the model
implementation corresponds with the conceptual description. Therefore, the model behavior
is compared with reality. This is done by analyzing the modeling results for scenario’s with a
known outcome, such as a stoichiometric combustion which should leave no oxygen.

The verification is done by comparing the results with expectations. The following tests have
been executed:

¢ When the combustion is stoichiometric, no fuel or oxygen is left.
In a fuel rich combustion, fuel remains.

In a fuel lean combustion, oxygen remains.

Higher temperatures lead to lower ignition delays.

Higher pressures lead to lower ignition delays.
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It can be concluded from these verification tests that the determination of the stoichiometric
ratio is accurate, and the overall trends are as expected from first principles. After the verifi-
cation, the validation is done by comparing the modeling results to experimental results. The
objective of the validation has been well-phrased by Thacker et al.:

Validation

"The process of determining the degree to which a model is an accurate representation of the real
world from the perspective of the intended uses of the model.” [Thacker et al., 2004]

For the validation, outcomes of the model are compared with experimental and numeri-
cal data from literature. With this comparison, it will be shown that the modeling outcomes
are close to the experimental outcomes. Unfortunately, the ignition model can only be com-
pared to results of ammonia-hydrogen mixtures and ammonia-DME mixtures, as there are no
experimental results of the ignition of ammonia-hydrogen-DME available.

The two experimental studies used for the validation both originate from the Energy and
Sustainability Research Institute of the University of Groningen. Dai et al. [2020] investigated
the autoignition behavior of an ammonia-hydrogen mixture and Dai et al. [2021] studied igni-
tion delay times of ammonia-DME mixtures. Table 10.1 shows the properties of the experimen-
tal studies of Dai et al. and of this study. It can be concluded from this overview, that the TDC
conditions studied in this research are close or within the range of the experimental results.
This ensures that the experimental results of Dai et al. [2020] and Dai et al. [2021] suitable for
the validation of the ignition model.

When reviewing the results of Dai et al., it should be noted that the fractions used in the
two publications of Dai et al. are mole fractions and not energy fractions. Also the definition
of ignition used in both publications is “The ignition delay time was defined as the interval between
the end of compression and the maximum in the rate of pressure increase during ignition”. This
complicates a direct comparison difficult.

¢ In the NH3/H; mixture, 5%,,,; Hy equals 7.8%, Hy.
* In the NH3/DME mixture, 5%;,,,; DME equals 17.2%, DME.

Dai et al. [2020] Dai et al. [2021] This study
Type Experimental Experimental Modeling
Mixture com- | NHz  with  0- | NH3 with 0, 5, and | NHj
position 10% 01, Ha 100 %070 DME
Pressure 20-75 bar 10-70 bar 50-70 bar
Equivalence 0.5 and 1.0 0.5,1.0 and 2.0 0.1-0.45
ratio
Temperature | 1040-1210 K 610-1180 K 1100-1175 K

Table 10.1: Comparison of the properties of this study to the experimental studies

Dai et al. [2020] compared their experimental results to the chemical kinetic mechanism of
Shrestha et al. and concluded that the mechanism underpredicts the ignition delay. Their
results are shown in Figure 10.3.
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Figure 10.3: Results of Dai et al. [2020] for ¢ = 0.5, Hy = 10%y,,,;. The points correspond to
experimental measurements, the lines correspond to different chemical kinetic mechanisms:
the dashed line for Shrestha et al. [2018], the dotted lines Mathieu and Petersen [2015], the
dash-dot line Klippenstein et al. [2011], the solid line to the mechanism of Dai et al. [2020]

The results of the ignition model with the parameters of Dai et al. [2020] are shown in
Figure 10.4. The results match the results of the Shrestha et al. [2018] in Figure 10.3. This
confirms the implementation of the chemical kinetic mechanism. However, it can be seen that,
as Dai et al. [2020] concluded as well, the ignition delay is underestimated. The mechanism
used in Dai et al. [2020] is the mechanism of Glarborg et al. [2018] with some modifications
described by Dai et al.. For future research, this could be an interesting chemical kinetic
mechanism to explore, as will be discussed in the Discussion.
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Figure 10.4: Results of the ignition model for NH3 /H, mixture with 10%;,,,;. H»
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Figure 10.5: Measured ignition delay times of NHz and DME mixtures at p.=60 bar and ¢ = 0.5
Dai et al. [2021]

The ignition model predicts that there is no ignition before approximately 880 Kelvin for
the NH3/DME mixture at p=60 bar and with ¢ = 0.5. For 900 K, the ignition model pre-
dicts an CA10 of 23 ms. Although the definitions of ignition differ, this is likely to be an
underestimation of the ignition delay time.

The conclusions on the validation of the ignition model are;

¢ The ignition delay time of NH3/DME is somewhat overestimated (the ignition occurs
earlier in RCM measurements).

¢ The ignition delay of NH3/H, is somewhat underestimated.

¢ There is no experimental data available regarding the ignition delay of ammonia, hydro-
gen, and DME.

For the objective of this model, gaining insight into the order of magnitude and trends, the
validation is acceptable but shows the need for additional experimental data.

10.4 Assumptions, limitations, and uncertainties

Most of the assumptions, limitations, and uncertainties of the ignition model are also applica-
ble to the engine cylinder model in the next chapter. Therefore, both models will be mentioned
to avoid cluttering the report and only engine cylinder model specific points will be mentioned
in the next chapter.

The models have several assumptions and limitations due to their set-up and due to the
properties of a single-zone thermodynamic model. The main assumptions are:

¢ Constant volume (only the ignition model)
Single-zone

No incorporation of fluid dynamics
Gaseous fuel

Ideal gas
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The constant volume of the ignition model leads to an overestimation of the pressure rise rate
at CA10 compared to a combustion in an engine cylinder. The pressure rise rate at varying
volume will be investigated in the next chapter with the engine cylinder model.

A single-zone models a homogeneous charge. Although an initial insight can be gained into
the required stratification, a limitation of both models is that they cannot predict the ignition
and performance of a stratified cylinder charge.

The single-zone cannot take into account the effect of crevice regions on the combustion
efficiency. The effect of crevice regions is relevant because of ammonia’s high quenching
distance, as discussed in section 3.1. These crevice regions will affect the combustion efficiency
and unburned ammonia emissions.

Another consequence of the single-zone is that everything is instantaneous. For example,
adding or removing heat will result in a homogenous change in temperature throughout the
cylinder. This is not relevant for the ignition model because there is no heat flow from the
reactor, but will be relevant for the engine cylinder model. A similar consequence is when,
for example, hydrogen is added. The hydrogen instantaneously is mixed homogeneously
throughout the reactor, although in reality it may combust directly after injection and have no
time to mix. This limits this modeling method in accurately modeling late or multiple fuel
injections.

Both models are thermodynamic models and therefore do not consider fluid dynamics. As
seen in chapter 5, in-cylinder turbulence plays a substantial role in the combustion. This effect
is not considered in both models.

Ammonia has a high heat of vaporization. Therefore, assuming that all fuel is gaseous will
lead to an overestimation of the efficiency, as the heat loss of the vaporization is not accounted
for in this model. In this model, it is assumed that the ammonia vaporizes before it enters the
combustion chamber.

The high latent heat of vaporization of ammonia also leads to a low speed of vaporization.
This low speed of vaporization will cause a larger ignition delay than will be predicted by this
model, where the fuel is gaseous when entering the combustion chamber.

Both models make use of the Cantera 'Ideal Gas Reactor” and assume that all gases behave
like ideal gases. An ideal gas follows the ideal gas law, Equation 10.11 [Stapersma, 2009].

pV =nRT (10.11)
In which:
* p is the pressure in Pa ¢ Ris the ideal gas constant in J/(mol-K)

* V is the specific volume in m3

¢ n is the number of moles

¢ T is the temperature in Kelvin

For an ideal gas the internal energy (u) and enthalpy (h) are only dependent on temperature.
The main uncertainty comes from the chemical kinetic mechanism. The mechanism of
Shrestha et al. is validated for the combination of ammonia and hydrogen. However, the
mechanism has not been validated by the authors for the combination of ammonia-hydrogen-
DME. To reduce this uncertainty, the outcomes of the ignition model have been compared to
experimental studies with ammonia/DME and ammonia/hydrogen within the validation.

10.5 Results

The research starts with the ignition of the fuel mixture with a composition of 80%, NHz 20%.
H, and no DME. This is the composition used in the case study of de Vos, which is described
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in the introduction. The pressure is initially set at 50 bar and the ignition of the mixture is
studied at different equivalence ratios and temperatures (Ttpc). The initial pressure of 50 bar
is chosen based on the experimental results of Chiera et al.. In the results of their motored
experiments, without ignition, the maximum pressure is 60 bar. As the compression ratio of
the AmmoniaDrive test engine is lower, CR of 14 vs. CR of 17, a lower initial pressure is
chosen.

For the mixture composition of Ammonia and hydrogen, without DME, the effect of the
temperature, pressure, equivalence ratio, and NHz/H, on the CA10 and PRR at CA10 is in-
vestigated.

Then the ignition research continues with mixtures of ammonia, hydrogen, and DME. For
this mixture, the effect of the %, on the CA10 and PRR at CA10 is investigated.

Three remarks on the graphical representation of the results in the figures in this chapter:

¢ The unit of the ignition delay is CAD, the ignition delay in ms is converted to crank angle
degree (CAD), based on 1200 rpm.

* Every marker represents a simulation, with an initial pressure, initial temperature, fuel
composition and equivalence ratio.

* Markers are colored and occasionally encircled. The same color, between different fig-
ures, refers to the same initial temperature and the same initial pressure. And encircled
markers of the same color are the same within different figures. This means the fuel
composition, the initial pressure, the initial temperature, and equivalence ratio are the
same.

10.5.1 Ammonia and hydrogen, without DME

As mentioned, the research starts with the ignition of 80%, NH3 20%, Hp, and no DME. The
results of these simulations are shown in Figure 10.6a and Figure 10.6b.
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Figure 10.6: Results for varying ¢, p=50 bar at different Trpc.

Figure 10.6a shows the ignition delay for different equivalence ratio’s at different tempera-
tures. Figure 10.6a shows the corresponding pressure rise rate (PRR) at CA10. The limit for
the PRR is approximately 10-15 bar/CAD, higher PRRs exceed the engine limits. Figure 10.6b
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shows that an equivalence ratio above 0.225 starts to have PRR above 10-15 bar/CAD. This
implies that the equivalence ratio probably has to be lower than approximately 0.225. Based
on this, a starting point of ¢ = 0.2 is chosen for the engine cylinder model in the next chap-
ter. From these results, it can also be concluded that to achieve ignition within the required
time frame with this mixture composition, the temperature around TDC should be 1125-1150
Kelvin, if the pressure at TDC is 50 bar.

The next step is to study the effect of the initial pressure. The yellow encircled data point of
Figure 10.6a is the same in Figure 10.7a. In Figure 10.7a, it can be seen that an initial pressure
of 60 and 70 bar, lowers the ignition delay by approximately 0.4 CAD. Unfortunately, it can
be seen in Figure 10.6b that the pressure rise at CA10 increases significantly. Therefore, the
ignition research continues with a prpc of 50 bar.
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Figure 10.7: Results for varying ¢, p=50/60/70 bar and Trpc=1150 K.

The following step is to vary the mixture composition, still without DME. The results are
shown in Figure 10.8a and Figure 10.8b. From these results, it can be seen that increasing the
hydrogen fraction advances the ignition. However, this also increases the pressure rise rate at
CA10 beyond engine limits. Therefore, the hydrogen energy fraction is maintained at 20%,.

The next step is to add DME. The energy ratio between ammonia/hydrogen continues to be
80/20 %,. As an example, when the DME energy fraction is 10 %,, from the remaining 90 %,,
72 %, comes from ammonia and 18 %, from hydrogen.

66



10.5 Results

CA10(%, H,) PRR @ CA10(%, H,)
8 ; ; : : : : : : 40 . . . . " . . .
©  p=50bar T=1125 K ¢=0.2
p=50 bar T=1150 K $=0.2 a5l o |
r ®  p=50bar T=1175K ¢=0.2 | | .
3ot .
65 = R
hel 5+ a L]
38 ° o ° o ®
2 50 .
: : : .
Sar o ® o °
° 15 .
e e, % ° ©
3l ® 009 o
° 10+ .
L]
L]
P e ® =50 bar T=1125 K ¢=0.2
LI 5 . p=50 bar T=1150 K ¢=0.2 | |
AL R Y ® =50 bar T=1175 K $=0.2
4 . . . . . . . . 0 . . . . . . . .
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
% H % H
e 2 e 2
(a) CA10 as a function of %, Hy (b) Pressure rise rate at CA10

Figure 10.8: Results for varying %, Hj for p=50 bar and varying Ttpc

10.5.2 Ammonia, hydrogen, and DME

The ignition research continues with an ammonia, hydrogen, and DME fuel mixture. The
results are shown in Figure 10.9a and Figure 10.9b. It can be seen that increasing the DME
fraction advances the ignition and with less PRR increase than hydrogen. This results in a
lower required temperature for achieving an ignition within the required time (crank angle)
frame. Especially for lowest temperature (1075K) the effect is noteworthy. 10%, DME decreases
the ignition delay by 3 CAD.
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Figure 10.9: Results for varying %, DME, at p=50 bar and varying Trpc.
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Conclusion and next steps

Conclusions on ignition
The ignition of fuel compositions has been investigated with and without DME.

¢ Ammonia and hydrogen, without DME

— An equivalence ratio above 0.225 starts to have PRR above 10-15 bar/CAD,
which exceeds engine limits.

— With a prpc of 50 bar, the Trpc has to be around 1125-1150 K to achieve
ignition within the required time frame.

— Increasing the initial pressure decreases the ignition delay somewhat, but it
is accompanied by a significant increase in pressure rise rate.

— Increasing the hydrogen fraction advances the ignition, however, this also
increases the pressure rise rate at CA10 beyond engine limits.

¢ Ammonia, hydrogen and DME

- Increasing the DME fraction advances the ignition. Especially at the lower
temperature of 1100 Kelvin (50 bar and ¢ = 0.2), the ignition is advanced by
+-2 CAD by 10%, DME. This results in a lower possible temperature while
still achieving an ignition within the required time (crank angle) frame.

— The ignition advance due to DME comes with less rise of the pressure rise
rate compared to increasing hydrogen. This allows to stay within engine
limits.

Next steps

The ignition behavior of different fuel compositions has been investigated at varying
top dead center conditions. This led to a narrowing down of potential feasible fuel com-
positions. In the next chapter, the combustion of these fuel compositions is investigated
with an engine cylinder model.

The engine cylinder has several ICE properties that are not considered in the ignition
model. For example, the volume is not constant and the prpc/Trpc are not set, as they
were in the ignition model. These properties are consequences of other parameters such
as the compression ratio, piston speed, inlet temperature, and heat loss.

With the engine cylinder model, the following questions will be investigated:

* What is the expected engine cylinder performance (CA10 and MPRR) of a CI
combustion of ammonia and hydrogen, without DME, in the AmmoniaDrive test
engine?

* What is the expected engine cylinder performance (CA10 and MPRR) of a CI
combustion of ammonia, hydrogen, and DME in the AmmoniaDrive test engine?

¢ What is the relationship between the mixture composition and (maximum) pres-
sure rise rate?

* How does the mixture composition affect the emissions?
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This chapter provides an estimate of what to expect when using ammonia, hydrogen,
and DME in the AmmoniaDrive test engine. The objective is to create insight into the
performance and possibilities of the AmmoniaDrive test engine.

This estimation is done with the so-called ‘engine cylinder model, which incorporates
more CI ICE phenomena than the ignition model of the previous chapter. Table 9.1
provided an overview of the variables of the engine cylinder model and the ignition
model.

The engine cylinder model is a single zone closed volume thermodynamic reactor model. It
simulates an HCCI compression ignition combustion in a single cylinder. The modeling of the
engine cylinder is carried out in Python & Cantera, in contrast to the ignition model, which is
developed in Matlab & Cantera. The reason for the switch to Python & Cantera, was that the
heat loss could not be incorporated well with the Matlab & Cantera combination.

The model is constructed with several Cantera objects. An overview of the engine cylinder is
shown in Figure 11.1. The Cantera objects used for the engine cylinder model are the reactor,
wall, and reservoir. The reactor represents the cylinder, the wall represents the piston, and
the reservoir represents the ambient air. Figure 11.1 shows a graphical representation of the
engine cylinder model.

)
'

' Ideal gas reactor with
' air-fuel mixture

: - cylinder

' \

Reservoir - ambient air

Figure 11.1: Graphical representation of the engine cylinder model with the incorporated Can-
tera objects and what the objects represent.

Using Cantera and a chemical kinetic mechanism to model a combustion is a not widely
used approach within the TU Delft Marine Engineering department. Therefore, exploring the
software started with simple tests to discover the methods and possibilities of the software.

69



11 Engine cylinder modeling

Cantera provides several examples on their website [Cantera, 2023b]. These examples formed
the starting point of the engine cylinder model.

The engine cylinder model is a closed volume model to avoid issues with mass flow. The
part of the cycle that is covered by the engine cylinder model is shown in Figure 11.2. It starts
with the fuel and air present at bottom dead center, with pgpc and Tpcp. Then the model
compresses the cylinder content until TDC and expands from TDC to the end of simulation of
45 CAD ATDC. Whether ignition and combustion take place, depends on the fuel-air mixture
and engine parameters.

\ )

/Air—fuel mixture at Tscn\
and pmc

| \

t(0) = BDC t(end) = 45 CAD

>

Span of engine cylinder model

Figure 11.2: Part of the cycle that is covered by the engine cylinder model

An overview of the engine cylinder model output of a single simulation can be seen in
Appendix O. An example of a p-V diagram is shown in Figure 11.3a to provide context why
the modeling of the engine cylinder is important after the ignition research. In this figure, an
undesirable dip can be seen at the top left of the p-V diagram. This indicates that the fuel did
not ignite close enough to TDC. For comparison, Figure 11.3b shows a regular p-V diagram,
where the ignition timing is closer to TDC. A shorter ignition delay can be achieved by, for
example, a higher inlet temperature, higher initial pressure, higher compression ratio or a
different mixture composition.

This model provides an initial answer to the following research questions:

* What is the expected engine cylinder performance (CA10 and MPRR) of a CI combustion
of ammonia and hydrogen, without DME in the AmmoniaDrive test engine?

* What is the expected engine cylinder performance (CA10 and MPRR) of a CI combustion
of ammonia, hydrogen, and DME in the AmmoniaDrive test engine?

¢ What is the relationship between the mixture composition and (maximum) pressure rise
rate?

* How does the mixture composition affect the emissions?
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Figure 11.3: p-V diagrams

11.1 Equations & definitions

This section will describe the governing equations of the engine cylinder model, a single-zone
thermodynamic model.

11.1.1 Governing equations reactor

The governing equations for the engine cylinder model are partially different compared to the
equations of the ignition cylinder. This is due to the Wall object, that represents the piston,
and the heat loss that is incorporated.

The first equation, Equation 11.1, describes the mass content of the reactor.

dm . ) ;

ar Zmin - Zmout + Myl (IL.1)
in out

d

d—”; =0-0+0

The mass flows, 11;,, and 1i1,,¢, are zero because the engine cylinder model is a closed vol-
ume. There is no mass transfer through the Cantera object "Wall’, thus ri1y,,;; = 0. Therefore,
Equation 11.1 equals zero.

The second governing equation, Equation 11.2, describes the volume change. The subscript
'w’ refers to the Cantera object 'Wall’. This governing equation is different from the ignition
model, as there is Wall object representing the piston with a velocity.

d
d—‘t/ =) fohwvu(t) (11.2)

The variables in Equation 11.2 are:

* f, determines the direction of the Wall, this determines whether it decreases or increases
the volume of the reactor. In this case, fy is -1, because a positive (upward) velocity of
the piston, should lead to a decrease in the reactor.
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11 Engine cylinder modeling

* Ay is the wall area. This is equal to the area of the piston.
* vy (t) is the set piston velocity.

The piston velocity is approximated as a sinusoidal velocity.
o(t)=1-7-f-sin(6(t)) (11.3)
In which,

¢ 1is the stroke in meter
e fis the engine speed in rps
* @ is the crank angle

Substituting Equation 11.3 and the other variables into Equation 11.2 leads to:

av _ —1- (é)2 L f -sin(6(t)) (11.4)
dt 2

The third governing equation, Equation 10.3, originates from the first law of thermodynamics
and describes the temperature.

dT av : . 1% . .
mey - =—p g+ Q+) ity (hin - ZukYk,in> — % Y titout — Y it gentik (11.5)
in k

out k

There is no mass flow, 1, = titoys = 0, Q equals the heat loss, and % is defined by Equa-
tion 11.4. This simplifies the third governing equation to Equation 11.6.

dr av . )
vaE = *PE +Q-— ;mk,gen”k (11.6)

The fourth governing equation of the ideal gas reactor describes each homogeneous phase
specie:

v

m ar Zmin(Yk,in —Yi) + M gen — Yietitzpan (11.7)
in

The fourth governing equation can be simplified to Equation 11.8 because there is no mass
flow in or mass flow through a Wall object.

dy, |
dek = Titg gen — Y (11.8)

11.1.2 Definitions & Calculations

The definitions of Qy (Equation 10.8) and %, of a fuel component (Equation 10.9), defined in
the previous chapter, are also applied for the engine cylinder model.

Work

The indicated work of a cycle has been defined as Equation 11.9 [Stapersma, 2010a]. In this
research, the indicated work (W;) is the work during the closed cylinder process.

W, — 74 pdV (11.9)
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Power

The indicated work is used to calculate the power in Equation 11.10. In this equation, the
factor two accounts for the 4-stroke.

Wi

Indicated cylinder efficiency

Analogue to Stapersma [2010a], the indicated cylinder is defined as;
Wi
171 Qf

In which Qy is the available heat in the fuel. This is calculated based on the lower heating
values of the fuel components.

(11.11)

Emissions
The produced emissions are calculated in g/kWh by Equation 11.12.

Xendi =M
Emission; = Zendi” eyl (11.12)
b
In Equation 11.12 X,,,4,; is the mass concentration of specie ‘i’ at t,,,4 of the simulation and
is the mass present in the cylinder.

11.1.3 Heat transfer model

Zheng [2020] investigated an HCCI combustion of NH3z and Hj in his graduation research and
simulated the engine of the experimental set-up of Pochet et al. [2020a]. Pochet et al. [2020b]
explains that the Hohenberg model was used to model their HCCI combustion and Zheng also
used the model of Hohenberg to incorporate the heat transfer.

A more in-depth investigation on the accuracy of heat transfer models with an HCCI com-
bustion has been done by Broekaert et al. [2015]. Broekaert concludes that there is not an
accurately predicting heat transfer model. For the engine cylinder model, the Hohenberg heat
transfer model is used, as it is an easily implemented heat transfer model and there is no
suitable alternative yet. With the objective of this model, that is acceptable, as the heat transfer
likely has the right order of magnitude.

The model and parameters of Hohenberg are based on measurements in conventional diesel
engines. The heat transfer coefficient, h, is given by Equation 11.13 [Hohenberg, 1979].

h=Cy - V00 p08. 204 (5, 4 ;)08 (11.13)

In which,

The heat transfer to the wall mainly depends on the flow conditions close to the wall [Ho-
henberg, 1979]. And the model of Hohenberg is based on conventional diesel engines with
in-cylinder turbulence induced by late diesel injections. But a HCCI combustion with ammo-
nia and diesel will not have the same in-cylinder turbulence as conventional diesel engines
have. This discrepancy in flow conditions is where the uncertainty regarding the heat loss
stems from, as the flow conditions for an HCCI combustion of NH3 and H, are unlike a
conventional diesel combustion.
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h  heat transfer coefficient [m—V;/K} T mean gas temperature K
C1 constant - 0p mean piston speed m/s
Ve cylinder volume m3 C, constant -

p  pressure bar

11.2 Verification & Validation

The engine cylinder model is an extended version of the ignition model. Therefore, the ver-
ification & validation (V&V), described in section 10.3, of the ignition model forms the basis
of the V&V of the engine cylinder model. The V&V of the engine cylinder model consists of
section 10.3 and this section.

11.2.1 Verification

The verification of the engine cylinder model is consists of two parts. The first is verifying the
behavior of the components of the model, such as the heat loss and cylinder volume. In the
second part of the verification, the behavior of the entire model is compared to known engine
cylinder behavior.

Verification of model components

The model components that are inspected for behavior are:

Cylinder volume change

Cylinder pressure change without combustion

Cylinder temperature as a function of crank angle

The combustion reaction by confirming that the heat release from the combustion re-
action corresponds to the supplied fuel energy (Qy) based on the lower heating value
(LHV)s.

¢ The fuel composition by confirming that the energy fraction of the fuels present at t=0
matches the fractions set as input variables.

Verification of complete model

In the second part of the verification, the behavior of the complete model is evaluated. The
behavior is evaluated at:

* Fuel cut off scenario
® Varying the mixture composition
* Varying engine parameters

- Inlet temperature

— Compression ratio

- Engine speed

11.2.2 Validation

The validation performed for the ignition model is also applicable here, as the engine cylinder
model is an extended version of the ignition model. The base of both models are the Cantera
object “ideal gas reactor” and the chemical kinetic mechanism.
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Figure 11.4: Evolution of fuel in the modeling results of Chiera et al. [2022]

As mentioned, there is no experimental data yet of a compression ignition combustion of
ammonia, hydrogen, and DME. To validate the model, the results are compared with the
modeling and experimental results of Chiera et al. [2022]. The combustion mechanisms of this
study and Chiera et al. are different. The engine cylinder model is an HCCI combustion, whilst
the model and experiment of Chiera et al. is a RCCI combustion. This difference complicates
the comparison. On the other side, the set-ups are very similar, as can be seen in Table 11.1.
This overview of engine parameters illustrates the similarity of the experimental set-ups.

Parameter Chiera et al. AmmoniaDrive unit
Stroke 210 220 mm
Bore 170 170 mm
Compression ratio 17 14 -

Inlet temperature 65 up to 70 °C
Inlet pressure 2.4 bar

Table 11.1: Comparison test engines Chiera et al. [2022] and AmmoniaDrive

11.2.3 Comparison with modeling results

The objective of comparing the results of this model and the modeling study of Chiera et al. is
to validate this model. Figure 11.4 shows the presence of fuel components in the combustion
chamber, approximately 1.08¢=3 kg NHj and 5¢=° kg C;Hys. The LHV of heptane is 44.5
M]/kg [Zhang et al., 2022]. The amount of injected energy, based on Equation 10.9, is equal
to:

Efyel = (44.5-5¢7°) + (1.08¢™ - 18.5) = 22.205 K] (11.14)

The engine parameters, fuel composition, and injected energy of the Chiera’s modeling

75



11 Engine cylinder modeling

study are applied in the engine cylinder model. The input parameters of the engine cylinder
model for this validation are:

e 82.5 %, NHj ¢ Inlet pressure 2.4 bar

® 17.5 %, DME e Compression ratio 17 [-]
* Fuel energy per cycle 22.2 k] * Equivalence ratio 0.4 [-]
°

Inlet temp 65 °C

There are significant differences between the combustion concept of Chiera et al. and this
study. These differences should align with the discrepancies between the results of the engine
cylinder model and the modeling study of Chiera et al..

The most important difference is the combustion strategy. Chiera et al. investigated an
RCCI combustion, whereas this model simulates an HCCI combustion. The HCCI combustion
strategy will not be able to reach the same ammonia %,, because the fuel will not ignite.
Therefore, the validation is done with 82%, NHj3 and 18%, H,. When the DME %, is further
decreased, the a small undesirable dip, like the one shown in Figure 11.3a start to appear. This
indicates the ignition is too late. This aligns with the expectations, that an RCCI combustion
concept can achieve a higher %, NHj3.

Another difference due to the combustion strategies is the pressure. The maximum pressure
and maximum pressure rise rate (MPRR) should be higher with an HCCI combustion. This
is also confirmed by the modeling results. The maximum pressure in the modeling study of
Chiera et al. is 205 bar, whilst the result of the engine cylinder model is 250 bar. The MPRR
of Chiera et al. is not given but the engine cylinder model result is 118 bar/CAD, which is
certainly beyond the engine limits.

The second difference is the fuel. Chiera et al. consisted of ammonia and diesel. However,
their modeling study is done with 90 %, ammonia and 10 %, heptane, as can be deducted from
Figure 11.4 on the legend. Heptane, C;Hjg, is the zero point of the octane number. This means
it will ignite easily when being compressed. The reason for using heptane is not mentioned in
the publication. It could be due to limitations of available chemical kinetic mechanisms. The
engine cylinder model is limited to DME as a carbon-based fuel. The ignition properties of
DME and heptane are not the equal. Heptane will have a shorter ignition delay, which means
a higher %, NHj can be achieved.

Chiera et al. showed that the heat release is closely related to production of HyO,. The
engine cylinder model shows a higher and more narrow peak, which is similar to the difference
is heat release.

The conclusions on the validation comparison between the modeling results of Chiera et al.
and the engine cylinder model are that;

* The discrepancies are as expected based on theoretical expectations.

¢ [t shows similar trends for the H,O5.

¢ The results of the engine cylinder model have the expected order of magnitude based on
the results of Chiera et al..

11.2.4 Comparison with experimental results

The experimental results of Chiera et al. are shown in Figure 11.6 for an 81%, NH3. Note-
worthy is the lower peak pressure, 137 bar, compared to their modeling results, where the
peak pressure was 205 bar. The heat release rate of the experimental results of Chiera et al. is
unfortunately normalized. This lower peak pressure can possibly be explained by a decrease
in supplied fuel energy (Qy).
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Figure 11.5: Resulting heat release and pressure of Chiera et al. [2022]
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Figure 11.6: Cylinder pressure of the experimental result of Chiera et al. [2022]

To achieve a similar decrease in peak pressure, the injected fuel energy is decreased by 45%
by lowering the equivalence ratio to 0.23, whilst keeping the other variables the same. The
equivalence ratio is as expected based on the results of the ignition model research.

The objective of the engine cylinder model is providing an initial insight into the possibili-
ties and limitations for CI combustion of ammonia and hydrogen within the AmmoniaDrive
project. Considering the verification and validation of the ignition model and the engine cylin-
der model, these models are capable of fulfilling their objective. For future, more exact predic-
tions of the cylinder performance, experimental data of a mixture with ammonia, hydrogen,
and a carbon-based fuel is required.
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11.3 Limitations, assumptions, and uncertainties

The limitations, assumptions, and uncertainties of the ignition model are also applicable for
the engine cylinder model, except for the one related to the constant volume.

An additional assumption is that the geometric compression ratio is equal to the effective
compression ratio.

The main uncertainty comes from the chemical kinetic mechanism, as described in the previ-
ous chapter. An additional uncertainty is the heat loss. The heat loss is based on the Hohenberg
heat loss equation.

11.4 Results

The investigation of the engine cylinder performance is set up in the same way as the ignition
research. It starts with investigating a fuel composition without DME, then DME is added,
and the ratio between ammonia and hydrogen is varied. Then research continues with the
effect of mixture composition on the CA10, maximum pressure rise rate, and the emissions.

The engine parameters are set at:

e Inlet temp 45 °C

¢ Inlet pressure at BDC of 2 bar
¢ Compression ratio 14 [-]

* Equivalence ratio 0.2 [-]

11.4.1 Fueled by ammonia and hydrogen, without DME

The starting point is a fuel composition without DME, analogue to the ignition research. The
composition is 80%, NH3 and 20%, with an equivalence ratio (¢) of 0.2. Figure 11.7 shows the
expected pressure and temperature. The engine cylinder model predicts that there will be no
ignition for a fuel without DME in the AmmoniaDrive test engine. Therefore, the research will
focus further on a fuel consisting of ammonia, hydrogen, and DME.

¢ [deg]

%' 600

180.0 270.0 360.0
¢ [deg]

Figure 11.7: Pressure and temperature results of 80%, NHj3 and 20%, H;
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11.4.2 Fueled by ammonia, hydrogen, with DME

As seen, the engine cylinder model indicates that there will be no ignition without DME in
the AmmoniaDrive test engine. Therefore, the research continues to identify the minimum
amount of DME required. This is done by varying the %, of DME, while the remainder of
the energy is split 80/20 between NH3z/H,. The CA10 and corresponding MPRR are shown in
Figure 11.8a. From these results, it can be seen that 17.5%,, the circled markers, results in a
CA10 of 372 CAD and an MPRR of 10 bar/CAD. The MPRR of 10 bar/CAD is approximately
the engine limit, however the CA10 is a little late. This can be seen from the corresponding
p-V diagram shown in Figure 11.8b, the late ignition results in a dip in the top-right corner of
the p-V diagram. The p-V diagram in Figure 11.8b only shows the part where the cylinder is a
closed volume. The research on the ignition indicated that hydrogen can improve the ignition.
Therefore, the next step is to investigate the effect of changing the ammonia/hydrogen energy
ratio.
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Figure 11.8: Results of varying the energy fraction of DME fraction, with a constant energy
ratio between NHj3/H, of 80/20%,

Figure 11.9a shows the effect of varying the H, %,.. Between 19-21%, there appears to be a steep
decline. This is remarkable, but could be explained by one of the key points of chapter 3 “There
is a threshold in the mixture ratio of ammonia/hydrogen where the ammonia combustion promotion by
hydrogen steeply declines. The value of this threshold depends on the operating conditions.”. The effect
of the hydrogen addition on the p-V diagram is shown in Figure 11.9b. The dip at the top left
of the p-V diagram has decreased, which shows that the ignition has been advanced but also
the MPRR has increased. This indicates that hydrogen can lower the required amount of DME,
but only if the MPRR does not exceed engine limits.

Lastly, the engine cylinder model is used to investigate the expected emissions and how
those are influenced by the mixture composition. The DME fraction is constant at 17.5%, and
the energy ratio between NHj3 and H is varied.

It can be seen from Figure 11.10, that a low energy fraction of hydrogen, and thus a high
energy fraction of ammonia, leads to higher CO emissions. This is probably due to incomplete
combustion. This shows the positive effect of adding hydrogen to this combustion.
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Figure 11.9: Results of varying the energy ratio between NHj3 and Hj, with DME fraction
constant at 17.5%,

And there appears to be a reciprocity between NO, and NO, when one decreases, the other
increases. This can likely be explained by the higher temperature due to the higher hydrogen
fraction.

The optimum in terms of emissions is not a straightforward point. Because, as concluded in
chapter 6, emissions can only be compared well when the countermeasures, such as an SCR,
are considered. And multiple researchers describe the use of the unburned ammonia in an
SCR to reduce the NOx in the exhaust. Which would mean that a higher amount of unburned
ammonia directly after the combustion chamber, could lead to lower emissions by the end of
the exhaust system.

When reviewing all results, it appears that the amount of energy injected is considerably
lower than when a conventional fuel is used. The limiting factor is the pressure rise rate.
This shows the need for another combustion mechanism, such as RCCI. The results of the
ignition model and engine cylinder model do show the potential for a RCCI combustion. The
stratification within the cylinder can be achieved by stratifying the DME and hydrogen.
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11.4 Results
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DME fraction constant at 17.5%,
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11 Engine cylinder modeling

Conclusions and future steps

Conclusions on engine cylinder behavior

The ignition of fuel compositions has been investigated with and without DME in the
previous chapter. In this chapter, the behavior of the engine cylinder with these fuel
compositions has been investigated. Based on the results of this model, the following
conclusions can be drawn:

* A carbon-based fuel is required to achieve ignition. Because the required TDC
conditions for compression ignition cannot be achieved within the limits of the
AmmoniaDrive test engine.

* Hydrogen seems to improve the combustion, as a higher energy fraction of hy-
drogen, decreases the CO emissions. And hydrogen advances the ignition, which
can lower the required amount of DME, but only if the MPRR does not exceed
engine limits.

e With HCCI the amount of fuel energy that can be injected, whilst staying within
the engine limits, is too low to be feasible. An alternative is a RCCI combustion,
where the reactivity is distributed to lower the pressure rise rate. Additional
research needs to be done what a good distribution of the reactivity would be
and how this distribution can be achieved.

¢ The engine speed in this research has been set to 1200 rpm, based on the generator
version of the AmmoniaDrive test engine. To achieve higher engine speeds, the
ignition delay will need to decrease. A decrease in ignition delay can be achieved
by a higher T, and/or p,, but this is not achievable via compression ignition,
considering the engine limits of the AmmoniaDrive test engine. Therefore, a
lower engine speed, such as 1200 rpm, is recommended. Another option is to
investigate spark ignition (SI), as is planned within the AmmoniaDrive project.

Future steps

Multi-zone to model RCCI combustion and SI. Compare results of this model with
experimental results of ammonia, hydrogen and DME. Compare the results of different
mechanisms, such as the mechanism of Issayev et al. [2022]. Issayev et al. has developed
a mechanism for NH3/DME, together with several authors of the Shrestha et al. [2018]
used in this study.

11.5 Reflection on modeling method

This graduation research prepares for further research within the AmmoniaDrive project.
Therefore, an important question is ‘Is it recommended to continue using this modeling tech-
nique?’. The answer to this question comes from an assessment of the accuracy, possibilities,
and limitations of the applied modeling technique. However, a definitive answer on the ac-
curacy cannot be given, as there are no experimental results available yet and other chemical
kinetic mechanisms should be explored.

An important limitation of a single-zone model is the lack of ability to correctly predict the
ignition delay of an RCCI combustion. For an RCCI combustion mechanism, the ignition delay
strongly depends on the injection timing. An early injection leads to a longer ignition delay
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11.5 Reflection on modeling method

because the fuel has more time to mix and there will be less fuel rich regions [Chiera et al,,
2022]. This effect is not captured by a single-zone model. Which could lead to the suggestion
that a single-zone model is more suitable for modeling conventional dual fuel or HCCI, and
less for an RCCI combustion.

The chemical kinetic mechanism incorporates the reaction kinetics into a model. An ad-
vantage of this is the insight into intermediate species and the formation of pollutants. This
was also applied in the validation, where the generation of HyO, corresponded between the
different modeling techniques.

The available species in a chemical kinetic mechanism limit the combinations of fuels con-
stituents. This affected this research because the most promising combination, from literature,
would be ammonia, hydrogen, and HVO. However, HVO was not available in chemical kinetic
mechanisms.

Alternatives to model the combustion are, among others, a Wiebe or Seiliger function. How-
ever, this provides no insight into intermediate species and the formation mechanisms of pol-
lutants, and it needs experimental data to determine the Wiebe or Seiliger parameters.

A strategy could be combining a Wiebe function and a chemical kinetic mechanism, al-
though not in the same model. A chemical kinetic mechanism allows for a prediction of the
combustion. This can be used to make a more accurate prediction on how a Wiebe function
would change, given a change in the fuel or engine parameters. Such a strategy could possibly
combine the strong points of both methods.
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12 Conclusion

This thesis studied compression ignition (CI) combustion of ammonia and hydrogen within
the context of the AmmoniaDrive project. It started with reviewing the literature to gain
insight into the available research, fuels, combustion concepts, and the current state-of-the-art
experimental and numerical results.

The available research is currently scarce, as there are limited experimental results available
of CI combustion of ammonia and even less combining ammonia and hydrogen. The amount
of research projects related to the combustion of ammonia in an ICE coming up, however,
seems promising. One of those is the AmmoniaDrive project.

The main challenge with using ammonia as the main fuel, is offsetting the high ignition
resistance. This has, among others, been successfully experimentally achieved by an HCCI
combustion concept of Pochet et al. [2020a] with NH3/Hj and an RCCI combustion concept of
Chiera et al. [2022] with NH3/diesel. The HCCI combustion concept requires a compression
ratio of 22, a high intake temperature, and is limited by the maximum pressure rise rate. The
RCCI combustion concept has experimentally achieved up to 81%, NHj3, but still requires 19%,
diesel.

These concepts are considered the starting point for this research. The next step from the
HCCI concept is to lower the required CR and intake temperature. The next step from the
RCCI concept is to decrease the amount of required carbon-based fuel. These next steps have
to be combined with the properties and limitations of the AmmoniaDrive test engine.

Due to the limitation imposed by the available species in chemical kinetic mechanisms, the
chosen carbon-based fuel in the modeling study is DME. For the future experiments, hy-
drotreated vegetable oil (HVO) seems a more favorable carbon-based fuel, based on experi-
mental results in a constant volume combustion chamber (CVCC) of Herndndez et al. [2023].

To research a compression ignition combustion strategy of ammonia and hydrogen within
the AmmoniaDrive test engine, a modeling study is performed. This modeling study consists
of two models, the ignition model and the engine cylinder model. The ignition model studied
the mixture composition and top dead center (TDC) conditions to achieve ignition, whilst
staying within the test engine limits, such as a maximum pressure rise rate (MPRR) lower than
10-15 bar. The results of the ignition model answered the first three research questions of this
thesis. The research questions are listed in Appendix B.

The first research question of the thesis concerns the effect of the mixture composition of
ammonia, hydrogen, DME, and air on the ignition properties. The mixture composition is
split into the effect of the equivalence ratio (¢) and the effect of the fuel composition. The
pressure rise rate rises exponentially with the equivalence ratio for an 80/20%, ammonia and
hydrogen mixture. And an equivalence ratio above 0.225 has a PRR of 10-15 bar/CAD, which
exceeds engine limits. Therefore, the equivalence ratio has been kept constant at 0.2. The igni-
tion model also showed an advancement of the ignition with an increasing hydrogen energy
fraction, unfortunately this also increased the MPRR beyond engine limits. Increasing the en-
ergy fraction of DME also advanced the ignition and with a lower increase of MPRR compared
to hydrogen.
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12 Conclusion

Then the effect of the prpc and Trpc on the ignition is investigated with the ignition model.
With a prpc of 50 bar, the Trpc has to be around 1125-1150 to achieve ignition within the
required time frame. When the initial pressure is increased to 60 and 70 bar, the ignition delay
decreases by approximately 0.4 CAD, unfortunately, it is accompanied by a significant increase
in pressure rise rate.

The last research question answered by the ignition model, is the effect of the addition of
hydrogen to a mixture of ammonia, air, and DME on the required amount of carbon-based fuel.
The ignition advance due to hydrogen comes with more rise of the pressure rise rate compared
to increasing DME. This easily exceeds engine limits. Increasing the DME fraction advances
the ignition. Especially at the lower temperature of 1100 Kelvin (50 bar and ¢ = 0.2), the
ignition is advanced by +-2 CAD by 10%, DME. This results in a lower possible temperature
while still achieving an ignition within the required time (crank angle) frame.

The results of the ignition model are used as input for the engine cylinder model to assess
the engine cylinder performance of the AmmoniaDrive test engine (CA10 and MPRR). This
starts with a CI combustion of ammonia and hydrogen, without DME. Based on the engine
cylinder model, it seems unlikely that ignition will occur without a carbon-based fuel within
the AmmoniaDrive test engine. This confirms the expectations based on literature. Therefore,
the recommended fuel for the compression ignition concept!' of the AmmoniaDrive project is
ammonia, hydrogen and a carbon-based fuel.

Then the engine cylinder performance of a CI combustion of ammonia, hydrogen, and DME
in the AmmoniaDrive test engine is investigated. When keeping the DME fraction constant
at 17.5%e and varying the hydrogen energy fraction, there there appears to be a steep decline
19-21%, of the MPRR. This is an effect that should be investigated further. Hydrogen does seem
to be able to lower the required amount of DME, but only if the MPRR stays within engine
limits.

Lastly, the effect of the mixture composition on the emissions is investigated. The DME
energy fraction is kept constant and the ammonia/hydrogen ratio is varied. It appears that a
low energy fraction of hydrogen, and thus a high energy fraction of ammonia, leads to higher
CO emissions. This is probably due to incomplete combustion.

This expected maximum pressure rise rate indicates the need for a RCCI combustion con-
cept, as a HCCI combustion cannot achieve a sufficient power output without exceeding the
MPRR limit (10-15 bar/CAD). The engine cylinder model results also indicate that the com-
bination of ammonia, hydrogen, and DME is very suitable for an RCCI combustion concept.
This can be seen from the large effect that the %, of DME has on the CA10. 17.25%, DME
leads to a CA10 of 1 CAD ATDC and 17.5%, DME leads to a CA10 of 7 CAD ATDC. These
numbers should be considered as an initial estimate, as the objective is to identify the order of
magnitude and trends. The trend shows that by stratifying the DME concentration throughout
the cylinder, it is likely that the MPRR can be reduced. This would allow for a higher power
output due to the possibility to inject more fuel energy without exceeding the engine limits.

Combining the literature and modeling results, it is likely that an RCCI combustion concept
with ammonia, hydrogen, and HVO will lead to a higher power output and a decreased
required amount of carbon-based fuel, whilst staying within engine limits.

The gain of this thesis research exceeds the studied topic. As the modeling method, using

I This graduation research focuses on a compression ignition combustion concept and the results may not be appli-
cable for the spark ignition concept of the AmmoniaDrive project.
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a chemical kinetic mechanism to model the combustion reaction, is new for the Maritime and
Transport Technology department. This method could allow for a more adequate forecast
of the cylinder performance when there is no experimental data available yet. It is not a
substitution of Wiebe function, as a Wiebe function likely will have a better fit as soon as
there is experimental data. But when there is the need for extrapolation, a chemical kinetic
mechanism can have added value.
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13 Discussion and Recommendations

This research can be divided into two parts; a literature study and modeling study. The
literature study is the result of reviewing the available literature, to collect what is useful within
the scope of the compression ignition concept of the AmmoniaDrive project. The modeling
study is the first step to assess the performance of the compression ignition combustion within
the AmmoniaDrive test engine.

A discussion point within the literature is the definition of RCCIL. There are always two
fuels with an RCCI combustion: a high- and low-reactivity fuel. Typically, the LRF is injected
via port fuel injection. And the injection strategy of the HRF can determine the mixture
reactivity. This provides one certain property of RCCI which is the possibility to adjust the
mixture reactivity to the operating conditions. However, when the charge and combustion
are homogeneous, but the reactivity of the mixture can be adjusted per cycle based on the
measured pressure rise rate of the previous cycle, it will not always be classified as RCCI.

The main limitation for this study is the lack of experimental results for ammonia, hydrogen,
and a carbon-based fuel. A reason for those lacking results, is that when a carbon-based pilot
or promoter fuel is used, there is no need for hydrogen to enhance the combustion. And as the
hydrogen storage and infrastructure has quite an impact, this would not be a favorable option.
However, within the AmmoniaDrive project it is, because the hydrogen is supplied by the
anode off-gas of the fuel cells. This eliminates a large part of the hydrogen storage. Although
it was a limitation for this study, it shows the relevance of the AmmoniaDrive project.

The modeling study made use of a chemical kinetic mechanism to provide the reaction
kinetics of the combustion reaction. This method has not been used within the TU Delft
Maritime and Transport Technology department.! This fact made this graduation research
quite an exploration into the unknown. The novelty of this research lies within the choice
of fuels and combustion strategy. And additional added value lies within exploring the use
of chemical kinetic mechanisms for single-zone thermodynamic models within Maritime and
Transport Technology department.

In hindsight, the chemical kinetic mechanism of Glarborg et al. [2018], with some modifica-
tions by Dai et al. could possibly have been a better choice. This should have been identified
earlier in the process, but the limited experience with this modeling method has hampered
that. This limited experience caused seemingly trivial things, to take a considerable amount of
time, such as the transformation of the text-files in which the chemical kinetic mechanism was
distributed to a file that was functional with Cantera. This may be a drawback for this study,
but it shows good opportunities for follow-up work as well.

Another knowledge gap identified by this study is the lack of applicable phenomenological
models and a chemical-kinetic mechanisms for the combustion of ammonia, hydrogen, and
a carbon-based fuel under CI engine conditions. The used chemical kinetic mechanism is
known to underestimate the ignition delay, and there is no heat loss model which is based on
the flow conditions of a combustion with ammonia and hydrogen. As a matter of fact, the flow
conditions in the cylinder with these fuels are also largely unknown still. Which is not only
relevant for the heat transfer but also for the progress of the combustion due to the turbulence.

1A chemical kinetic mechanism has not been used to model the combustion reaction, but some have used the
Zeldovich chemical mechanism for NOx production.
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13 Discussion and Recommendations

For this study, that is acceptable because the objective is to identify trends and find orders of
magnitude. However, when this modeling technique is to be used for finding more accurate
numbers, there is the need for appropriate phenomenological models, insight into the flow
conditions and applicable chemical-kinetic mechanisms.

There are several follow-up studies directly possible from this graduation:

* Exploring other chemical kinetic mechanisms, such as the chemical mechanism of Is-
sayev et al. [2022]. And comparing the outcomes of chemical kinetic mechanisms with
experimental results.

* A study on the ignition of an ammonia, hydrogen, and a carbon-based fuel, similar to
studies used for the validation of the ignition model (Dai et al. [2020] and Dai et al.
[2021])

¢ Investigating the heat loss of compression ignition combustion with a high %, of ammo-
nia.

* Expanding to a multi-zone model to model a stratified cylinder charge.

And when a chemical kinetic mechanism that gives accurate results for the AmmoniaDrive
test engine is found, the number of tests can be limited.

Other combustion strategies can also be studied with this modeling method. Such as the
effect of multiple injections on the combustion stability. Within this modeling method, fuel can
be added during the combustion simulation. How accurate these results would be, should be
validated by experiments. As the single zone thermodynamic model implies that the injected
fuel would be instantly spread homogeneously throughout the cylinder, while in reality it may
combust directly after injection close to the injector.

This discussion shows multiple opportunities for this modeling method, but it will mainly
depend on the comparison with experimental results whether this method will be of added
value, i.e. priority should be given to obtaining experimental results.
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A Research questions - Literature research

Literature research

The literature research questions concern what is described and/or available in literature.

1. Which studies are available related or relatable to compression ignition combustion of
ammonia, hydrogen and optionally a pilot fuel?

2. What are the components and mixture ratio of the fuels used?

3. What is known about compression ignition combustion of a mixture of ammonia & hy-
drogen?

4. Which combustion mechanisms are known for ammonia and ammonia & hydrogen?
Which issues regarding this combustion are known in experimental studies?

5. Which injection strategies are present in literature in similar set-ups? And what are the
reasons?

6. Which properties (such as injection pressure, timing and nozzle size) influence the direct
injection of hydrogen?

7. What engine properties are suitable for the combustion of ammonia, hydrogen and op-
tionally diesel?

8. Which models are available to numerically investigate the combustion of ammonia, hy-
drogen and optionally diesel?
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B Research questions - Thesis

1. How does the mixture composition of ammonia, hydrogen, DME, and air affect the
ignition properties?

2. How do prpc and Trpc affect the ignition?

3. What effect does the addition of hydrogen to a mixture of ammonia, air, and DME have
on the required amount of carbon-based fuel to accomplish an ignition with adequate
properties?

4. What is the expected engine cylinder performance (CA10 and MPRR) of a CI combustion
of ammonia, hydrogen, without DME in the AmmoniaDrive test engine?

5. What is the expected engine cylinder performance (CA10 and MPRR) of a CI combustion
of ammonia, hydrogen, and DME in the AmmoniaDrive test engine?

6. What is the relationship between the mixture composition and (maximum) pressure rise
rate?

7. How does the mixture composition affect the emissions?

93






[azzoz]
ns-p Ddd [osa1p Te 39
umt/8 7909 = ¥20D GL TLEL 0I6 ST9I 1451 — ddD % 09 - %, OF ‘CHN JOSNOX
(ssan
npo) [ceoz]
mﬁ|+ bmnﬁ ~®mm:u .ﬁm Jo
umt/8 zzt = 200 08~ 0/  00SI ATLSR! DD 2% 61 - %, 18 ‘CH ‘SHN eRID
[ceoz]
‘e 19
wdd /1 0S¥ J[essnoy
ur €N ‘0N ““ON e/u G/ 000T -#1 1451 (Is=) IDVS - - %001 CHN  -WILUno
[UmM1/3] 21'T OIN
164 XON ‘1€ ¢HN

/81 Y0D ‘c6F OHO 2,
fur-axd  Eserp o ns-¥ [ ! %/, 68 [osarp [czoz]
UM HN% 0S I0d G~ 91T 00SI <8I 40T 1Ddd/4dD umop - 0} dn puefgN Te 30 urf
ns- [GEElY [czoz]
€HN ‘O°N ““ON 6T T98 00ST  S91 1451 4aD op/€ - Moy¢9 CHN T 39 ey
[ezoz]
bmnﬂ ~®mm:u .ﬁm Jo
ez = 20D ¢ 08 00CT S91 1451 daD %% 8'S1 - %% TF8 ‘CHN TwrpeN

(wdd 10 ym/8) (M) (wur) wdx WISTURYDI W FENVTY
suorsstwry 1dMoJ d1og duidug ¥D 3dA uopsnquo) % ‘H% €HN % (S)[ong Apmg

‘$ 193deyd ur swistueydaw paqrsap 03 PUOdSILIOd SWSIURYISW UOHSNUIO)) "SIEdA
00T 1240 TOD) 03 Jusreamba suorsstwe HHN = 20y -ayoms = ng Jeay=y pue 4ySem=m ‘sumjoa=a ‘peo[=[ ‘A31ous =o syduosqng

saipnis jejudwadxy H

95



C Experimental studies

XON YM3/3 ns-p €HN %09 oy, o/, qJNd [ap102]
L PHN %09 Iog € 8. 006l 0T [A>-1 10§  IDDH  0%-09 - 090F SN [e3e ndky
80
= "l 2, [az107]
XON wdd $9/ :820=¢ 1 MJ ns-p e 01 %% 69 [osa1p Te
pue €HN %% 69 104 ST~ 88  00SI 91 14> IDOH - umop 0} dn Ty ®YN 19400
80
XON wdd 0089-000y = "k [e0z07]
NOF moym €HN % T MY ns-p e
Y31y 104 I3[ JON A~ 98 00SL 7T A>T IDOH - "%9  “%%6  °H®HN 19420
[(3om)
awdd] XON 000¢ pue lozoz]
SN 0009  %0THX ns-p Te 39
pue [ = wd 104 e/u  //  00ST GOL [4o-T IS - %%0C  “%08 CH'SHN  mormyg
(IDS 210529) T'T [oso1p [Tzoz]
O®N ‘TTXON “0¢ *HN ns-p ADL pue  doxypoN
‘600 300s ‘00E %0D 66 90T  00SI /1 1A% 4dD "o, GF erA fo,GG  THSHN  pueauey
wdd
0089-+ SI XQN ‘3unod
-dk OJul Uaye} JOU sem
XON UMI/8 0ch = ns-p %09 [osa1p Clrd|
20D EHN %09 04 B/u  ZIT  00ST  G8T  [45-1  [DD¥/ IDdd % - -G¥  pue *HN DN
EHN [ceo?]
wddpr1 ‘ON wddogy ns-p 2%0€ %9%0L  oueday e
‘HN %05 YM e/u 88 0001 G111 DD -0S - 05 -U'tHN Sueyy
[um>1/38] IWd g “DOH [osaIp [ceoz]
ST ‘0D £ ‘ON S7TI ns-p -01q e
‘Z0D 01€ PeOT %001® € 98  00SI G91 14o-T 4D % 9°0¢ - %169 CHN TwrpeN
[ezeoc]
ns-p 1Ddd [osa1p Te 39
yMmt/3 01'847 = 20D S1 T/ZEL  0l6 ST9L 1401 ~dad %09 - %0 CHN 1Josnox
(wdd 10 yMm/8) (M) (wur) wdx WISTURYddW FEN T
suorsstwry I1dMoJ diog durdug YD 3dA] uopsnquo) % ‘H% °HN % (S)[ong Apmg

96



“§ 103ded U SWwISTuRYDaW PaqLIdSIP 0} PUOdSILIOd SWSIULYDIUW UOHSNUIO)) "SIeak
00T 1240 0D 03 Jusreamba suorsstwe HHN = 20y “aons = ng eay=y pue 4ySem=m ‘sumjos=a “peo[=[ ‘A310us =a sydusqng

XON YM/36 -+ [e107]
€HN ’%0% pue ndino  §£°T evee ns-f ?%09 %0% 1\l Suoy
1omod 3sayS1y oy 104 xew 8/ xeur 0z T14o-1 D uruu - 0 dn ‘N pue ssoin)

wdd 008 €HN "%  fHN [8002]
09® XON ‘wdd 0691  %0S @ 00¥1 ns-f % % [osa1p Suoy
fHN % 08® XON 02 =~ 90T -000T AR LSS 4dD 0¢-09 - 08-0% ‘CHN  pue 19319y

[ot0z]

Suoy

pue 10310y

UM/3 11 SHN % pue [110¢]

2% 09® XON “UM/3 ns-y 0c ©3 %% 08 [oSoIp Suoy
1€ *HN % 08® XON (0i4 901 000T AR 4dD umop - 0} dn ‘CHN  pue 103y

(wdd 10 ypO/S) (M) (urur) wdx WISTURYDI W I9Y)0

suorssiy Iamog 109 aurduyg D adA1] uonsnquio) % ‘H% €HN % (S)[ong Apmg

97






D Results Hernandez et al. 2023
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Figure D.1: Pressure traces for different combinations of LRF and HRF from Hernandez et al.
[2023]
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E Spray shape different fuels
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at different conditions. From Pelé et al. [2021]
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F Background — Fuel

Quenching distance

The quenching distance, d, is the distance between two parallel plates that will extinguish
the flame. This phenomenon is the foundation of the miner’s safety lamp, a maze where the
openings are smaller than the quenching distance [Law, 2006]. Hydrogen has a relatively small
quenching distance, while ammonia has a relatively large quenching distance.

Flammability limits

When a mixture of fuel, oxidizer and inert is either very fuel rich or very lean, it will be-
come nonflammable. The flammable-nonflammable boundaries in composition are called the
flammability limits and are an empirically observed phenomenon [Law, 2006]. The boundary
on the lean side is called the lower flammability limit (LFL) and the boundary on the rich side,
the upper flammability limit (UFL). Another empirically observed phenomenon is the widen-
ing of flammability limits with increasing temperature. This is important when considering
the temperature of the air intake. Increasing the pressure can have different effects, for some
fuels the flammability limits widen, for others they narrow [Law, 2006]. A first estimation of
the LFL of a mixture can be done with the Chatelier’s rule, Equation E1, in which X; is the
mole fraction of the component.

(F.1)

T

Flame speed

The laminar flame speed (s9) and the laminar burning velocity (s?) both refer to the propa-
gation speed of a standard premixed flame. Standard stands for a one-dimensional, planar,
adiabatic flame in a stationary mixture in an infinite domain. The two terms, laminar flame
speed and laminar burning velocity, are used interchangeably, although the first is sometimes
more used for the flame motion and the second as a flame property [Law, 2006]. The laminar
flame speed depends on the properties of the fuel and on the mixture (composition, tempera-
ture, and pressure).

In an engine, the flame will have a turbulent character. However, relevant parameters as
the turbulent flame propagation can often be related to the laminar flame speed. Therefore
investigating the laminar flame speed of an alternative fuel is relevant.

Cetane number

The cetane number of a diesel fuel describes the ignition quality and is a measure of the
tendency of a diesel fuel to knock. The higher the number, the more rapid the fuel autoignites.
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F Background — Fuel

Cetane numbers for diesel fuels are typically within 40-55 [Heywood, 2018]. It is determined
by the mixture ratio of cetane (CN=100) and heptamethylnonane (CN=15) which has the same
ignition delay as the diesel fuel under investigation, as shown in Equation F.2 [Speight, 2015].

cetane number = %vol n-cetane + 0.15(%vol heptamethylnonane) (E2)

Equivalence ratio

The equivalence ratio is defined as Equation E3. ¢ > 1 corresponds to a fuel rich combustion
and ¢ < 1 to a lean combustion.

/ ox
4,:( my/m (E3)

mf/’”ox)stoic
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| Background - Modeling

The primary distinction between models used for the combustion processes in ICEs is whether
the model is thermodynamic or fluid dynamic. This follows from which equations the model
is principally built on. A thermodynamic model is based on the conservation of energy. A
fluid dynamic model is based on the analysis of fluid motion [Heywood, 2018].

Both fluid dynamic and thermodynamic can make use of phenomenological models and
chemical-kinetic mechanisms. Phenomenological models are used to incorporate phenomena,
such as the combustion or heat loss, in a model. Chemical-kinetic mechanisms can add chem-
ical reaction details to a model, such as intermediate reactants and the chemical heat release
rate.

Thermodynamic models

A thermodynamic model can have different properties, in this literature study the following
properties are often encountered:

¢ 1, 2 or multi-zones
* Phenomenological

¢ Including reaction kinetics

Zones

Thermodynamic models make use of zones. Zones are modelled as having one set of prop-
erties. The combustion mechanism partly determines whether a single-zone or multi-zone
is appropriate. For example, HCCI has a homogeneous mixture in the combustion chamber,
therefore it is more likely to be accurately modelled with a 1-zone model. A PPCI, however,
has different levels of mixing in the combustion chamber, it is then less likely to be accurately
modelled by a single-zone model.

Fluid dynamic models

Fluid dynamic models are multidimensional models, as they require the geometry of the en-
gine and predict geometry of the fluid flow. Those models are computational fluid dynamics
models (CFD) and are often used in ammonia combustion research. and are outside the scope
of this research.

CFD: for combustion. Often CONVERGE - SAGE is used
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I Background - Modeling

Phenomenological models

Phenomenological models are used by thermodynamic or fluid dynamic models to incorporate
phenomena which cannot be described by governing equations. Phenomenological models are
based on simplified descriptions of the underlying physics and/or chemistry [Heywood, 2018].
For example, Woschni is used to incorporate the heat loss.

Chemical-kinetic mechanisms

Including reaction kinetics, means the model makes use of a chemical kinetic mechanism. The
chemical-kinetic mechanism contains the sequence of elementary reactions by which the over-
all reaction occurs and can predict the chemical heat release rate. To model the combustion,
models can make use of specific chemical-kinetic mechanisms. Chemical-kinetic mechanisms
can give more information about intermediate species during the combustion compared to
a phenomenological model. A drawback of chemical-kinetic mechanisms is the increase in
computational time [Heywood, 2018].
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J Overview chemical kinetic mechanisms

Table from Cai et al. [2023].

Mixture composition

No. of species/

reaction steps

Evaluation indexes

Ref.

NH3/02, NH3/H2/02 22/98 Flame structure Miller et al.
[1983]
H/N/O 19/73 Flame structure Miller and
Bowman
[1989]
NH3/H2/02/N2, 21/95 Flame structure Lindstedt
NH3/NO/H2/02, NH3/02 et al. [1994]
H/N/O 31/238 NOx formation Konnov and
De  Ruyck
[2000]
NH3/NO/CO/H2/02/N2, 34/191 NOx formation and flame  Skreiberg
NH3/CO/H2/02/N2 structure et al. [2004]
NH3/CH4/02/Ar 84/703 Flame structure Tian et al.
[2009]
H/N/C/0O 85/1200 NOx formation Konnov
[2009]
NH3/CH4/02/C0O2/N2 97/779 NOx formation and flame Mendiara
structure and  Glar-
borg [2009]
NH3/H2/02/Ar 19/80 Flame structure and NOx Duynslaegher
formation et al. [2012]
NH3/H2/air 21/91 Laminar burning velocity Nozari and
Karabeyoglu
[2015]
NH3/02/Ar 35/159 Ignition delay time, NOx Mathieu and
formation, and flame Petersen
structure [2015]
NH3/CH4/02/Ar 48/500 Ignition delay time, NOx Xiao et al
formation, and flame [2016]
structure
NH3/02 32/204 Ignition delay time Song et al
[2016]
NH3/air 38/232 Ignition delay time, lami- Nakamura
nar burning velocity, and et al. [2017]
flame structure
CH4/NH3/air 59/365 Laminar burning velocity =~ Okafor et al.

[2018]
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J Overview chemical kinetic mechanisms

NH3/air 34/264 Ignition delay time, lami- Shrestha
nar burning velocity, and et al. [2018]
flame structure
NH3/air, NH3/H2/air 32/213 Ignition delay time and Otomo et al.
laminar burning velocity  [2018]
CH4/NH3/air 38/140 Laminar burning velocity ~Okafor et al.
[2019]
NH3/02/N2 38/265 Laminar burning velocity Mei et al
[2019]
NH3/H2/air 28/213 Ignition delay time, lami- Li et al
nar burning velocity, and [2019]
flame structure
NH3/CH4/air 51/420 Ignition delay time, lami- Li et al
nar burning velocity, and [2019]
flame structure
Eﬁ;jgf/Ar 31/203 Laminar burning velocity =~ Stagni et al.
and flame structure [2020]
NH3/syngas/air 35/177 Laminar burning velocity Han et al
[2020]
Eg;;g?ﬁggg?;}r 91/444 Laminar burning velocity gggﬁ et al.
NH3/air 32/259 Ignition delay time, lami- Singh et al.
nar burning velocity, and [2021]
flame structure
NH3/DME/ air 176/1419 Ignition delay time and Issayev et al.
laminar burning velocity ~ [2022]
NH3/DEE/ air 280/2238 Laminar burning velocity, ~Shrestha
ignition delay time, and et al. [2022]
flame structure
NH3/H2/air 26/119 Laminar burning velocity ~Gotama
et al. [2022]
NH3/air, NH3/H2/air 20/89 Laminar burning velocity Cai et al.
and ignition delay time [2022]
NH3/CH4/air 187/1571 Soot volume fraction Yang et al.
[2023]
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K Species Chemical Kinetic Mechanism

Species in the chemical kinetic mechanism of Shrestha et al. [2018]. Many of the species are

intermediate species.

In TXT-file
AR

HE

N2

H

O

OH

H2

02

HO2
H202
H20
OH*

Cco

Cco2
HCO
CH20
CH

C

CH2-3
CH2-1
C2H2
CH3
CH4
HOCHO
CH20H
OCHO
CH30
C2H4
CH2CO
C2H6
CH30H
CH302
CH302H
C2H3
C2H5
C2H50H
C2H50
CH3CHO

Chemical formula
Ar
He
N>

HOCHO
CH,OH
OCHO
CH;0
C2H4
CH,CO
CoHg
CH,;0H
CH;0,
CH;0,H
C2H3
C,Hs
C,Hs0H
C,H50
CH;CHO

Remark
Argon
Helium
Nitrogen

Hydrogen
Oxygen

Water

Carbon monoxide
Carbon dioxide

Methane
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In TXT-file
CH3CO
CH202H
C2H

2

C20

HCCO
H2CC

C3H3

C4H2

C3H5
CH2CHO
C2H300
HCCOH
C4H4
C2H20H
C2H3CHO
C3H40
CHCHO
CHOCHO
CHOCO
CH3CO2
CH3CO3
CH3CO3H
C3H6

C3H8
I-C3H7
N-C3H7
C3H4
C3H4P
CH2CHOH
CH3CHOH
CH2CH20H
C2H502
C2H401-2
C2H502H
C2H5CHO
C2H5CO
C2H402H
C2H301-2
CH30OCH3-DME
CH30CH2
CH30CH202
CH30CH202H
CH30CH20
CH30OCHO
CH20CHO
CH30CO
CH20CH202H

Chemical formula
CH3CO
CH,0O,H
CH

G

C,0

HCCO
H,CC

C3H;

C4H2

C3H5
CH,CHO
C,H300
HCCOH
CysHy
C,H,OH
C,H3CHO
C3H,0
CHCHO
CHOCHO
CH3CO
CH3CO,
CH3CO3
CH3COsH
CsHg

C3Hsg

C3H7

C3H7

CsHy
C3H4P
CH,CHOH
CH3;CHOH
CH,CH,OH
C2H502
C,H,0
C,H50,H
C,HsCHO
C,H5CO
C2H402H
C,H30
CH30OCH3
CH30CH,
CH30CH,0;,
CH30CH,0,H
CH3OCH,O
CH3OCHO
CH,OCHO
CH30CO
CH,OCH,0,H

Remark

Dimethyl ether



In TXT-file
02CH20CH202H
HO2CH20CHO
OCH20CHO
HOCH20CO
HOCH20
CH*

N

NO

N20

NO2

NH

NH2

NH3

HNO

HONO
H2NO

NNH

N2H2

N2H3

N2H4

H2NN
HNOH
NH20
HNO2
HONO

NO3

HNO3

CN

HCN

HCNO

NCN

HNC

HNCN
H2CN

C2N2

HOCN
HNCO

NCO

HON

Chemical formula Remark
0,CH,OCH,0,H

HO,CH,OCHO

OCH,OCHO

HOCH,O0CO

HOCH,0

CH

N

NO Nitrogen oxide
N,O Nitrous oxide
NO, Nitrogen dioxide
NH

NH,

NHj3 Ammonia
HNO

HONO

HoNO

NNH

Ny;H,

N,H3

NH,4

HoNN

HNOH

NH,0H

HNO;

HONO,

NO3

HNO3

CN

HCN

HCNO

NCN

HNC

HNCN

HyCN

CoN»

HOCN

HNCO

NCO

HON
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L Converting chemical kinetic model to

YAML

Shrestha et al. [2018] provided three TXT files containing the kinetic mechanism, the thermo-
chemistry, and transport properties. The original TXT files have been modified to create a
chemical kinetic mechanism in YAML format. This YAML format can be used in Cantera. The
modifications listed are in the kinetic mechanism and are listed in chronological order.

1.

x® NN o O b~ W DN

9.

Line 293 reaction equation "CH2-3(+M)=C+H2(+M)” changed to "CH2-3+M=C+H2+M"

. Line 295 reaction equation “CH2-3(+M)=CH+H(+M)” changed to "CH2-3+M=CH+H+M"

. Line 344 reaction equation "CH3(+M)=CH2-3+H(+M)” changed to "CH3+M=CH2-3+H+M"
. Line 346 reaction equation "CH3(+M)=CH+H2(+M)” changed to "CH3+M=CH+H2+M"

. Line 404 reaction equation “CH3O(+M)=CH20OH(+M)” changed to "CH30+M=CH20OH+M"
. Line 1745 reaction equation “OH*+Ar=0OH+Ar” changed to "OH*+AR=0OH+AR”

. Line 1745 reaction equation “OH*+Ar=0OH+Ar” changed to "OH*+AR=0OH+AR”

. Added "DUPLICATE” to equations on 1063 and 1201 (1201 becomes 1202 after adding

DUPLICATE to reaction of 1063)
Added "DUPLICATE” to equation 1827

The original files can be found here: https://pubs-acs-org.tudelft.idm.oclc.org/doi/
10.1021/acs.energyfuels.8b01056
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M Cantera

Several Cantera objects are employed as building blocks of the model. These objects are the
ideal gas reactor, wall, reservoir, and mass flow controller. This section describes their proper-
ties and governing equations. This appendix is not a general description of Cantera, only the
objects that are relevant for the ignition and engine cylinder model are described.

The employed Cantera objects are;

¢ Ideal gas reactor
e Wall
* Reservoir

M.1 ldeal Gas Reactor

The ideal gas reactor is a reactor with a homogeneous phase and distribution of ideal gases. It
is defined by four state variables; the reactor volume, temperature, the mass of the content, and
the mass fraction of each species. The governing equations of the Ideal Gas Reactor determine
the governing equations of the model.

M.2 Wall

Walls are objects in between reactors, for example, a wall can represent the piston by being
placed in between a reservoir (the environment) and an ideal gas reactor (the combustion
chamber). A reactor can be combined with one or multiple walls that influence the chemical
reactions in the reactor. The influence on the reactor is by changing the volume, transferring
heat or providing a location for surface reactions. In this work, the option for a surface reaction
is not used and will therefore not be described.

Walls can have a set velocity and with that change the volume of the adjacent reactors.
Positive values for V, the change in volume, correspond to increases in the volume of the
reactor on the left, and decreases in the volume of the reactor on the right.

Walls allow heat transfer between reactors, and provide a location for surface reactions to
take place.

The construct “wall” is defined by two files, Wall.h and Wall.cpp. Both files are available on
the Cantera website.

M.2.1 Wall parameters

The properties of the wall are defined by parameters. These parameters are used in the def-
initions of the properties, for example, K and A appear in the wall velocity function. The
following parameters are used in the model in this work:

* K - expansion rate coefficient
¢ A -wall area
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M Cantera

¢ h - heat transfer coefficient

Other parameters, for example 'k’ which describes the specie covering the wall, are not used
in this model and therefore not described in this appendix.

Wall velocity

The wall velocity is defined by Equation M.1, where v is the wall velocity [Cantera, 2023b].
The defined wall velocity can be found at line 70 of Wall.cpp.

0= K (Pet — Prignt ) +70(t) (M.1)

vp(t) corresponds to 11, in the files 'Wall.h” and "Wall.cpp’. This wall velocity function can be
set by using

Heat transfer The heat transfer in the model is described by Equation M.2.

H=h-Ay Ty M.2)
In which
H  heat flux (W]
h  heat transfer coefficient from Equation 11.13 [M—V;/K}
Acy Instantaneous area of the cylinder [m?]
Ty Cylinder temperature K

To incorporate this in the model, the heat flux property of the Cantera "Wall” object is used.
The unit of the heat flux property of the Wall is W/m? /K.
In the source code (line 140) of the Wall object, the heat flux is described by:

Q= hA(Tleft - Tright) + AG(t) (M.3)

In which & is the heat transfer coefficient, A is the wall area, and G(t) is a specified function

of time. To implement the heat transfer model of Hohenberg, i in Equation M.3 has to be zero,
A the instantaneous cylinder area and G(t) equals Equation 11.13 multiplied by T,;.

M.3 Reservoir

A reservoir is a reactor that has a constant state. Therefore, the reservoirs’ temperature, pres-
sure, and chemical composition never change from their initial values.
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N Ignition model results

The output of the ignition model consists of several graphs and a list with the set-up variables
and the calculated results.
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Figure N.1: Graphical results of the ignition model
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N Ignition model results

Molar fraction NH3 [-] 0.75
Molar fraction H2 [%] 0.25
Molar fraction DME [%] 0
Energy in fuel [k]] 8.651
Energy fraction NH3 [%]  79.622
Energy fraction H2 [%] 20.378
Energy fraction DME [%] 0

Equivalence set 0.2
Tinitial 1031
Pinitial 43.4
CA10 [cad] 20.454
CA10 [ms] 2.841
CA10 T [K] 1108.82
dT t0-CA10 [K] 77.82

CA10 @ PRR [bar/CAD]  3.048

Table N.1: Export of set-up and results of the ignition model
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O Engine cylinder model results

The output of the engine cylinder model consist of numbers and graphs.

Set up summary
%, NH3

%o H2

%, DME

Fuel mass [g]

Fuel energy per cycle [K]]
Engine speed [rps]
Inlet temp [C]
Compression ratio
Stoichiometric afr
Equivalence ratio
AFRy0ss

Result summary

CA10 [CAD]

CA90 [CAD]

Combustion duration [CAD]
Heat release [kW]

Heat loss [kW]

Expansion power per cyl [kW]
Indicated work [K]]

Efficiency W_i/Q_in [%]
Maximum temperature [K]
Maximum pressure [bar]
Maximum pressure rise rate [bar/cad]
MPRR ave top2 [bar/cad]

Emissions
NH3 [mg]
NO [g/kWh]
NO2 [g/kWh]
N20 [g/kWHh]
CO [g/kWh]
CO2 [g/kWh]

Table O.1: Export of set-up and results of the engine cylinder model

0.64
0.16
0.2
0.4303
9.9659
20

45

14
7.4185
0.2
37.0924

361

364

3
236.343
12.4955
29.1973
29197
29.2973
1458.971
128.2118
27.8594
21.5418

0
9.6283
0.8381
0.3622
0.0007
48.8502
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O Engine cylinder model results

125 4
100 4
T 754
a
o 504
251
01 T T T T T
d
1500 ¢ [deg]
1250 4
o 1000 +
= 7504
500
186.0 36(‘10
¢ [deq]
Figure O.1: Pressure and temperature
120 1400
100 - 1200 4
801 1000
5 Z
a 80 R
40 1
600
204
400
0
Il é 3‘ ="I B‘l BI2 BI3 BI4 BIS B‘G B‘7 Bé
VIl 51Kl
(a) The partial p-V diagram (b) The partial T-S diagram
15 4
5
10 4
4l
w59 =
E g
o =2
3 o S 31
‘E —54 E‘ 24
_104 1
-15 1 v . v T T
180.0 270.0 360.0 180.0 270.0 360.0
¢ [deg] ¢ [deg]

124

(a) The piston speed

(b) The reactor (cylinder) volume
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