<]
TUDelft

Delft University of Technology

Document Version
Final published version

Citation (APA)

Zoumpourlos, K. (2026). Methanol sprays in marine internal combustion engines: a computational fluid dynamics
approach. [Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:1d026b4b-e080-47ea-
ab72-1e7bdc5212e7

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:1d026b4b-e080-47ea-ab72-1e7bdc5212e7
https://doi.org/10.4233/uuid:1d026b4b-e080-47ea-ab72-1e7bdc5212e7

- Methanol Sprays in =
< Marine Internal

K nmbustlon Engines

i & A Computational Fluid
7 2 Dynam:csApproac




METHANOL SPRAYS IN MARINE INTERNAL
COMBUSTION ENGINES

A COMPUTATIONAL FLUID DYNAMICS APPROACH






METHANOL SPRAYS IN MARINE INTERNAL
COMBUSTION ENGINES

A COMPUTATIONAL FLUID DYNAMICS APPROACH

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus, Prof. Dr. Ir. H. Bijl,
chair of the Board for Doctorates
to be defended publicly
on Wednesday 29th, April 2026

by

Konstantinos ZOUMPOURLOS



This dissertation has been approved by the (co)promotors.

Composition of the doctoral committee:

Rector Magnificus, chairperson
Dr. ing. A. Coraddu, Delft University of Technology, promotor
Dr. ir. R.D. Geertsma, Netherlands Defence Academy /
Delft University of Technology, copromotor
Prof. dr. ir. R.G. van de Ketterij, Netherlands Defence Academy, copromotor
Independent Members:
Prof. dr. ir. B.J. Boersma, Delft University of Technology
Prof. dr. ir. S. Verhelst, Ghent University, Belgium / Lund University, Sweden
Dr. ir. R.J.M. Bastiaans, Eindhoven University of Technology, The Netherlands
Dr. ir. W.P. Breugem, Delft University of Technology
Other Member:
Prof. G.D. Weymouth, Delft University of Technology, reserve member

The present research is part of the MENENS project (Methanol als Energiestap Naar
Emissieloze Nederlandse Scheepvaart). The project is funded by the Netherlands Enter-
prise Agency (RVO: Rijksdienst voor Ondernemend Nederland) under the grant number
MOB21012.

4 ®
Delft
I U Delft University of MENEN
Technology ethanol Powered Shipping
MARITIEM
Eiejlésegli::‘sjt voor Ondernemend “’,'\@TS-ZIER%PZLD?(!\I
Keywords: Methanol, marine internal combustion engines, computational fluid

dynamics, alternative fuels, sprays, port fuel injection, direct injection,
engine combustion network, late-injection
Printed by: Ridderprint

Front & Back: ~ Methanol fuel injection artwork by Dimitris Groke Mitsopoulos.

Copyright © 2026 by Konstantinos Zoumpourlos
ISBN 978-94-6537-442-0

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.


http://repository.tudelft.nl/

I'nmedoxew del dldaoxduevos OO YeNoTéy Hévov

Yorwv & IThdtwy






Contents

Summary xi
Samenvatting xiii
Nomenclature XV
1 Introduction 1
1.1 Background & Motivation. . . . . . . . . . .. ... L. 2
1.1.1 WhyMethanol? . . . . ... ... ... ..o 2
1.2 Problem Statement & Research Questions . . . . . . ... ... ..... 3
1.3 ResearchApproach . . . . . . . . .. . . ... ... . . . . ..., 4
1.4 ThesisOutline . . . . . . . . . . . . . i 5
1.5 Contributions. . . . . . . . . . .. e e 8

2 Methanol for Heavy-Duty Internal Combustion Engines: Combustion Path-

ways 15
2.1 Slengines. . . . . . . . .. Lo e 16
22 Clengines. . . . . . . . o o o i it e e e 17
2.2.1 Mono-fuel strategies. . . . . . . . . ..o 18
2.2.2 Dual-fuel strategies . . . . . . . . . .. ..o 21
23 Conclusions. . . . . . . .. L L e 25
Spray Modelling of Methanol Port Fuel Injection Systems 37
3.1 Introduction . . . . . . . . ... . e 38
3.1.1 Aim&Novelty . . . . . ... 39
32 Background. . . . . .. ..o 39
3.2.1 Methanolin Marine Engines. . . . . . . . .. ... ... ..... 39
3.2.2 Experimental Background . . . . . . .. ... ... L0 41
3.3 Computational Methodology . . . . . . . ... ... ... ... .... 42
3.3.1 Computational Domain & Grid . . . . . ... ... ... ..... 43
332 SprayModel . . . . . . .. L 44
3.3.3 Model Parameter Selection. . . . . . . . ... ... ... ..., 48
3.4 Results&Discussion . . . . . . ..o 51
3.4.1 SimulationPlan . . . . . ... ... oo oo 51
3.4.2 MeshSizelnfluence . . . . . . ... ... ... 0oL 52
3.4.3 CFD Framework Parameter Investigation . . . . . . . .. ... .. 53

vii



viii CONTENTS

3.4.4 MarineEngineCaseStudy . . . . . . .. ... ... .. ...... 58
35 Conclusions. . . . . . . . .. L e 66

4 CFD Modelling Approach for Late-Injection Methanol Sprays Validated with

ECN Spray M 75

4.1 Introduction . . . . . . . . . . .. L L 76

4.1.1 Aim&Novelty . . . . . . .. ... 78

4.2 Experimental Background: ECN Spray M1 Methanol . . . . . . . ... .. 79

4.2.1 ExperimentalMethod . . . . . .. ... ... ... ... ... 80
4.2.2 Collapsing Behavior of Methanol Spray & Comparison with Iso-

OCLANE . . . . . v v v v v v e e e e e e e e e e e e 80

43 Methodology . . . . . . . . . . 81

4.3.1 LagrangianSprayModel . . . . . . . .. ... ... ... 82

4.3.2 Computational Domain&Mesh . . . . . ... ... ... ..... 85

4.3.3 Numerical Model Settings . . . . . . .. ... ... ... ..... 86

44 Results . . . . . . . . L 88

4.4.1 Assessment of KH-RT Breakup Model Constants. . . . . . ... .. 88

4.4.2 RANS Spray Model Calibration. . . . . . . .. ... ... ..... 92

4.4.3 LES Model Results & Comparison with RANS Approach . . . . . . . 95

45 Conclusions. . . . . . . . ..o 98

5 Methanol Operation in Heavy-Duty DICI Dual-Fuel Engines: Investigating

Charge Cooling Effects using ECN Spray D Data 107

5.1 Introduction . . . . . . .. . .. ... 108
51.1 Aim&Novelty . . . . . . . ... 109

52 Background. . . . . . . ... e 109
5.2.1 Experimental Background . . . . . . . . . ... ... 0oL 110

5.3 Computational Methodology . . . . . . . ... ... ... ... ... 111
5.3.1 Computational Domain&MeshGrid . . . . ... ... ... ... 111

53.2 SprayModel . . . . . . ... 112

5.3.3 NumericalSetup. . . . . . . . . . ... oo 112

54 Results&Discussion . . . . . .. ... ... L L oo 114
5.4.1 Model Validation. . . . . . . .. ... ... Lo o L. 114

5.4.2 Spray D style Methanol Injection. . . . . . ... .. ... .. ... 115

5.4.3 Equal-Energy Methanol Injection . . . . . . . .. ... ... ... 116

5.4.4 Cooling Effect Sensitivity - Ambient Temperature Variation . . . . . 119

55 Conclusions. . . . . . ... L L L 120

6 Conclusions & Recommendations 127
6.1 Reflection & Discussion. . . . . . . . . ... .. ... ... 128
6.2 Outlook for FutureResearch . . . . . .. ... ... ... ... ..... 131

A Effect of plume cone angle on spray collapsing 135
B Supplementary Data Availability 139
Acknowledgements 141

Curriculum Vitae 143



CONTENTS ix

List of Publications 145






Summary

HE maritime industry is a significant contributor to global emissions, with carbon

dioxide (CO,) as a major greenhouse gas (GHG) and nitrogen oxides (NO,) being
harmful air pollutants. The International Maritime Organization (IMO) and the Paris
Agreement have imposed stringent regulations to mitigate these emissions, driving the
need for sustainable alternatives to fossil fuels in marine internal combustion engines
(ICEs). Methanol has emerged as a promising candidate due to its renewable production
potential, liquid state at atmospheric conditions, and ability to significantly reduce harm-
ful emissions compared to conventional fuels like diesel. However, the integration of
methanol in ICEs presents unique challenges, particularly during injection and mixture
formation. These arise due to methanol’s peculiar physical properties (i.e., increased
latent heat of vaporization, higher vapour pressure, and decreased lower heating value
compared to diesel and gasoline) hindering the adaptation in maritime engines. As cur-
rent knowledge and modelling practices are predominantly validated using conventional
fuels, significant knowledge gaps remain regarding the behaviour of methanol sprays.
This PhD thesis aims to address these challenges by developing a computational fluid dy-
namics (CFD) framework in CONVERGE-CFD using the Reynolds-Averaged Navier-Stokes
(RANS) and large eddy simulation (LES) turbulence approaches. The framework is used
to analyse methanol spray behaviour under marine-relevant engine conditions, covering
both port fuel injection (PFI) and direct injection (DI) configurations.

Initially, in Chapter 2, a literature review is conducted on the combustion pathways of
methanol-fuelled heavy-duty ICEs. The thesis introduces a unified classification frame-
work for methanol injection and ignition strategies, including both spark ignition (SI)
and compression ignition (CI) concepts. By synthesizing diverse definitions from the
literature, this framework provides clarity for future research and engine development.
Additionally, by outlining the different injection methods, this chapter identifies the in-
herent knowledge gap in methanol sprays and establishes the necessary conditions for
the subsequent numerical modelling.

Chapter 3 examines methanol sprays under PFI conditions reminiscent of small and
medium-bore maritime engines. The CFD model is validated using methanol-specific
experimental data from literature at both low and high injection pressures, utilizing light-
duty engine injection quantities. Consequently, the validated PFI model is scaled up for
marine engine injection quantities to analyse atomization and evaporation phenomena.
The analysis demonstrates that using higher injection pressures accelerates the liquid jet
breakup, improving atomization and evaporation prior to wall impingement. While at-

xi



Xii SUMMARY

omization improves, methanol evaporation remains minimal for all the tested conditions,
indicating that spray-wall interaction phenomena dominate PFI mixture formation.

Subsequently, in Chapter 4, the spray framework is further extended to DI conditions,
using experimental data from the Engine Combustion Network (ECN) Spray M1 condi-
tion. Specifically, using computer tomography (CT) reconstruction methods, the ECN
experiments yielded DI methanol spray results with a multi-hole injector under moderate
ambient pressure and temperature conditions. The CFD model is successfully validated
using state-of-the-art projected liquid volume (PLV) maps based on methanol spray
liquid volume fraction (LVF). Due to methanol’s high volatility and latent heat, the ECN
methanol experiments exhibited unique spray phenomena, including plume collapse
and sweeping. These phenomena are accurately captured by systematically calibrating
the droplet breakup model using both RANS and LES turbulence approaches. This work
establishes a validated methodology for simulating methanol DI sprays, bridging the gap
between conventional fuel models and the specific requirements for methanol injection.

Chapter 5 investigates the charge cooling effect of methanol in dual-fuel methanol-
diesel DI-CI engines. The non-reacting ECN spray D condition is used to validate the
injection model, employing n-dodecane as a diesel surrogate. Consequently, the spray
model is adapted for methanol injection and compared with n-dodecane under the same
quantity and energy content injection cases. Methanol’s high latent heat of vaporization
and lower energy density result in slower evaporation rates and extended liquid pene-
tration, which can induce wall wetting and influence combustion and emissions. In the
dual-fuel CI engine environment, methanol’s charge cooling effect locally reduces the
mixture temperature by up to 100 K compared to n-dodecane, potentially creating cold
spots that will hinder flame propagation and amplify cyclic variability. These insights
highlight the need for tailored injection strategies, such as split injection, to optimise
methanol combustion in marine engines.

The contributions of this work advance the understanding of methanol sprays by
developing a predictive and computationally efficient spray modelling framework. Com-
parative analyses between methanol and conventional fuels such as diesel and iso-octane
reveal critical differences in spray structure and mixture formation. The presented CFD
models could serve as a valuable tool for engineers and researchers, enabling the optimi-
sation of methanol-fuelled marine engines. As the maritime industry transitions toward
sustainable energy solutions, this thesis provides critical guidance for overcoming the
technical challenges of methanol adoption in marine ICEs.



Samenvatting

E maritieme sector levert een significante bijdrage aan de wereldwijde emissies,

waarbij kooldioxide (CO;) een belangrijk broeikasgas (GHQG) is en stikstofoxiden
(NOy) luchtverontreiniging veroorzaken. De International Maritime Organization (IMO)
en het Parijs akkoord hebben strenge regelgeving ingevoerd om deze emissies te beperken,
waardoor er meer behoefte is aan duurzame alternatieven voor fossiele brandstoffen in
maritieme verbrandingsmotoren (ICE’s). Methanol is een veelbelovende brandstof omdat
het hernieuwbaar geproduceerd kan worden; het vloeibaar is bij atmosferische druk en
kamertemperatuur, en het schadelijke emissies aanzienlijk kan verminderen ten opzichte
van conventionele brandstoffen zoals diesel. De integratie van methanol in ICE’s brengt
echter unieke uitdagingen met zich mee, met name tijdens de injectie en mengselvorming.
Deze uitdagingen ontstaan door de specifieke fysische en chemische eigenschappen van
methanol (d.w.z. een hogere latente verdampingswarmte, hogere dampdruk en lagere
verbrandingswaarde in vergelijking met diesel en benzine), die de toepassing in maritieme
motoren moeilijker maken. Aangezien bestaande kennis en modelleringspraktijken
voornamelijk zijn gevalideerd met conventionele brandstoffen, is er een gebrek aan kennis
over het gedrag van methanolverstuivingen. Dit proefschrift vult deze kennis aan door
het ontwikkelen van een computational fluid dynamics (CFD)-raamwerk in CONVERGE-
CFED, waarbij zowel Reynolds-Averaged Navier—Stokes (RANS)- als large eddy simulation
(LES)-turbulentiebenaderingen gebruikt worden. Het raamwerk wordt toegepast om het
verstuivingsgedrag van methanol te analyseren onder motorcondities die relevant zijn
voor de maritieme sector, voor zowel poortinjectie (PFI) als directe injectie (DI).

In Hoofdstuk 2 wordt eerst een literatuurstudie uitgevoerd naar de verbrandings-
paden van grote methanolgestookte ICE’s. Het proefschrift introduceert een algemeen
geldend classificatieraamwerk voor methanolinjectie- en ontstekingsstrategieén, met
zowel vonkontsteking (SI) als compressieontsteking (CI). Door uiteenlopende definities
uit de literatuur te combineren, biedt dit raamwerk helderheid voor toekomstig onder-
zoek en motorontwikkeling. Daarnaast identificeert dit hoofdstuk, door de verschillende
injectiemethoden te beschrijven, het gebrek aan kennis rondom methanolverstuivingen
en legt het de voorwaarden vast voor de daaropvolgende numerieke modellering.

Hoofdstuk 3 onderzoekt methanolverstuivingen onder PFI-condities die represen-
tatief zijn voor kleine en middelgrote maritieme motoren. Het CFD-model wordt ge-
valideerd met literatuurdata van methanol-ICE-experimenten met zowel lage als hoge
injectiedrukken en brandstofhoeveelheden kenmerkend voor lichte motoren. Vervolgens
wordt het gevalideerde PFI-model opgeschaald naar injectiehoeveelheden die typisch zijn
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voor maritieme motoren om vernevelings- en verdampingsverschijnselen te analyseren.
De analyse laat zien dat hogere injectiedrukken de vloeibare straal sneller laat opbreken,
wat de verneveling en verdamping vo6r het neerslaan op de wand verbetert. Hoewel de
verneveling verbetert, blijft de methanolverdamping minimaal voor alle onderzochte
scenario’s, wat suggereert dat interactie tussen verstuiving en wandfilmvorming een
dominante rol speelt in de PFI-mengselvorming.

Vervolgens wordt in Hoofdstuk 4 het verstuivingsraamwerk verder uitgebreid naar
DI-condities, waarvoor experimentele data uit de Engine Combustion Network (ECN)
Spray M1-conditie gebruikt is. Met name door gebruik te maken van computertomo-
grafie (CT)-reconstructiemethoden leverden de ECN-experimenten resultaten op van
DI-methanolverstuiving met een injector met meerdere openingen onder gematigde om-
gevingsdruk en -temperatuur. Het CFD-model wordt succesvol gevalideerd met behulp
van state-of-the-art ‘projected liquid volume’ (PLV)-kaarten, gebaseerd op de methanol-
verstuivingsfractie (LVF). Door methanols hoge vluchtigheid en latente verdampings-
warmte vertoonden de ECN-methanolexperimenten unieke verstuivingsverschijnselen,
waaronder 'plume collapse’ en 'sweeping. Deze verschijnselen worden nauwkeurig
vastgelegd door een systematische kalibratie van het druppelverstuivingsmodel met zo-
wel RANS- als LES. Dit werk vormt een gevalideerde methode voor het simuleren van
methanol-DI-verstuivingen en overbrugt de kloof tussen modellen voor conventionele
brandstoffen en de specifieke eisen voor methanolinjectie.

Hoofdstuk 5 onderzoekt het ladingskoelende effect van methanol in 'dual-fuel’ metha-
nol-diesel DI-CI-motoren. De niet-reactieve ECN Spray D-conditie wordt gebruikt om het
injectiemodel te valideren, waarbij n-dodecaan wordt toegepast als diesel-surrogaat. Ver-
volgens wordt het verstuivingsmodel aangepast voor methanolinjectie en vergeleken met
n-dodecaan onder identieke massa- en energie-injectiecondities. Methanols hoge latente
verdampingswarmte en lagere energiedichtheid leiden tot tragere verdamingsprocessen
en een langere vloeibare penetratie, wat wandfilmvorming kan veroorzaken en invloed
kan hebben op de verbranding en emissies. In een 'dual-fuel’ CI-motoromgeving ver-
mindert methanol de temperatuur plaatselijk tot wel 100 K ten opzichte van n-dodecaan,
wat koude zones kan creéren die vlamvoortplanting hinderen en cyclische variabiliteit
kunnen versterken. Deze bevindingen benadrukken de noodzaak van aangepaste injectie-
strategieén, zoals gesplitste injectie, om de methanolverbranding in maritieme motoren
te optimaliseren.

De bijdragen van dit werk vergroten het inzicht in methanolverstuivingen door de
ontwikkeling van een voorspellend en rekenefficiént verstuivingsmodelleerraamwerk.
Vergelijkende analyses tussen methanol en conventionele brandstoffen zoals diesel en
iso-octaan tonen cruciale verschillen in verstuivingsstructuur en mengselvorming. De
gepresenteerde CFD-modellen kunnen dienen als een waardevol instrumenten voor in-
genieurs en onderzoekers, waarmee de optimalisatie van methanolgestookte maritieme
motoren kan worden ondersteund. Terwijl de maritieme sector de transitie maakt naar
duurzame energieoplossingen, biedt dit proefschrift essentiéle richtlijnen voor het over-
winnen van de technische uitdagingen rondom de toepassing van methanol in maritieme
ICE’s.
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2 1. INTRODUCTION

1.1 Background & Motivation

HE massive increase of anthropocentric greenhouse gas (GHG) emissions causes
T climate change. Carbon dioxide (CO5) is one of the main GHGs and is mainly emitted
during the combustion of hydrocarbon fuels [28, 9]. Environmental studies suggest
that 3% of the annual global anthropogenic CO, emissions originate from the maritime
industry, a percentage that is likely to increase in the coming years if the sector does not
reduce its emissions quickly [16]. In addition to CO», nitrogen oxides (NO,) are harmful
combustion products formed at high temperatures [12]. Specifically, NO, emissions
cause respiratory and cardiovascular issues, and contribute to acid rain and ground-
level ozone formation [26]. To mitigate the environmental and health impact of NO,,
the International Maritime Organization (IMO) regulates these emissions through strict
limits [7]. Therefore, developing effective strategies and technologies to reduce both CO,
and NO, emissions is essential for a sustainable maritime sector [9, 21, 4, 18].

With the Paris Agreement in effect since 2016, a long-term joint policy agenda was
imposed globally to reduce GHG emissions and attenuate global warming [25]. The agree-
ment aims to limit the global temperature rise to well below 1.5°C, but current projections
indicate that these targets may not be met without significant changes [28]. As a result, the
maritime sector is under increasing pressure to adopt alternative energy solutions with a
lower or zero-carbon footprint [14, 18]. However, sustainable energy technologies are not
yet widely available, partly due to technical and operational constraints such as limited
range and energy density [14, 15]. Battery-electric solutions, for example, currently do
not meet the cost, weight, and range requirements required for long-haul or heavy-duty
maritime applications [20]. Given the strong dependence on fossil fuels, internal combus-
tion engines (ICEs) are expected to remain a key component in energy production and
transportation [8].

1.1.1 Why Methanol?

The ongoing dependence on fossil fuels provides a short-term solution in alternative and
synthetic fuels, which can power state-of-the-art ICEs [2, 27]. In this context, methanol
has been identified as an adequate alternative option, especially for heavy-duty inland
and maritime applications [30, 29, 19]. Methanol can be renewably produced using a
wide range of feedstocks [19], and offers scalable production [29] and high technology
readiness level (TRL) [14, 5]. Compared to other alternative fuels such as ammonia
and hydrogen, methanol offers several practical advantages. It is in the liquid phase
at atmospheric conditions, making it easy to store and handle, which allows for the
use of marine fuel tanks [32]. Furthermore, several favourable properties (e.g., lower
adiabatic flame temperature, knock resistance, simple molecular structure, etc.) allow
significant reductions in hazardous NO,, SOy, and PM emissions compared to diesel and
gasoline [24, 32, 29]. Lastly, for maritime transport, methanol is considered the most cost-
effective alternative when accounting for total ownership costs [11]. These advantages
make methanol an attractive energy carrier for reducing emissions and decarbonizing
ICE-based transportation [23].



1.2. PROBLEM STATEMENT & RESEARCH QUESTIONS 3

1.2 Problem Statement & Research Questions

ETHANOL integration in ICE is realised through different injection methods, such
M as port fuel injection (PFI) and direct injection (DI) [23]. These injection methods
significantly influence the in-cylinder combustion modes, their performance, and emis-
sions [12], as illustrated in Figure 1.1. During injection, methanol is sprayed into the
engine in liquid form, where it undergoes atomization, evaporation, and mixing with
air. This process can be hindered by wall impingement and incomplete vaporization,
potentially leading to wall wetting and inhomogeneous mixture. Wall wetting, in particu-
lar, may lead to the formation of unburned hydrocarbons (UHC) and formaldehyde [29].
Moreover, an inhomogeneous mixture is described by locally rich and lean regions of fuel-
air mixture in the cylinder, which hinders flame propagation and contributes to unstable
combustion [31]. Therefore, effective spray and mixture control is crucial for ensuring
efficient and clean combustion [6, 3]. A comprehensive understanding of these phe-
nomena—through both experimental and computational investigations—is essential for
optimizing methanol-fuelled ICEs. Ultimately, improving our understanding of methanol
spray and mixture formation can enable more efficient combustion and significantly
lower emissions compared to conventional fuels [19, 29].

PFI - MeOH W]
Mixture Formation modes

Challenge:
Wall Wetting

DI - MeOH Emissions ]

(NOx | Soot | CcO JUHC)

Formaldehyde

Figure 1.1: Schematic representation of the relationship between methanol injection methods (PFI and DI),
mixture formation, and resulting combustion modes and emissions.

i

Compared to diesel, methanol has approximately four times higher latent heat of
vaporization (Table 1.1). This also challenges the creation of a homogeneous mixture by
requiring more heat and time for the evaporation of the fuel. Additionally, methanol’s
lower heating value (LHV) is approximately half of diesel’s, thus demanding twice the fuel
mass for the same power output [32, 23, 19]. This leads to longer injection duration or
larger injector diameter to achieve the same power density as diesel operation. These two
properties further complicate methanol retrofitting, often limiting the engine operating
range [17].

Based on the motivation outlined above, the problem statement of the present thesis
is formulated as follows:

How do methanol sprays influence evaporation and mixture formation in
marine ICEs? Can we develop a predictive simulation framework to aid in
optimizing various methanol-fuelled marine engine injection strategies?
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Table 1.1: Marine Fuel Properties [29, 22, 1, 13]

Property Diesel Methane Methanol Ammonia
Lower Heating Value (LHV) [M]/kg] 42.7 50 20.1 18.8
Density (at STP) [kg/m3] 840 0.65 790 0.718
Heat of Vaporization (at 1 bar) [kJ/kg] 250 510 1089 1370
Boiling Point (at 1 bar) [°C] 180-360 -161.5 65 -33.34
Surface Tension (at 20 °C) [mN/m] 27 - 23 18.1 (at 34.1°C)
Dynamic Viscosity (at 20°C) [mPa-s]  2.1-2.52 0.01 0.57 0.01

The research problem leads to the following research questions, which distinctively
address PFI and DI methanol sprays associated with marine ICEs:

1. How do PFI and DI methanol injection strategies compare in marine engine appli-
cations?

2. What is the atomization quality of methanol under low injection pressure in PFI
systems, and how can it be improved to enhance mixture formation?

3. To what extent does PFI of methanol lead to fuel wall film formation on the intake
manifold?

4. Can existing state-of-the-art spray modelling practices reliably predict methanol
spray behaviour, or do they require significant adaptation?

5. How does methanol spray formation in DI systems differ from conventional fuels
such as diesel and gasoline, particularly in terms of morphology and vaporization
behaviour?

6. How do methanol’s distinct physical properties, such as high latent heat of vapor-
ization and lower energy density, impact spray evolution and mixture preparation
across injection strategies?

7. Is it feasible to develop a unified CFD-based spray modelling framework that accu-
rately captures methanol behaviour in both PFI and DI configurations?

8. What are the implications of methanol DI spray characteristics on marine engine
operation?

1.3 Research Approach

T HE objective of the present thesis is to develop a modelling framework for methanol
sprays relevant to marine ICEs. To achieve this, we use computational fluid dynamics
(CFD) simulations to analyse the physical phenomena underlying the spray and mixture
formation in both PFI and DI conditions. The CFD models employ the Lagrangian-
Eulerian framework to simulate the interaction between liquid methanol droplets and the
surrounding gas. Most of the thesis uses the Reynolds-Averaged Navier—Stokes (RANS)
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approach for turbulence modelling, while high-fidelity simulations in Chapter 4 utilize a
Large Eddy Simulation (LES) framework. Given methanol’s distinct physical properties
compared to conventional fuels, this thesis evaluates the applicability of existing spray
models and aims to calibrate and validate them using experimental data specific to
methanol. The validated CFD models are used to investigate mixture formation and its
impact on pre-ignition in-cylinder conditions typical of marine engines.

Initially, we identify the various methanol injection strategies and combustion modes
reported for marine internal combustion engines to answer the problem statement. After
outlining the potential pathways for injecting methanol, the focus of the thesis shifts to
spray modelling across different configurations: low- and high-pressure PFI, as well as
single-hole DI using diesel-type and multi-hole DI using gasoline-type injectors. Recog-
nizing the limited literature on methanol spray behaviour, the thesis conducts a dedicated
investigation into methanol spray models, including droplet breakup, collision, and evap-
oration. To isolate spray dynamics from combustion effects, the study employs constant
volume chamber (CVC) experiments for both PFI and DI configurations, allowing for
targeted calibration of spray models under methanol-specific conditions. Comparisons
with diesel and iso-octane highlight the distinct spray behaviour of methanol relative
to conventional fuels. The calibrated spray framework developed in the present thesis
enables accurate and computationally affordable engineering-level CFD simulations of
full engine geometries. Ultimately, this work supports the analysis and optimization of
mixture formation, enabling future studies on combustion and emission formation in
marine engines, as illustrated in Figure 1.2.

a Low Ambient & L.
Injection Pressures Integration into
Marine 3D-ICE
| PFI - MeOH a model
Dedicated Spray
, L Research Combustion &
ombustion
DI - MeOH — — Emissions Formation
High Ambient &
\_ Injection Pressures ‘.

Figure 1.2: Schematic representation of the proposed research approach focusing on dedicated spray research
using methanol experimental data.

1.4 Thesis Outline

T HE thesis is organised into six chapters, as presented in Figure 1.3:

¢ Chapter 2 reviews methanol injection and ignition strategies specifically for heavy-
duty and marine methanol engines. Due to inconsistent definitions found across
the literature, a unified classification framework is introduced for spark ignition (SI)
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and compression ignition (CI) engine concepts, including both mono-fuel and dual-
fuel configurations. Lastly, by identifying the various port-fuel and direct injection
methods, this chapter helps define the conditions and injection parameters relevant
to the numerical modelling presented in the following chapters of the thesis.

¢ Chapter 3 investigates methanol spray behaviour under PFI conditions, which con-
stitutes a low ambient pressure and temperature environment typical of intake port
conditions in premixed CI marine engines. The validation is based on experimental
data from the literature, using methanol at both low and high injection pressures,
encompassing quantities relevant to light-duty engines. Subsequently, the validated
PFI models are applied to scaled-up marine engine injection quantities to study
atomization and evaporation phenomena. This marine engine investigation reveals
the influence of injection pressure and intake ambient conditions on atomization
and evaporation behaviour of methanol sprays.

¢ Chapter 4 extends the CFD approach of Chapter 3 to DI conditions by simulating
the Engine Combustion Network (ECN) methanol Spray M1 using both RANS and
LES turbulence models. The simulated conditions reflect high ambient pressure
and temperature environments, representative of in-cylinder partially premixed
marine engines' with moderate injection pressure from a multi-hole gasoline-style
injector. Validation is performed using state-of-the-art projected liquid volume
(PLV) maps, liquid penetration data, and spray morphology, aiming to capture
complex physical phenomena such as spray collapsing and sweeping. Ultimately,
by revealing these key insights into methanol sprays in multi-hole DI conditions,
this chapter highlights a vastly different behaviour between methanol and gasoline
sprays, due to the inherently distinct physical properties of methanol.

¢ Chapter 5 investigates the charge cooling effect of methanol in a heavy-duty dual-
fuel DI-CI engine environment. This engine environment is characterised by ex-
tremely high ambient pressure and temperature conditions, where both methanol
and diesel are injected close to top-dead-center (TDC) using ultra-high injection
pressures. The computational framework is first validated against non-reacting
ECN Spray D experimental data using n-dodecane? liquid and vapour penetration,
as well as the spray morphology. Following validation, the diesel injection model
is adapted for methanol injection and systematically compared with n-dodecane,
which serves as a surrogate fuel for diesel. The analysis examines mixture formation
characteristics and temperature distributions prior to ignition, providing insights
into the thermal effects of methanol DI on marine dual-fuel engines.

¢ Chapter 6 summarises the main findings of the present thesis and recommends
topics for future research directions.

n the context of direct-injection spark-ignition engines, the simulated conditions are typically classified as
late-injection for stratified operation. However, in larger marine engines, the same conditions align with
partially premixed injection timings due to the higher in-cylinder pressures and temperatures characteristic of
these engines.

2N-dodecane is widely used as a diesel surrogate in engine simulations.
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Figure 1.3: Outline of the present thesis, including the three chapters encompassing distinct ways of injection in
PFI and DI conditions using increasing injection pressure.
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1.5 Contributions

HE contributions of the present dissertation with respect to methanol spray CFD
modelling are the following:

¢ Avalidated CFD model for methanol PFI sprays (both low and high injection pres-
sures) under marine-relevant conditions using experimental data specifically for
methanol, which fills the literature gap for marine applications.

Exploration of marine-scale injection quantities, with the proposed approach,
reveals that high injection pressures improve atomization and evaporation.

Highlighting challenges in methanol retrofitting, such as wall wetting and delayed
evaporation.

Proposals for solutions, such as higher injection pressures to enhance mixture
formation. This work is presented in Chapter 3 and published in Zoumpourlos et al.
[33].

¢ Improved the state-of-the-art spray modelling using ECN Spray M data: expanded
CFD validation by leveraging the ECN’s Spray M1 dataset for late-injection DI
conditions.

Comparison of methanol spray morphology with iso-octane. Demonstration of the
unique spray behaviour of methanol, which leads to plume collapsing due to high
volatility. Capturing of the intrinsic flow phenomena by systematically tuning the
droplet breakup model constants.

A validated methodology for future methanol DI engine simulations, bridging the
gap between conventional fuel models and methanol-specific requirements. This
work is described in Chapter 4 and published in Zoumpourlos et al. [34].

¢ Comparison of the spray structure of methanol with n-dodecane in DI-CI engine
environment, highlighting the increased liquid penetration of methanol due to
slower evaporation rates.

Validation of the n-dodecane model using liquid and vapour penetration data from
the non-reacting ECN Spray D under heavy-duty conditions. This work is outlined
in Chapter 5 and published in Zoumpourlos et al. [35] and Zoumpourlos et al. [36].

Additionally, the main contributions concerning methanol marine engine operation
and mixture formation are as follows:

¢ Review of methanol injection and ignition strategies for heavy-duty and marine
engines.

Introduction of a unified classification framework for both SI and CI concepts. This
work is presented in Chapter 2 and published in Kiouranakis et al. [10].
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¢ Quantification of methanol’s charge cooling effect.

Demonstration of the influence of ambient temperature and injection timing on
the charge cooling effect, and the resulting mixture temperature gradient.

Highlighting the challenges in methanol adoption in marine engines, supporting
the transition to sustainable maritime propulsion. This work is outlined in Chap-
ter 5 and published in Zoumpourlos et al. [35] and Zoumpourlos et al. [36].

By addressing these aspects, this thesis aimed to advance the understanding of
methanol sprays and support the development of efficient, low-emission marine
engines.
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Chapter 2

Methanol for Heavy-Duty Internal
Combustion Engines: Combustion
Pathways

Konstantinos ZOUMPOURLOS, Konstantinos Ioannis
KIOURANAKIS

The differences between various methanol injection and ignition strategies, as well as their
corresponding combustion processes, remain inconsistently defined in the literature. In
heavy-duty and marine engines, diffusion combustion is often favoured as it allows for
higher methanol energy shares. However, this comes at the cost of higher nitrogen oxide
(NO,) and soot emissions, as well as an increasing impact on engine design compared
to premixed strategies. To distinguish these differences, this chapter reviews the primary
injection and ignition strategies employed in methanol engines. Moreover, to clarify the
ambiguity found in the literature, we propose a structured classification framework covering
heavy-duty spark ignition (SI) engines and mono-fuel and dual-fuel diesel-methanol
compression ignition (CI) engines.

This chapter was partly reproduced from [40]:

Kiouranakis, K. I., de Vos, P, Zoumpourlos, K., Coraddu, A., & Geertsma, R. (2025). Methanol for heavy-duty
internal combustion engines: Review of experimental studies and combustion strategies. Renewable and
Sustainable Energy Reviews, 214, 115529.DOI: https://doi.org/10.1016/j.rser.2025.115529

The author of the present thesis contributed in the systematic literature review, the analysis and writing, and the
conceptualisation of the classification framework. We include the parts of the published manuscript to which
the author of this thesis contributed.

15



2. METHANOL FOR HEAVY-DUTY INTERNAL COMBUSTION ENGINES: COMBUSTION
16 PATHWAYS

HIS chapter presents a review of the possible methods for the combustion of methanol
T in ICEs. For methanol implementation, different injection strategies can be utilized in
the context of both spark ignition (SI) and compression ignition (CI) engines. The chapter
reviews the primary combustion mechanisms and presents the application pathways
for methanol. To accommodate these distinct combustion modes, relevant figures are
provided to explain the different strategies of methanol utilization. Fundamentally, com-
bustion in a piston engine can occur in three ways: Otto-type premixed flame propagation,
HCCI-type premixed autoignition, and Diesel-type non-premixed diffusion combustion
(Figure 2.1).

Gasoline Engine Diesel Engine HCCl Engine
(Spark Ignition) (Compression Ignition) (Homogeneous Charge
spark plug fuel injector Compression Ignition)

L

Hot-Flame Region: Hot-Flame Region: Low-Temperature Combustion:
NOx NOx & Soot Ultra-Low Emissions (<1900K)

Figure 2.1: Fundamental combustion concepts in ICEs [56]

2.1 Slengines

LCOHOL-based fuels with high octane number, such as methanol and ethanol, are

well-suited for use in spark-ignition (SI) engines [81, 19]. In these engines, fuel is
commonly introduced at low pressure into the intake port, a configuration known as port
fuel injection (PFI), which promotes the formation of a homogeneous air-fuel mixture
within the combustion chamber. Air path injection (API) can be achieved via single-
point injection (SPI)—by means of carburation or spray injection upstream in the intake
port—or through multipoint injection (MPI) using PFI [90, 12]. SPI is typically used in
gaseous-fuelled engines, such as those powered by natural gas [73], whereas PFI is the
preferred approach for liquid fuels, like methanol [44]. Figure 2.2 illustrates the injection
strategies used in SI engine configurations.

Injection strategies in SI engines are fundamentally based on premixed flame prop-
agation, with combustion duration being highly influenced by flame-turbulence inter-
actions [31]. Increasing turbulence intensity accelerates flame speed [79], a principle
central to the turbulent jet ignition (TJI) concept, which employs a pre-chamber to initiate
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Figure 2.2: Engine strategies in SI engines [40]

combustion in lean mixtures [54, 66]. Beyond fully premixed approaches, efficiency gains
can be achieved through in-cylinder DI or by combining API with pre-chamber ignition.
These strategies allow charge stratification and operation under leaner conditions [46,
100], improving both thermal efficiency and emissions [45]. The TJI concept is a common
strategy for implementing the SI engine technology in heavy-duty (HD) applications, such
as marine [3, 34]. Although SI engines may employ a variety of injection configurations,
their combustion mode is explicitly designed around premixed flame propagation [30],
with autoignition intentionally avoided. Even in gasoline DI systems—often adopted
to promote charge stratification for performance benefits—the primary combustion
mechanism is flame-driven propagation [35].

2.2 C(Clengines

NLIKE SI engines, CI engines operate under two primary combustion modes—low-
temperature combustion (LTC) and conventional diesel combustion (CDC)—making
the classification of combustion strategies more complex. Moreover, the development of
dual-fuel (DF) engine concepts has further broadened this landscape by enabling a wide
range of fuel combinations and injection strategies aimed at enhancing performance
and integrating alternative fuels. These recent developments have also introduced in-
consistencies in terminology, as overlapping and ambiguous definitions are often found
across studies. This issue is particularly evident when discussing alternative fuels, such as
methanol, where a lack of standardization can lead to confusion. For instance, the term
direct dual-fuel stratification (DDFS), originally defined as a specific injection-based com-
bustion strategy [88], has been applied with varying interpretations in methanol-related
studies [50, 48]. Such inconsistencies in terminology are not unique to methanol and
have also been noted in literature for other low-reactivity fuels (LRFs), such as natural
gas [39].
Therefore, the primary goal of this review chapter is to introduce a practical classifica-
tion framework that enables consistent categorization and interpretation of methanol
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CI strategies. To achieve this, we identified four key degrees of freedom that shape
methanol combustion behaviour: the fuel strategy (mono-fuel or dual-fuel), methanol
injection location, ignition method, and the methanol to high-reactivity fuel (HRF) ratio
in premixed DF engine concepts. These parameters collectively determine the dominant
combustion mechanism. Figure 2.3 outlines the various pathways for methanol use in CI
engines, showing that despite diverse configurations, combustion typically aligns with
one of three primary combustion modes. These combustion modes can be either pre-
mixed flame propagation, premixed autoignition, or non-premixed diffusion. Although
some approaches may involve hybrid combustion behaviour, the figure emphasizes the
intended dominant mode in each scenario [9]. Additionally, the ignition approach is
governed by the timing of fuel injection, which is further detailed in Figure 2.4, providing
a complementary perspective to the strategy classification.
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Figure 2.3: Classification framework for methanol CI engine strategies [40]

2.2.1 Mono-fuel strategies

Operating conventional diesel combustion (CDC) with neat methanol requires much
higher compression ratios (CRs) than with diesel fuel [75]. In addition, higher intake air
temperatures [70] or the use of hot recirculated exhaust gases [26] are needed to support
ignition. These conditions can increase nitrogen oxide (NO,) emissions and may compro-
mise engine durability. To assist ignition under these demanding conditions—especially
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Figure 2.4: Fuel injection timing in different CI strategies [40]

during cold starts or at low loads—auxiliary ignition devices such as glow plugs are often
used [69, 57]. For LRFs, a combustion strategy similar to CDC, where diffusive combustion
is the primary mode, is typically referred to as mixing-controlled compression ignition
(MCCI) [97]. This mode is generally achieved through two-stage high-pressure direct
injection (HP-DI) of the LRE such as methanol, close to top dead center (TDC) [24].

Due to the demanding conditions required for MCCI operation with neat methanol
(such as the need for high CRs), most studies have instead concentrated on using methanol
blended with ignition improvers for HD applications, including marine engines. Previous
studies have examined the influence of various ignition and lubricity additives, as well as
their blending ratios, on methanol diffusion combustion [72, 14]. These findings indicate
that stable combustion could not be achieved with additive concentrations below 5%.
However, a more recent study demonstrated stable combustion with a lower additive con-
tent of just 3% [77]. This approach, known as MD97 [77], can be classified as a mono-fuel
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strategy [2].

To overcome methanol’s low reactivity in CI engines without relying on ignition im-
provers or HRFs, recent studies explored the pre-chamber technology, a concept tra-
ditionally used in SI engines [66]. The pre-chamber strategy employs the TJI concept,
utilizing HP-DI [84] in an MCClI-style approach. The goal of this strategy is to avoid
end-gas auto-ignition (i.e., knocking) [86], a key challenge in premixed combustion in
heavy-duty engines operating in a flame propagation mode. In this configuration, a small
amount of methanol is injected and ignited in a pre-chamber, producing hot jets that
shoot through narrow orifices into the main chamber. The bulk of the methanol is then
injected via HP-DI into these jets, facilitating robust ignition and combustion. Due to
the novelty and complexity of this approach, current investigations have been conducted
primarily using computational simulations [36].

Alternative mono-fuel strategies—particularly LTC concepts-have attracted attention
for their ability to lower NO, and PM emissions without compromising, and potentially
enhancing thermal efficiency [31]. LTC approaches aim to separate the fuel injection
and combustion events in CI engines, thereby avoiding the typical diffusion-controlled
combustion phase [43]. Among these, homogeneous charge compression ignition (HCCI)
is considered the foundational LTC strategy, featuring a fundamentally different com-
bustion mode from conventional gasoline SI and diesel CI engines. This concept first
emerged under names such as active thermo-atmosphere combustion (ATAC) in 1979 [62]
and compression-ignited homogeneous charge (CIHC) in 1983 [58], both emphasizing
spontaneous chemical kinetics-driven autoignition. Furthermore, the widely adopted
term HCCI was adopted by Thring [78], referring to a strategy in which fuel is introduced
through an air path injection (API) system to ensure a uniformly mixed charge. HCCI
combustion has been investigated for use with both diesel-like fuels [1] and gasoline-like
fuels, including methanol [27].

Premixed charge compression ignition (PCCI) shares the core principle of HCCI by
targeting fully premixed lean combustion initiated by autoignition [37]. It is often viewed
as the DI counterpart of the HCCI concept [28]. To precisely control combustion timing
in fully premixed modes, a refined approach is introduced involving two injection events:
an early injection to create a premixed charge and a secondary injection timed to initiate
combustion. Although this method retains bulk autoignition as its primary ignition source
and is classified under the HCCI mode, it has been described using terms such as the
Uniform Bulky Combustion System (UNIBUS) [29] and two-stage PCCI [42]. In addition,
multi-pulse ultra-high-pressure injection strategies have been investigated in the context
of PCCI [23, 23].

The two- or multi-stage injection approach is commonly known as Partially Premixed
Combustion (PPC) [67, 101], which aims to decouple the initial fuel injection from com-
bustion initiation [53]. Comparable techniques in diesel engines are also referred to as
split-premixed compression ignition (split-PCI) [61] or partially premixed compression
ignition (PPCI) [95]. To reduce ambiguity, this chapter clearly differentiates PPC from
MCCI, as both terms have occasionally been used to describe similar combustion strate-
gies—specifically, those involving a pre-TDC injection for partial premixing followed by
a later injection that governs combustion phasing through diffusion-like burning [67].
In this context, PPC refers to cases where the majority of the fuel is injected well before
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TDC [20], whereas MCCI involves injection much closer to TDC [25]!. Although efforts
are made here to distinguish PPC from PCCI, we acknowledge differences in terminology
across the literature. Lastly, spark assisted compression ignition (SACI) is another stud-
ied approach that relies on premixed autoignition. Here, a spark plug initiates reaction
kinetics locally, leading to autoignition throughout the premixed charge [65, 47].

2.2.2 Dual-fuel strategies

While the term DF strategy is often associated with natural gas-fuelled engines, it can also
apply to other LRFs, such as alcoholic fuels [39]. The diesel-methanol blending approach
is not shown in Figure 2.3, as methanol’s emulsion-related limitations restrict its viability
in such strategies [74], typically limiting its blend ratio up to 20%. DF engines use an
HRE such as diesel, to ignite low cetane number? fuels like methanol. In DF engines,
the HRF injection method is generally fixed, with HP-DI being the most prevalent, while
the methanol injection method varies across three typical strategies: API, low-pressure
direct injection (LP-DI), and HP-DI. Among these, similarly as in mono-fuel SI engines,
the API method—using either SPI or multipoint PFI—is the simplest and most widely
used approach for methanol injection in DF engines.

This injection strategy has been designated as “fumigation” in the context of alcohol
DF engines [11]. Alperstein et al.[7] introduced the term in 1958 to characterize diesel low
pressure (LP) PFI into the intake system, primarily to address challenges related to fuel-air
mixing and smoke emissions in diesel engines. Originally, fumigation referred to the
delivery of liquid fuel—such as diesel—as a fine mist or “fumes” into the intake port. Over
time, the definition broadened to include the introduction of alternative fuels into the
intake air upstream of the manifold through a carburettor or LP injector [32, 22]. Currently,
“fumigation” generally refers to methanol injection along the intake air path [15]. However,
this term has become ambiguous, straying significantly from its original intent and raising
uncertainty about the precise injection location and evaporation behaviour. Therefore,
this chapter proposes discontinuing the use of “fumigation” and instead adopting the
more precise term air path injection (API) to describe any form of methanol injection
along the intake path.

Another LP injection approach involves directly injecting methanol into the cylinder, a
method commonly used in large two-stroke marine natural gas dual-fuel engines [41, 18].
In these premixed strategies, combustion is initiated by the DI of an HRE such as diesel.
This configuration can lead to two separate combustion strategies: reactivity-controlled
compression ignition (RCCI) [68] and premixed dual-fuel (PRDF). RCCI emerged as a
more controllable alternative to earlier premixed autoignition approaches like HCCI and
PCCI, using API of the LRF to create a homogeneous mixture. Following, early DI of the
HRF is conducted to calibrate the mixture reactivity well before TDC. In contrast, PRDF
retains a diesel injection timing similar to that of CDC, with a late pilot injection near
TDC triggering ignition of the premixed methanol-air mixture. This PRDF mode is often

1PPC and RCCI typically involves fuel injection during the compression stroke at around —80° to —30° crank
angles before TDC. On the other hand, MCCI typically refers to injection during the ignition, similar to
diesel-style injection.

2The cetane number represents the autoignition tendency of a fuel.
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labelled as conventional dual-fuel (CDF) [39, 59, 64]. In the context of methanol, it is
typically referred to as diesel methanol dual-fuel (DMDF) [83, 17, 16] or diesel methanol
compound combustion (DMCC) [93, 98, 82]. However, since these names do not clearly
reflect the underlying injection or combustion processes, this chapter adopts the term
methanol PRDF to better define the specific combustion strategy.

In dual-fuel strategies using HP-DI for both fuels, methanol injection timing can
be varied to enable different combustion regimes [50]. This approach is currently used
in large marine dual-fuel engines [41], and involves injecting both methanol and the
HRF near TDC. This approach closely mimics CDC, but is applied to both fuels [21].
This setup generally follows the typical sequence of a late diesel injection close to TDC,
followed by the LRF injection [3], as reported in multiple methanol studies [85, 71].
When methanol is injected before diesel [60, 94], its cooling effect extends the ignition
delay, leading to a more premixed combustion behaviour, which resembles the PRDF
strategy [99]. To support the experimental work and optimize this approach, several
simulation studies have been conducted. For instance, Li et al. [49] explored a split
injection strategy involving methanol injection both before and after diesel—referred to
as methanol/diesel/methanol (M/D/M). Similarly, Yang et al. [92] studied how varying
the structure of the pilot fuel injection can improve methanol combustion performance.
This review chapter adopts the term methanol dual-fuel diffusion combustion (DFDC) to
describe this approach, where both fuels predominantly undergo diffusion-controlled
combustion.

Premixed autoignition combustion, as seen in RCCI, can also be realized through
early HP-DI of both fuels during the compression stroke. This direct dual-fuel strati-
fication (DDFS) approach blends features from both RCCI and PPC [88, 89], enabling
flexible injection pulses for each fuel [48]. This flexibility offers improved control over
the spatial distribution of fuel concentration and reactivity compared to conventional
RCCI. Similar concepts focused on flexible stratified combustion have been referred to as
intelligent charge compression ignition (ICCI) [33] and premixed micro pilot combustion
(PMPC) [55]. To promote consistency in terminology, this review chapter recommends
using the term DDFS to describe strategies that aim to achieve LTC through stratification
provided by the DI of both fuels. To summarize the mentioned combustion strategies, Fig-
ure 2.5 displays the cylinder layout for the four main DF ignition strategies.

A notable and unique approach is the jet controlled compression ignition (JCCI)
strategy [96], developed to improve combustion control in HCCI and PCCI systems. JCCI
uses a small ignition chamber—similar to the pre-chamber TJI concept—mounted on
the cylinder and equipped with a spark plug and an HRF injector [51]. Spark-initiated
combustion from the chamber produces hot, reactive jets that are discharged through
narrow orifices into the main chamber, initiating autoignition of the premixed charge.
Unlike traditional TJI, which depends on flame propagation, JCCI is designed to achieve
premixed autoignition, similar to HCCI, SACI, PCCI, PPC, RCCI, and DDEFS. This technique
has also been applied to ammonia-methanol blends, where hydrogen-fuelled jets from
the pre-chamber ignite the main charge [87]. Although JCCI expands the combustion
pathways for both mono- and dual-fuel CI engines [66, 87], its inclusion in Figure 2.3
would complicate the classification framework, which is intended to remain concise and
accessible.
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Figure 2.5: Dual-fuel main ignition combustion strategies [40]

The combustion behaviour in PRDF strategies is strongly influenced by the methanol-
to-HRF ratio. In these PRDF engines, the objective is to minimize the quantity of diesel
pilot required for combustion initiation [76]. However, issues such as misfiring and knock-
ing often require lowering the methanol content to ensure safe engine operation [52].
Several studies have confirmed that methanol PRDF combustion is highly sensitive to
changes in the methanol-to-HRF ratio [9, 38, 91, 4, 52]. At high methanol-to-HRF ratios,
the small quantity of HRF can act as a “liquid spark,” initiating combustion that resembles
premixed flame propagation [9]. This forms the basis of the micro pilot dual fuel (MPDEF)
concept, also referred to as CDF [39]. In MPDE the pilot fuel ignites at multiple points,
creating several flame fronts that spread through the chamber and ignite the methanol-air
mixture in a premixed manner [13]. Since this process depends on flame propagation
similar to that in SI engines, MPDF can be classified as a deflagration-driven combustion
strategy [18]. However, these systems are susceptible to knocking, a condition where
pressure waves from the flame compress and autoignite the unburned mixture ahead of
the flame front [63]. To counteract knock in diesel engines adapted for PRDF operation,
reducing the CR is a common approach, similar to SI engine design.

At lower methanol-to-HRF ratios in a PRDF engine, the mixture ahead of the flame
remains lean, while the combustion behaviour closely resembles that of CDC, as shown
in Figure 2.6. As the methanol ratio increases toward levels typical of the MPDF strategy,
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the combustion process becomes more intricate due to richer mixtures promoting both
flame propagation and premixed autoignition. Figure 2.7 illustrates the three distinct
combustion phases characteristic of the PRDF strategy, each contributing to the overall

heat release rate (HRR) profile:

1. The first phase originates from the combustion of the HRE

2. The second phase, which relies on the initial stage, is driven by the autoignition of
the premixed methanol near or ahead of the flame front.

3. The third phase is governed by the HRR of the turbulent flame propagation through
the remaining unburned methanol-air mixture.
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Figure 2.7: Typical combustion phases in a PRDF strategy [39]

With an increasing methanol-to-HRF ratio, the unburned mixture in front of the flame
becomes richer, causing the HRF to burn predominantly in a premixed manner, which
increases knocking occurrence [4]. This combustion process becomes increasingly com-
plex, involving interactions between flame fronts initiated by the HRF and the premixed
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autoignition of the methanol-air mixture near the flame front. In an attempt to emulate
the SACI combustion process, Azimov et al. [8] explored a novel PRDF strategy. In their
strategy, combustion was driven by the autoignition of a carefully managed premixed
natural gas-air mixture, designed to prevent knocking [9]. They referred to this approach
as the premixed mixture ignition in the end-gas region (PREMIER) mode, which is domi-
nated by premixed autoignition. Although this PREMIER mode has since been further
investigated for fuels such as methane [6], methane-hydrogen blends [5], and syngas [10,
80], no known studies have applied this concept specifically to methanol.

2.3 Conclusions

His chapter has reviewed the state-of-the-art strategies for using methanol in heavy-

duty (HD) engines, covering both mono-fuel and dual-fuel combustion concepts.
For mono-fuel applications, strategies such as SI, HCCI, PCCI, PPC, SACI, and MCCI
have been explored to capitalize on methanol’s clean-burning characteristics. While
these approaches can achieve high efficiency and low emissions, they also face chal-
lenges with knocking. Dual-fuel strategies address these limitations by introducing a
high-reactivity fuel (HRF), typically diesel, to initiate combustion of the low-reactivity
methanol. Configurations like PRDE RCCI, DFDC, and DDEFS enable flexible ignition
control; however, combustion behavior remains highly sensitive to methanol-to-HRF
ratios, with increased methanol substitution amplifying the risks of knocking. Across all
strategies, the methanol injection method differs between PFI and DI, with DI operating
at either high or low injection pressure, depending on the injection timing.

To address inconsistencies in terminology and strategy classification across the lit-
erature—particularly in the context of dual-fuel technology—this study proposed a sys-
tematic framework for injection and ignition strategies. This includes the replacement
of ambiguous terms such as “fumigation” with clearer descriptors like air path injec-
tion (API), and the introduction of classification diagrams (Figure 2.2, Figure 2.3, and
Figure 2.4) to outline methanol combustion modes in HD SI and CI engines. By orga-
nizing the diverse strategies into coherent categories, the presented framework aims to
guide future research toward more consistent comparisons and targeted optimization of
methanol-based engine technologies. To aid engine optimization, this thesis focuses on
validating CFD methanol spray models for low pressure PFI, high pressure PFI, and D],
covering the presented injection strategies found in the respective combustion modes.
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Chapter 3

Spray Modelling of Methanol Port
Fuel Injection Systems

The maritime sector aims to achieve short and medium-term sustainability targets through
the conversion of Internal Combustion Engines to methanol operation. For small to
medium sized engines, Port Fuel Injection (PFI) is the most viable injection method to
achieve this conversion. However, the knowledge of methanol’s behaviour in combustion
engines, particularly its spray characteristics under PFI conditions, is limited. To better
understand liquid methanol sprays, this chapter examines the injection of methanol in
marine PFI conditions using Computational Fluid Dynamics (CFD) modeling. The CFD
models employ the Lagrangian-Eulerian (LE) coupling method within the Reynolds Aver-
aged Navier Stokes (RANS) turbulence framework. Numerical results have been validated
using dedicated methanol experiments from the literature for both high and low injection
pressures. Subsequently, this predictive CFD framework was applied to various injection
pressures and scaled injection quantities, representing marine applications. Moreover, we
demonstrate that high injection pressure improves atomization and, thus, evaporation
prior to wall impingement. This work significantly contributes to our understanding of ma-
rine PFI methanol engines by modelling fuel quantities relevant to ship applications. The
presented approach can be implemented in full engine simulations to address evaporation
challenges commonly encountered in small-bore methanol marine engines.

This chapter was reproduced from [66]:

Zoumpourlos, K., Bekdemir, C., Geertsma, R., van de Ketterij, R., & Coraddu, A. (2025). Methanol sprays in
marine engines: CFD modelling of port fuel injection systems. Journal of Marine Engineering & Technology,
1-17. DOL: https://doi.org/10.1080/20464177.2025.2473184
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3.1 Introduction

OR methanol operation, installing port fuel injection (PFI) systems is the most viable
F conversion method for current four-stroke medium- and high-speed maritime en-
gines [57, 13], as space and cost issues limit the adoption of direct injection (DI) systems.
However, integrating methanol in marine ICEs involves a high degree of complexity. This
complexity is caused by its high latent heat of evaporation, which hinders the mixture
formation [57]. The spray characteristics and mixture formation process of methanol
are insufficiently studied. For these reasons, evaluating the physical phenomena in PFI
methanol sprays is essential.

Previous experimental research on methanol sprays has mainly focused on atmo-
spheric ambient temperature conditions and relatively low to medium injection pres-
sures [58, 20, 63, 64, 30, 60]. These studies reported similarities between the spray struc-
ture of methanol and conventional fuels, indicating only minor differences in the cone
angle and spray penetration length. In a study by Zeng et al. [62], flash boiling methanol
sprays were evaluated at 50 bar injection pressure. The authors stated that the flash
boiling phenomenon could improve the start-ability of the engines under cold-start con-
ditions due to enhanced atomization. In another study by Badawy et al. [5], lowering the
ambient pressure in the flashing regime decreased the droplet sizes, thereby improving
mixture formation.

More recently, several studies [35, 18, 59] have addressed DI engine conditions under
high injection pressures and high ambient temperatures and pressures. In particular,
Wang et al. [59] conducted experiments under compression ignition (CI) conditions and
compared methanol with diesel sprays. They reported that at moderate ambient tem-
peratures (600 K), methanol shows improved evaporation due to its lower boiling point.
Generally, the reported experiments highlighted many similarities in the macroscopic
spray structure between methanol and conventional fuels. However, these studies do
not quantify the evaporation cooling effect of methanol and its implications for air-fuel
mixture formation. Therefore, to sufficiently understand methanol sprays, predictive
computational fluid dynamics (CFD) models are essential for appropriately characteriz-
ing spray structure and behaviour under engine conditions. However, the limitations of
the current experimental studies make CFD model validation difficult.

To validate the CFD model, the Engine Combustion Network (ECN), an international
collaboration among several institutions, was established, providing an online database of
experimental data for conventional fuels [15, 33]. Although quite extensive, this database
does not cover methanol sprays, particularly for PFI conditions. Very limited research
has been published regarding CFD studies, as experimental data is scarce. Only one
study has investigated methanol sprays numerically [37]. In that study, Moreno Cabezas
etal. [37] developed a validated gasoline CFD model, which incorporated data from the
ECN Spray G [17]. The validated spray model was applied to a number of methanol
spray conditions representing a spark ignition (SI) DI engine. The authors reported that
methanol flash-boiling conditions exhibit an increased evaporation rate, which agrees
with previous experimental efforts [62, 5]. This demonstrates that CFD simulations can
accurately represent the underlying spray physics during flash boiling. While the work by
Moreno Cabezas et al. [37] improved our understanding of DI methanol engines, a similar
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CFED approach for PFI methanol engines does not exist, indicating a gap in knowledge.

3.1.1 Aim & Novelty

This chapter aims to investigate the injection of methanol under marine PFI conditions
(i.e., low ambient pressure and temperature, and low injection pressure). The novelty
of the present work lies in a spray modelling approach, which is validated using experi-
mental data for methanol at both high and low injection pressures. This approach can
be implemented in the modelling of methanol engine conversion to achieve robust op-
eration under PFI conditions. For the spray analysis, we employed CFD simulations
with Lagrangian-Eulerian (LE) coupling methods to treat liquid droplets and the air-fuel
gaseous mixture. To validate our models, we benchmarked two methanol injection exper-
iments, reminiscent of PFI conditions, which comprised a relatively low ambient pressure.
These included a high pressure (HP) injection experiment by Ghosh et al. [19], and a low
pressure (LP) injection experiment by Liu et al. [30].

To achieve an acceptable prediction of liquid penetration, we assessed the choice of
various spray parameters (i.e., rate of injection, cone angle, and turbulence model). The
assessment demonstrated the influence of these parameters on spray characteristics, such
as the liquid length. Moreover, we increased the injection quantity of the validated model
to examine the resulting methanol spray characteristics in marine engines. This study
offers insights into the impact of injection pressure on droplet breakup, evaporation, and
the magnitude of droplet velocity. The results indicated that increased injection pressure
significantly improves spray atomization due to enhanced air entrainment.

Coupling the presented modelling framework with 3D engine models can provide
a solid modelling methodology to support methanol engine conversion. Our study ad-
dresses previously reported limitations in increasing the methanol energy fraction and
mitigating combustion instability in small-bore marine and heavy-duty automotive en-
gines by using PFI of methanol. These findings can potentially contribute to methanol
implementation in the maritime sector by guiding the CFD modelling of future methanol
ICEs.

3.2 Background

3.2.1 Methanol in Marine Engines

ETHANOL offers desirable physical and chemical properties, which render it suitable

for marine engines [11]. Depending on the engine size, methanol is injected either
in the port, through a PFI system, or through a DI system in the cylinder. Based on the
piston size, Curran et al. [11] classified marine engines as small-bore (up to 280 mm),
medium-bore (280-500 mm), and large-bore (500-960 mm). Large-bore marine engines
typically employ a DI system for methanol injection through a second injector [34] or a
co-axial dual fuel injector [46]. On the other hand, small-bore marine engines, due to
space and cost limitations, use a PFI system for methanol premixing and a DI system
for diesel pilot ignition [12, 13, 3]. However, PFI systems are notable for their poor
mixture formation because of the low injection pressure, and low ambient pressure and
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temperature environment in the intake manifold [65, 67]. Therefore, retrofitting these
engines poses a challenge to both engine manufacturers and ship owners, and delays the
implementation of methanol in the maritime sector.

For efficient methanol conversion, CFD modelling offers insight into the mixture
formation and can potentially identify the best routes to overcome the aforementioned
challenges. To model PFI conditions, we distinguish three categories of CFD simulations:
spray modelling, wall wetting, and flow dynamics in the intake manifold, as shown
in Fig. 3.1. Spray modelling focuses on the spray formation and its spatial characteristics,
such as liquid penetration length, Sauter mean diameter (SMD), cone angle, and jet
velocity (Fig. 3.2). Next, wall wetting is the outcome of the spray interacting with the
engine’s internal parts. The impinging spray may form a liquid wall film, which hinders
the mixture formation and prevents the engine from operating normally. Especially in
methanol engines, due to increased latent heat of evaporation, the wall film evaporation
is significantly slower than in gasoline engines. Therefore, these wall deposits have a
significant impact on engine stability, causing cyclic variations and limiting the increase
in methanol energy fractions in converted methanol-diesel dual-fuel engines. Finally,
the liquid droplets interact with the flow field of the intake manifold. This flow field is
distinctive for each engine due to its design and geometrical features, and determines the
degree of mixing.

O

Fuel Engine
Droplets Geometry

Intake Manifold
Flow Dynamics v
Figure 3.1: Schematic overview of modelling aspects for CFD modelling of PFI engines, demonstrating the

decoupling of spray modelling, proposed in this work, from wall wetting effects and intake manifold flow
dynamics, subject to future research.

Wall Wetting

In an attempt to decouple the aforementioned modelling aspects, our study focuses
on the spray modelling of PFI conditions. This chapter provides a spray modelling
framework that could be adapted to any specific 3D engine model (Fig. 3.2). We validated
the model specifically for methanol to operate robustly in a range of injection pressures
in PFI ambient conditions. Coupling the framework with wall wetting models can serve
as a valuable tool for studying mixture formation and identifying the optimal retrofitting
solution. CFD can provide a toolbox to study different injection pressures, injection
locations, and timings a priori. Ultimately, these results reveal trends in atomization,
evaporation, and jet velocity, which can provide valuable insights into the necessary
development direction for methanol PFI engine technology.
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