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ABSTRACT
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 themost viable injectionmethod to achieve this conversion. However, the knowledge of the behaviour
of methanol in combustion engines, particularly its spray characteristics under PFI conditions, is limited. To
better understand liquid methanol sprays, this paper studies the injection of methanol in marine PFI condi-
tions through Computational Fluid Dynamics (CFD) modelling. The CFD models use the Lagrangian-Eulerian
(LE) coupling method within the Reynolds Averaged Navier Stokes (RANS) turbulence framework. Numeri-
cal results were validated using dedicated methanol experiments from the literature for both high and low
injection pressures. Subsequently, this predictive CFD framework was used in a number of different injection
pressureswith scaled injectionquantities that representmarine applications.Moreover,wedemonstrated that
high injection pressure improves atomisation and, thus, evaporation prior to wall impingement. This work
strongly contributes to our understanding of marine PFI methanol engines by modelling fuel quantities rele-
vant for ship applications. Our approach can be implemented in full engine simulations to solve evaporation
challenges often found in small-bore methanol marine engines.
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Abbreviations

ICE Internal combustion engine
CFD Computational fluid dynamics
PFI Port fuel injection
DI Direct injection
CI Compression ignition
SI Spark ignition
LE Lagrangian Eulerian
LPT Lagrangian particle tracking
RANS Reynolds averaged Navier Stokes
ECN Engine combustion network
CVC Constant volume chamber
HP High pressure
LP Low pressure
LHV Lower heating value
3D three-dimensional
PISO Pressure implicit with splitting of operators
CFL Courant-Friedrichs-Lewy
AMR Adaptive mesh refinement
We Weber number
TKE Turbulent kinetic energy
k0 Initial turbulent kinetic energy
ε0 Initial turbulent kinetic energy dissipation rate
ρg ambient air density
ρl liquid density
ur relative velocity between the droplet and the gas
rd droplet radius
σ droplet surface tension
KH-RT Kelvin Helmholtz – Rayleigh Taylor
TAB Taylor Analogy Breakup

CONTACT Konstantinos Zoumpourlos k.zoumpourlos@tudelft.nl Department of Maritime & Transport Technology, Faculty of Mechanical Engineering, Delft
University of Technology, Building 34, Mekelweg 2, 2628CD Delft, The Netherlands

NTC No time counter
rc child droplet radius
rp parent droplet radius
�KH growth rate of Kelvin Helmholtz waves
�KH wavelength of fastest growing unstable Kelvin Helmholtz

surface wave
τKH Kelvin Helmholtz breakup time
B0 Kelvin Helmholtz model size constant
B1 Kelvin Helmholtz breakup time constant
�RT wavelength of fastest growing unstable Rayleigh Taylor

surface wave
τRT Rayleigh Taylor breakup time
�RT growth rate of Rayleigh Taylor waves
CRT Rayleigh Taylor model size constant
Cτ Rayleigh Taylor breakup time constant
Cd Discharge coefficient
Pinj Injection Pressure

1. Introduction

Internal combustion engines (ICEs) are the main source of power
and propulsion in the marine sector, which contribute to global
warming when using fuels from fossil sources (International Mar-
itime Organization 2020; Kessel 2000; Nemati et al. 2022). Given
the ongoing reliance on ICEs (Reitz et al. 2020), to overcome the
increasing CO2 emissions, alternative fuels, such as ammonia and
methanol, can promote sustainability in the maritime sector (Ait
Allal et al. 2019; Korberg et al. 2021; McKinlay et al. 2021; Cur-
ran et al. 2024). Methanol has been identified as an adequate
alternative fuel for marine engines due to its scalable production,
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promising properties (e.g. liquid state at atmospheric conditions,
high laminar flame speed, low combustion temperature etc.), and
lower hazardous emissions compared to diesel and gasoline (NOx,
SOx, and PM) (Soni and Gupta 2016; Verhelst et al. 2019; Zin-
cir and Deniz 2021; Pipicelli et al. 2022). For methanol operation,
installing port fuel injection (PFI) systems is the most viable con-
version method for current four-stroke medium- and high-speed
maritime engines (Verhelst et al. 2019; Dierickx et al. 2021), as
space and cost issues limit the adoption of direct injection (DI) sys-
tems. 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 (Verhelst
et al. 2019). Methanol’s spray characteristics and mixture formation
process are insufficiently studied. For these reasons, evaluating the
physical phenomena in PFI methanol sprays is essential.

Previous experimental research on methanol sprays has mainly
focussed on atmospheric ambient temperature conditions and rel-
atively low to medium injection pressures (Wang et al. 2005; Gong
et al. 2007; Zeng et al. 2010, 2012b; Liu et al. 2022; Wouters
et al. 2023). These studies reported similarities between the spray
structure of methanol and conventional fuels, indicating only minor
differences in the cone angle and spray penetration length. In a study
by Zeng et al. (2012a), flash boiling methanol sprays were evaluated
at 50 bar injection pressure. The authors stated that the flash boil-
ing phenomenon could improve the start-ability of the engines under
cold-start conditions due to enhanced atomisation. In another study
by Badawy et al. (2022), lowering the ambient pressure in the flash-
ing regime decreased the droplet sizes, which improved the mixture
formation.

More recently, several studies (Matamis et al. 2020; Ghosh and
Ravikrishna 2021;Wang et al. 2022) have addressedDI engine condi-
tions under high injection pressures and high ambient temperatures
and pressures. In particular, Wang et al. (2022) conducted experi-
ments under compression ignition (CI) conditions and compared
methanol with diesel sprays. They reported that at moderate ambient
temperatures (600K), methanol shows improved evaporation due to
its lower boiling point. Generally, the reported experiments high-
lightedmany similarities in themacroscopic spray structure between
methanol and conventional fuels. Yet, these studies do not quantify
the evaporation cooling effect of methanol, and its implications on
the air-fuel mixture formation. Therefore, to sufficiently understand
methanol sprays, predictive computational fluid dynamics (CFD)
models are essential to appropriately characterise spray structure
and behaviour under engine conditions. However, the limitations
of the current experimental studies make CFD model validation
difficult.

To provide CFD model validation, the engine combustion net-
work (ECN), an international collaboration between several insti-
tutions, was established, offering an online database of experimen-
tal data for conventional fuels (ECN; Maes et al. 2020). Although
quite extensive, this database does not cover methanol sprays, espe-
cially under PFI conditions. Very limited research has been pub-
lished regarding CFD studies as experimental data is scarce. Only
one study has investigated methanol sprays numerically (Cabezas
et al. 2022). In that study, Cabezas et al. (2022) developed a vali-
dated gasoline CFD model, which incorporated data from the ECN
Spray G (Spray G). The validated spray model was applied on 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 (Zeng et al. 2012a; Badawy et al. 2022).
This shows that CFD simulations can adequately represent under-
lying spray physics under flash boiling. While the work by Cabezas
et al. (2022) improved our understanding of DI methanol engines,

a similar CFD approach for PFI methanol engines does not exist
indicating a gap in knowledge.

1.1. Aim& novelty

This paper 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 con-
stitutes of a spray modelling approach, which is validated using
methanol experimental data for both high and low injection pres-
sures. This approach can be implemented in the modelling of
methanol engine conversion and attain robust operation under PFI
operation. For the spray analysis, we used CFD simulations with
Lagrangian-Eulerian (LE) couplingmethods for the treatment of liq-
uid droplets and the air-fuel gaseousmixture. To validate ourmodels,
we benchmarked two methanol injection experiments reminiscent
of PFI conditions comprising of a relatively low ambient pressure.
These included a high pressure (HP) injection experiment by Ghosh
et al. (2020), and a low pressure (LP) injection experiment by Liu
et al. (2022).

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 char-
acteristics in marine engines. This study provides insights on the
impact of injection pressure on droplet breakup, evaporation, and
velocity magnitudes. The results indicated that increased injection
pressure significantly improves spray atomisation 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 explains previously reported
limitations in increasing methanol energy fraction, and combustion
instability of small-bore marine and heavy-duty automotive engines
using PFI of methanol. These findings can potentially contribute to
methanol implementation in themaritime sector by guiding theCFD
modelling of future methanol ICEs.

2. Background

2.1. Methanol inmarine engines

Methanol offers desirable physical and chemical properties, which
render it suitable for marine engines (Curran et al. 2024). Depend-
ing 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. (2024) classified marine
engines as small-bore (up to 280mm),medium-bore (280–500mm),
and large-bore (500–960mm). Large-bore marine engines typi-
cally employ a DI system for methanol injection through a sec-
ond injector (MAN Energy Solutions) or a co-axial dual fuel injec-
tor (Portin 2015). 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 (Dierickx
et al. 2019, 2021; Agarwal et al. 2022). However, PFI systems are
notable for their poormixture formation because of the low injection
pressure, and low ambient pressure and temperature environment
in the intake manifold (Zhu et al. 2021; Zoumpourlos et al. 2023).
Therefore, retrofitting these engines challenges engine manufactur-
ers and ship owners and delays the implementation of methanol in
the maritime sector.



JOURNAL OF MARINE ENGINEERING & TECHNOLOGY 3

Table 1. Marine fuel properties (American Bureau of Shipping ABS; Agarwal
et al. 2019; Verhelst et al. 2019; Kurien and Mittal 2022).

Property Diesel Methane Methanol Ammonia

Lower Heating
Value (LHV)
[MJ/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

Compared to diesel, methanol has approximately four times
higher latent heat of vaporisation (Table 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 demand-
ing twice the fuel mass for the same power output (Zincir and
Deniz 2021; Pipicelli et al. 2022; Singh et al. 2022). 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 (Panda and Ramesh 2022).We refer to Verhelst et al. (2019) for
further information on methanol properties.

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 Figure 1. Spray modelling focuses on the spray forma-
tion and its spatial characteristics, such as liquid penetration length,
Sauter mean diameter (SMD), cone angle, and jet velocity (Figure 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 affect greatly the engine stability causing cyclic variations
and limiting the increase of methanol energy fractions in converted
methanol-diesel dual-fuel engines. Finally, the liquid droplets inter-
act with the flow field of the intake manifold. This flow field is

Table 2. Experimental conditions.

LP Case HP Case
Item Liu et al. (2022) Ghosh et al. (2020)

Ambient Pressure [bar] 2 3
Injection Duration [ms] 10 2.5
Injection Pressure [bar] 6 200
Injection Quantity [mg] 4.67 (estimation) 14.23 (estimation)
Ambient Temperature [◦C] 25 103
Fuel Temperature [◦C] 25 90 (estimation)
Nozzle Diameter [mm] 0.15 (estimation) 0.23

distinctive for each engine due to its design and geometrical features,
and determines the degree of mixing.

In an attempt to decouple the aforementioned modelling aspects,
our study focuses on the spray modelling of PFI conditions. This
paper provides a spray modelling framework that could be adapted
to any specific 3D engine model (Figure 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 to study mixture
formation, and identify the optimal retrofitting solution. CFD can
provide a toolbox to study different injection pressures, injection
locations and timings a priori. Eventually, these results demonstrate
atomisation, evaporation, and jet velocity trends, which can provide
insights into the required development direction for the technology
of methanol PFI engines.

2.2. Experimental background

We selected two methanol spray experiments from the literature
to validate our numerical models, which investigated methanol
spray characteristics in CVC environments. These configurations
were capable of offering controlled ambient conditions while allow-
ing optical access for spray penetration and cone angle measure-
ments. The experiments included a low injection pressure study (Liu
et al. 2022), and a high injection pressure study (Ghosh et al. 2020),
denoted as LP case and HP case respectively. For our study, we used
liquid penetration data of these sprays under low ambient tempera-
ture and low ambient pressure conditions. These conditions match
the intake manifold environment and are closely linked to the oper-
ating points of small-bore marine engines. The utilised experiments
aimed to accommodate both low and high injection pressure in the
engine intake manifold. The details of the experimental conditions
for each case are presented in Table 2.

In the LP case, Liu et al. (2022) used backlight imaging and high-
speed photography to capture the spray morphology of methanol in
intake manifold conditions. The study deployed a 14-hole injector

Figure 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 for future research.
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Figure 2. Pillars of PFI conditions modelling.

and investigated the influence of ambient temperature and pressure,
and fuel temperature on spray penetration. The authors concluded
that higher ambient and fuel temperatures induce flash-boiling,
which result in faster evaporation time, and larger liquid penetration
and cone angle.

On the other hand, in the HP case, Ghosh et al. (2020) employed
aMie-scattering technique via high-speed imaging tomeasure liquid
penetration of methanol under a range of ambient pressures ranging
from 3 to 40 bar. For our study, we used the 3 bar condition to val-
idate our results. The elevated injection pressure was accomplished
through a common rail DI style injector using a relatively large nozzle
diameter (0.23mm) with an L/D ratio of 4.9, suitable for heavy-duty
applications.

Both of methanol experiments used light-duty and medium-
duty automotive methanol quantities, which are orders of magnitude
lower than marine injection. In the present numerical study, we
used spray models that rely on non-dimensional fluid mechanics
principles (Section 3). When scaled up, these models can produce
physically rational conclusions. This is justified by previous research
on diesel sprays, which reported that automotive-engine spray
models can adequately predict the liquid penetration for marine
engines (Li et al. 2021). Therefore, the CFD models can be validated
through lower quantities and then scaled up for increased maritime
quantities.

3. Computational methodology

The present study used the commercial CONVERGE v3.0 CFD soft-
ware (Convergent Science; Senecal et al. 2012), which contains a
numerical framework for multiphase flow simulations. The frame-
work applies the finite volume method to solve the compressible
conservation equations of mass, momentum, and energy (Con-
vergent Science Inc 2022). We followed a RANS approach to
model turbulence using the RNG and Standard k − ε models (Han
and Reitz 1995). To solve the conservation equations, we used
the density-based solver (Convergent Science Inc 2022) along
with the Pressure Implicit with Splitting of Operators (PISO)
algorithm (Issa 1986). Moreover, the numerical scheme’s accuracy
is first order in time and second order in space. For the determi-
nation of the time-step, we applied a control algorithm based on
the Courant-Friedrichs-Lewy (CFL) criterion (Ferziger et al. 2002;
Kundu et al. 2015; Convergent Science Inc 2022). The thermody-
namic properties of both air and methanol were modelled based
on the Redlich-Kwong equation of state (Horvath 1974). Lastly,
the simulations were run in parallel on the DelftBlue supercom-
puter (Delft High Performance Computing Centre DHPC).

3.1. Computational domain & grid

A cylindrical geometry was adopted as the control volume for the
numerical computations (Figure 3) with a 60mm radius and 180mm
height. The dimensions of the geometry were chosen according to
spray CFD literature (Maes et al. 2016; Li et al. 2021). For the bound-
ary conditions, the cylinder walls were set as wall-type Neumann
for both temperature and turbulent kinetic energy. For the mesh-
ing, CONVERGE generates the grid while the simulation is running
through amodified cut-cell Cartesian technique (Senecal et al. 2007).
The base cell size of the mesh is 4mm with additional user defined
and automatic refinements in areas of interest. Specifically, we refined
the spray cone region to better resolve the flow field and the inter-
actions between the droplets and the ambient air (Figure 3). This
static mesh, however, is computationally expensive to implement
in full engine simulations. An Adaptive Mesh Refinement (AMR)
algorithm was used to keep the cell count low based on velocity
and species gradients. Near the nozzle exit, a small refinement cone
was also enabled for the sufficient resolution of the flow, while AMR
refined the transient tip of the spray.

3.2. Spraymodel

Tomodel themultiphase flow, we used the Lagrangian-Eulerian (LE)
framework (Baumgarten 2006). The coupling uses a Lagrangian Par-
ticle Tracking (LPT) technique, which treats the liquid droplets as
Lagrangian particles (Subramaniam 2013). The particles are tracked
based on their position and motion in the computational domain.
On the contrary, the gaseous phase is represented in a Eulerian way,
whichmodels the flow based on amesh grid. In addition, a set of phe-
nomenological spray models was used to resolve the physical phe-
nomena that occur in the sub-grid length scales (Baumgarten 2006).

The computational parcels were injected using the Reitz and
Diwakar (1987)model. Themodel assumes the initial discrete spher-
ical droplets (‘blobs’) to be the same size as the nozzle diameter.
These parcels interact with the surrounding air and breakup due to
instability mechanisms. The breakup mechanism of each droplet is
closely associated with the Weber (We) number, which is the ratio
of the aerodynamic drag force imposed from the ambient air onto
the droplet and the droplet surface tension force (O’Rourke and
Amsden 1987):

We = ρgu2r d
σ

, (1)

where ρg is the ambient air density, ur is the relative velocity between
the droplet and the gas, d is the droplet diameter, and σ is the droplet
surface tension. The droplet velocity is associated with the injection
velocity, which is closely coupled to the injection pressure. Thus,
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Figure 3. Simulation control volume: injected parcels, methanol mass fraction, and static cone mesh grid.

the different injection pressures used in this study require differ-
ent breakup models due to altered breakup regimes. We used two
separate droplet breakup models:

(1) Kelvin Helmholtz – Rayleigh Taylor (KH-RT) model, suitable
for HP injection conditions (Reitz 1986; Beale and Reitz 1999).

(2) Taylor Analogy Breakup (TAB) model, suitable for low We
number conditions (O’Rourke and Amsden 1987).

The KH-RT model is based on two separate mechanisms occur-
ring during droplet breakup’s primary and secondary phases.
Kelvin-Helmholtz hydrodynamic instabilities dominate the primary
breakup phase, attributed to the unstable shear waves of the droplet-
air interface (Reitz and Diwakar 1987; Beale and Reitz 1999). Like-
wise, the secondary breakup is caused by the aerodynamic drag force
between the droplets and the air on the tip of the spray, attributed
to Rayleigh-Taylor instabilities (Reitz and Diwakar 1987; Beale and
Reitz 1999). In the KH model, the resulting child droplet rc is pro-
portional to the wavelength �KH of the fastest growing unstable KH
surface wave (Beale and Reitz 1999):

rc = B0�KH , (2)

where B0 is the KH model size constant. The rate of change of the
parent parcel radius rp is calculated with the following expression:

drp
dt

= − (rp − rc)
τKH

, (3)

where the breakup time τKH is given by:

τKH = 3.726B1rp
�KH�KH

, (4)

where B1 is the breakup time constant, and�KH is the growth rate of
KH waves.

In the RT model, the breakup is inflicted due to the unstable
waves, which are normal to the spray tip and originate from the

deceleration of the droplets. Hence, the RT instabilities demonstrate
growing wavelengths, which are dictated by the fastest wavelengths,
similar to the KH instability (Beale and Reitz 1999):

�RT = 2π

√
3σ

α(ρl − ρg)
, (5)

where α is the deceleration of the drop, and ρg and ρl are the gas
and liquid densities respectively. Similar to the KH model size con-
stant in Equation (2), the RT model size constant CRT dictates the
wave sizes of the instability. If the length scale of the waves (CRT�RT)
is larger than the parent drop diameter, breakup occurs. When the
RT waves have grown for a sufficient time τRT , breakup will occur
accordingly:

τRT = Cτ

�RT
, (6)

where Cτ is the RT breakup time constant, and �RT is the growth
rate of the waves.

In the case of LP injection, we used the TAB model, which
assumes the droplet distortion and breakup to be proportional
to a spring-mass-damper system (O’Rourke and Amsden 1987).
The TAB model, however, is capable of tracking only one droplet
breakup mode, for We < 12, which corresponds to the oscillation of
droplets (Hsiang and Faeth 1995). This means that TAB breakup will
occur only under LP injection (Zoumpourlos et al. 2023).

Marine engines require significantly larger nozzle diameters com-
pared to automotive style injectors to provide the demanded fuel
quantities. Thus, the near-nozzle Weber number of the droplets
may be high enough to create KH instabilities instead of oscillating
breakup modes. The nozzle-out theoretical Bernoulli velocity (uth)
of the jet is defined by the following expression (Payri et al. 2005):

uth =
√
2(Pinj − Pamb))

ρf
, (7)
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where Pinj is the injection pressure, Pamb is the ambient pressure,
and ρf is the fuel density. Based on the critical Weber number
(We = 12) and the nozzle-out Bernoulli velocity, the critical injec-
tion pressure Pcrinj for a given nozzle diameter d is calculated as
follows:

Pcrinj = 6σ
d

ρf

ρg
+ Pamb, (8)

where ρg is the ambient air density, and σ is the droplet surface
tension. Depending on the nozzle diameter, the calculated critical
injection pressure determines the most appropriate breakup model
for the simulation. Hence, a lower injection pressure than the critical
necessitates the use of the TAB model, whereas the KH-RT model
must be used for higher injection pressures.

The spray droplets interact with each other through collisions
and coalescence. The No Time Counter (NTC) algorithm (Schmidt
and Rutland 2000) estimates the collisions between droplets, while
the model of Post and Abraham (2002) predicts the post-collision
outcome, including bouncing, stretching, reflective separation, and
coalescence. Furthermore, the droplets interact with the surrounding
gas through aerodynamic drag forces and turbulent flowphenomena.
The droplet aerodynamic drag force was modelled with a dynamic
drag model with the drag coefficient changing in relation to flow
conditions (Liu et al. 1993). In the same model, the distortion of
the droplet was also calculated using the TAB model calculations to
secure a robust estimation of the drag coefficient.

A turbulent dispersion model was used to couple the turbulent
flow of the gas with the lagrangian parcels (Amsden et al. 1989;
O’Rourke 1989).We applied a Frossling correlation to predict evapo-
ration phenomena, which assumes uniform temperature distribution
within each droplet (Miller et al. 1998; Convergent Science Inc 2022).
Finally, an additional boiling model was included to address the
droplet radius change under boiling regimes (Convergent Science
Inc 2022). A summary of the numerical models is listed in Table 3,
and presented visually in Figure 4.

3.3. Model parameter selection

The details of the used submodel constants are presented in Table 4.
Apart from the constants that are associated with the nozzle charac-
teristics, the rest have been selected based on the guidelines provided
byCONVERGE (Convergent Science Inc 2022). The samemodelling
constants were used for both high and low pressure injection cases
to evaluate the robustness of the modelling framework. To validate
the model, we conducted a sensitivity analysis on three modelling
inputs: (i) the mass rate of injection (ROI) profile, (ii) the jet cone

Table 3. Numerical models.

Physical phenomena Numerical models

Fluid Flow Navier Stokes, density-based solver (Conver-
gent Science Inc 2022)

Turbulence RNG and Standard k − ε model (Han and
Reitz 1995)

Droplet Injection Blob model (Reitz and Diwakar 1987)
Liquid Breakup KH-RT model (Beale and Reitz 1999) & TAB

model (O’Rourke and Amsden 1987)
Droplet Drag Force Dynamic Drag Model (Liu et al. 1993)
Droplet Collision NTC model (Schmidt and Rutland 2000)
Droplet Coalescence Post Collision Outcome model (Post and Abra-

ham 2002)
Droplet Turbulent
Dispersion

O’Rourke (1989) model

Droplet Evaporation Frossling correlation-based & boiling
model (Convergent Science Inc 2022)

angle, and (iii) the turbulencemodel. Specifically, the ROI profile sig-
nificantly affects the transient response of the spray. Uncertainties in
the ROI prevent CFDmodelling from accurately capturing the spray
development (Pickett et al. 2013). Each injector has a unique pro-
file, which needs to be measured experimentally and utilised in the
CFDmodel (Payri et al. 2005). Given that the ROI profile for our case
study remains undetermined, we conducted a comprehensive sensi-
tivity analysis to assess its potential impacts, as detailed in Section 4.
Thus, we justified the selection of themost appropriate profile for PFI
conditions.

On the other hand, the cone angle influences the three-
dimensional spray structure and the liquid penetration. Generally,
a larger cone angle leads to lower liquid penetration due to increased
air entrainment (Saha et al. 2017; Duronio et al. 2020). Detailed noz-
zle flow studies highlighted the importance of selecting a physically
meaningful cone angle for spray simulations (Saha et al. 2017). For
both injection pressure cases, we selected the cone angle according to
the experimental results. Finally, the turbulencemodel greatly affects
the interaction between the ambient gas and the resulting spray
dynamics. We compared three different turbulence model cases,
using the RNG k − ε, the Standard k − ε, and the Standard k − ε
with a modification. This modification included the round jet cor-
rection, where we changed theCε1 constant to 1.55 (Pope 1978). This
modification influences the production term of the TKE dissipation
rate ε, and corrects the under-prediction of liquid penetration, which
was observed in diesel sprays (Maes et al. 2016).

Since the injector characteristicswere unknown,we calculated the
nozzle discharge coefficient based on the Lichtarowicz et al. (1965)
correlation. The correlation estimates the discharge coefficient based
on the L/D ratio of the nozzle:

Cd = 0.827 − 0.0085 · L/D (9)

For the HP injection, the ratio L/D equalled 4.9, whereas, for the LP
injection, it was unknown. Therefore, we kept the same value for the
LP injection case. As the modelled conditions are barely evaporat-
ing and no mixing occurs, the discharge coefficient does not affect
significantly the mixture formation making our parameter choice
consistent. Particularly for the LP nozzle, we assumed a single nozzle
injector with the same injection characteristics (i.e. cone angle and
injection duration) as in the experiment. The estimated parameters
(see Table 2) were selected tomatch the experimental spray structure
and liquid penetration.

Table 4. Modelling parameters.

Breakup model

KH Model size & breakup
time constants

B0 = 0.61, B1 = 10

RT Model size & breakup
time constants

CRT = 0.6, Cτ = 1

RANS Turbulence Model
Standard k − ε constants Cμ = 0.09, Cε1 = 1.44 − 1.55, Cε2 = 1.92, Cε3 =

−1.0
RNG k − ε constants Cμ = 0.0845, Cε1 = 1.42, Cε2 = 1.68, Cε3 =

−1.0
Initial Turbulence Intensity
Turbulent Kinetic Energy
(TKE)

k0 = 1m2/s2

TKE Dissipation Rate ε0 = 100m2/s3

Mass Diffusivity
Methanol diffusivity
constants

D0 = 1.336 · 10−5, n0 = 1.8

Nozzle Characteristics
Cone Angle LP-case: known variable angle (initial value:

45◦C), HP-case: 8◦C
Discharge Coefficient Cd = 0.79 (both cases)
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Figure 4. Schematic overview of the implemented spray modelling methodology.

In the LP case, the liquid penetration is defined as the verti-
cal distance between the nozzle and the identified spray edge (Liu
et al. 2022). In the HP case, the authors followed the ECN guide-
lines by employing a Mie-scattering technique to measure liquid
penetration (Ghosh et al. 2020). In the numerical results, the liq-
uid penetration was calculated by a 95% threshold for the liq-
uid mass fraction. Although an inherent difference exists in the
liquid penetration definition between our model and the experi-
ments, we consider it negligible for the scope of the present study.
A more strict comparison has been achieved by the ECN for
gasoline sprays (Spray G). However, these investigations included
more detailed experiments using diffused back-illumination, Mie-
scattering, andPIV techniques (Sphicas et al. 2017;Hwang et al. 2020;
Paredi et al. 2020). Lately, the ECN has conducted dedicated
methanol spray studies using an ECN spray style multi-hole injec-
tor (Spray M). Although the experiments mainly focussed on gaso-
line direct injection engines, future research could investigate heavy-
duty and PFI applications. In our study, we accept the existing
liquid penetration data, which are dedicated for methanol, for our
numerical investigations.

4. Results & discussion

4.1. Simulation plan

The present study followed a structured simulation plan to construct
a predictive framework for marine PFI sprays. The mesh size was
initially analysed by comparing a static and an automatically refined
mesh grid. After investigating themesh influence, we performed a set
of simulations to demonstrate the sensitivity of each input param-
eter on liquid penetration. The parameters include the mass ROI,
the cone angle, and turbulence model, as mentioned in Section 3.3.

Consequently, we compared their influence with the experimental
data and highlighted the importance of assigning realistic values in
the model. Based on the outcomes of the sensitivity analysis, we
selected a baseline model and scaled up the injected mass to account
for marine engine operation. The marine case study explored the
influence of the injection pressure on breakup, evaporation, and jet
velocity, as well as the impact of the ambient environment conditions
on spray penetration. In Figure 5, we provide a visual representation
of the implemented simulation plan.

4.2. Mesh size influence

For the mesh sensitivity analysis, we used four different mesh grid
sizes for each injection pressure. Three cases involved a static mesh
with a refinement in the cone shaped area as shown in Figure 3, and
a single AMR case with a dynamically changing grid. The refined
cells were sized as 1mm for the coarse mesh, 0.5mm for themedium
mesh, and 0.25mm for the fine mesh cases. In the AMR case, we fol-
lowed the same approach with the fine grid by using a small cone
refinement close to the nozzle exit. The AMR algorithm refined the
evolving spray tip with a minimum cell size of 0.25mm. Subse-
quently, we compared the AMR case with the static mesh cases in
terms of computational accuracy and cost. In Table 5, we present
themesh grid parameters including the total cells and computational
cost for each computational grid. The LP case exhibits a higher cell
count because the larger cone angle of the experiment required an
increased cone refinement area.

In the present section, the baseline models were selected for
the mesh sensitivity analysis with the parameters presented previ-
ously in Table 4. Moreover, we considered a top-hat ROI profile and
the modified Standard k − ε for both LP and HP injection cases.
In Figure 6, the resulting liquid penetrations are presented for both
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Figure 5. Overview of the conducted simulation cases.

Figure 6. Mesh size effect on liquid penetration. (a) Low Pressure Injection. (b) High Pressure Injection.

Table 5. Mesh grid parameters for Low Pressure (LP) and High Pressure (HP) injec-
tion.

Minimum cell
size [mm]

Cell count
[−]

Computational
cost [core-hours]

LP coarse 1.0 0.17M 0.15
LP medium 0.5 1M 1.8
LP fine 0.25 7.7M 32.9
LP AMR 0.25 0.06M 0.19
HP coarse 1.0 0.1M 0.13
HP medium 0.5 0.5M 0.75
HP fine 0.25 3.4M 9.96
HP AMR 0.25 0.5M 1.1

LP and HP cases. Higher injection pressure augments the penetra-
tion rate, due to the increased jet velocity. As a result, the entire
spray process is faster than in the low injection pressure case. The
results demonstrated that the model predicts the liquid penetration
trends satisfactorily within the experimental uncertainty limits for
both injection cases.

Mesh convergence was achieved for the fine grid in both cases
for a mesh size of 0.25mm. Particularly in the LP case, a previous
study using the same model employed a computationally expen-
sive 0.125mm grid to further demonstrate the convergence of the
0.25mm grid (Zoumpourlos et al. 2023). The CFD model captured

well the trends of the experimental data ensuring a physical repre-
sentation of the spray momentum. For both cases, the coarse grid
under-predicted the liquid penetration, which aligns with trends that
have also been observed in conventional fuels (Senecal et al. 2012).
Interestingly, the AMR solution demonstrated similar results as the
static mesh, but at significantly lower computational cost (more than
95% cheaper simulations). This aligned with Abraham (1997), who
claimed that, for accurate spray predictions, cell resolution has to be
on the order of the orifice diameter. Thus, the AMR grid was selected
as the optimal grid for our numerical study ensuring a computation-
ally affordable and accurate solution, which can be implemented in
full engine models.

4.3. CFD framework parameter investigation

In this section, we analyse the sensitivity of the baseline model with
the AMR grid from the previous section for both LP and HP injec-
tion, examining mass ROI, cone angle, and turbulence model. The
decoupled effects of each parameter are then reported and com-
pared. In each case, we altered the parameter of interest (i.e. ROI,
cone angle, and turbulence model) while using the baseline model,
as reported in the mesh sensitivity study. This comparison high-
lights the importance of these choices in spray modelling for marine
engines. Ultimately, the sensitivity analysis strives to provide a solid
foundation for the proposed modelling framework.
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4.3.1. Rate of injection
Normally, individually for each injector, the ROI profile is generated
bymass flow rate andmomentummeasurementswhich represent the
hydraulic behaviour of the nozzle (Payri et al. 2016). Since the ROI
is unknown for the employed injectors, a modelling convention is
crucial for a realistic spray outcome. This paper aims to address this
challenge by introducing an empirical ROI profile that can accurately
predict the experimental liquid penetration, while representing the
injection conditions. The profile is based on a top-hat style profile
with a modified initial transient overshoot associated with the ini-
tial needle-lift overshooting motion. This represents the overshoot
observed in the Spray G profile in low ambient pressure conditions
in gasoline injection (Spray G). This overshoot is lower in the LP case
due to low ambient and injection pressure. Conversely, the overshoot
is more pronounced in the HP case because of the increased initial
jet momentum coming from the high injection pressure. The nor-
malised mass ROI profiles are presented in Figure 7. Along with the
proposed top-hat profiles, we compared the Spray G profile, which is
closer to the HP condition, a constant mass flow profile, and a CMT-
generated profile from the online ‘Virtual Injection Rate Generator’
tool (CMT – Clean Mobility & Thermofluids Website).

Figure 8 illustrates the liquid penetration results for the LP injec-
tion case for each ROI profile. For all the simulated cases, the model
over-predicted the experimental values due to the inherent uncer-
tainty of the injector details. Thus, to mitigate this over-prediction,

Figure 7. Mass ROI profiles (normalized over total injected mass).

Figure 8. ROI profile influence on LP injection.

the model requires more accurate information on the nozzle diam-
eter, discharge coefficient, and nozzle-hole topology. Despite this,
the majority of the profiles provide reasonable predictions for the
transient behaviour of the jet with less than 10% deviation from
the experimental values. This highlights that sprays in LP injection
conditions are insensitive to ROI variations in the scope of PFI mod-
elling.Hence, ourmodel demonstrates a satisfactory acceleration and
initial momentum of the spray and predicts acceptably the liquid
penetration.

Similar trends are also observed under HP injection in Figure 9,
where the liquid penetration is within the experimental uncertainty
range. Despite that, the CMT tool over-predicts penetration, simi-
larly as in diesel injection studies (Pickett et al. 2013). This is prob-
ably attributed to the fact that the CMT tool was developed for
diesel injection under high ambient pressure environments. Under
these conditions, the injector needle overshoots less due to higher
resistance forces originating from the higher ambient pressure envi-
ronment. These forces impede the needle motion, and contrary to
low ambient pressure injection, the injector needle displacement
experiences lower overshoot.

4.3.2. Cone angle
The spray cone angle influences the liquid penetration and the jet
morphology (Zembi et al. 2023). By tuning it appropriately, the spray
structure can be accurately captured (Saha et al. 2017). In Figure 10,
the comparison of 8, 10, 12, and 16 degrees of cone angle for the HP

Figure 9. ROI profile influence on HP injection.

Figure 10. Cone angle influence on HP injection.
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Figure 11. Cone angle influence on LP injection.

case confirms the large influence in liquid penetration. Hence, with
even 2 degrees of perturbation in cone angle input, liquid penetration
results are affected significantly. Thus, high pressure injection simu-
lations need to be assigned with a realistic value for the cone angle.
Small perturbations of this parameter can lead in imprecise mixture
formation predictions due to incorrect liquid penetration.

Figure 11 depicts the cone angle influence for the LP case. Here,
the different injector geometry requires larger cone angle values as
input for the model. Contrary to the HP case, under low injec-
tion pressure, the cone angle slightly affects the liquid penetration,
even for a wide range of jet angles (25 degrees, 35 degrees, and
time-variable cone as reported by the experimental paper). This phe-
nomenon is attributed to the low entrainment velocity that the LP
injection jet experiences. Since the velocities are diminished, the jet
does not entrain sufficient air to its core. Therefore, the momentum
of the droplets is similar for any given jet cone angle, and the liq-
uid penetration remains unaffected. Additional discussions on the
entrainment velocity are conducted in Section 4.4.

4.3.3. Turbulencemodel
Figure 12 shows the liquid penetration results for the different tur-
bulence model cases. As mentioned in Section 3.3, the turbulence
model selection is affecting the ambient flow and spray formation.

Figure 12. Turbulence modelling effect on liquid penetration. (a) Low Pressure Injection. (b) High Pressure Injection.

In the LP case, the effect of turbulence is not significant indicat-
ing low turbulent intensity. On the contrary, in the HP case, the
Standard k − ε model significantly under-predicts the liquid pene-
tration aligning with high injection pressure spray literature (Maes
et al. 2016; Paredi et al. 2020; Zembi et al. 2023). The turbulence
modification is justified as the axisymmetric nature of the spray can-
not use default turbulencemodel constants, which are typically found
in boundary layer flows (Pope 1978). In addition, the RNG k − ε
model performs similarly to the modified Standard k − ε, indicating
its suitability for spray and combustion simulations in ICE models.

4.3.4. Sensitivity of modelling parameters
The sensitivity of eachmodelling parameter is presented in Figure 13.
The figure presents the relative error between the final data point of
the experiments and the associated worst-case result from the CFD
model. For the HP case, all of the investigated parameters exhibit
significant influence in the liquid penetration prediction. Specifi-
cally, the cone angle sensitivity is the highest among the ROI and
selection of turbulence model. Thus, we conclude that uncertainties
in cone angle and ROI during the modelling process could lead to
large discrepancies in the outcome spray structure. Eliminating these
uncertain parameters through experimental data or, if possible, tun-
ing them realistically is mandatory for methanol engine simulations.
On the other hand, in the LP case, the induced sensitivity is lower,
due to the decreased intensity of the phenomena under low injec-
tion pressures. Lower droplet velocities inevitably result in reduced
droplet breakup and evaporation, and thus, the studied changes have
minor effect on the model predictions.

Finally, to demonstrate the predictive capabilities of the present
framework, Figure 14 presents the liquid penetration of the HP
case under varied experimental ambient pressure and temperature
environments. For the increased ambient pressures, the experimen-
tal paper reported a proportional increase in ambient temperature,
which promoted evaporation phenomena. As a result, the successful
reproduction of the experimental results demonstrates the robust-
ness of the present modelling framework.

4.4. Marine engine case study

To account for marine engine fuel quantities, we increased the
injected mass and conducted a case study on the effect of injection
pressure on methanol sprays. Consequently, we compared the out-
come spray characteristics for each injection pressure. The evaluation
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Figure 13. Sensitivity ofmodelling parameters onpredicted liquid penetration: comparison of ROI, cone angle, and turbulencemodel. (a) HP injection sensitivity comparison.
(b) LP injection sensitivity comparison.

Figure 14. Validated HP model predictions at varying ambient pressures.

included the liquid penetration results, the breakup occurrence (in
terms of spray SMD), and the entrainment velocity field. A larger
nozzle diameter was used to replicate small-bore marine engine con-
ditions to facilitate the increased methanol quantity. In Table 6, the
ambient conditions are reported along with the details of injection
quantity and nozzle diameter. The chosen conditions represent a
small-bore marine engine, which was retrofitted for methanol PFI
in previous research by our group (Bosklopper et al. 2020). In addi-
tion, Table 7 shows each case’s injection pressure and associated
injection duration. For each injection pressure, the injection dura-
tion was calculated to facilitate the predefined 400mg of methanol.
For the analysis, we used the validated modelling framework with
the baseline parameters from the previous section (Section 4.3). The
meshing strategy was the same as previously but with a minimum
cell size of 0.5mm due to the larger nozzle diameter. Similarly as in
Section 4.2, we achievedmesh convergence for the 0.5mmAMRgrid
through testing three different cell sizes ranging from 2 to 0.5mm.

To prevent fuel impingement on the computational domain walls,
the simulations were run until 25% of the fuel quantity was injected.
While less fuel was injected during the simulation duration, we

Table 6. Marine case study conditions.

Item Value

Ambient Pressure [bar] 2
Ambient Temperature [◦C] 100
Fuel Temperature [◦C] 90
Injection Quantity [mg] 400
Nozzle Diameter [mm] 1.0

Table 7. Marine case study: injection pressure & duration.

Injection pressure [bar] Injection duration [ms]

6 22.5
8 19.5
10 17.5
15 14.3
20 12.4
30 10.1
40 8.7
50 7.8
100 5.5
200 3.9

maintained a mass flow rate corresponding to 400mg of methanol.
Figure 15 demonstrates the resulting liquid penetration for the range
of injection pressures. For high injection pressures, the spray pen-
etrates faster determining the conditions prior to the wall impact.
Nevertheless, similar liquid penetration is observed for the same
injected quantity. Figure 16 depicts the advantage of higher injec-
tion pressures in terms of droplet breakup. Moreover, the spray
SMD results demonstrate that significant improvements in droplet
atomisation are realised by using high injection pressures.

With improved atomisation, the droplets have an increased effec-
tive area, which interacts with the surrounding gaseousmedium and,
thus, experiences faster evaporation. In Figure 17, we illustrate a spa-
tial comparison of the droplet diameter for each injection pressure
at the moment that 25% of the fuel quantity was injected. The spa-
tial comparison shows that low injection pressures (<20 bar) have
a higher concentration of droplets sized between 104 and 216µm.
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Figure 15. Effect of injection pressure on liquid penetration in marine PFI
conditions.

Figure 16. Spray SMD under different injection pressures.

On the other hand, for injection pressures higher than 50 bar, atom-
isation is enhanced with smaller droplets even in the vicinity of the
spray.

The resulting evaporated methanol is presented in Figure 18.
The 200 bar case exhibits the highest evaporated quantity confirming
improved atomisation in increased injection pressure. The evapora-
tion rate is also substantially increased, whereas for the low injection
pressures evaporation is minimal. Nonetheless, when compared with
the total injected mass, the total evaporated quantities are up to 1%
(Figure 19). Hence, evaporation will be minimal at intake port con-
ditions, as most of the fuel will impact the walls or the intake valve
geometry. These findings indicate that themixture formationmay be
dominated by wall film and in-cylinder evaporation phenomena.

The velocity vectors for each injection pressure are shown
in Figure 20 for the moment that 25% of the fuel quantity was
injected. Low injection pressures create very low air entrainment,
while the core maintains a high momentum due to increased spray
density. On the contrary, under high injection pressure, the spray
velocity and air entrainment effects are an order of magnitude higher
than in lower injection pressures. This results in amore diluted spray
core with less momentum and higher droplet breakup. Additionally,
under high injection pressure, the wing tip vortex is located closer

Figure 17. Droplet diameter (inμm) for each injection pressure.
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Figure 18. Evaporated methanol for each injection pressure.

Figure 19. Percentage of evaporated methanol with respect to total injection
quantity.

to the tip of the spray. Figure 21 displays the velocities in the vicin-
ity of the spray and close to the nozzle exit (air entrainment point).
Under low injection pressures (<30 bar), the air is entrainedwith less
than 5m/s, which is insufficient for the primary breakup of the jet.
Similarly, the low injection pressures demonstrate low momentum
indicating the decreased penetration rate shown in Figure 15.

Finally, Table 8 presents the nozzle tipWe number for each injec-
tion pressure. For all the injection pressures, the droplets remain in
the multimode and shear breakup regime (Hsiang and Faeth 1995).
Even with low injection pressures, primary breakup is predicted cor-
rectly using the KH model, because marine nozzle dimensions pro-
duce sufficiently large droplets. These large droplets exhibit increased
We numbers with higher injection pressure than the critical, remain-
ing outside of the oscillation and deformation breakup regimes.
However, automotive-style nozzles in PFI conditions may require
the TAB model to predict breakup as the droplets lie within the
oscillation breakup regime (Zoumpourlos et al. 2023).

4.4.1. Influence of ambient environment onmarine PFI sprays
In this section, we conduct a sensitivity analysis on the ambient pres-
sure and temperature, and report their effect on the spray. For the
present investigation, we used the previous marine injection con-
ditions reported in Table 6 along with a fixed injection pressure of

Figure 20. Entrainment velocity vectors for each injection pressure.
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Figure 21. Injection pressure effect on jet velocity. (a) Jet velocity for each injection pressure at z = 100mm point. (b) Entrainment velocities for each injection pressure at
z = 14.5mm and y = ±3.5mm (average of y = ±3.5mm points).

Table 8. Nozzle exit weber number.

Injection pressure [bar] We number [−]

6 50
8 68
10 85
15 123
20 170
30 260
40 350
50 430
100 850
200 1650

10 bar. Figure 22 depicts the influence of ambient pressure on liq-
uid penetration and SMD. For the low ambient pressure cases, the
spray exhibited increased penetration and SMD due to the lower
drag forces imposed on the droplets’ surface. In the case of high
ambient pressure, higher drag forces augmented the droplet breakup
occurrence leading to decreased penetration and SMD. Further-
more, Figure 23 illustrates the ambient temperature sensitivity anal-
ysis. Higher ambient temperatures lower the ambient density, and as
a result, both the liquid penetration and SMD are slightly increased
proportionally. This is valid while the spray is outside of the flashing

Figure 22. Influence of ambient pressure on liquid penetration (left) and SMD (right) for 10 bar injection pressure.

regime, which in the presented cases is true. Thus, with the mod-
ification of the ambient conditions, the CFD model could provide
physically accurate predictions.

5. Conclusions

In this paper, we presented a CFD framework, which uses state-
of-the-art spray modelling to reproduce methanol sprays under
PFI conditions with a well-established approach for diesel and
gasoline. These conditions are characterised by low ambient pres-
sure and temperature and low injection pressures (ranging from
6 to 10 bar), often found in four-stroke medium- and high-speed
marine engines operating with premixed methanol combustion. To
overcome the challenges of poor atomisation, our framework was
extended to higher injection pressures up to 200 bar. Our work
is the first to use methanol experimental data for both high and
low injection pressures to validate and tune the models for robust
operation in PFI conditions. We investigated the sensitivity of the
uncertain parameters caused by the unknown injector specifications
on liquid penetration. The validated model was then applied in a
marine engine case study, using increased methanol quantities, and
demonstrated the evaporation and atomisation challenges in PFI
conditions.
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Figure 23. Influence of ambient temperature on liquid penetration (left) and SMD (right) for 10 bar injection pressure.

Based on the model results, we found several key insights. The
sensitivities of mesh, ROI, cone angle, and turbulence model have
been thoroughly investigated and reported. Resolving the flow with
AMR is the most efficient way to simulate engines in CFD environ-
ments. We demonstrated that with an unknown ROI, a modified top
hat profile with an initial transient response yields satisfactory results
for both high and low injection pressures. Accurate spray predic-
tions necessitate a precise definition of the cone angle, as it signif-
icantly influences the spray structure. Under low injection pressure
conditions, the effects of cone angle and turbulence are negligible,
whereas under high injection pressure, the modified Standard and
RNG models perform as expected. This is due to increased droplet
velocities, making HP injection highly sensitive to ROI and cone
angle inputs.

In contrast, for low-pressure (LP) injection, the jet velocity is
significantly lower than in high-pressure (HP) scenarios, resulting
in the spray structure and the adjacent flow phenomena having a
lesser impact on the in-cylinder mixture formation. Consequently,
evaporation andmixingmay bemore influenced bywall wetting phe-
nomena. This suggests a potential area for further research, which
could involve exploring the coupling of the current framework with
wall wetting models to investigate mixture formation in intake port
manifold environments. Additionally, there should be a focus on
studying wall wetting evaporation parameters, like film thickness
and size, in associated marine engines. For small injection quanti-
ties typical of automotive style, the low jet velocity also influences
the applicability of the droplet breakup model. Thus, for an injec-
tion pressure lower than a critical value, the TAB model should be
implemented for accurate liquid penetration predictions.

Following the spray model validation, we scaled up the injected
methanol quantity to 400mg using a larger single-hole nozzle. The
simulated conditions aimed to account for amarine engine operating
with methanol premixing at the intake manifold. Using the scaled up
marine engine injection model, we performed a case study encom-
passing a set of different injection pressures ranging from6 to 200 bar.
Subsequently, using the 10 bar injection pressure case, we conducted
a sensitivity analysis on the ambient conditions, and revealed the
isolated effect of ambient pressure and temperature on spray pen-
etration. Using higher injection pressures results in the spray jet
breaking up faster, which promotes evaporation and improves mix-
ture formation. However, evaporation occurring at the initial stage
of injection, before impact with the wall, is minimal. Therefore,
higher jet velocities will evidently affect wall wetting in conjunction
with the cross-flow of the inlet manifold. This pattern is similar to
what is observed in LP injection, indicating that wall wetting effects

may still dominate. Studies of conventional fuels have not produced
consistent results about the influence of injection pressure on wall
wetting (Duronio et al. 2020). This suggests a need for additional
experimental and simulation work in this area, which will reveal
the interaction between spray and intake air cross-flow in the intake
manifold.

In summary, injection pressure dictates atomisation and pre-
wall impact conditions, as ambient temperature in PFI environ-
ment is load dependent. Higher injection pressures can potentially
overcome methanol evaporation challenges, as could alternative
injection hardware. This study provided a best-practice for the CFD
analysis of injection timing and location for real engine geome-
tries under a wide range of injection pressures. When coupled with
wall-wetting models, our approach can identify the challenges of
methanol marine engine conversion. CFD simulations can be an
important step towards robust methanol operation and, eventually,
assist in accomplishing sustainability targets.
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