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HIGHLIGHTS

« Full cylinder multi-cycle CFD simulations using high pressure methanol PFI.

« BR above 65% is not recommended at low load due to low efficiency and partial burn.

« Delaying SOI by 60 CA generally lowers efficiency and NOx, but increases CO.

« Injecting more methanol from the short runner improves mixture homogeneity and burning rate.

ARTICLE INFO ABSTRACT

Keywords: Port fuel injection (PFI) methanol-diesel dual-fuel is considered a promising retrofit solution for methanol adop-
Methanol combustion tion in marine engines. PFI enables fuel flexibility, improved thermal efficiency, and reduced greenhouse gas
Port fuel injection (PFI) (GHG), soot, and NOx emissions. This work aims to provide insights for the optimization of PFI methanol-diesel

Marine dual-fuel engine
CFD
Mixture formation

marine engines, contributing to the decarbonization of the maritime sector. For this purpose, Computational Fluid
Dynamics (CFD) simulations in CONVERGE-CFD are performed, incorporating spray modeling and combustion
kinetics of both methanol and diesel to investigate high-pressure PFI methanol behaviours injected at different
locations.

The developed CFD model satisfactorily captured methanol-air mixture formation and methanol combustion
under low-load dual-fuel operation measured at 3.1 bar Brake Mean Effective Pressure (BMEP). Two distinct
phases of dual-fuel combustion are captured: compression ignition of n-heptane, as a surrogate for diesel, and fast
flame propagation of premixed methanol, with results being sensitive to blending ratio (BR), start of injection
(SOI), and injector location. At 3.1 bar BMEP, varying BR between 45%-65% yielded increased combustion
efficiency (91.9%-94.8%) and gross Indicated Thermal Efficiency (ITE) (46.2%-47.3%), while BRs above 75%
caused partial burn and efficiency drop. Advancing SOI improved mixture uniformity and flame propagation
rate, however, it increased NOx and heat release rate of the second phase. Injecting more methanol from the
short runner promoted homogeneity, raising combustion efficiency by up to 8%-points, thermal efficiency up to
4.3%-points, and NOx emissions by 50%. These results highlighted the model’s capability to simulate dual-fuel
operation and advance the understanding towards efficient and low-emission methanol marine engines.

1. Introduction fuels with low to zero carbon content is of great interest. Among
alternative fuels for ICEs in maritime transport, methanol (CH;OH) has
emerged as a promising replacement for petroleum-based ones [3]. This
is due to methanol’s higher volumetric energy density compared to other
alternative fuels such as hydrogen and ammonia [4]. Its liquid state at
atmospheric conditions also simplifies storage and distribution onboard

In the marine industry, internal combustion engines (ICEs), using
fossil fuels such as diesel and heavy fuel oil, remain the dominant
technology for propulsion [1]. Therefore, to achieve the International
Maritime Organization (IMO)’s ambitious target of net-zero greenhouse
gas (GHG) emissions from ships by 2050 [2], the adoption of alternative
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[5]. Moreover, methanol’s heating value and volumetric energy content
are less than half of those of conventional fuels like diesel, while hav-
ing a significantly high heat of vaporization (1100 kJ/kg, compared to
250 kJ/kg of diesel) [6,7]. This challenges methanol-air mixture for-
mation by inducing a charge cooling effect, which reduces in-cylinder
temperatures throughout the engine cycle [8]. Accordingly, lower wall
heat loss, reduced NOx emissions, and improved resistance to engine
knock are expected. The evaporative cooling effect increases charge den-
sities; therefore, it increases volumetric efficiency, which can offset the
low volumetric energy content [4].

Methanol is well-suited for spark ignition (SI) engines due to its high
octane rating [9]. On the contrary, methanol is resistant to auto-ignition
and has a very low cetane number compared to diesel. This hinders the
application of methanol as the marine sector mainly relies on CI engines.
To tackle methanol’s poor ignition properties, port fuel injection (PFI)
dual-fuel (DF) technology has been developed extensively [10]. In PFI
mode, a low reactivity fuel, e.g., methanol, is injected into the intake
port directed at the intake valve. Then, the air-fuel charge is ignited
by a small amount of high reactivity fuel, e.g., diesel, which is directly
injected (DI) into the cylinder. This strategy is often regarded as an ideal
retrofit solution due to its low cost, fuel flexibility, improved thermal
efficiency, and potential to reduce GHG, soot, and NOx emissions [11].

Previous studies revealed low NOx and soot emissions and high ther-
mal efficiency at increased blending ratio (BR) of methanol in PFI DF
engines. Wang et al. [12] showed that the cylinder conditions do not in-
tersect with the area of high NOx and soot formation in the equivalence
ratio-temperature (¢-T) map at BR of 80%. This explains the decrease in
both NOx and soot emissions of dual-fuel engines. Among four DF modes
with BR in the range of 30% — 80%, the highest brake thermal efficiency
(BTE) and lowest CO, NOx, and soot emissions were achieved at 80% BR
[13]. In another numerical investigation of a large-bore medium-speed
marine engine [14], port methanol injection at 50% BR can reduce NOx
emissions by 30.5% compared to diesel-only mode. According to an ex-
perimental study on a six-cylinder marine engine [15], at BR of 60.6%,
brake specific fuel consumption (BSFC) of DF mode was 15.6 g/(kWh)
lower and BTE was about 3%-points higher than the baseline diesel
engine.

In PFI methanol - DI diesel mode, the upper limit of BR depends
heavily on engine load. Four operating bounds that constrain maximum
BR at different operating loads were identified by Wang et al. [16]. These
are partial burning and misfire at low to medium load, and roar combus-
tion and knocking at high to full load. In the viable operating range, the
maximum BR is 76% at 43.5% engine load [16]. Li et al. [17] found that
at low load, BR is limited to 30% due to inefficient combustion while
at high load, BR of methanol can reach up to 50% with delayed diesel
injection and increased EGR to reduce knock intensity. The simulation
results by Karvounis et al. [14] also revealed an upper limit of 50% BR
for PFI mode due to increased in-cylinder pressure and unstable com-
bustion. A study on a retrofitted high-speed marine engine by Dierickx
et al. [11] indicated the maximum BR of 54% at high load which can
be extended to 70% at mid load. From the experimental investigation
by Cung et al. [18], longer ignition delay, higher carbon monoxide (CO)
and HC emissions were observed with increasing BR at low loads, while
an increased peak of pressure rise rate restricted BR at high loads. At
75% load, a maximum BR of 49.4% was achieved by retarded injection
timing of renewable diesel [18].

Once injected into the intake port, methanol sprays break up, evap-
orate, and mix with air. The formation of a flammable methanol-air
mixture is often challenging due to methanol’s high lower flammability
limit and large heat of vaporization. Yet the mixing quality of methanol
with air is crucial for its ignition in the cylinder, especially at high
BR where the combustion system relies on premixed flame propaga-
tion. The simulation results in [19] indicated that mixture homogeneity
can be improved with optimized injection strategies, e.g., injection win-
dow within intake stroke and matching injection pressure and SOI of
methanol. The experimental results in the same study showed that BTE
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of a heavy-duty SI methanol engine was promoted with better mixture
homogeneity due to shortened combustion duration and methanol lean
burn [19]. Delayed SOI of methanol after intake valve opening (IVO) led
to more homogeneous and lower in-cylinder mixture temperature, in-
creasing BTE and reducing both HC and CO emissions [20]. In contrast to
[19,20], Singh et al. [21] suggested that good homogeneity levels can be
achieved with advanced injection timing such that injection ends close
to IVO. Regarding methanol combustion, numerical results indicated the
sensitivity of flame propagation to the quality of mixture formation [21].

In contrast to SI engines, the mixture formation issue of the PFI
methanol has rarely been addressed in DF mode. Sun et al. [22] con-
ducted multi-cycle simulations of a medium-speed marine engine oper-
ating in diesel-methanol dual-fuel (DMDF) mode. It was concluded that
advanced injection timing (SOI at —440 CA ATDC), increased nozzle
diameter (0.3 mm), and increased methanol injection pressure (20 bar)
minimized mass of liquid film, improving fuel economy and ITE [22].
As indicated in a numerical study by Mousavi et al. [23], the revised
design of the intake manifold, in which methanol injectors are angled to-
ward the intake valve, effectively reduced the methanol mass imbalance
among cylinders to 3%. Simulations also demonstrated that injection
timing, injection duration, and nozzle location can substantially impact
methanol mass distribution [23].

1.1. Aim & novelty

Previous experimental studies on methanol-diesel dual-fuel (DF)
engines have primarily examined the effects of increasing methanol
blending ratios, with limited attention to injection timing or the evap-
oration and mixing processes [13,16,18,24]. Numerical investigations
typically assume a perfectly premixed methanol-air charge in the intake
manifold, enabling axisymmetric simulations of only part of the cylin-
der [12,14,17,25]. Consequently, spray dynamics and the influence of
port fuel injection (PFI) on atomization, evaporation, and mixing are
often neglected. In this work, we focus on marine sized engines, which
are often larger compared to the small-bore engines (below two liters
displacement volume) analyzed in prior work [11,17,26-28]. Studies
on DF marine engines with large cylinders remain scarce, particularly
under high methanol blending conditions. Moreover, unlike previous
studies using low methanol injection pressures (3-10 bar), we employ a
high-pressure methanol injection system to improve mixture formation
at high blending ratios. PFI DF offers flexibility in injector placement,
including pre- or post-intercooler positions [26], single-point injection
(SPI) in the intake pipe [11], and multi-point injection (MPI) at the in-
take ports. While prior research explored these strategies [11,26,29],
MPI configurations were limited to one injector per cylinder without
investigating alternative positions or multiple injectors per port.

To address the presented literature gaps, this work investigates the ef-
fects of PFI methanol on the mixing and combustion of a 4-liter dual-PFI
single-cylinder high-speed marine engine at low load using computa-
tional fluid dynamics (CFD) simulations. The novelty of the presented
approach lies in a full cylinder marine engine model incorporating
state-of-the-art spray modeling coupled with air-fuel mixture formation,
and combustion using detailed chemistry. The model was developed
in CONVERGE-CFD, and incorporates the spray framework which was
extensively validated in the past work of the authors with methanol-
dedicated data allowing for predictive mixing studies [8,30,31]. Thus,
by not assuming a perfectly homogeneous methanol mixture, our study
leverages the full engine cylinder geometry to account for the localized
air-fuel distribution, and model methanol-diesel combustion more real-
istically. Our work strongly contributes to improving our understanding
of contemporary methanol-diesel marine engines, aiming to achieve the
sustainability goals of the maritime sector.

The paper is structured as follows. First, the CFD model, which in-
corporates the injection and combustion of both methanol and diesel,
is set up in Section 2 and validated for diesel-only and dual-fuel con-
ditions in Section 3. The mixture formation analysis is then conducted
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to explore the evaporation, wall wetting, and mixing processes of the
reference dual-fuel case. Finally, the model is used to study the impact
of methanol injection settings, such as injection amount, timing, and
location, on engine performance and emissions in Section 4.

2. Numerical methodology and setup
2.1. Experimental and computational configurations

A three-dimensional simulation model of the methanol-diesel engine
was established using CONVERGE v3.1. The CFD model was validated
using measurements from the single-cylinder engine setup at TNO.
More details on the single cylinder experimental setup can be found
in Kiouranakis et al. [32]. The main specifications of the tested engine
are listed in Table 1. A methanol injector is installed at each intake run-
ner, where the fuel spray is directed towards the cylinder along the air
path. One diesel injector is installed at the center of the cylinder head
for diesel DI. The computational domain representing the experimental
setup is shown in Fig. 1.

The computational grid is generated automatically at every time step
by CONVERGE. The base grid size is 8 mm with fixed embedding in cer-
tain regions of the domain and adaptive mesh refinement (AMR) based
on velocity and temperature. A 2 mm cell size is applied to refine the grid
near the piston, cylinder head, and along the liner throughout the simu-
lation time; 1 mm within the intake and exhaust manifolds; and 0.5 mm
around the valve bottom during valve movement. With respect to the in-
jector nozzles, the grid is refined in a conical area with a size of 0.5 mm

Table 1

Testing engine specifications.
Items Specification
Number of cylinder 1
Bore (mm) 170
Stroke (mm) 180
Displacement (L) 4
Compression ratio 14
Speed (rpm) 1500
Number of nozzles per methanol injector 6
Methanol nozzle diameter (mm) 0.197
Number of nozzles per diesel injector 10
Diesel nozzle diameter (mm) 0.270

Long runner

Short runner

Fig. 1. Computational domain with injector locations.
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during the injection window. Similarly as in the authors’ previous spray
modeling work [30], a small cylinder embedding is included around the
nozzles of each injector to accurately resolve the air-entrainment in the
jet. When AMR is implemented, the cell sizing in the cylinder and intake
runners can reach 0.5 mm, if the absolute value of the sub-grid veloc-
ity field or temperature field exceeds 1 m/s or 2.5 K, respectively. The
maximum number of cells in the computation time is approximately 2.5
million.

2.2. Computational models

The finite volume approach with a second-order accurate spatial
scheme has been used to numerically solve the conservation equations
of the fluid flow. In addition, the Redlich-Kwong equation of state (EOS)
was chosen for compressible flows to couple density, pressure, and tem-
perature. In the transient solver, the first-order implicit Euler method
was used for time advancement with variable time-step control based
on the Courant-Friedrichs-Lewy (CFL) criterion [33].

Additional sub-models have been implemented to capture the re-
spective physical phenomena including turbulence, multiphase flow and
combustion. The Re-normalization Group (RNG) k-¢ model [34] was
utilized to predict the turbulent flow. For the multiphase flow mod-
eling, the discrete phase modeling method [33] was used, in which
parcel (liquid droplets) motion is tracked in a Lagrangian frame of refer-
ence, while the gaseous phase is represented in an Eulerian frame. The
fuel droplets are introduced into the domain using the Blob injection
model [35], where the injected drop size is equal to the nozzle diame-
ter. Moreover, the Kelvin Helmholtz — Rayleigh Taylor (KH-RT) model
[36] was employed to simulate the primary and secondary breakup of
the spray. The interaction of spray droplets through collisions and co-
alescence was modeled using the No Time Counter (NTC) scheme [37]
and Post Collision Outcome [38]. The Kuhnke film splash model [39]
was chosen to account for the interaction of liquid drops with solid
surfaces.

The evaporation process of droplets and liquid film was calculated
using Frossling and film vaporization models [33], respectively. The film
vaporization model assumes a uniform temperature distribution within
the wall film. The temperature of the film is calculated by following the
energy balance between four energy terms on the wall: convection to the
gas, vaporization of the film mass, conduction from the wall, and boiling
of the film. The sub-models for spray modeling in this study are sum-
marized in Table 2. The aforementioned sub-models have been applied
to examine the characteristics of PFI methanol sprays under relevant
conditions for marine engines [30,31].

Regarding combustion modeling, the SAGE detailed chemical kinet-
ics solver was used to solve detailed combustion chemistry [33]. This
solver requires a kinetic mechanism file that describes the elementary
reactions. To simplify combustion and emissions modeling, n-heptane
(nC;H,¢) was chosen as the single-component diesel surrogate since
its cetane number (CN = 56) is very close to that of diesel (CN =
53) [40]. Although n-heptane does not capture all combustion-related
physio-chemical properties—such as those critical for soot modeling
compared to complex multi-component surrogates—it provides accu-
rate ignition delay, enabling reliable prediction of dual-fuel combustion.
Notably, diesel liquid properties were assigned to the spray parcels,

Table 2
Sub-models for liquid droplets lifetime.

Droplets Phenomena Numerical models

Droplet injection
Droplet breakup
Droplet collision
Droplet coalescence
Spray/wall interaction
Droplet evaporation
Liquid film evaporation

Blob model [35]

KH-RT model [36]

No Time Counter model [37]

Post Collision Outcome model [38]
Kuhnke model [39]

Frossling model [33]

Film Evaporation model [33]
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while n-heptane was used to represent the gaseous phase. Moreover, the
mechanism of Liu et al. [41] was adopted, which consists of 52 species
and 182 reactions, for methanol/n-heptane dual-fuel combustion. Lastly,
the extended Zel’dovich mechanism [42] was used to simulate NOx
formation.

2.3. Reference case description

Previous studies [43—-46] showed that the combustion characteristics
and engine performance of methanol-diesel mode are sensitive to the
injection of diesel. As the ignition source, diesel combustion is crucial
for controlling the ignition and premixed combustion of methanol in
the cylinder. Therefore, the first validation case for the CFD model is for
the diesel-only operating condition. From the experiments of the engine
setup, the low load point was chosen since the diesel injection mass is
similar to that in the dual-fuel mode.

The respective operating conditions of diesel-only and methanol-
diesel dual-fuel simulation cases are presented in Table 3. Parameters
such as temperature, pressure, mass of fuel injected, BR, and A;.on
in those conditions are extracted from the experimental measurement
points at TNO, and used as input in the CFD models. Furthermore,
the methanol injection window relative to valve timing is illustrated
in Fig. 2. The injection amount and timing are similar between the two
methanol injectors. For all cases, the methanol injection pressure was
kept constant at 140 bar, while the SOI is at the crank angle before fir-
ing TDC. In the engine setup, solenoid injectors were used for methanol
injection, delivering a precise amount of fuel at specific timing. On the
other hand, diesel was injected using a mechanically driven injector with
a fixed injection timing.

2.4. Simulation analysis parameters

This section describes the parameters used to indicate mixing quality,
combustion characteristics, and efficiency. To quantify the amount of
diesel replacement with methanol, blending ratio (BR) is defined on an
energy basis as shown in Eq. (1).

Table 3
Operating conditions for reference case of diesel-
only and dual-fuel mode.

Parameters Case 1-D Case 1-DF
BMEP [bar] 1.3 3.1
Minj dieser (M] 63.4 47.2
My methanot IME] 0 121.7
BR [%] 0 55
AMeon 6.1 6.6
Tintake [K] 298.7 353.1
Pintare [kPa] 114.1 120
Tosaust [K] 469.5 570.1
Pochauss [KPa] 116.5 124.5
! intake
exhaust
E 0.8 I Case |-DF
S
&
o 0.6
2
-
s
804
]
s
]
g 02
=
O -_—
0 100 200 300 400 500 600 700
CAD

Fig. 2. Injection window (rectangle bar) in relation to valves timing.
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tcpyon - LHVen,on

BR = - 100%, (@D)]

ticp,on * LHVen,on + Maieser * LHV jieser

where m and LHV denote the mass flow rate and lower heating value
of fuel, respectively.

To assess mixture homogeneity inside the cylinder, the standard de-
viation of air-fuel equivalence ratio (4,,;) was used, and calculated as
follows [33]:

, (2)

2
A, = Zcel! mcellu'cell B Amean)
std —

Miotal

where m,,, is the cell mass, 4., is the 2 within a cell, 4,,,,, is the average
4 in the cylinder, and m,,;, is the total mass in the cylinder. High values
of Ay, imply a high degree of inhomogeneity.

Combustion efficiency 7, mpustion Was calculated as follows:

_ Qchemical (3)
Neombustion = 15) ’
Sfuel

where QO jopicq 1S the heat released from reactions and Q r,p) = My;e50 *
LHV o501 + Mpeinanot ¥ LHVyeinane is the total fuel energy. In the
simulation, O, jemicar 1S the total chemical heat release, calculated by
CONVERGE.

The gross or net indicated thermal efficiency (ITE) can be calculated
using the following equation:

w,
gross/net
ITEgross/net = 0
Sfuel

, 4

where W, /e is the indicated gross or net work, computed by
CONVERGE based on pressure data in one full cycle.

3. Reference case validation & analysis
3.1. Diesel-only case — combustion

To justify the CFD setup and the use of n-heptane as a surrogate in
dual-fuel simulations, the diesel-only case D-1 was simulated, validat-
ing our approach using measurements at a low load operating point as
shown in Table 3. Fig. 3 shows the comparison of in-cylinder pressure
and apparent heat release rate (AHRR) between experiment and simula-
tion. The numerical results of in-cylinder pressure and AHRR generally
agree well with measured values, despite a small underestimation of
1.5 bar in the peak cylinder pressure. In addition, according to the AHRR
curve in Fig. 3, almost all of the injected fuel is consumed in a premixed
combustion mode which ends by 2 CAD.

Regarding combustion phasing, CAO5 is predicted 0.1 CA earlier,
while the simulated CAS50 is delayed by 1.4 CA compared to the ex-
periment. This indicates a well predicted ignition delay time (defined as

60

experiment | 0

= = =simulation

600

500

100

300

AHRR (J/CA)

200

100

-40 -20 0 20 40 60
CA

Fig. 3. Comparison between numerical and experimental in-cylinder pressure
and AHRR of case 1-D.
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Fig. 4. Evolution of parcels radius, case 1-DF. Note: the exhaust manifold is removed from the contours to give a better view of the spray in the intake runners.

the interval between SOI and CAOQ5), and a slightly retarded combustion
phasing (defined as the timing of CA50) by the CFD model. Based on the
presented validation results, the CFD model can accurately predict the
ignition timing and main combustion event of diesel using n-heptane.
Therefore, the same approach will be applied for the DI of n-heptane in
dual-fuel simulations where n-heptane ignites the premixed methanol.

3.2. Dual-fuel case — mixture formation

In this section, the results pertinent to the methanol mixture for-
mation in the reference dual-fuel case are presented. The evaporation
process of methanol in case 1-DF is illustrated through the mass of
methanol vapor and the history of parcel radius. To reach equilibrium,
multi-cycle simulations were conducted to stabilize the wall film mass
and obtain the desired in-cylinder methanol mass. Moreover, the to-
tal amount of methanol vapor does not vary between the second and
third cycle, implying that equilibrium is reached at the third cycle, see
Fig. 5. Thus, the evolution of the injected methanol at the third cycle is
provided and discussed below.

The spatial distribution of the film and parcels is better illustrated by
the 3D droplet radius contours in Fig. 4. Initially, spray from the long
runner injector hits the wall due to its orientation, and part of the short
runner spray hits the junction between the two runners and then flows
directly into the long runner. This upward movement of parcels from

the short runner injector is driven by the momentum of inlet airflow. As
the formed liquid spray structure is bent upwards, many parcels impinge
on the upper part of the short runner, increasing the mass of liquid film
after the end of injection (EOI). The remaining part of the spray from
both runners is directed towards the cylinder, reducing the mass of lig-
uid parcels in the runners while raising the liquid fuel amount in the
cylinder. After reaching its peak around EOI, methanol in liquid form,
e.g., parcels and film, gradually decreases to 2 mg in total at IVC. This is
attributed to the residual liquid methanol in the runners experiencing a
long period of 182 CA between EOI and IVC. Hence, both thermal con-
duction with the wall and thermal convection from the intake air play
important roles in its evaporation. Notably, at 20 CA before TDC, no
liquid methanol exists in the domain.

As can be seen from Fig. 5, around 30% of the methanol evapo-
rates within the injection window. This initially evaporated methanol
concentrates near the liquid film in the runners, eventually flowing
into the cylinder following the downward motion of intake valves, see
Fig. 6(a)—(c). During the first cycle, after EOIL, the total evaporation
amount continues to rise up to approximately the injection amount at
20 CAD before TDC. In the second and third cycle, the total mass of
methanol vapor exceeds the injection amount by 3 mg due to the resid-
ual gaseous methanol in the intake runners from the previous cycle. The
majority (96%-97%) of gaseous methanol is inside the cylinder at 20

(a) b
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Fig. 5. Amount of methanol vapor (a) across three cycles and (b) at the 3rd cycle, case 1-DF.
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Fig. 6. Distribution of 4,,,, across the intake valves, case 1-DF.
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Fig. 7. Distribution of 4,,,,y in the cylinder, case 1-DF.

CAD before TDC. Hence, it is concluded that from the second cycle, all
of the injected methanol evaporates and enters the cylinder in gaseous
state.

Although the majority of the fuel evaporates, the in-cylinder mixture
after EOI is relatively inhomogeneous with richer regions around the
piston bowl and the long runner valve, see Figs. 6(b) and (c) and 7 (a).
During the rest of the intake stroke, as the piston moves downwards
and the evaporation amount increases, the fuel-air mixing is promoted
under swirl and crossflow inside the cylinder. After IVC, the methanol-
air mixture is uniform except for very lean regions along the liner as
demonstrated in Figs. 6(e) and 7(c). As illustrated in Figs. 6(f) and 7(d),
the homogeneity is improved at the end of the compression stroke due to
the squish of the piston. The average in-cylinder A, at 20 CAD before
TDC is 6.2. However, it is not distributed evenly across the cylinder with
a leaner region of Aoy = 7 — 8.6 close to the center of the cylinder
head, surrounded by a moderately richer region of Aoy = 5 — 6.6
adjacent to the bowl and liner.

3.3. Dual-fuel case — combustion

The mixture formation results indicate that at the 3.1-bar BMEP oper-
ating point, the mass of gaseous methanol available for combustion and
the average in-cylinder 1,05 are in correspondence with expectations

based on measurements. Therefore, as the next step, the validation of
dual-fuel combustion in case 1-DF will be presented here. As can be
seen from Fig. 8(a), the simulated pressure in the cylinder matches very
well with the measurements, except for a 3.1 bar overestimation of the
peak pressure. The discrepancy between numerical and experimental
pressure is less than 1 bar during compression and less than 0.5 bar dur-
ing the expansion stroke, while the error during the combustion event
is within 5%.

Furthermore, similarly to the experiment, the simulation result ex-
hibits two peaks in the AHRR, representing two phases of combustion.
The first combustion phase is the compression ignition of the pilot
fuel, which completely consumes n-heptane before TDC, presented in
Fig. 8(b). Fig. 9 illustrates the combustion of n-heptane which ignites
a part of methanol in the core of the n-heptane jet. The subsequent
burning phase, indicated by the second peak, combusts the majority
of methanol within 20 CA after TDC. Fig. 10 demonstrates the rapid
consumption of methanol in the second phase, characterized by fast
flame propagation within the premixed fuel-air. Both peaks of numerical
AHRR are overpredicted compared to the experimental data, imply-
ing a higher burning rate computed by the CFD model. This might
be due to larger chemical heat release computed from the kinetics
mechanism.
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Fig. 8. (a) Comparison between numerical and experimental in-cylinder pressure and AHRR of case 1-DF (b) Mass of both fuels in the cylinder around TDC.
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Fig. 10. Consumption of methanol following the ignition.

With respect to combustion phasing, CA05 and CA10 from simulation
are slightly delayed by 1.12 and 0.84 CA compared to the experiment,
respectively. However, combustion phasing (CA50) and end of combus-
tion (CA90) occur earlier by 0.83 and 2.92 CA, respectively. Hence, the

numerical combustion duration is about 4 CA shorter than the measured
value of 25.25 CA. In fact, the simulated ITE,,,,, and ITE,,, are 46.24%
and 43.53% respectively, about 5.4%-points higher than the experimen-
tal values. Better thermal efficiency may stem from higher combustion
efficiency and/or lower wall heat loss predicted by the simulation.

In conclusion, despite the overestimation of peak cylinder pressure
and burning rate in the later combustion phase, the overall combustion
characteristics are acceptably captured by the CFD model under the pre-
sented operating conditions. Combined with the satisfactory prediction
of the mixture formation, the currently validated CFD model was used
in parametric studies to investigate the effects of methanol injection on
mixing and combustion in the dual-fuel engine.

4. Methanol injection studies

As discussed in 3.2 and 3.3, mixture formation from simulation pro-
vides a combustible mixture that exhibits an overall good agreement in
terms of experimental pressure and heat release at 3.1 bar BMEP load.
Therefore, the validated CFD model has been used to investigate the
effects of methanol injection on mixing and dual-fuel combustion un-
der the same operating condition. Three variations regarding methanol
injection amount (Blending Ratio sweep), timing (SOI sweep), and

Table 4
Ratio to total amount injected and 4,0y
in five cases of BR 45%-85%.

BR % over My i methanol Apeon
45 99.8 7.55
55 99.8 6.20
65 100.3 5.19
75 100.9 4.48
85 105.7 3.84
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Fig. 11. (a) In-cylinder pressure and (b) AHRR in five cases of BR 45%-85%.
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Fig. 12. Evolution of in-cylinder methanol mass at the third cycle in five cases
of BR 45%-85%.

location (injection amount split between two injection locations) are
simulated using the case 1-DF as the reference simulation. The previ-
ous sections show that the steady state is reached by the third cycle.
Hence, the results and analyses corresponding to the third cycle of each
variation will be presented below.

4.1. BR sweep

Within the injection amount variation, BR is swept from 45% to
85% in intervals of 10%. Besides satisfying the BR value, the injection
amounts of n-heptane and methanol in each case are calculated such that
the total fuel energy is the same as in the reference case. The injection
duration of methanol is adjusted based on the injection amount so that
the injection pressure is 140 bar in each case. The rest of the modeling
inputs remain the same as in the reference case.

0.95
(a)

4
°

4
3
3

combustion efficiency

0.8 "
BR =45 BR =55 BR =65
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Regarding methanol evaporation, the liquid parcels and the wall film
follow the same behavior as in case 1-DF. Specifically, liquid parcels and
film mass increase immediately after SOI, reach their peak at around
EOI, and decrease to almost zero towards TDC. Thus, the mass of
methanol vapor available for combustion in each case is very close to
the injection amount, as shown in Table 4. In cases BR 65, 75, and 85%,
the gaseous methanol amount even exceeds the injection mass due to
residual methanol in the cylinder from the previous cycle, see Fig. 12.

As observed in Fig. 11(a), the rate of pressure rise following the ig-
nition decreases at higher BR. Peak pressure is lowered by 17.5 bar and
delayed by 6.8 CA as BR increases from 45% to 75%. In the case of the
highest BR of 85%, there is only one phase of pressure rise, in contrast to
the two-phase pressure rise—characterized by a second, steeper pressure
gradient in the other four cases. The trend of in-cylinder pressure is con-
sistent with the AHRR at varied BR, see Fig. 11(b). For the BR 45%-75%
cases, two peaks of AHRR indicate two combustion phases, namely com-
pression ignition of n-heptane and fast premixed flame propagation of
methanol. The heat release of the initial burning phase is dominated
by the combustion of n-heptane. Since the injection mass of n-heptane
is larger at lower BR, the first AHRR peak is highest in case of BR 45%
(657.8 J/CA) and reduces at higher BR (517.7, 405.1, and 236.1 J/CA at
BR 55, 65, and 75%, respectively). As BR increases from 45% to 75%, the
second combustion phase is more delayed than the first one, indicating
a slower burning rate.

The final cumulative heat release of three cases BR 45%, 55%, and
65% is comparable, while that of BR 75% is about 296.2 — 367 J lower.
This is because the unburned methanol at BR 75% is about 2.5 — 4.3
times higher compared to BR 45%, 55%, and 65%, as shown in Fig. 12.
Opposite to lower BR, the flat, prolonged tail of AHRR after the first
peak at BR 85% implies partial burning of the methanol in the cylinder.
Specifically, only 27.4% of methanol vapor is consumed after combus-
tion in the third cycle at BR 85%. Since the case BR 85% shows undesired
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Fig. 13. (a) Combustion efficiency and (b) Indicated thermal efficiency in four cases of BR 45%-75%.
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combustion characteristics with a large amount of unburned methanol,
it will not be discussed further.

Combustion duration in cases BR 45%, 55%, and 65% is very simi-
lar, ranging between 20.2 — 21.4 CA. However, combustion duration at
BR 75% is about 4.2 — 5.4 CA longer with a larger interval between the
first and second burning phases seen in Fig. 12. It is due to higher BRs
creating more intense cooling effects which hinder ignition and flame
propagation. More rapid combustion and lower residual fuel mass de-
note better combustion efficiency. This is demonstrated by Fig. 13(a)
with combustion efficiency in cases BR 45%, 55%, and 65% between
91.9% and 94.8%, which is 10.2%-13.1%-points higher compared to
case BR 75%. In addition, as observed in Fig. 13(b), the difference in
thermal efficiency among cases BR 45%, 55%, and 65% is minimal, with
Ngross DEtWeen 46.2%-47.3% and 7, between 43.5%-44.6%. Thus, the
present single cylinder setup could potentially be expanded up to BR
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65% under low load operation while maintaining adequate combustion
performance.

Although emissions values have not been validated for the reference
case, the trend of some emissions is of interest to show nevertheless.
Therefore, the normalized concentration of main emissions species is
compared among four BR 45%-75% in Fig. 14. The amount of CO and
unburned hydrocarbon (THC) are lower in the case of better combustion
efficiency. For example, CO and THC concentration at BR 75% is 1.7 and
4.4 times larger than that at BR 45%, respectively. On the other hand,
the concentration of NOx reduces almost linearly with increasing BR,
dropping by 4.2 times as BR increases from 45 to BR 75%.

In summary, at the presented low load condition, increasing BR
reduces NOx significantly due to the higher amount of methanol avail-
able for combustion. Due to methanol’s evaporation cooling effect, the
in-cylinder mixture temperature is lower, resulting in lower NOx emis-
sions. However, in this operating condition, for BRs higher than 65%,
combustion efficiency deteriorates and a large amount of methanol re-
mains unburned. Besides larger replacement by methanol, the mass of
n-heptane decreases as BR increases to keep total energy input approxi-
mately constant. Thus, the combustion of the reduced n-heptane amount
at very high BR only ignites a limited region near the jet and does not
generate sufficient thermal energy to sustain the flame propagation. This
leads to partial burn or even misfire, worsening the combustion and ther-
mal efficiency. Among three cases at lower BR, considering favorable
combustion characteristics, good efficiency, and low emissions, BR 65%
is chosen for the following methanol injection investigations.

4.2. SOI sweep

In this section, a sensitivity analysis on the SOI of the BR 65% case
was performed. Here, the start of methanol injection is varied such that
the injection window is within the intake valve opening event, except
for one case with very early timing. Fig. 15 presents the injection timing
of each case relative to the valves’ timing, with SOI listed in the leg-
ends. The other modeling parameters are kept the same as case BR 65%
and the reference case. This section will discuss the mixture formation
and combustion of these cases to study the effects of methanol injection
timing in dual-fuel mode.

In simulation cases with SOI 300 and 360 CAD, the methanol evap-
oration behavior is similar to the case 1-DF discussed in 3.2. With early
SOI, the amount of evaporated methanol quickly rises after SOI and ap-
proaches the injection amount close to TDC at the second cycle, see
Fig. 16(a). For SOI at 300 and 360 CAD, after the second cycle, all of
the injected methanol in each cycle evaporates and enters the cylinder
to form a flammable methanol-air mixture.

For SOI at 420 and 480 CAD, in-cylinder vapor mass in the first cy-
cle is 77.2% and 32.8% of the injection mass, respectively. Late injection
timing leaves a large part of the injected methanol in the runners after
IVC, which enters the cylinder when the intake valves open in the next
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Fig. 16. (a) Amount of in-cylinder methanol vapors across three cycles and (b) Average in-cylinder 4,,,,; at 1420 CAD in five cases of SOI 300 — 540 CAD.
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Fig. 17. (a) Mass-weighted histogram and (b) Standard deviation of in-cylinder 4,,,,, at 1420 CAD in five cases of SOI 300 — 540 CAD.
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Fig. 18. (a) In-cylinder pressure and (b) AHRR in five cases of SOI 300 — 540 CAD.

cycle. This results in an initial increase in vapor mass after IVO in the sec-
ond and third cycles. This is followed by a sharp rise in the evaporation
amount as the new injection starts.

In case of SOI 540 CAD, no methanol vapor is found in the cylinder
during the first cycle, as injection ends after IVC and there is insufficient
time for vapor transfer. Gaseous methanol remains in the runners before
flowing into the cylinder after IVO of the subsequent cycle. At 1420 CAD,
the in-cylinder vapor mass is 145-145.9 mg for SOI 300-540 CAD, ex-
cept for SOI 480 CAD, which is slightly higher at 148.9 mg. This leads
to lower 1,05 by about 0.1-0.14 in case of SOI 480 CAD as presented
in Fig. 16(b). At 1420 CAD, the mass-weighted histogram in Fig. 17(a)
shows similar Aoy ranges (3.6-8) for SOI 300-420 and 540 CAD, while
SOI 480 CAD exhibits a moderately wider range (3.2-8.4). Hence, stan-
dard deviation of in-cylinder 4,,,, in case of SOI 480 CAD is minimally
larger by 0.1 — 0.3, indicating a slightly more inhomogeneous mixture
close to TDC compared to the other four cases.
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Fig. 18 shows a similar trend in in-cylinder pressure and AHRR curve
among five cases SOI 300 — 540 CAD. Two gradients of pressure rise
denote two combustion phases, also indicated by two peaks of AHRR.
The heat release rate of the first phase in case SOI 300 CAD is comparable
to case SOI 480 CAD, but is larger by 103.2 J/CAD at its second peak.
The faster burning rate in the second phase of combustion for SOI at 300
CAD may be due to better homogeneity of methanol-air mixture in the
cylinder. This characteristic is also observed between cases SOI 360 and
420 CAD. In all cases, the majority of methanol available for combustion
(92.3%-96.5%) is consumed.

The simulation results reveal a shorter ignition delay, later phasing,
and longer combustion duration as SOI is retarded by 60 CA, except for
SOI at 480 CAD. Based on Fig. 19, for SOI between 300 and 420 CAD,
combustion and thermal efficiency decrease by 4% and 2%-points as
SOI is delayed by 60 CA, respectively. However, combustion efficiency
increases by almost 10%-points and ITE by 4.5%-points when SOI is
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Fig. 19. (a) Combustion efficiency and (b) Indicated thermal efficiency in five cases of SOI 300 — 540 CAD.
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Fig. 21. Temperature field prior to ignition (1435 CAD) for SOI at 360 CAD and
480 CAD.

retarded from 420 to 480 CAD, before decreasing again by 6.7%-points
and 3.2%-points at SOI 540 CAD, respectively. The trend disruption at
SOI 480 CAD is also observed in the normalized concentration of major
emission species plotted in Fig. 20. It should be noted that the reported
emissions were not rigorously validated, as our intention is to compare

1430 CAD

SOl =360 CAD

. ,1430CAD

1450 CAD
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trends among the different cases. CO and THC emissions in case SOI 480
CAD approximate those in case SOI 300 CAD, while NOx only rises up
to case SOI 360 CAD level.

To explain the exception in combustion characteristics of case SOI
480 CAD, the in-cylinder temperature and methanol mass fraction in
cases SOI 360 CAD and 480 CAD were compared during ignition and
main combustion event. Fig. 21 illustrates the high-temperature region
adjacent to n-heptane jet for SOI at 360 CAD and near the piston bowl
for SOI at 480 CAD before ignition. Therefore, ignition delay is shorter
in case SOI 360 CAD compared to SOI 480 CAD. As can be seen from
Fig. 22, methanol concentration in case SOI 480 CAD is larger close to
the cylinder head. This is in line with lower average 1.y, denoting a
slightly richer methanol-air mixture for SOI at 480 CAD as presented in
Fig. 16(b). Contours of methanol mass fraction also indicate faster prop-
agation of premixed methanol within 10 CA after TDC. This is because
of higher temperature in the unburned region, particularly close to the
piston bowls in case SOI 480 CAD, see Fig. 23.

To sum up, in case SOI 480 CAD, enhanced burning rate in the sec-
ond combustion phase results in shorter combustion duration, better
efficiency, and lower CO and THC emissions. However, mixture inho-
mogeneity, longer ignition delay, and increased NOx emissions are the
drawbacks of such late injection timing. Besides, the case with SOI at 480
CAD limits the injection duration to end before IVC, which is important
in cases where the injection amount varies. Very early SOI at 300 CAD
induces homogeneous mixture, good efficiency, low CO and THC emis-
sions. On the contrary, it also leads to the highest NOx emissions among
five cases, due to the increased combustion temperature. Additionally,
the flame propagation phase during the second AHRR peak increases
rapidly and exceeds the first peak. Hence, to balance efficiency, emis-
sions, combustion stability, and flexibility in adjusting injection amount,
the simulation case with SOI at 360 CAD was used in the last injection
study to investigate the injection location.

4.3. Injection location

In the previous cases, the injection amount was split evenly between
two injectors in the long and short runner. To examine the influence of
injection location on mixing and combustion, the injection mass at each
injector was varied from 0% to 100% from the short runner in steps
of 25%. The rest of the numerical settings remained the same as the
reference case, which has BR 65% and SOI at 360 CAD.

The evaporation amount at 1420 CAD is comparable among five
cases and close to the total injection mass (145.13 mg + 1.9%). In case of
100% injection from the short runner, the vapor mass is slightly smaller

SOI =480 CAD \ XmeoH
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Fig. 22. Distribution of methanol mass fraction in the cylinder from 1430 to 1450 CAD for SOI at 360 CAD and 480 CAD.
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Fig. 23. Temperature field in the cylinder from 1435 to 1450 CAD for SOI at 360 CAD and 480 CAD.

by 2.8 mg compared to the injection mass due to a large amount of liquid
film that remained in the runners. Vapor mass exceeds injection amount
in case of equal injection and 25% from short runner due to residual
gas from the previous cycle and the evaporation from liquid parcels in
the cylinder. The average in-cylinder 4,0y prior to n-heptane injec-
tion is also similar across the five cases, falling within a narrow range of
5.2-5.3. The mass weighted histogram and standard deviation of 4,0
at 1420 CAD in Fig. 24 indicate improved mixture homogeneity with
larger injection mass in the short runner case.

Based on in-cylinder pressure and AHRR presented in Fig. 25, the
cases with increased injection amount from the short runner exhibit

0.25
(a) —— 0% short runner
——25% short runner
0.2 —50% short runner
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——100% short runner
0.15
0.1
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0
2 4 6 8 10

standard deviation

a faster burning rate. This is illustrated through the higher pressure
gradient and larger heat release rate in the second combustion phase.
In cases of 50%-100% of total injection mass from the short runner, the
second AHRR peak occurs about 2.2 — 2.7 CA earlier and reaches 134.9
—209.2 J/CAD higher compared to the two cases with larger injection
from the long runner. More rapid combustion during flame propaga-
tion of the premixed methanol phase can be associated with better
homogeneity for cases 50%-100% short runner as discussed above.
Fig. 26 demonstrates that combustion efficiency is enhanced by
6.6%-8%-points and ITE by 3.3%-4.3%-points. According to the trends
reported by the normalized concentrations in Fig. 27, low concentrations
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Fig. 24. (a) Mass-weighted histogram and (b) Standard deviation of in-cylinder 4,,,,5 at 1420 CAD in five cases of injection location.
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Fig. 26. (a) Combustion efficiency and (b) Indicated thermal efficiency in five cases of injection location.
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injection location.

of CO and THC are found in cases with high combustion efficiency.
When the injection amount from the short runner increases from 25%
to 75%, NOx concentration rises by 1.5 times. However, when injecting
fully from either runner, NOx emissions remain at a similar level.

To understand the enhanced mixture homogeneity and faster com-
bustion with more injection mass from the short runner, mixture forma-
tion and combustion process of cases 75% and 25% short runner were
analyzed. As observed in Fig. 28, liquid parcels spread throughout the
cylinder between 1120 and 1160 CAD. In contrast, liquid parcels are

(a) 1120 CAD

mostly present in the in-cylinder regions underneath the intake valve
connected to the long runner as shown in Fig. 29. For brevity, the part
of the cylinder below the intake valve connected to the long runner will
be called the left side, and that below the short runner will be referred
to as the right side. When entering the cylinder, droplets from the long
runner injector disperse mainly on the left side, while those from the
short runner injector distribute equally on both sides. This is because
the short runner jet is tilted upwards under the effect of the intake air
stream, causing part of the spray to travel along the upper wall of the
runner and be directed toward the left side of the cylinder. On the other
hand, the long runner jet follows the intake airflow direction, concen-
trating its droplets on the left side. Besides faster droplet evaporation,
the even distribution of droplets in the cylinder improves mixture homo-
geneity in the case of 75% of the total injection amount from the short
runner, as illustrated in Fig. 30. For 25% of the total injection amount
from the short runner case, after EOI, the localized droplets spread to
the right side due to the swirl motion. Consequently, droplets evapo-
rate slowly and in a non-uniform way, leading to an inhomogeneous
methanol-air mixture close to TDC, as shown in Fig. 31.

Fig. 32 demonstrates faster methanol consumption in the case of 75%
short runner. Due to a highly uniform mixture, the propagation of pre-
mixed methanol is almost identical on both sides of the cylinder. In
contrast, the propagation in the 25% short runner case is asymmetrical
with a faster rate on the left side, which contains a leaner methanol-air
mixture. As presented in Fig. 33, the temperature field is nearly even in
case of 75% short runner injection, while the temperature near the piston

(c)1160 CAD 3

DP_RADIUS

0.00012
0.000114211
0.000108421
0.000102632
9.68421E-05
9.10526E-05
8.52632E-05
7.94737E-05
7.36842E-05
6.78947E-05
6.21053E-05
5.63158E-05
5.05263E-05
4.47368E-05
3.89474E-05
3.31579E-05
2.73684E-05
2.15789E-05
1.57895E-05
1E-05

Fig. 28. Evolution of parcels radius in case 75% of total injection amount from short runner.
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(b) 1140 CAD

(d) 1240 CAD

=

Fig. 31. Distribution of 1,,,, across the intake valves in case 25% of total injection amount from short runner.
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1430 CAD 75% short runner

Fuel 413 (2026) 138208

25% short runner XcHaoH

0.05

0.0469231
0.0438462
0.0407692
0.0376923
0.0346154
0.0315385
0.0284615
0.0253846
0.0223077
0.0192308
0.0161538
0.0130769
0.01

Fig. 32. Distribution of methanol mass fraction in the cylinder from 1430 to 1450 CAD for 75% (the left column) and 25% (the right column) of total injection from

short runner.

1435 CAD 75% short runner

1440 CAD

. 1445 CAD

[~

. 1450 CAD

- 1435CAD

25% short runner TEMPERATURE
2853.06
271224
257143
2430.61
2289.8
2148.98
2008.16
1867.35
1726.53
1585.71
14449
1304.08
1163.27
1022.45
881.633
740.816
600

Fig. 33. Temperature field in the cylinder from 1435 to 1450 CAD for 75% (the left column) and 25% (the right column) of total injection from short runner.

bowl on the right is lower than the other side in case of 25% short runner
injection. Following the ignition, the unburned temperature on the left
side is always higher than the right side in the case of 25% short runner,
resulting in faster propagation on one side. The non-uniform tempera-
ture field might be attributed to the non-simultaneous and slow droplet
evaporation in the cylinder. It takes more time for methanol droplets
to reach the right side of the cylinder after EOI, while some remain
trapped in the crevice area. This delays evaporation and extends the
cooling effect on the air-fuel mixture inside the cylinder. In case of 75%
of total injection mass from the short runner, a higher and more evenly
distributed temperature field results in a faster burning rate, increasing
NOx emissions.

Overall, injecting more methanol from the short runner promotes
fuel-air mixture homogeneity and burning rate. This is due to more
evenly distributed and faster evaporation of liquid droplets in the cylin-
der following SOL. In case of homogeneous methanol-air mixture, shorter
combustion duration, enhanced combustion and thermal efficiency, low
CO emissions, yet higher NOx emissions were observed.

5. Conclusions

The present work successfully investigated the effects of methanol
injection amount, timing, and location on mixture formation and
combustion of a single cylinder PFI methanol-diesel marine engine.
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Multi-cycle simulations were conducted incorporating spray modeling
and combustion kinetics of both fuels, explicitly taking into account the
methanol mixture preparation physics for high-pressure PFI injections.
The model was validated using experimental data for both diesel-only
and methanol-diesel operation under a low load condition. Using the val-
idated model, a sensitivity analysis including blending ratio (BR), start of
injection (SOI) for PFI methanol, and injection location between the two
intake runners was conducted. The conclusions drawn from the present
investigation are as follows:

(1) As BR varies between 45 and 65%, combustion efficiency
ranged between 91.9%-94.8%, while gross ITE ranged between
46.2%—47.3%. Concentration of CO increased by 1.7 times while
NOx decreased by 4.2 times with BR increasing from 45% to 75%.
Very high BR beyond 65% was not recommended at this low load
operation due to low efficiency at BR 75% and partial burn at BR
85%.

Within methanol SOI sweep 300 — 540 CAD, the most uniform
mixture and the most rapid flame propagation were found at the
earliest injection timing. However, case of SOI 300 CAD resulted in
the highest NOx emissions and highest rate of pressure and AHRR
rise. In general, as SOI was delayed by 60 CA, efficiency and NOx
concentration decreased, while CO emissions increased, except for
SOI at 480 CAD.

(2)
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(3) Improved mixture homogeneity and faster burning rate were ob-
served as more methanol was injected from the short runner. In
cases with 50% to 100% of the total injection amount from the
short runner, combustion efficiency increased by 6.6%—-8%-points
and ITE by 3.3%—4.3%-points compared to 0% and 25% from the
short runner injection. As short runner injection mass rose from
25% to 75% of total, the concentration of NOx grew by 1.5 times
due to an evenly distributed high temperature field.

Overall, this study offers valuable insights into the modeling of
methanol-diesel engines, potentially aiding the transition to more sus-
tainable marine engines. Future work should address medium and high
load engine conditions as an extension of the scope of this work. In
addition, efforts will continue to investigate methanol combustion con-
cepts for maritime engines using the single-cylinder platform through
experiments and simulations.
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