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Abstract: Diesel-methanol dual-fuel (DMDF) mode holds significant potential for achieving
highly efficient and clean combustion in modern marine engines. However, issues such as
low methanol substitution rate and high pollutant emissions persist, and the underlying
mechanisms are not fully understood. This study numerically investigated the combustion
and emissions of a heavy-duty marine engine operating in DMDF mode. Multi-cycle
simulations, incorporating diesel and methanol dual-fuel chemical mechanisms, were
carried out to explore engine performance across various key parameters, including valve
phasing, injection pressure, injection phasing, and nozzle diameter. The results indicate
that valve phasing can greatly affect the indicated thermal efficiency, particularly at large
valve overlap angles. This is primarily attributed to the variations of methanol film mass
and thereby overall combustion efficiency. The optimized valve phasing increases the
indicated thermal efficiency by 2.4%. By optimizing injection parameters, the formation
of methanol film is effectively reduced, facilitating the improvement in the indicated
thermal efficiency. The optimal injection pressure and nozzle diameter are 20 bar and
0.3 mm, respectively, resulting in increases in indicated thermal efficiency of 1.28% and
1.07%, compared to the values before optimization. Advancing injection timing and
increasing nozzle diameter markedly decrease methanol film mass because some methanol
remains undisturbed by the intake flow, while large droplet sizes tend to enhance the
resistance to airflow. As injection pressure rises from 20 bar to 50 bar, the spray—wall
interaction region expands, droplet size diminishes, and methanol film formation increases.
Consequently, the combustible methanol in the cylinder is reduced, undermining the
indicated thermal efficiency. Additionally, there exists a trade-off relationship between NOx
and soot emissions, and the high heat release rate results in increased NOy but decreased
soot emissions for diesel-methanol dual-fuel engines.

Keywords: diesel-methanol dual-fuel; thermal efficiency; methanol injection; film
mass; emissions

1. Introduction

For the foreseeable future, the diesel engine is still the most important power source for
industrial shipping due to its high energy conversion efficiency and outstanding reliability.
However, large amounts of fossil fuels have been consumed by diesel engines in the past
decades, resulting in serious environmental issues. The increasing environmental issues
and the implementation of stringent emission regulations are driving the advancement
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of diesel engines towards higher efficiency and lower emissions. To achieve the goal
of zero carbon emissions, several surrogate fuels, such as natural gas [1], bio-diesel [2],
hydrogen [3], and alcohol [4], have been supplied to diesel engines. Compared to other
surrogate fuels, methanol is a viable surrogate fuel because of its advantages of low cost,
convenient transportation, and abundant resources [5,6].

There are typically three technical routes to introduce methanol fuel into diesel engines,
which are diesel-methanol dual-fuel mixtures [7], methanol intake port injection at low
pressure [8], and methanol direct injection at high pressure [9]. For diesel-methanol dual-
fuel mixture technology, the most attractive merits are that only one injector is required
and engine modification is relatively straightforward. However, this method requires
emulsifier agents or co-solvents and even the methanol fraction is limited because diesel
and methanol do not mix well [10]. The methanol direct injection technology involves
redesigning the cylinder head to install an extra diesel injector, thereby resulting in high
technical costs. By contrast, methanol intake port injection combined with diesel ignition is
an effective and simple technology. This mode can output a maximum power comparable
to conventional diesel engines [11]. Additionally, compared to traditional diesel engines,
the trade-off relations between combustion and emissions performance can be improved
when using diesel-methanol dual-fuel (DMDF) mode. Therefore, engines with DMDF
mode have received more attention in recent years.

Undesirable combustion behaviors can be encountered when IC engines operate in
DMDF mode, including partial combustion, misfire, and knocking combustion, leading
to a deterioration in combustion efficiency and emissions performance. Wang et al. [12]
addressed the above phenomena by analyzing in-cylinder pressure and heat release rate
in a heavy-duty diesel engine. They found that the lower boundary was constrained by
partial combustion, occurring under high methanol substitution rates at 20% engine load.
The upper boundary corresponded to the knocking combustion at high engine loads, while
the right boundary was defined by misfire events at medium engine loads. The effects
of the methanol substitution rate and injection strategy on the DMDF mode have been
investigated extensively. Agarwal et al. [13] experimentally compared the combustion and
emissions characteristics between the DMDF and conventional diesel modes, which showed
that generator efficiency improved with methanol energy shares of 30-50%, alongside
reductions in both NOy and soot emissions. Wei et al. [14] studied the impacts of methanol
mass ratio and diesel injection timing in heavy-duty diesel engines, and they found that the
peak heat release rate of pre-mixed combustion increased and the trade-off between NOx
and soot improved at higher methanol mass ratios. Karvounis et al. [15] demonstrated
that NOy emissions from DMDF mode decreased 30.5% compared to pure diesel mode
when the methanol energy fraction was 50%. The results from Zang et al. [16] revealed
that the ignition delay time in DMDF mode was prolonged and the mixing process of the
fuels within the cylinder was improved, resulting in reduced soot emissions. Liu et al. [17]
reported that increasing the methanol substitution rate and advancing diesel injection
timing enhanced combustion intensity, leading to reduced fuel consumption and exhaust
temperatures. Regarding advanced combustion modes, Altun et al. [18] reported that
methanol-diesel and methanol-biodiesel RCCI significantly suppressed NOy and soot
emissions. Panda et al. [19] found that methanol-diesel RCCI engines achieved higher
thermal efficiency compared to traditional diesel engines alongside improved emissions
performance. Qu et al. [20] investigated the impact of exhaust gas recirculation (EGR)
on engine combustion and emissions under high methanol energy ratios. Their findings
indicated that at low loads, various EGR modes could meet China VI emissions regulations.
However, at medium loads, a combination of low-pressure and high-pressure dual-loop
EGR was required. Wang et al. [21] compared the performance of pure diesel and DMDF
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combustion across different altitudes. They found that as altitude increased from 10 m
to 2400 m, the DMDF mode exhibited a smaller variation coefficient of indicated mean
effective pressure, ensuring more stable combustion. Additionally, NOy and soot emissions
were lower in the DMDF mode across all tested altitudes. The above work has demonstrated
the superior performance of the DMDF mode in engine combustion and NO, and soot
emissions as well as high methanol substitution rates, which is of great importance to
mitigate the massive greenhouse gas emissions and pollutants from traditional engines.

It is noted that both boundary conditions and injection parameters can significantly
affect DMDF engine performance. Kumar et al. [22] reported an elevated intake air temper-
ature of 80 °C could boost thermal efficiency significantly due to the shortage of ignition
delay at elevated temperatures. Wang et al. [23] demonstrated that intake air heating could
enhance an engine’s brake thermal efficiency by 7.3% under low load conditions. Guan
et al. [24] optimized the compression ratio and intake air temperature of a diesel-methanol
dual-fuel engine and achieved a net indicated thermal efficiency of 47.4%. The effect of
intake temperature on the degree of unevenness cylinder-to-cylinder was investigated by
Chen et al. [25], showing that an intake temperature ranging from 35 to 80 °C was suitable
when the methanol substitution rate was below 40%. Wei et al. [26] utilized the grey wolf
optimizer algorithm and optimized support vector machine regression to determine the
methanol substitution rate, excess air ratio, and diesel injection timing, which achieved
13.39% and 26.22% reductions in indicated specific fuel consumption and NOy emissions,
respectively. Dierickx et al. [27] examined the effects of methanol injector positioning on
brake thermal efficiency and NOy emissions, and they found that the methanol energy frac-
tion could reach 84% with single-point injection at the intake ports, compared to 80% with
multi-point injection across the intake ports. Xu et al. [28] employed an improved genetic
algorithm to optimize piston bowl shape and fuel injection strategy under varying engine
loads. Their findings revealed that both open and re-entrant piston bowls were suitable
for low and medium loads, whereas the open-type piston was preferable at high loads.
Additionally, as engine load increased, the sensitivity of fuel injection parameters grew,
making the optimization of injection timing and pressure crucial for engine performance.
Li et al. [29] explored the influence of the diesel injection strategy on DMDF combustion
using a six-cylinder common rail diesel engine. Their results showed that a dual-injection
mode, which combined pilot and main injections, effectively reduced the heat release rate
and peak cylinder temperature. However, this mode also resulted in increased cycle-to-
cycle variations in indicated mean effective pressure. Furthermore, while the dual-injection
mode decreased HC emissions, it resulted in higher CO, NOy, and PM emissions.

Despite the great efforts to optimize the performance of DMDF engines, the impact of
key parameters, particularly valve phasing and methanol injection parameters, on engine
combustion and emissions characteristics remains not fully understood. The issues such
as low methanol substitution rates and high pollutant emissions still persist in realistic
scenarios. The present study aimed to investigate the effects of valve phasing and methanol
injection parameters, including injection phasing, injection pressure, and nozzle orifice,
on engine combustion and emissions characteristics, allowing for multi-cycle simulations
incorporating dual-fuel chemical mechanisms. The correlations between methanol film
mass, thermal efficiency, and pollutants were clarified. The results provide useful insights
into the optimization and control of combustion and emissions in DMDF engines.

2. Numerical Models and Methodology
2.1. Engine Models

In the simulations, a diesel-methanol dual-fuel marine engine was used. The engine
was a six-cylinder, four-stroke design. The geometric specification of the combustion
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chamber was 200 mm in bore, 300 mm in stroke, and 17:1 in compression ratio. The intake
phasing ranged from —394 °CA after top dead center (ATDC) to —177 °CA ATDC, and the
exhaust valve opened at 141 °CA ATDC and closed at 393 °CA ATDC. Figure 1 shows the
physical model of the DMDF engine, which consists of an intake port, an exhaust port, and
a combustion chamber. A methanol injector is installed at the intake port to inject methanol
spray at low pressure, while a diesel injector is located at the cylinder head to introduce
diesel. Table 1 provides the specifications of the test engine.

Figure 1. Schematic of diesel-methanol dual-fuel engine model with intake and exhaust ports.

Table 1. Specifications for the DMDF engine.

Parameters Specifications

Engine type Six-cylinder, four-stroke
Bore 200 mm

Stroke 300 mm

Compression ratio 17.0:1

Intake valve open —394 °CA ATDC
Intake valve close —177 °CA ATDC
Exhaust valve open 141 °CA ATDC

Exhaust valve close 393 °CA ATDC

2.2. Numerical Models and Validations

The present study adopted a diesel-methanol dual-fuel engine model using the three-
dimensional CFD software CONVERGE v2.4. To facilitate the combustion of diesel and
methanol, a dual-fuel chemical mechanism was employed and integrated with the SAGE
detailed chemical kinetics solver [30]. The n-heptane skeletal mechanism was derived from
a newly developed detailed mechanism [31-33] from Lawrence Livermore National Labo-
ratory, 7000 East Ave., Livermore, CA, USA. The methanol detailed mechanism was built
based on the AramcoMech 3.0 mechanism [34]. The rate constant reported by Olm et al. [35]
for the reaction CH,OH + O,= CH,0 + HO; was adopt to account for its significance in
methanol oxidation. To predict medium-temperature auto-ignition, C;KET = C5H;1CO +
OH + CH,0 and C5H;1CO + O, = NXC3Hy + Co;H3 + CO + HO, were selected to depict
the decomposition of C;KET.

The renormalization group (RNG k — ¢) model [36] was employed to predict the
turbulence flow in the intake port, exhaust port, and cylinder. The wall heat transfer was
simulated by the Angelberger model [37]. The spray droplet break-up process for diesel and
methanol was formulated using the KH-RT model [38], while the spray-wall interaction
was predicted using the wall film model [39]. The film mass was calculated using the
film mass equations proposed by O’Rourke et al. [40]. Droplet evaporation and collision
were predicted using the Frossling correlation [41] and the NTC model [42], respectively.
Regarding emissions, the extended Zeldovich model [43] was employed for NOy formation
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and the Hiroyasu model [44] was used for soot prediction. In the simulations, a base grid
of 4 mm was employed, with a three-level fixed embedding area added to refine the grid
in diesel spray and methanol spray regions. Additionally, a three-level adaptive mesh
refinement (AMR) based on velocity and temperature gradients was applied. A two-level
AMR was also enabled during the intake and exhaust strokes.

Before conducting multi-cycle engine simulations under varying methanol injection
parameters, the engine model was validated against experimental results at a 75% engine
load and an engine speed of 909 rpm. The temperatures of the intake valves, exhaust
valves, and cylinder wall and cylinder head were 600 K, 780 K, and 500 K, respectively.
Figure 2 depicts the comparisons between the numerical results and the experimental data.
It shows that the simulation results of the second cycle closely match those of the third
cycle, indicating that a two-cycle scheme effectively eliminates the influence of the initial
conditions. Furthermore, the predicted in-cylinder pressure and heat release rate (HRR)
align well with experimental results, highlighting the feasibility of the current model in
predicting DMDF engine combustion.
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Figure 2. Comparisons of in-cylinder pressure and heat release rate between simulation and experiment.

2.3. Operation Conditions

The parameters of methanol port injection significantly affect the atomization and
evaporation of methanol spray droplets. Improving methanol atomization can enhance
the quality of the methanol-air mixture, leading to more efficient combustion and lower
pollution emissions. In the baseline engine, the injection pressure was 8 bar, with a nozzle
diameter of 0.25 mm, and a start of injection (SOI) at —400 °CA ATDC. The methanol
injection conditions used in this study are listed in Table 2. Injection pressures ranging from
8 bar to 50 bar were examined, while the injection duration remained fixed, with the SOI
varying from —360 °CA ATDC to —440 °CA ATDC. With a constant flow rate of methanol,
three different nozzle diameters (i.e., 0.2 mm, 0.25 mm, and 0.3 mm) for the methanol
injector were investigated, which corresponded to the nozzle numbers of 46 holes, 30 holes,
and 20 holes, respectively.

Table 2. Parameters for methanol port injection.

Parameters Values
SOI/°CA ATDC —360, —380, —400, —420, —440
Injection pressure/bar 8, 20, 30, 40, 50

Nozzle diameter/mm 0.20, 0.25, 0.30
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3. Results and Discussion
3.1. Optimization of Engine Valve Phasing

The primary advantage of methanol port injection is its low retrofit cost. However,
methanol injected into the intake port can be swept into the exhaust port during scav-
enging processes, leading to a significant decline in fuel economy at larger valve overlap
angles. Therefore, optimizing valve phasing is essential for diesel engines operating in
DMDF mode. The distributions of methanol during scavenging are illustrated in Figure 3.
Herein, A0 = —6 °CA, A8 =19 °CA, and A8 = 44 °CA correspond to —6 °CA, 19 °CA, and
44 °CA after intake valve opening, respectively. The red regions indicate regions where
the methanol mass fraction exceeds 0.05. Before the intake valve opens, methanol-air
mixtures accumulate in the intake port. Once the intake valve opens, methanol follows
the scavenging flow into the exhaust port due to the incomplete closure of the exhaust
valve, leading to methanol loss until the exhaust valve fully closes. At Af =44 °CA, a
significant portion of the injected methanol is swept into the exhaust port under the original
valve phasing, leaving only a small fraction available for combustion. With an optimized
valve phasing, the volume of red regions within the cylinder increases significantly, while
the red regions in the exhaust port shrink compared to the original valve phasing. This
indicates that the optimized valve phasing improves retention of injected methanol within
the cylinder and reduces scavenging mass losses. As a result, optimized valve phasing
plays a crucial role in improving the indicated thermal efficiency (ITE) of DMDF engines.

AG = 44°CA

Af =-6 °CA

V. .
AG =-6 °CA AG =19 °CA AG = 44 °CA
(b)

Figure 3. Methanol distribution after scavenging starting. (a) Original and (b) optimized valve phas-
ing (A represents the difference between the current time and the opening time of the intake valve).

Figure 4 shows the comparisons of methanol scavenging mass, combustion efficiency,
and indicated thermal efficiency. It shows that the scavenging mass of methanol decreased
from 1.07 x 10~% kg to 3.33 x 107> kg after optimizing the valve phasing, representing
a reduction of approximately two-thirds. With increased participation of methanol in
combustion, the combustion efficiency improved from 89.9% to 96.6%. Furthermore, the
ITE increased from 46.3% to 48.7%. These results confirm that optimized valve phasing
effectively minimizes methanol scavenging loss, reduces unburned methanol emissions,

and enhances overall engine performance.
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Figure 4. Comparisons of methanol scavenging mass, combustion efficiency, and indicated ther-
mal efficiency.

Figure 5 illustrates the combustion process and pollutant formation after optimizing
valve phasing. It shows that the methanol-air mixture is uniformly distributed within
the cylinder at 0 °CA. Starting from 2 °CA, compression ignition of diesel spray occurs,
creating a high-temperature region that induces methanol-air mixture ignition. As a result,
methanol consumption begins, leading to a reduction in its mass fraction. At 4 °CA, with
the expansion of the high-temperature region caused by diesel spray development, further
depletion of methanol takes place within the cylinder. By 6 °CA, both the high-temperature
region and diesel spray occupy nearly all chamber while continuous consumption of
methanol persists. During this stage, there is further contraction of high methanol con-
centration areas as the remaining quantities are consumed during subsequent combustion
processes. Regarding the distributions of NOx and soot emissions, the gray and purple
areas indicate iso-surfaces of NOy and a soot mass fraction of 0.004. At 8 °CA, a small
amount of NOy and soot starts to emerge in the cylinder. By 10 °CA, both NOy and soot
concentrations begin to increase, appearing in various areas of diesel spray combustion. No-
tably, NOy predominantly accumulates upstream of the combustion zone due to pre-mixed
combustion with higher oxygen concentration facilitating its generation. Downstream
from the region where oxygen concentration decreases significantly, a mixed-controlled
combustion occurs, leading to substantial production of soot. From 10 °CA to 20 °CA, there
is a rapid increase in both NOy and soot masses as combustion progresses intensively. The
diesel injection ceases after 20 °CA, and the remaining diesel in the cylinder undergoes
combustion by mixing with air. As the combustion rate decreases and the piston descends,
there is a significant drop in temperature within the cylinder. At 30°CA, there is a decrease
in soot quality due to competition between generation and oxidation rates. During the
interval from 20 °CA to 30°CA, the oxidation rate becomes more prominent, resulting in a
decline in soot quality.
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Figure 5. Distribution of (a) methanol fraction, (b) temperature, and (c) NOx and soot emissions. The
black particles represent diesel spray, and gray and purple colors represent the iso-surface of NOy
and soot mass fraction at 0.004, respectively.

3.2. Effects of Injection Phasing on Engine Performance

Figure 6 shows the effects of injection phasing on the in-cylinder pressure, HRR, and
combustion phase. As the SOI advances, the HRR phase is initially delayed and then
advanced, while the peak value of HRR gradually increases. When SOI is —440 °CA,
the HRR phase occurs earlier compared to other conditions, with a higher peak HRR. As
shown in Figure 6b, CA90 initially increases and then decreases with SOI advancement,
whereas CA10 and CA50 remain almost unchanged. Consequently, the combustion dura-
tion from CA10 to CA90 first increases and then decreases as SOI advances, reaching its
shortest duration at SOI = —440 °CA, which is beneficial for improving engine performance.
Figure 6c demonstrates how SOI influences methanol film formation and the amount of
methanol available for combustion. As SOI advances, there is a gradual decrease in mass
for methanol film while an increase occurs in the mass of methanol entering the cylinder.
Notably, at SOI = —440 °CA, the maximum quantity of methanol is retained within the
cylinder, enhancing combustion efficiency.
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Figure 6. Effects of injection phasing on (a) in-cylinder pressure and heat release rate, (b) combustion
phase, and (c) methanol mass.

Figure 7 shows the effects of injection phasing on engine combustion efficiency, ITE,
and pollutant emissions. Pollutant emissions refer to the number of emissions produced per
cycle by each cylinder of engine. It is seen that advancing the SOI leads to a gradual increase
in engine combustion efficiency and improved fuel combustion, resulting in an increased
release of combustion heat and enhanced ITE. For the DMDF engine, the combustion heat
release comprises both methanol and diesel combustion heat releases. Since direct injection
of diesel results in a little unburned diesel, the increase in combustion efficiency can be
attributed to the greater mass of methanol involved in cylinder combustion, increasing the
engine’s overall total combustion heat release. Figure 7b demonstrates that NOy emissions
gradually increase while soot emissions decrease with advanced SOI, indicating a trade-off
relationship between these two pollutants.

Figure 8a shows the methanol intake port injection from Af = 35 °CA (35 °CA after start
of injection) to A8 =75 °CA (75 °CA after start of injection) with an SOI of —360 °CA. The
slice cloud diagram represents the velocity field, the color of the methanol spray droplets
indicates the spray droplet size, and the solid black line depicts the flow field streamlines.
At A6 =35 °CA, methanol is injected along the axis by a low-pressure injector in the intake
port and starts to rise under intake flow influence. The penetration distance and spray area
of methanol spray gradually increase as the injection progresses. At Af =55 °CA, methanol
spray collides with the intake port wall, resulting in a small amount of film formation at
the collision site (as shown in the black box). As the injection continues, methanol droplets
collide with left branch intake port wall under strong intake airflow, leading to significant
accumulation of wall film (as shown in black box at A8 = 65 °CA).
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Figure 8. Distribution of flow line and spray droplets for methanol intake port injection at
(a) SOI = —360 °CA and (b) SOI = —440 °CA. The slice cloud represents the velocity field, and
the color of spray droplets represents the droplet size, and solid black line represents the flow line.

Figure 8b illustrates the methanol intake port injection process from Af = 70 °CA
(70 °CA after start of injection) to A8 = 110 °CA (110 °CA after start of injection) with
a SOI of —440 °CA. At A8 = 70 °CA, due to weak airflow movement within the intake
port, methanol spray develops along the axis direction. At A8 = 90 °CA, the methanol
spray encounters the intake port wall, causing formation of a small amount of film (as
shown in the black box). At A6 = 100 °CA, the methanol spray divides into two streams
at the airway forks: one enters the cylinder through the right branch airway while the
other enters through the left branch airway at A = 110 °CA. Accordingly, the development
analysis from the initial spraying stage until entry into the cylinder was conducted for both
SOI = —360 °CA and SOI = —440 °CA. The results indicate that at SOI = —360 °CA, the
vigorous air motion causes the methanol spray to impinge on the wall of the left branch
intake port, resulting in a substantial formation of film. By contrast, at SOl = —440 °CA, the
airflow movement is relatively weak, preventing the spray from being carried towards the
wall by the air flow. This elucidates why advancing SOI leads to a reduction in methanol
film mass and an increase in methanol mass participating combustion.
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3.3. Effects of Injection Pressure on Engine Performance

Figure 9a shows the effects of injection pressure on the pressure, HRR, and combustion
phase of the engine. As the injection pressure increases, both the HRR and the cylinder
pressure phases advance. The HRR phases at injection pressures of 20 bar, 30 bar, 40 bar, and
50 bar occur significantly earlier than at 8 bar. Additionally, the HRR exhibits two peaks, and
cylinder pressure is significantly increased. This phenomenon is attributed to simultaneous
consumption of methanol and diesel at 8 bar injection pressure. At 20 bar injection pressure,
after the methanol is consumed, diesel still remains in the cylinder, as shown in Figure 9b.
Consequently, diesel fuel undergoes diffusion combustion, producing a second HRR peak.
With increasing injection pressure, the combustion start time CA10 advances while the
combustion end time CA90 initially decreases and then increases, as depicted in Figure 9c.
The shortest combustion duration occurs at 20 bar, which promotes improved engine
performance. Figure 9d illustrates variations in methanol mass participating combustion
and film mass at different injection pressures. There is an increase in methanol film mass
and decrease in methanol mass participating combustion with elevated injection pressure.
Further analysis regarding how injection pressures affect film mass will be provided later.
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Figure 9. Effects of injection pressure on (a) in-cylinder pressure and heat release rate, (b) changes of
diesel and methanol mass, (¢) combustion phase, and (d) methanol mass.

Figure 10 shows the effects of injection pressure on engine combustion efficiency, ITE,
and pollutant emissions. It is seen that as the injection pressure increases, the combustion
efficiency of the engine improves due to an increase in methanol mass participating combus-
tion, resulting in higher engine ITE. The highest ITE is achieved at 20 bar injection pressure.
NOy emissions initially increase and then decrease with increasing injection pressure, while
soot emissions exhibit a reverse trend, indicating a trade-off relationship between these
two pollutants. These observations can be attributed to the shorter combustion durations,
which lead to more concentrated heat release and higher temperatures within the cylinder.

Figure 11 shows the methanol injections from A8 = 30 °CA (30° CA after the start of
injection) to Af =70 °CA (70° CA after the start of injection) at 20 bar and 50 bar injection
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pressures. The methanol spray is injected along the axis at A8 = 30 °CA. The collision
between the spray and the intake port results in film formation (as indicated by the black
box at Af =40 °CA). With further development of the spray, it bifurcates into two streams,
forming additional films on both bifurcated walls. These two streams of spray enter the
cylinder through their respective left and right branches. Due to the enhanced airflow
movement at A6 = 70 °CA, methanol film is formed on the wall as a result of the collision
between the intake air movement at the branch airway and the wall (as indicated by the
black box). The spray area, as depicted in Figure 11b, exhibits an increase when the injection
pressure reaches 50 bar due to the higher flow rate of the injector. Consequently, there
is a corresponding rise in both the collision between the spray and the wall and the film
formation on various surfaces such as the intake port side wall, the intake port bifurcation,
and the left branch wall at A8 = 30 °CA, Af = 40 °CA, and Af = 60 °CA, respectively.
There are two factors contributing to this phenomenon: firstly, the expansion of spray
area results in an increase in both spray and wall impact areas; secondly, the elevation of
injection pressure leads to a reduction in droplet size, rendering these smaller droplets
more susceptible to the influence of intake flow. These two factors collectively contribute to
a higher occurrence of film formation at an injection pressure of 50 bar compared to 20 bar.
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Figure 10. Effects of injection pressure on (a) combustion efficiency and indicated thermal efficiency,
and (b) NOx and soot emissions.
Iniecti Droplet radius (m) Velocity (m/s)
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A6 =30 °CA AG =40 °CA AG =50 °CA AG =60 °CA AG =70 °CA
50 bar

(b)

Figure 11. Distribution of flow line and spray droplets for methanol intake port injection at (a) in-
jection pressure = 20 bar and (b) injection pressure = 50 bar. The slice cloud represents the velocity
field, the color of the spray droplets represents the droplet size, and the solid black line represents the
flow line.
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3.4. Effects of Nozzle Diameter on Engine Performance

Figure 12 shows the effects of nozzle diameter on the in-cylinder pressure, HRR, and
combustion phase of engine. When the nozzle diameter is 0.2 mm, both the HRR and
cylinder pressure phases advance, leading to lower peak values. Analysis of the combustion
phase reveals that CA10 occurs earlier than in the other two operating conditions, while
CA90 occurs later with a 0.2 mm nozzle diameter. Consequently, the combustion duration
is longer compared to the other operating conditions. Regarding film mass, it shows that as
the nozzle diameter increases, there is a decrease in methanol film mass but an increase
in methanol mass participating combustion within the cylinder. This suggests that larger
nozzle diameters facilitate greater methanol combustion within the cylinder.
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Figure 12. Effects of nozzle diameter on (a) in-cylinder pressure and heat release rate, (b) combustion
phase, and (c) methanol mass participating combustion and film mass.

Figure 13 shows the effects of nozzle diameter on engine combustion efficiency, ITE,
and pollutant emissions. As the nozzle diameter increases, methanol mass participating
combustion also increases, leading to improved engine combustion efficiency. Additionally,
compared to a 0.2 mm nozzle diameter, both 0.25 mm and 0.3 mm diameters exhibit
shorter combustion durations and higher heat release rates. Consequently, under their
combined effect, the ITE gradually increases with increasing nozzle diameter. Additionally,
as shown in Figure 13b, soot emissions decrease progressively with increasing nozzle
diameter. However, NOy emissions for both 0.25 mm and 0.3 mm diameters are higher
than those for a 0.2 mm diameter. The possible reason is that the combustion heat release
is higher when the nozzle diameter is 0.25 mm and 0.3 mm, which leads to an increased
in-cylinder temperature, promoting the generation of NOy while simultaneously inhibiting
soot formation.

Figure 14 resents the methanol intake port injection from A8 = 50 °CA to Af =90 °CA
with different nozzle diameters. At A@ = 50 °CA, the methanol spray develops along a
central axis. At Af = 60 °CA, the methanol spray collides with the intake port side wall,
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resulting in a small amount of film formation. There is no significant difference observed
between the droplet size of sprays with 0.2 mm and 0.3 mm nozzle diameters at A8 = 60
°CA. At A8 =70 °CA, due to intensive airflow movement within the intake port, smaller
droplets at the front of sprays with a nozzle diameter of 0.2 mm are stripped off while there
is a significantly lower number of small droplets produced by a 0.3 mm nozzle diameter.
At A0 = 80 °CA, the spray divides into two streams and enters the cylinder through two
branches. At A8 =90 °CA, there is a more noticeable difference in small droplet numbers
between these two conditions. This can be attributed to smaller sizes of droplets generated
by a 0.2 mm nozzle diameter compared to those generated by a 0.3 mm nozzle diameter
under similar conditions. Consequently, these smaller droplets have less mass and are more
likely to be carried by airflow and impact on walls during movement, resulting in film
formation. Although reducing the nozzle diameter results in more uniform spray droplets,
which enhance mixture formation, a smaller nozzle diameter strengthens the tendency
for film formation, thereby compromising methanol mass participating combustion and
undermining engine combustion efficiency.
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Figure 13. Effects of nozzle diameter on (a) combustion efficiency and indicated thermal efficiency,
and (b) NOy and soot emissions.
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A8 =70°CA A8 =80 °CA A8 =90 °CA
0.3 mm

Figure 14. Distribution of flow line and spray droplets for methanol intake port injection at (a) nozzle
diameter = 0.2 mm and (b) nozzle diameter = 0.3 mm. The slice cloud represents the velocity field,

the color of the spray droplets represents the droplet size, and the solid black line represents the
flow line.
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4. Conclusions

In the present study, a diesel-methanol dual-fuel engine model was numerically in-
vestigated, focusing on combustion and emissions characteristics. Multi-cycle simulations
incorporating diesel and methanol dual-fuel chemical mechanisms were conducted to ex-
plore engine performance under various key parameters, including valve phasing, injection
pressure, injection phasing, and nozzle diameter. The correlations between methanol film
mass, thermal efficiency, and pollutants were clarified.

The indicated thermal efficiency of a diesel-methanol dual-fuel engine is substantially
affected by the methanol combustion efficiency. Optimizing injection parameters can
minimize methanol film formation, thereby enhancing the methanol mass available for
combustion. Advancing injection timing and increasing nozzle diameter reduce methanol
film formation. An optimal injection pressure of 20 bar minimizes film mass and achieves
optimized engine performance.

Advancing injection timing and increasing nozzle diameter have a detrimental effect
on the film mass. The reasons are ascribed to an early injection timing, which results in a
portion of methanol being sprayed into the intake before the intake valve opens, preventing
methanol from being carried by airflow to the intake wall. Additionally, a larger nozzle
diameter results in larger spray droplet size, enhancing resistance against entrainment
by airflow and diminishing film mass. Conversely, a higher injection pressure leads to
increased methanol film formation due to an increased spray impact area and smaller
droplet sizes, which results in methanol film mass.

Optimizing the valve phasing significantly reduces methanol scavenging mass loss
by approximately two-thirds, resulting in an increase in the indicated thermal efficiency
from 46.3% to 48.7%. Additionally, as most of the methanol gets consumed, NOy and soot
formation occur around the diesel spray region. The upstream of the spray exhibits NOx
formation while higher concentrations of soot are observed downstream.

The present study focusses on investigating the impact of valve phasing and key
injection parameters on the combustion and emissions characteristics of DMDF engines
in open valve injection mode. Further investigation is required to explore the influence of
methanol injection in closed valve injection mode on the performance of DMDF engines.
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