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Abstract: As one of the most ideal alternative fuels for internal combustion engines, methanol can
achieve near-zero carbon emissions. The main problem of methanol application in compression
combustion engines is the phase lag caused by its poor combustion characteristics, but under low
load conditions, the fuel activity can be improved by adding the cetane number improver EHN
(Isooctyl nitrate), and the dependence on intake heating can be reduced to a certain extent. Based on
a three-dimensional CFD simulation, the effects of methanol injection parameters and the addition
of EHN on the combustion characteristics of a four-stroke exhaust turbocharged diesel engine were
studied in this paper. With or without EHN, the increase in injection pressure and the advance
in injection timing lead to an increase in the peak temperature, pressure, and heat release rate, as
well as a shortening of the combustion duration. Adding EHN witnesses reduced requirements
for methanol ignition, including a decreased peak temperature, pressure, and heat release rate, a
significantly shortened ignition delay period, and an extended combustion duration, which thus
results in a reduced indicated thermal efficiency. This study innovatively develops a 3D model of a
compression combustion engine applicable to in-cylinder direct injection pure methanol fuel and
EHN under small load conditions, which provides a reference for future research and development
of small-load pure methanol compression combustion engines and has certain guiding significance.

Keywords: compression ignition engine; methanol; injection parameters; EHN; numerical simulation

1. Introduction

With the rapid development of the transportation industry and the continuously
increasing demand for engineering power machinery and equipment, the carbon emissions
generated by the transportation industry are increasing. However, excessive emissions
of carbon dioxide are the main factor that causes greenhouse effects [1–3]. China has
introduced relevant carbon reduction policies to reduce carbon dioxide emissions in various
industries. The energy revolution, under the guidance of the “Carbon peaking and Carbon
neutrality” target, means that it is necessary to transform the traditional energy system
dominated by fossil energy into one dominated by renewable energy and complementary
energy, thereby promoting the upgrading of China’s energy and related industries.
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As one of many alternative fuels, methanol has attracted a lot of attention in recent
years with its extensive sources and diverse features [4–8]. Compared with traditional
fossil fuels such as diesel or gasoline, methanol only has one carbon atom and a lower
C/H ratio, which makes it easier to make and has great potential to reduce carbon dioxide
emissions [5]. In addition, methanol has a high octane number and good anti-explosion
performance, allowing for the utilization of a high compression ratio to increase thermal
efficiency and reduce fuel consumption [7]. The latent heat of evaporation is significantly
high, which has the advantages of reducing combustion temperature, heat loss, and NOx
emissions [9].

An engine fueled with methanol has good emission characteristics, including ultra-low
CO, NOx, HC, PAH, and soot emissions [9]. However, methanol also has some challenges
when burned in the engine. For example: (1) The lower cetane number limits the working
range of a methanol engine, which usually needs to be ignited by the dual-fuel combustion
mode [10]; (2) Cold starting difficulties are caused by lower in-cylinder pressure and
combustion temperature; and (3) Tail gas contains higher alcohol, aldehyde, and other
unregulated emissions, causing new environmental pollution [11,12]. The challenges of
methanol drive the technical renewal of internal combustion engines. On one hand, from
the perspective of the fuel structure of China’s transportation industry, the consumption
of diesel used in the internal combustion engine is much higher than gasoline [1]. The
application of methanol to the compression ignition engine has a positive effect on reducing
diesel. On the other hand, due to the restriction of throttling loss and compression ratio
under spark ignition combustion mode, the thermal efficiency of spark ignition engines is
lower [13]. Therefore, compression ignition for methanol has the potential to have more
advantages than spark ignition modes, especially for large engines.

The application of methanol fuel to the compression ignition engine mainly has the
following three methods: The emulsification method is used to solve the problem of fuel
co-solvents through the appropriate emulsifier. The prototype engine can be operated
without major modification [14–18]. The methanol/diesel dual-fuel combustion method has
two sets of fuel injection systems, with relatively high costs and complicated control. The
average substitution rate of methanol to diesel can be achieved by more than 30–90% [19–24],
which depends on whether the injection of methanol is direct-injection or port-injection.
Direct compression combustion of methanol can be achieved in inlet heating mode, but it is
still a great challenge to achieve a high inlet temperature under low load conditions [25–29].
In addition, it can also add a cetane number improver to EHN to improve the auto-ignition
reactivity of methanol. Although different improvers have little effect on the cetane number
of methanol mixing fuel, there is no doubt that the use of the cetane number improver
can reduce the requirements of intake pressure and temperature for stable combustion by
changing the ignition temperature and reaction path of the fuel [30–34].

However, at low load, the boundary conditions in engine operation feature lower
cylinder temperature and pressure, a smaller amount of fuel injection, and a higher mixture
dilution. Especially when methanol is used as fuel, due to its low cetane number and
high latent heat of evaporation, it is difficult for methanol compression ignition engines to
operate stably without intake heating under low load conditions at low and medium speed,
which has been confirmed by previous experiments [35]. Furthermore, intake heating
requires external energy. In order to reduce the dependence on intake heating, cetane
number improvers can be added to methanol to improve fuel activity.

EHN (Isooctyl nitrate) is a widely used cetane number improver and dominates the
market [36]. The chemical formula of EHN is C8H17NO3, and the low calorific value
is 27.4 MJ/kg [37]. Adding 0.1% EHN to methanol/biodiesel can increase the cetane
number of the fuel by 2~9 [38]. Relevant experimental results show that adding 3% EHN to
methanol can improve fuel activity and reduce the dependence on intake heating under low
load conditions [35]. At present, studies on the effects of a cetane number improver on the
combustion characteristics of a methanol compression ignition engine under low load are
very limited [39,40]. MAN Company [41] produced a methanol compression combustion
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engine and added a cetane number improver of 5% by volume to the methanol consumed.
Cui et al. [42] studied the effect of a cetane number improver on the performance of a direct
injection pressure combustion engine. When the cetane number improver is 4%, the engine
can be cold-started and have stable operation at ambient temperatures of −2.5 ◦C. At a
coolant temperature of 40 ◦C, only a 2% cetane number improver is required to achieve a
cold start. At low speed and low load, a 3% cetane number improver is used, and the engine
speed fluctuates slightly. After using a 4~5% cetane number improver, the specific energy
consumption of the methanol compression combustion engine is lower than that of the
original diesel engine. Michael et al. [43] also used a mixture of 5% cetane number improver
and 95% methanol on compression-combustion engines with different compression ratios.
The results show that blended fuel works well in engines with compression ratios of 16.7:1
and 20:1. The 16.7:1 compression ratio can achieve the highest indicated thermal efficiency
of 49%, and the 20:1 compression ratio is 52%.

The method of applying a cetane number improver to a methanol compression com-
bustion engine has the advantages of low cost, simple process, obvious effect, and flexibility.
However, more experimental studies have been carried out on the application of methanol-
added EHN in compression combustion engines at present, but the understanding of
combustion mechanisms is still limited. Based on a turbocharged compression ignition
engine with in-cylinder direct injection of methanol, the current study innovatively develops
a 3D model of a compression combustion engine applicable to in-cylinder direct injection of
pure methanol fuel and EHN additive under small load conditions. The model is established
by the 3D CFD simulation software CONVERGE, and the chemical reaction mechanism
of methanol is coupled with the numerical simulation of a single working condition of the
engine. The effects of injection parameters on the combustion process of engines with or
without the cetane number additive EHN under small load conditions were analyzed. This
study provides a reference for future research and development of small-load pure methanol
compression combustion engines and has certain guiding significance.

2. Numerical Model Establishment and Validation
2.1. Model Setup

The simulation work in this article is based on a four-stroke diesel engine equipped
with an exhaust gas turbocharger. It uses a high-pressure common rail system with a
maximum fuel injection pressure of 180 MPa. In order to reduce the dependence of
methanol compression on the intake heating, the compression ratio of 17.5:1 of the prototype
engine was changed to 21.5:1 to improve the temperature and pressure in the cylinder.
The main technical parameters of the engine are shown in Table 1. The sensitivity and
uncertainty of the main test instruments are detailed in Table 2.

Table 1. The main technical parameters of a methanol engine.

Parameter Name (Unit) Value

Engine Six cylinders in line, water cooling, four strokes
Displacement (L) 7.7

Bore (mm) × stroke (mm) 110 × 135
Geometric compression ratio 21.5:1

Number of valves per cylinder 4
Theoretical calibration power (kw/rpm) 235/2200

Theoretical maximum torque (N·m/rpm) 1350/(1100–1600)
Number of spray holes 8

Spray hole diameter 0.153
Jet hole angle (◦) 147
Booster system Exhaust gas turbocharger
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Table 2. Sensitivity and uncertainty of the main test instruments.

Test Parameter Range Sensibility Test Error

Engine torque 0~2100 N·m ±2.8 N·m ±0.2%
Engine speed 0~7000 rpm ±1 rpm ±0.01%

Pressure 0~250 bar 16 pC/bar ±0.4%
Air mass flow 0~2500 kg/h ±1.75 kg/h ±0.5%
Fuel mass flow 0~150 kg/h ±0.01 kg/h ±1%
Intake pressure 0~1000 kPa ±0.5% kPa ±0.1%

Intake Temperature 223.15~573.15 K ±0.05% K ±0.35%

In this study, the combustion chamber model of a diesel engine is established based on
Solidworks 2021 software, and the follow-up research is carried out based on CONVERGE
software. In order to reduce the calculation workload, the simulation process was selected
from 140.5◦ CA BTDC when the intake valve was closed to 97◦ CA ATDC when the exhaust
valve was opened, so the intake and exhaust structures were not included in the model,
as shown in Figure 1. In order to further simplify the calculation, only 1/8 of the total
volume of the combustion chamber was generated. The basic mesh size was selected as
2 mm, and mesh encryption was carried out on the injection area, cylinder head, cylinder
wall, and piston top near the wall. The encryption series were respectively 2, 2, and 1, and
the maximum mesh number was 442,075. The main physical models and chemical models
involved are shown in Table 3 [41–43]. For combustion modeling, the SAGE detailed
chemical kinetics solver was used with the chemical kinetic mechanism for methanol/EHN
developed by Chang et al. [44] to model the methanol/EHN combustion, which contains 61
species and 479 elementary reactions. Table 4 shows the initial environmental parameters,
wall boundary parameters, and fuel injection parameters. Parameter 1 is the related
parameter of a pure methanol engine. Parameter 2 is the relevant parameter for methanol
blending with 3%v EHN.
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Table 3. Model selection.

Item Model

Turbulence flow modeling RNG k − ε

Spray model KH-RT
Collisional polymerization model NTC

Droplet collision model Wall film-O’Rourk
Fuel evaporation model Frossling

Combustion model SAGE
Nitrogen oxide generation model Zeldovich
Carbon smoke generation model Hiroyasu Soot

Table 4. Initial air parameters, wall boundary conditions, and fuel injection parameters.

Item (Unit) Value

Fuel Pure Methanol Methanol + 3%v EHN

Intake temperature (K) 394.5 394.5
Intake pressure (MPa) 0.135 0.135

Turbulent kinetic energy (m2/s2) 20.0 20.0
Turbulent dissipation number 17,183.4 17,183.4
Cylinder head temperature (K) 450 450

Wall temperature (K) 450 450
Piston top temperature (K) 500 500

Injection timing (◦CA ATDC) −12 −12
Fuel injection quantity (mg) 49 49

Injection pressure (MPa) 40 25
Injection duration (◦CA) 16.7 21.2

2.2. Model Validation

In the experiment, the cylinder pressure measurement equipment is a 6125A AVL
pressure sensor (Sourced from Liszt Technology Center Co., LTD, Tianjin, China) and
a 5011B charge amplifier (Sourced from Xieke Industrial Control Equipment Co., LTD,
Shanghai, China) with a sensitivity of −16 pc/bar. The test error is ±0.4%. The experimental
data with a speed of 1200 rpm and a load of 10% are selected for calibration. The simulation
results and experiments are compared, as shown in Figures 2 and 3. The comparison error
analysis of the simulation calculation and experiment is shown in Table 5. The black line
represents the experimental data of the pure methanol engine and the methanol engine
after adding 3% volume fraction of EHN, and the red line represents the simulation results.
It can be seen that the prediction results match well with the experimental results.
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Figure 2. Comparison between simulation and experiment results of combustion pressure and heat
release rate in a cylinder fueled with methanol.
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Table 5. Error analysis of the comparison between simulation results and experiments.

Item (Unit) Experiment Simulation Experiment Simulation

Fuel Pure Methanol Pure Methanol Methanol + 3%v EHN Methanol + 3%v EHN

Peak cylinder pressure (MPa) 8.58 8.45 8.14 8.10

Crank angle at peak cylinder
pressure (◦CA ATDC) 10 8.81 4.5 4.4

Peak heat release rate (J) 149.127 191.34 53.13 79.45

Crank angle at peak heat
release rate (◦CA ATDC) 7 7 9 3.0

Total heat release (J) 942.12 1008.32 1033.14 966.12

CA10 (◦CA ATDC) 5 4.4 3 1.4

CA50 (◦CA ATDC) 8 7.11 10.5 9.6

CA90 (◦CA ATDC) 25.5 16.1 27 29.6

NOX (g/kW·h) 12.69 14.44 5.67 6.25

3. Results and Discussions
3.1. The Influence of Fuel Injection Pressure and EHN Addition on Combustion Characteristics

Because the low heating value of methanol is lower than that of diesel [40], which
is only 19.93 MJ/kg. To ensure the same heat input, more methanol needs to be injected.
However, under the same injection pressure, the injection duration will be extended, which
is not conducive to the indicated thermal efficiency. Therefore, in this article, different
injection pressures are investigated to shorten the injection duration of methanol. The
improvement of fuel injection pressure has a direct impact on the formation of mixtures in
the cylinder, which will then affect the combustion efficiency of the engine and emissions.
The five different fuel injection pressures of 25 MPa, 30 MPa, 35 MPa, 40 MPa, and 50 MPa
through verified models in this section are modified to explore the effects of different
fuel injection pressures on the combustion characteristics of methanol engines under low
load conditions. Combined with EHN addition, the effects of fuel injection pressure on
combustion characteristics are further studied under the same engine operation conditions.



Processes 2024, 12, 48 7 of 19

3.1.1. The Effect of Fuel Injection Pressure on Temperature

According to the mechanism, the effect of adding EHN on pure methanol combustion
is reflected in reducing the temperature required for ignition. Therefore, the temperature in
the engine cylinder will be analyzed below. As shown in Figure 4, the in-cylinder tempera-
ture increases with the increase in fuel injection pressure, but the maximum in-cylinder
temperature of pure methanol is higher than that after adding EHN. The maximum average
temperature in the cylinder of the pure methanol engine exceeds 1300 K, while the maxi-
mum average temperature in the cylinder does not exceed 1200 K after adding EHN under
25 MPa. After adding EHN, the ignition delay period is shortened, the gas temperature in
the cylinder rises in advance, the evaporation rate of methanol is accelerated, the quality of
the mixed gas distribution in the cylinder is improved, and the formation of the ignition
point is conducive to the development of the methanol flame. However, as shown in
Figures 5 and 6, after adding EHN, the primitive reactions with the largest temperature
sensitivity values changed greatly. For pure methanol combustion, due to a long ignition
delay period, methanol starts to burn at a higher temperature, and high-temperature re-
actions such as H2O2 (+M) = 2OH (+M) have a higher sensitivity. Reactions related to
HO2 and H2O2 have a greater impact on temperature because HO2 will participate in the
multi-step reaction and account for a high proportion in the total reaction of pure methanol
combustion. So the reaction temperature sensitivity associated with HO2 is higher. After
the addition of EHN, the influence of HO2-related elementary reactions on the temperature
of methanol combustion disappears, resulting in the disappearance of the influence of the
elementary reactions on promoting temperature growth. This is mainly due to the change
in the reaction path of HO2 after the addition of EHN. The reaction of HO2 with methanol is
no longer the main reaction, but the reaction with other components generates an active free
radical-promoting reaction. In the CH3OH→CH2OH→CH2O→HCO reaction path, the
proportion of OH and NO2 participating in the reaction increases. As a result, the addition
of EHN reduces the temperature during the methanol reaction, and the temperature in
the cylinder is generally lower than that in the cylinder of pure methanol combustion. In
addition to the influence of latent heat of vaporization, with the addition of EHN and the
increase in injection pressure, the ignition delay period is shortened, methanol droplets
evaporate earlier, and the latent heat of vaporization occurs earlier, which further leads
to a lower temperature in the cylinder. thus affecting the improvement of the maximum
pressure and peak heat release rate in the cylinder.
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Figure 7 shows the corresponding temperature field distribution at TDC under differ-
ent injection pressure conditions. It can be observed that the high-temperature region in the
cylinder temperature distribution of a pure methanol engine decreases with the increase
in injection pressure at TDC. The high-temperature area increases after adding EHN. The
reason is that the ignition delay period shortens when adding EHN to methanol. With
the increase in fuel injection pressure, the spray breakup condition is improved, which
assists in increasing the in-cylinder temperature. Conversely, because pure methanol is not
burned at TDC, the most significant impact factor on the temperature in the cylinder is the
flow and pressure of the gas in the cylinder. The increase in fuel injection pressure drives
the rapid flow of gas in the cylinder, resulting in a decrease in the temperature inside the
cylinder. Despite the decrease in high-temperature areas, due to the sufficient mixing of
fuel, the burning of fuel is more intense. Therefore, with the improvement of fuel injection
pressure, the overall combustion process becomes faster and more concentrated, resulting
in an increase in the highest temperature in the cylinder.
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3.1.2. The Effect of Fuel Injection Pressure on the Combustion Process

Figure 8 shows the peak pressure and heat release rate in the cylinder under different
fuel injection pressures. From Figure 8, it can be found that as the fuel injection pressure
increases, with or without EHN, the peaks of in-cylinder pressure and heat release rate
of the methanol engine increase accordingly, and the maximum pressure rise rate in the
cylinder is basically the same. From the comparison of peak pressure with or without EHN
added in Figure 8a, it can be found that with the increase in injection pressure, the peak
pressure of a methanol engine increases with or without EHN, while the phase of peak
pressure of a pure methanol engine advances. The phase of peak pressure when methanol
is added to EHN is delayed from 25 to 40 MPa with the increase in injection pressure and
is significantly advanced under the 50 MPa condition. Figure 8b shows the change in the
peak heat release rate and the phase of the peak heat release rate. As can be seen from
the figure, the peak heat release rate of a methanol engine with or without EHN increases,
and the peak phase of the heat release rate advances on the whole, and the change is more
regular after adding EHN. It can be seen that the methanol on the combustion chamber
wall increases due to the increase in injection pressure, which limits the large increase in
in-cylinder pressure. On the whole, the addition of EHN causes an increase in the peak
pressure in the cylinder, and the maximum rise is about 0.5 MPa, while the peak heat
release rate is significantly reduced, with an average reduction of about 60 J/deg, indicating
that the temperature in the cylinder reduces after the addition of EHN. However, when the
injection pressure of methanol increases from 35 MPa to 50 MPa after EHN is added, the
increase in peak pressure in the cylinder is significant, indicating that the addition of EHN
improves the activity of methanol fuel and the probability of stable operation under low
speed and low load conditions.
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Figure 8. Different in-cylinder pressure peaks (a) and the peak of the heat release rate (b) vary with
injection pressure variations.
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The combustion quality of the mixture in the cylinder is not only affected by the
distribution of the concentration of the mixing gas in the cylinder but also by the pressure,
temperature, and vortex strength of the cylinder. The ignition delay period is defined as
the crank angle between the time of fuel injection and the cumulative heat release rate of
10%. Due to the low pressure and low mixture concentration in the cylinder under low
load conditions, the mixture temperature has a greater impact on the ignition delay period.
Figure 9 shows the variation trends of CA10, CA50, CA90, and combustion duration under
different injection pressures, respectively. It can be concluded that with the increase in
injection pressure, the change in ignition delay period is not significant, with or without
EHN, while the CA50, or combustion phasing, is significantly advanced and the combustion
duration is shortened. By adding EHN, the ignition delay period of methanol combustion
is shortened, and the average shortened period is about 4◦ CA. The CA50 is obviously
more advanced than the combustion of pure methanol, and the combustion duration is
extended with the addition of EHN.
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Figure 9. Changes in CA10, CA50, and CA90 under different injection pressures.

According to the mechanism of methanol and EHN, it can be seen that EHN decom-
poses NO2 at low temperatures, which increases the concentration of NO2 in the early
stage, leading to changes in the reaction path of methanol combustion, promoting the break
of the C-H bond in the CH3OH molecule, and directly promoting the dehydrogenation of
methanol. The active free radicals C7H15-3 and CH2O generated by EHN decomposition
also improve the reactivity of the system, promoting the methanol combustion oxidation re-
action rate. The combustion oxidation reaction rate is reflected in the burning phenomenon
in the cylinder, which promotes the formation of the ignition point. The formation of
high-temperature areas in the engine cylinder accelerates, which affects the development
and spread of the flame, shortens the ignition delay period, and leads to a concentration
of heat release in the cylinder. Adding EHN significantly improves the ignition and cold
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start issues of methanol. With the increase in fuel injection pressure, the ignition delay
period is shortened slightly, and CA10 is advanced slightly. The reason is that the increase
in injection pressure improves the mixing effect of spray diffusion. It can be seen that
the degree of shortening the ignition delay period after adding EHN does not have a
significant difference with the change in injection pressure, so the injection pressure has a
great influence on the exothermic law of methanol but little influence on the exothermic
time of methanol.

3.1.3. The Effects of Fuel Injection Pressure and EHN on Indicated Thermal Efficiency

As shown in Figure 10, with the improvement of fuel injection pressure, the indicated
thermal efficiency (ITE) of a pure methanol engine has also increased, and the ITE is 35.4%,
37.1%, 38.1%, 38.5%, and 38.6%, with injection pressure increasing from 25 MPa to 50 MPa,
respectively. After the addition of EHN, the ITE is 34.4%, 34.7%, 35.2%, 35.6%, and 35.3%,
respectively. It can be clearly seen from the figure that the increase in indicated thermal
efficiency after adding EHN is significantly smaller than that of a pure methanol engine.
With the increase in fuel injection pressure, the atomization effect of methanol fuel in the
cylinder has improved, and the time of combustion has advanced. As a result, the ITE has
also improved with the improvement of the fuel injection pressure. However, the indicated
thermal efficiency gap between a pure methanol engine and a methanol-EHN engine
widens at high injection pressure conditions. On one hand, the high reactivity additive
of EHN ignites a methanol spray flame, which makes the combustion process dominated
by mixing-controlled combustion and driven by the methanol injection rate. As a result,
the combustion reaction rate slows down and the combustion duration prolongs, which
causes the lower indicated thermal efficiency. Instead, when pure methanol is injected,
the longer ignition delay caused by its low reactivity may enhance the homogeneity of
the combustible charge. The subsequent combustion process is more controlled by the
chemical reaction rate, indicating a relatively constant volume of combustion. Therefore,
the combustion duration shortens, and the indicated thermal efficiency increases. On the
other hand, as fuel injection pressure increases, the indicated thermal efficiency increases
because high injection pressure improves the spray breakup condition and increases the
combustible mixture inside the cylinder, resulting in CA50 towards TDC.
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Figure 10. Variation of the indicated thermal efficiency at different fuel injection pressures.

3.2. The Influence of Fuel Injection Timing and EHN on Combustion

The effect of injection timing on the combustion of a methanol engine cannot be ig-
nored. Too early injection will lead to more homogeneous charge and thus a very high
combustion rate, and too late injection will lead to too low temperature in the cylinder
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and poor fuel atomization mixing, which cannot be compressed combustion. Therefore,
the proper injection timing makes it enter at the best time, which can improve the mixture
uniformity and regulate the ignition delay to achieve a stable combustion process. Optimiz-
ing injection timing can improve combustion efficiency and reduce fuel consumption and
emissions. However, the optimal injection timing varies depending on engine type, fuel
characteristics, and operating conditions. Methanol fuel has a long ignition delay period,
its cetane number is low, and the spontaneous combustion temperature is high. Injection
timings of −8◦ CA ATDC, −10◦ CA ATDC, −12◦ CA ATDC, −14◦ CA TDC, and −16◦ CA
ATDC are selected, and injection pressure is fixed at 40 MPa.

3.2.1. The Effect of Fuel Injection Timing and EHN on Temperature

Figure 11 shows the change in the average temperature in the cylinder at different
injection timings. It can be obtained with advance injection timing, regardless of whether
there is an additional EHN. The average temperature in the cylinder rises, and the maximum
temperature in the cylinder also increases with the fuel injection timing advancing. The peak
average temperature in the cylinder and the temperature in the cylinder at the later stage
of combustion after adding EHN are significantly lower than those of the engine with pure
methanol. The reason for this phenomenon is that after the addition of EHN, the primitive
reaction with the largest temperature sensitivity value has changed greatly, and the high
temperature reaction with high sensitivity and related to HO2 has no promoting effect on
temperature growth, resulting in the disappearance of the influence of the missing elementary
reaction on promoting temperature growth. This is mainly because the reaction path of HO2
changes. The reaction of HO2 with methanol is no longer the main reaction, but the reaction
with other reactant components generates an active free radical-promoting reaction.
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Figure 11. Variations in in-cylinder mean temperature at different fuel injection timings.

Figure 12 shows the temperature field distribution at TDC at different fuel injection
timings. It can be observed that the high-temperature region of the pure methanol engine
at TDC decreases with the advance of fuel injection timing. After adding EHN, the high-
temperature area of the temperature distribution in the cylinder increases with the advance
of the injection timing. Because of the advance in fuel injection timing, the combustion
starting point of methanol mixing with EHN is moving towards TDC, resulting in an
increase in the temperature in the cylinder. However, the mixture of pure methanol engines
is not compressed ignition near TDC with the advance of injection timing, so the advance
of injection timing means that the fuel starts to burn earlier in the process of compression
combustion, which leads to the early stage of fuel combustion occurring of the piston close
to TDC. Due to the advanced injection timing, the high-temperature region generated by the
combustion has spread towards the piston movement before the TDC. In addition, there is a
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high latent heat of vaporization and an endothermic phenomenon when more methanol is
injected during the ignition delay period, which leads to a decrease in the high-temperature
region in the cylinder at the TDC. Despite the decrease in high-temperature areas, due to
the sufficient mixed fuel in the ignition delay period, the burning of fuel is more intense.
Therefore, with the advance of injection timing, the overall combustion process becomes
faster and more concentrated, causing the temperature peak inside the cylinder to rise.
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3.2.2. The Impact of Fuel Injection Timing and EHN on the Combustion Process

Figure 13 shows the comparison of the peaks of in-cylinder pressure and heat release
rate of pure methanol fuel and methanol fuel mixed with EHN at different injection timings.
It can be found that as fuel injection timing advances, the peak of cylinder pressure and
heat release rate of the methanol engine increase with or without EHN. Compared with the
methanol mixing with EHN, the peak pressure and heat release rate of the pure methanol
fuel engine increase more greatly. Compared with the increase in EHN addition, the
increase in the peak pressure of pure methanol is larger. The peak phase of a pure methanol
engine lags behind that of methanol with EHN, and the difference is 5.76◦ at −10◦ ATDC.
With the advance of injection timing and the addition of EHN, the peak of heat release
rate increases at −8◦ ATDC and −10◦ ATDC but decreases at −12◦ ATDC to −16◦ ATDC.
This is mainly because under the same amount of fuel injection, the injection timing is
advanced, the ignition delay period is extended to form more flammable mixed gas, and the
combustion phasing is advanced. When the mixture is ignited, a large amount of mixture
formed in the cylinder burns in a very short time, resulting in an increase in the pressure
rise rate, the maximum pressure in the cylinder, and the instantaneous heat release rate.
Combined with the changing trend of the cylinder pressure curve at injection timing of
−10◦ CA, it can be seen that the combustion phasing of the methanol under this injection
timing is obviously lagging behind. After adding EHN, the peak of the cylinder at injection
timing of −10◦ CA increases by about 1.26 MPa, and the peak of the heat release rate is
significantly reduced by about 45 J/CA, indicating that the temperature in the cylinder after
the addition of EHN has decreased, and the thresholds for the fuel to reach the ignition
temperature and spontaneous combustion temperature are reduced. The methanol can
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spontaneously ignite at a lower temperature after adding EHN. When EHN is mixed with
methanol, the variations of the peak of in-cylinder pressure increase more evenly with the
injection timing advancing from −10◦ CA to −16◦ CA.

Processes 2024, 12, 48 15 of 20 
 

 

 
(a) 

 
(b) 

Figure 13. Different in-cylinder pressure peaks (a) and the peak of the heat release rate (b) vary with 
injection timing variations. 

Figure 14 shows CA10, CA50, CA90, and combustion duration under different fuel 
injection pressures. It can be found that with the advance of injection timing, the ignition 
delay period of a pure methanol engine is shortened first and then extended, which is 
20.7° CA, 17.5° CA, 16.4° CA, 17.3° CA, and 18.5° CA, respectively. The CA10 of a pure 
methanol engine is significantly advanced, and the CA50, or combustion phasing, also has 
an obvious advance. After the addition of EHN, the CA10 and CA50 are advanced com-
pared with pure methanol, and the gap between them is also reduced with the advance of 
injection timing. The CA90 has a delay compared with pure methanol. The combustion 
duration of pure methanol decreased slightly when EHN was added, from −10° CA to 
−16° CA, while the combustion duration of pure methanol was significantly extended at 
−8° CA. With the advance of the injection timing, the flammable mixture of methanol dur-
ing the ignition delay period increases, and the amount of methanol participating in pre-
mixed combustion increases. Under certain temperatures and pressures, the methanol 
concentration in the cylinder meets the ignition conditions, making the combustion heat 
release advance and the ignition delay period shorten. However, when the injection time 
is advanced to −14° CA, the methanol mixture concentration in the cylinder and the tem-
perature and pressure in the cylinder are no longer the best ignition conditions, so the 

-16 -14 -12 -10 -8
6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

Pe
ak

 p
re

ss
ur

e/
M

Pa

Injection timing/°ATDC

 Peak pressure-CH3OH
 Peak pressure-CH3OH+EHN

-2

0

2

4

6

8

10

12

 Pressure phase-CH3OH
 Pressure phase-CH3OH+EHN

Pe
ak

 p
re

ss
ur

e 
ph

as
e/

°A
TD

C

-16 -14 -12 -10 -8
0

50

100

150

200

250

300

350

400

Pe
ak

 h
ea

t r
el

ea
se

 ra
te

 p
ea

k/
J·

de
g-1

Injection timing/°ATDC

 Peak heat release rate-CH3OH
 Peak heat release rate-CH3OH+EHN

0

2

4

6

8

10

12

14

16

18

20

22

 Peak HR_Rate phase-CH3OH
 Peak HR_Rate phase-CH3OH+EHN

Pe
ak

 H
R_

Ra
te

 p
ha

se
/°

A
TD

C

Figure 13. Different in-cylinder pressure peaks (a) and the peak of the heat release rate (b) vary with
injection timing variations.

Figure 14 shows CA10, CA50, CA90, and combustion duration under different fuel
injection pressures. It can be found that with the advance of injection timing, the ignition
delay period of a pure methanol engine is shortened first and then extended, which is 20.7◦

CA, 17.5◦ CA, 16.4◦ CA, 17.3◦ CA, and 18.5◦ CA, respectively. The CA10 of a pure methanol
engine is significantly advanced, and the CA50, or combustion phasing, also has an obvious
advance. After the addition of EHN, the CA10 and CA50 are advanced compared with
pure methanol, and the gap between them is also reduced with the advance of injection
timing. The CA90 has a delay compared with pure methanol. The combustion duration of
pure methanol decreased slightly when EHN was added, from −10◦ CA to −16◦ CA, while
the combustion duration of pure methanol was significantly extended at −8◦ CA. With the
advance of the injection timing, the flammable mixture of methanol during the ignition
delay period increases, and the amount of methanol participating in premixed combustion
increases. Under certain temperatures and pressures, the methanol concentration in the
cylinder meets the ignition conditions, making the combustion heat release advance and
the ignition delay period shorten. However, when the injection time is advanced to −14◦
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CA, the methanol mixture concentration in the cylinder and the temperature and pressure
in the cylinder are no longer the best ignition conditions, so the ignition delay period is
extended. Because NO2 produced by methanol decomposition after adding EHN promoted
the C-H bond break of CH3OH, promoted the methanol combustion oxidation reaction
rate, and shortened the combustion delay period, the average shortened period is about 4◦

CA. The CA50 is also moved forward compared to the combustion of pure methanol, and
the combustion duration is significantly extended. When the injection timing is advanced
to −16◦ CA, the combustion process is more difficult to move forward, and the influence of
injection timing on the ignition delay period is small.
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Figure 14. Changes in CA10, CA50, and CA90 under different injection timings.

3.2.3. The Effects of Fuel Injection Timing and EHN on Indicated Thermal Efficiency

From Figure 15, it can be seen that as the injection timing advances, the indicated
thermal efficiency of a pure methanol engine has a trend of rising first and then declining.
The highest indicated thermal efficiency is 38.4% at an injection timing of −12◦ CA ATDC.
The indicated thermal efficiency under other working conditions is 23.3%, 36.2%, 38.3%, and
37.7%, respectively. On one hand, the advance of injection timing makes the combustion
phasing advance, and the main combustion occurs near the TDC, which is conducive to
the improvement of combustion efficiency. On the other hand, too long ignition delay at
early injection timing conditions may cause the over-mixing phenomenon of an air-fuel
mixture, which is not good for the formation of combustible gas and hence reduces the
efficiency of combustion. When the injection timing is advanced from −10◦ CA to −12◦

CA, the combustion temperature increases, which plays the main role. After the addition
of EHN, the ITE is reduced at injection timings of −16◦ CA, −14◦ CA, −12◦ CA, and −10◦

CA, which is 31.6%, 33.1%, 35.6%, and 36.1%, respectively. The reason is that when EHN
is mixed with methanol, the ignition delay period is shortened, the evaporation time of
methanol droplets is advanced, the heat loss of evaporation latent heat is reduced, and the
temperature in the cylinder decreases, leading to a longer combustion duration after adding
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EHN, but the combustion efficiency of methanol is reduced. As a result, the indicated
thermal efficiency is lower than that of a pure methanol engine. However, pure methanol
is difficult to produce in stable and efficient combustion at an injection timing of −8◦ CA,
which shows an obvious delay in CA10, CA50, and CA90, as mentioned in Figure 14. When
blending methanol with EHN, the combustion characteristics have been improved, and
hence the indicated thermal efficiency is high.
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4. Conclusions

The effects of injection parameters and EHN addition on combustion and emission
characteristics of methanol compression ignition engines were investigated in this study
based on three-dimensional numerical modeling. The main conclusions are as follows:

(1) After adding EHN, the ignition condition requirement of methanol is reduced, the ig-
nition delay period is shortened, and the shortening effect of EHN on the combustion
delay period is more significant at low temperatures than at high temperatures. The
peak temperature in the cylinder decreases, the high temperature region of the temper-
ature distribution in the cylinder at the top dead center increases, the peak pressure
in the cylinder and the instantaneous heat release rate decrease, and the combustion
duration is extended, which indicates a decrease in thermal efficiency. This is because
NO2 produced by EHN decomposition can directly promote the dehydrogenation of
methanol, and the active free radicals C7H15-3 and CH2O produced by EHN decompo-
sition also improve the reaction rate. When pure methanol is burned, the temperature
at which methanol starts to burn is higher due to the long ignition delay period, and
the sensitivity of high-temperature reactions such as H2O2 (+M) = 2OH (+M) is higher.
After adding EHN, the temperature of the methanol reaction is reduced, and the
sensitivity of some high-temperature reactions becomes smaller. At the same time, the
sensitivity of reactions related to EHN decomposition and early reactions involving
decomposition products increased. In the CH3OH→CH2OH→CH2O→HCO reaction
path, the proportion of OH and NO2 participating in the reaction increases.

(2) The increase in injection pressure can improve the combustion condition of the in-
cylinder mixture, resulting in an increase in the peak in-cylinder temperature and
an advanced crankshaft angle to reach the peak. The temperature distribution in the
cylinder decreases in the corresponding high-temperature region at the TDC. The peak
pressure and heat release rate in the cylinder increase with the increase in injection
pressure. The variation of the CA10 is not obvious, while the CA50 and CA90 are
advanced, and the combustion duration is shortened, indicating an increase in the
indicated thermal efficiency.
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(3) The advance of injection timing can make the starting point of combustion near the
TDC, and the peak average temperature in the cylinder increases with the advance
of the injection timing, and the corresponding crankshaft angle to reach the peak
value advances accordingly. The temperature distribution in the cylinder decreases
in the corresponding high-temperature region at the TDC. The peak pressure and
heat release rate in the cylinder increase with the advance of injection timing. The
CA10, CA50, and CA90 are advanced, the combustion duration is shortened, and the
thermal efficiency is improved.

(4) In summary, the addition of EHN resulted in a decrease in the ignition conditions
and the temperature in the cylinder. Combined with the change in injection time
and injection pressure after adding EHN, it can be seen that the indicated thermal
efficiency performance of a pure methanol engine is the best under the conditions of
an injection pressure of 40 MPa and an injection time of −12◦. After adding EHN,
the indicated thermal efficiency is best when the injection pressure is 40 MPa and the
injection time is −10◦. Too high injection pressure or too early injection time will lead
to a decrease in its indicated thermal efficiency or no obvious improvement.
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