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1. Introduction
The global push toward decarbonisation and reduction of greenhouse gas emissions has driven significant research into alternative fuels for internal combustion engines. Among these, methanol (CH₃OH) has emerged as a promising candidate due to its lower carbon content, clean combustion characteristics, and potential for renewable production pathways. Methanol can be synthesised from biomass or captured carbon dioxide, making it a viable pathway toward carbon-neutral fuel cycles (Frasci et al., 2024 ).
In the transportation sector, which contributes a substantial proportion of global CO₂ emissions, alternative fuels are essential to meet increasingly stringent environmental regulations. While electrification is often considered the long-term solution, practical limitations such as infrastructure requirements and raw material constraints highlight the continued relevance of internal combustion engines operating on cleaner fuels (Frasci et al., 2024 ).
Methanol offers several advantages over conventional gasoline, including:
· High oxygen content, promoting more complete combustion
· High laminar flame speed, enabling rapid combustion
· Strong charge cooling effect, reducing knock tendency
These properties make methanol particularly suitable for high-efficiency spark ignition (SI) engines.
This study investigates methanol combustion in a modified Jaguar V8 engine using a combination of:
· High-fidelity 3D CFD simulation (ANSYS Forte)
· 1D engine modelling (Ricardo WAVE)
The aim is to analyse combustion behaviour, emissions formation, and model correlation, while assessing methanol’s potential as an alternative fuel.

2. Engine Specifications
The engine configuration used in this study is based on a Jaguar V8 platform, modified for methanol operation.
	Parameter
	Value

	Engine Type
	Jaguar V8 (Modified)

	Fuel
	Methanol (CH₃OH)

	Bore
	86.0 mm

	Stroke
	86.0 mm

	Connecting Rod Length
	151.75 mm

	Compression Ratio
	~15:1

	Engine Speed
	3000 rpm

	Spark Timing
	−44° BTDC

	Geometry
	45° sector model


The high compression ratio is achievable due to methanol’s resistance to knock, which is enhanced by its high latent heat of vaporisation.



3. Methodology
3.1 CFD Modelling (ANSYS Forte)
A 45° sector model was employed to reduce computational cost while maintaining geometric fidelity. This approach leverages periodic symmetry and is widely used in engine CFD simulations.
The model includes:
· Direct injection of methanol
· Detailed chemical kinetics
· Turbulence modelling using engine swirl profiles
· Moving piston boundary conditions
Initial conditions were defined at intake valve closing, with air-dominated composition and subsequent fuel injection initiating the combustion process.
CFD modelling enables detailed resolution of in-cylinder processes, including flame propagation, turbulence interaction, and species formation.

3.2 1D Modelling (Ricardo WAVE)
To complement the CFD analysis, a 1D model was developed using Ricardo WAVE. The injector was removed, and a premixed combustion approach was adopted to improve numerical stability.
The combustion process was represented using the Wiebe function, which models the burnt mass fraction as a function of crank angle. This approach is widely used in engine simulations due to its ability to replicate combustion phasing using a small number of parameters.
The model was calibrated using CFD-derived data to ensure consistency between the two approaches.

3.3 Air–Fuel Ratio and Operating Conditions
The stoichiometric air–fuel ratio for methanol is approximately 6.47:1. In this study, an AFR of 6.2 was used, corresponding to a slightly rich mixture (ϕ ≈ 1.04). This choice reflects realistic operating conditions and aligns with CFD results.

4. Combustion Analysis
4.1 Combustion Phasing
	Parameter
	Value

	CA10
	4.35° ATDC

	CA50
	21.9° ATDC

	CA90
	27.1° ATDC

	Duration
	22.8°


These parameters describe the progression of combustion and are critical for analysing engine performance.
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4.2 Ignition Delay and Flame Development
The spark is initiated at −44° BTDC; however, combustion does not begin until CA10 ≈ 4.35° ATDC. This corresponds to an ignition delay of approximately 48° crank angle.
This delay is associated with flame kernel development and is influenced by mixture preparation and in-cylinder conditions. Similar behaviour has been observed in methanol-fuelled SI engines, where charge cooling effects can delay ignition despite improved knock resistance (Frasci et al., 2024 ).

4.3 Heat Release Rate and Pressure
The heat release rate (HRR) profile shows a rapid increase following CA10, reaching a peak near CA50. This phase corresponds to the main combustion event, during which the majority of fuel is consumed.
The pressure curve follows a similar trend, with peak pressure occurring shortly after CA50. However, the delayed CA50 suggests that combustion is slightly retarded relative to optimal conditions.
According to established engine theory, optimal combustion phasing occurs when CA50 lies between 8° and 15° ATDC. The later phasing observed here indicates potential efficiency losses.
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5. Emissions Analysis[image: ]
5.1 Carbon Dioxide (CO₂[image: ])

CO₂ formation increases steadily during combustion, reflecting complete oxidation of methanol. The plateau after CA90 indicates that combustion is largely complete.
This behaviour is consistent with findings reported by Frasci et al. (2024), who observed improved combustion efficiency and reduced emissions when using methanol compared to gasoline.

5.2 Carbon Monoxide (CO)

CO is produced during incomplete combustion and peaks during the main combustion phase. As oxidation progresses, CO is converted into CO₂, resulting in a decline in concentration.
This trend highlights the importance of temperature and oxygen availability in determining combustion completeness.

5.3 Nitrogen Oxides (NOx)

NOx formation is strongly dependent on temperature and peaks near CA50, where in-cylinder temperatures are highest. This behaviour follows the thermal NOx formation mechanism.
Although methanol combustion generally reduces certain pollutants, NOx formation remains sensitive to peak temperatures and compression ratio.

6. Combustion–Emission Relationship
The combustion process directly influences emission formation:
· CA10: Initiation of combustion and CO formation
· CA50: Peak temperature and NOx formation
· CA90: Completion of combustion and CO₂ stabilisation
This relationship demonstrates the strong coupling between combustion dynamics and pollutant formation.

7. Model Validation
The 1D WAVE model was calibrated using CFD-derived parameters, including combustion phasing and heat release characteristics.
The comparison shows strong agreement in:
· Combustion duration
· HRR profile
· Pressure trends
This confirms that simplified models can accurately reproduce key combustion features when properly calibrated.

8. Discussion
The results of this study demonstrate that methanol combustion exhibits rapid and efficient characteristics, consistent with literature findings. The high laminar flame speed of methanol contributes to fast combustion, while its oxygen content promotes complete oxidation.
The ignition delay observed in this study is consistent with experimental findings reported by Frasci et al. (2024), who noted that methanol combustion can exhibit delayed ignition due to charge cooling effects. Despite this delay, the overall combustion process remains efficient.
The emission trends observed align closely with theoretical expectations. CO₂ formation indicates efficient combustion, while CO formation highlights regions of incomplete oxidation. NOx formation is primarily driven by peak temperatures and is influenced by combustion phasing.
The delayed CA50 suggests that optimisation of ignition timing could improve engine efficiency. Advancing the spark timing would shift the combustion process closer to top dead centre, increasing work extraction.
Overall, the results confirm that methanol is a viable alternative fuel for spark ignition engines, offering improved efficiency and reduced emissions compared to conventional fuels.

9. Conclusion
This study has demonstrated that:
· Methanol enables rapid and efficient combustion
· Emission formation is strongly linked to combustion phasing
· CFD and 1D models can be effectively integrated
Methanol presents a promising pathway toward cleaner internal combustion engines, particularly when combined with optimisation strategies for combustion timing.
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