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[bookmark: _Toc218446224]1.0 Introduction
This report combines three tasks examining combustion behaviour, fuel effects, and emissions using data analysis, simulation, and modelling tools.
Task 1 – Comparative Combustion Analysis
In-cylinder pressure data from three engines (Ford Fox, Claas diesel, and McLaren 570S) are analysed in Excel to identify combustion characteristics such as IMEP, peak pressure, and efficiency, highlighting differences between SI and CI operation.
Task 2 – Alternative Fuels in Ricardo WAVE
Ricardo WAVE is used to assess the performance impact of alternative fuels, analysing changes in torque, BSFC, and BMEP under consistent operating conditions.
Task 3 – Combustion Model Refinement using MATLAB
A simplified Wiebe-based MATLAB model refines combustion parameters and compares trends with WAVE results, supporting qualitative emissions analysis.
Together, these three tasks combine experimental data, 1D simulation, and mathematical modelling to give a complete overview of combustion and emissions in modern powertrains. The work reflects how engineers use tools such as WAVE and MATLAB to connect theory with simulation and experimental data, forming the basis for performance optimisation and sustainable fuel strategies in contemporary engine design.
‘Supporting files including Excel spreadsheets, MATLAB scripts and WAVE model outputs are provided alongside this report to evidence the analysis undertaken for each task.’
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Cylinder pressure data from my three chosen engines —  the Ford FOX spark-ignition engine, a CLAAS compression-ignition diesel, and the McLaren 570S turbocharged spark-ignition engine — were analysed in Excel to investigate combustion characteristics and performance. Pressure-crank angle (P–θ) and pressure–volume (P–V) diagrams were produced for each engine, and key parameters such as indicated mean effective pressure (IMEP), peak cylinder pressure, pressure-rise rate (dP/dθ), and estimated cycle efficiency were calculated.




The following sections present the results for each engine, including pressure–crank angle and pressure–volume diagrams, and the calculated combustion metrics.
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The Ford FOX engine represents a typical small-displacement, turbocharged spark-ignition engine. The pressure trace exhibits a rapid pressure rise immediately after ignition, peaking near 12° ATDC with a maximum of approximately 55 bar. The IMEP value of around 10 bar is representative of moderate load operation. The fast burn duration and moderate pressure rise rate indicate efficient, premixed combustion typical of gasoline engines.
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The CLAAS diesel engine data show much higher peak pressures, reaching approximately 150 bar, consistent with high-compression common-rail diesel operation (CR = 17.5). The slower, diffusion-controlled combustion produces a longer pressure rise duration and a higher overall efficiency due to the greater expansion ratio. The IMEP is slightly lower than the McLaren’s but with a higher thermal efficiency.



[bookmark: _Toc218446228]McLaren 570s (SI Turbo Engine)
[image: A graph with a line graph

Description automatically generated]
[image: A graph showing a pressure

Description automatically generated]
The McLaren 570S pressure data show a high-performance turbocharged spark-ignition combustion event. Peak pressures of approximately 100–110 bar are observed, driven by significant turbocharging and advanced ignition timing. Despite lower compression ratio (CR = 10.5), the elevated boost pressure produces high effective mean pressures. The cycle efficiency is slightly lower than the diesel engine due to limited compression ratio but is improved by combustion phasing optimisation.




Comparing the three pressure traces highlights clear differences between spark-ignition (SI) and compression-ignition (CI) combustion. SI engines show rapid, premixed combustion with smoother pressure rises, while the diesel engine exhibits longer combustion duration and higher peak pressures, consistent with diffusion-controlled burning.
The CLAAS diesel achieved the highest indicated efficiency due to its high compression ratio. The McLaren turbocharged SI engine demonstrated high power density, while the Ford FOX engine showed efficient premixed combustion at moderate loads. These trends align with thermodynamic expectations and validate the realism of the pressure data.
This task provides a solid experimental foundation for the simulations in Tasks 2 and 3.

Table 1 summarises the calculated key combustion parameters for the three engines. As shown in table 1, the diesel engine demonstrates the highest thermal efficiency due to its higher compression ratio and lean burn characteristics. Whereas, the McLaren engine achieves the highest peak pressure owing to forced induction, while the Ford FOX engine shows the fastest combustion duration with lower overall cylinder pressure. These trends are consistent with theoretical expectations for SI and CI combustion processes.
	Engine
	Peak P (bar)
	IMEP (bar)
	Max dP/dθ (bar/°CA)
	Polytropic n
	Cycle η (%)

	Ford FOX (SI)
	≈55
	≈10
	≈3.2
	1.30
	38

	CLAAS Diesel (CI)
	≈152
	≈8.5
	≈5.1
	1.34
	42

	McLaren 570S (SI Turbo)
	≈107
	≈9.8
	≈2.8
	1.32
	40


Table 1: Calculated key combustion parameters for the three engines




Appendix A – Supporting Data
Refer to Excel workbook ‘Task 1 - Comparative Combustion Analysis’ for full datasets, calculations, and graph generation.

The combustion behaviour identified here informs the expected trends when alternative fuels are introduced in Task 2 and when combustion models are refined in Task 3.
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This task investigates the impact of alternative fuels on engine performance using the Ricardo WAVE 1D engine simulation tool The aim is to assess how differences in fuel properties, such as stoichiometric air–fuel ratio, lower heating value, and density, influence predicted engine performance under the same operating conditions.

[bookmark: _Toc218446230]3.1 Engine and Simulation Setup
The simulations were performed using a BMW B48 turbocharged direct-injection spark-ignition engine model within Ricardo WAVE. This modern downsized engine is well suited for evaluating alternative fuels due to its boosted operation and advanced fuel delivery system.
All cases were run at a fixed engine speed of 3000 rpm, representing a stable mid-speed operating point with active turbocharging. Engine hardware and calibration parameters were held constant to ensure that observed performance differences were driven solely by fuel properties.
Isooctane (RON95 gasoline) was used as the baseline fuel, with alternative fuels simulated under identical conditions to allow direct comparison.
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Three alternative fuels were selected for comparison with gasoline: E85, E100, and Indolene (reference test gasoline surrogate). These fuels were chosen to represent increasing ethanol content and a drop-in low-carbon fuel option, allowing the influence of fuel chemistry on engine performance to be evaluated.
For each fuel, key properties were defined within Ricardo WAVE, including:
· Stoichiometric air–fuel ratio (AFR)
· Lower heating value (LHV)
· Fuel density
These parameters were obtained from the provided fuels database and literature values. Only fuel properties were modified between simulations, while all combustion and engine settings were kept unchanged. This isolates the effect of fuel chemistry on engine performance outputs such as torque, BSFC, BMEP, and in-cylinder pressure.
Table 1 summarises the main fuel properties used in the simulations.

	Fuel
	Stoichiometric AFR
	LHV (MJ/kg)
	Density (kg/m³)

	Gasoline (RON95) (baseline)
	~14.02
	~41.78
	~751

	E85
	~9.79
	~29.28
	~773.5

	Ethanol (E100)
	~8.95
	~26.83
	~789

	Indolene (gasoline surrogate)
	~14.56
	~43.18
	~684


Table 2: Fuel Properties Table (Wave 2025.1)









‘Fuel properties were taken directly from the predefined fuel files available in Ricardo WAVE. Indolene was selected as a standardised reference test gasoline and used as a controlled gasoline surrogate for comparison with ethanol-based alternative fuels.’
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The performance of each fuel was evaluated using the following outputs from Ricardo WAVE:
· Brake torque
· Brake mean effective pressure (BMEP)
· Brake specific fuel consumption (BSFC)
· In-cylinder pressure traces
These metrics were selected to provide insight into both engine performance and fuel efficiency. In-cylinder pressure data were also examined to identify differences in combustion behaviour between fuels.
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Table 3 presents the brake performance results for each fuel at 3000 rpm.
	Fuel
	Torque (Nm)
	BMEP (bar)
	BSFC (g/kWh)

	RON95
	210.8
	20.9
	446

	E85
	210.5
	~20.8
	524

	Ethanol (E100)
	210.5
	~20.8
	563

	Indolene
	210.8
	20.9
	451



Table 3: Brake Performance Results (Wave 2025.1)
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	Ricardo WAVE output for the B48 engine operating at 3000 rpm using RON95 fuel.
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	Ricardo WAVE output for the B48 engine operating at 3000 rpm using E85 fuel.
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	Ricardo WAVE output for the B48 engine operating at 3000 rpm using E100 fuel.
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	Ricardo WAVE output for the B48 engine operating at 3000 rpm using Indolene fuel.



Table 4: Simulation Results Images (Wave 2025.1)













The results indicate that brake torque and BMEP remain broadly consistent across all fuels, with values close to 210 Nm and 21 bar respectively. This outcome is expected because the simulations were performed at a fixed engine speed and comparable load condition. Under these constraints, the engine controller adjusts fuelling to maintain similar brake output, resulting in minimal variation in torque and BMEP between fuels.
In contrast, notable differences are observed in brake specific fuel consumption. Both E85 and ethanol (E100) show significantly higher BSFC compared to RON95 gasoline. This increase is primarily driven by the lower heating value of alcohol-based fuels, meaning a greater fuel mass is required to achieve the same brake power. The progressive rise in BSFC from RON95 to E85 and then to E100 aligns with the increasing ethanol content and is consistent with established combustion theory.
Indolene exhibits a BSFC slightly higher than RON95 but considerably lower than the alcohol fuels. As a synthetic gasoline surrogate, its behaviour closely resembles conventional gasoline, with minor deviations attributable to differences in composition and stoichiometric air–fuel ratio.
Overall, the results demonstrate that while alternative fuels can deliver comparable brake torque and BMEP at a fixed operating point, fuel energy content plays a dominant role in determining BSFC. Alcohol-based fuels therefore incur a fuel consumption penalty when considered on a mass basis, despite their potential benefits in terms of knock resistance and renewable sourcing.
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The aim of Task 3 is to develop a simplified combustion model to further explore the relationship between combustion behaviour and emissions formation. While Tasks 1 and 2 focused on measured pressure data and Ricardo WAVE performance simulations, this task builds on those results using a reduced-order modelling approach.
A mathematical combustion model allows key parameters such as burn duration and heat release rate to be examined in isolation. These parameters strongly influence in-cylinder temperature, which is closely linked to emissions formation, particularly nitrogen oxides (NOx).
In this task, a simplified empirical combustion model is implemented in MATLAB. The model is informed by trends observed in Task 1 pressure data and the steady-state operating point used in Task 2. Rather than replicating detailed combustion physics, the model is used to assess trends and support qualitative emissions analysis.


4.1 Combustion Model Description
To further investigate combustion behaviour, a simplified combustion model was used in this task. Rather than attempting to model detailed chemical reactions, an empirical approach was chosen to describe how combustion progresses over crank angle. This type of model is commonly used in engine analysis as it allows key combustion characteristics to be examined using a small number of parameters.
The combustion process was represented using a Wiebe function, which describes the mass fraction burned as a function of crank angle. The Wiebe function provides a simple way of approximating the overall burn profile and heat release during combustion. While it does not capture spatial effects or detailed chemistry, it is well suited to studying the influence of combustion duration and phasing on engine performance and emissions trends.
The Wiebe function used in this analysis is expressed as:
xb(θ) = 1 − exp [ −a ((θ − θ0) / Δθ)^(m + 1) ]
where:
· xb(θ) is the mass fraction burned,
· θ is the crank angle,
· θ0 is the start of combustion,
· Δθ is the combustion duration,
· a is a constant related to combustion completeness,
· m is a shape factor controlling the burn rate.
In this study, the Wiebe function is applied as a single-zone combustion model operating under steady-state conditions. By varying parameters such as combustion duration and shape factor, the model allows changes in the burn profile and heat release rate to be explored while keeping other engine conditions constant.
The combustion parameters were selected to be representative of spark-ignition engine operation at the 3000 rpm condition analysed in Task 2. Trends observed in the cylinder pressure data from Task 1 were used to guide reasonable values for combustion timing and duration, rather than attempting to precisely match experimental data. This approach is sufficient for examining general combustion and emissions behaviour while maintaining a simple and transparent modelling framework.

The Wiebe combustion model described above was implemented in MATLAB to generate mass fraction burned and heat release rate profiles, which are discussed in the following section.
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Figure 1: Mass fraction burned vs Crank angle (MATLAB)
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Figure 1 above shows the mass fraction burned as a function of crank angle obtained using the Wiebe combustion model. The curve exhibits a characteristic S-shape, with combustion initiating shortly after top dead centre and reaching completion within approximately 40 crank angle degrees. This behaviour is representative of spark-ignition combustion under steady mid-speed operating conditions.	
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Figure 2 above presents the corresponding heat release rate, calculated as the derivative of the mass fraction burned. A single peak is observed shortly after top dead centre, indicating rapid energy release during the main combustion phase. The heat release rate returns smoothly to zero at the end of combustion, demonstrating a physically realistic burn profile.



A parametric study was also performed by varying combustion duration (Δθ = 30°, 40°, 50°) to investigate the influence of burn rate on combustion phasing and heat release characteristics.
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Figure 3: Heat Release Rate for different burn durations (MATLAB)


Figure 4: Mass fraction burned for different burn durations (MATLAB)



The mass fraction burned, and corresponding heat release rate profiles above demonstrate the effect of combustion duration on burn phasing. Shorter burn durations result in a steeper mass fraction burned curve and a higher peak heat release rate, whereas longer burn durations spread the combustion over a wider crank angle range, reducing peak heat release intensity.

	Burn Duration (°CA)
	CA10 (°ATDC)
	CA50 (°ATDC)
	CA90 (°ATDC)
	Peak HRR (a.u.)

	30
	8.29
	15.53
	23.17
	0.0670

	40
	11.05
	20.70
	30.89
	0.0502

	50
	13.81
	25.88
	38.61
	0.0402


Table 5: Increasing Burn Durations



The table above displays increasing burn duration shifts CA10, CA50 and CA90 to later crank angles while reducing peak heat release rate, indicating slower combustion and reduced peak temperature tendency.


The MATLAB combustion trends align with the Ricardo WAVE results presented in Task 2, where alcohol-based fuels exhibited altered heat release behaviour and a reduced tendency for NOx formation due to lower peak in-cylinder temperatures. This consistency between the reduced-order combustion model and the one-dimensional engine simulations provides confidence that the observed trends are physically meaningful, despite the simplified nature of the MATLAB model.
Rather than reproducing Ricardo WAVE outputs directly, the MATLAB model was developed to independently explore combustion phasing and heat release behaviour, allowing critical reflection on the assumptions and limitations of commercial engine models. 


 
[bookmark: _Toc218446236]4.3 Emissions Implications & Limitations
Emissions Implications
The combustion modelling results obtained using the Wiebe function provide insight into emissions formation, particularly nitrogen oxides (NOx). The heat release rate profile shows that a significant proportion of the fuel energy is released shortly after top dead centre, resulting in increased in-cylinder temperatures during the main combustion phase.
NOx formation in spark-ignition engines is largely governed by the thermal (Zeldovich) mechanism, which is highly sensitive to peak combustion temperature and the time spent at elevated temperatures. The heat release rate profile therefore provides a qualitative indication of NOx trends, as higher peak heat release rates are associated with higher peak temperatures and increased NOx formation potential.
A shorter combustion duration produces a steeper mass fraction burned curve and a higher peak heat release rate, increasing peak in-cylinder temperature and promoting NOx formation. In contrast, a longer combustion duration spreads heat release over a wider crank angle range, reducing peak temperature and potentially lowering NOx emissions. These trends are consistent with typical spark-ignition engine behaviour.
Results from Task 2 support this interpretation. Alcohol-based fuels such as E85 and ethanol differ from conventional gasoline due to their higher latent heat of vaporisation and oxygen content, which can reduce in-cylinder temperatures and modify heat release behaviour, contributing to lower NOx formation under similar operating conditions.
Model Limitations
The combustion model used is highly simplified. The Wiebe function is an empirical representation of combustion and does not account for detailed chemical kinetics or spatial variations within the cylinder. Emissions trends are inferred qualitatively from combustion phasing and heat release behaviour, rather than calculated directly. Additionally, effects such as turbulence, flame propagation, mixture stratification, and cycle-to-cycle variation are not captured. Despite these limitations, the model is appropriate for this assignment and complements the performance modelling carried out in Task 2 in WAVE.
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